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of fire in areas that are undergoing sub-
stantial land-use changes or are subject 
to widespread biological invasions (e.g., 
cheatgrass in the Great Basin of the United 
States). 

Currently, the spatial distribution 
models of fire activity described here have 
primarily been used to explore the occur-
rence of fires, yet other fire regime ele-
ments will be important to include in fu-
ture work. Fire seasonality, intensity, area 
burned, and frequency are all elements of 
a fire regime, and all of these characteris-

tics could be expected to shift under past 
or future climates. Overall, the pyrogeog-
raphy framework provides a foundation 
for quantifying the causes and effects of 
fire regimes, which is critical to under-
standing fire-related ecosystem function, 
carbon dynamics and atmospheric chem-
istry. 
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Emerging proxy evidence for coherent failures of the 
summer monsoons of Asia during the last millennium
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New high resolution speleothem and tree ring records show evidence for spatially widespread Asian monsoon 
megadroughts during the last millennium.

Figure 1: Map showing locations of sites mentioned in the text and Figure 2; Green circle = Wanxiang, blue circle = 
Dandak, brown circle = Bidoup Nui Ba National Park. Contours and shading indicate July and August precipitation 
anomalies (mm/day) with respect to 1971-2000 interval (red = drier, blue = wetter) during the major monsoon 
break spells in 2002 and 2004. Rainfall data are from the Climate Prediction Center Merged Analysis of Precipitation.

No annually recurring weather phenom-
ena on Earth influence the lives of as 
many people as the regional summer 

monsoons of Asia. Agricultural output and 
consequently food security across Asia is 
largely dependent on the timely arrival 

and adequate amounts of monsoon rain-
fall. Groundwater resources are often the 
only safeguard against monsoon failure 
and their rapid depletion signifies an in-
creased vulnerability to monsoon devia-
tions (Rodell et al., 2009). To a first order, 
the poleward march of the inter-tropical 
convergence zone during the boreal sum-
mer leads to a large amount of rainfall 
across the “Monsoon Asia”. However, in 
years when the monsoon circulation and 
precipitation amount departs from its 
“normal” spatiotemporal patterns, it can 
have significant adverse societal impacts. 
Our current understanding of the variabil-
ity of the regional summer monsoons of 
Asia is primarily gleaned from the instru-
mental record, which is too short to con-
fidently assess the potential end-member 
hydroclimate scenarios of the monsoon 
system. Some of the longest instrumental 
records (starting ca. 1850s AD) from India 
show that, barring a few sporadic occur-
rences of monsoon failure (defined by 
the Indian Meteorology Department as 
JJAS rainfall >20% below the mean), year-
to-year variations in the Indian monsoon 
rainfall have remained generally within 
10% of its long-term climatological mean. 
However, historic documentary evidences 
from the region point to the occurrence of 
extended spells of substantially reduced 
monsoon rainfall before the instrumental 
record began (Maharatna, 1996).

The present day water resource in-
frastructure and the contingency plan-
ning in Monsoon Asia, as informed by 
instrumental observations, does not take 
into account the possibility of protracted 
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Figure 2: Recent proxy records from monsoon Asia. A) Comparison of Dandak Cave δ18O record with the overlapping 
portion of the Wanxiang Cave δ18O record. The range of modern δ18O values of calcite in Dandak Cave is shown by 
two dashed lines. The δ18O values higher than -3.8 ‰ delineate intervals of inferred drought and imply more than 
10% decrease in monsoon months (JJAS) rainfall. Gray bars indicate two extended periods of inferred drought. B) 
Comparison between the speleothem δ18O records and Vietnam’s Bidoup Nui Ba National Park (BDNP) tree-ring 
Palmer Drought Severity Index (PDSI) (March-May) reconstruction for the two extended intervals of drought. Dark 
lines show running mean averages. 

failures of the monsoon. A longer-term as-
sessment of monsoon variability is crucial 
to identify the full frequency spectrum of 
monsoon behavior. This should be devel-
oped from a spatially expansive network 
of precipitation, circulation, and drought 
sensitive proxy records, spanning the last 
several centuries to millennia, at resolu-
tions comparable to the instrumental 
record. In this text, we highlight how an 
emerging network of proxy records from 
Asia is unraveling previously unknown as-
pects of monsoon behavior during the last 
millennium. Manifested in these proxy re-
cords is an evolving picture of monsoon’s 
natural variability, including the repeated 
tendency to get locked in extended dry 
and wet phases.

Recent proxy records of Asian 
summer monsoons 
Speleothem-based oxygen isotopic (δ18O) 
records have previously yielded a re-
markably coherent depiction of how the 
monsoon systems of Asia have varied on 
orbital and millennial timescales (Wang 
et al., 2008). In monsoonal regions, the 
empirical inverse relationship between 
the δ18O of precipitation and precipitation 
amount (the amount effect) forms the ba-
sis of these reconstructions. This approach 
however, has not been rigorously applied 
to the reconstruction of monsoon variabil-
ity over the last 1-2 millennia. This is due in 
part, to the notion that the amplitude of 
late Holocene climate-related δ18O change 
in the speleothem would be too small to 
be discernible from the “noise” produced 
from local karst and non-climate related 
processes. 

A sub-annually resolved speleothem 
δ18O record from Dandak Cave in central 
India serves as a test of this approach (Fig. 
1). This site, by virtue of its location, is char-
acterized by a strong amount effect and 
the local monsoon precipitation is strong-
ly correlated with the area-averaged pre-
cipitation over much of India (Sinha et 
al., 2007). The near millennial-length δ18O 
record (AD 600 and 1500) reveals promi-
nent multi-decadal scale variability in the 
Indian summer monsoon precipitation 
with a ~90 year period comparable to 
that inferred from the instrumental record 
(Berkelhammer et al., 2010). The δ18O re-
cord also provides evidence for years to 
decades-long intervals of substantially 
reduced monsoon rainfall, such as during 
portions of the 7th, 9th, 11th, 13th, 14th and 
early 15th centuries (Fig. 2). The observed 
amount effect relationship for this region 
suggests that some of these droughts 
were marked by a reduction in monsoon 
rainfall amount (relative to the 20th cen-

tury climatological mean) of up to 20 to 30 
%, and at least one drought during the lat-
ter half of the 14th century may have lasted 
as long as 30 years (Sinha et al., 2007). 
These inferred monsoon failures, most of 
which are independently corroborated 
with historical accounts of famine in India, 
have no analog in the instrumental record. 

A high-resolution speleothem δ18O 
record from the Wanxiang Cave in cen-
tral China (Fig. 1), which reveals broad-
scale changes in the East Asian summer 
monsoon during the past two millennia 
(Zhang et al., 2008), bears a striking re-
semblance with the δ18O record from India 
(Fig. 2). Together, these two speleothem 
records provide not only assurance of the 
timing and magnitude of drought events 
but also suggest that these extended in-
tervals of weaker monsoon were in fact 
synchronous across a large region of 
Asia. This assertion is strongly supported 

by a new tree ring-width based Palmer 
Drought Severity Index (PDSI) record from 
Bidoup Nui Ba National Park (BDNP) in 
southern Vietnam (Fig. 1; Buckley et al., 
2010). This PDSI record, reflecting the SE 
Asian monsoon variability during the last 
millennium, is notable because thus far, 
comprehensive dendroclimatology has 
rarely been applied in the core monsoon 
regions of Asia due, in part, to the notion 
that trees in these regions lack clear an-
nual rings, and also poor understanding 
of phenology and physiology of the tree 
species, and large-scale deforestation in 
the region (Buckley et al., 2007).

The comparison of overlapping por-
tions of the PDSI and speleothem δ18O re-
cords highlights two extended intervals of 
region-wide weaker monsoon during the 
11th and mid 14th/early 15th centuries (Fig. 
2). In particular, the latter interval stands 
out as one marked by significant societal 
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An emerging paradigm: Process-based climate  
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Emerging techniques and concepts offer ways to improve the use of process knowledge in reconstructions of 
past climate, and to make more comprehensive estimates of the uncertainties associated with them.

The last few decades have seen extraor-
dinary progress in the reconstruction of 
past climates using natural and human 
archives (Jones et al., 2009; Wanner et al., 
2008). At the same time, our understand-
ing of the climate system has deepened, 
strongly motivating development of new 
methods of integrating observations and 
model analyses. To continue this progress, 
it would be desirable to use all the climate 
information we can extract from natural 
archives. Frequently, only those aspects 
of the records are used that lend them-
selves to linear transformation into esti-
mates of conventional climate quantities, 
such as mean seasonal temperatures or 
seasonal totals of precipitation. However, 
one can readily point to robust climatic 
information in natural archives that does 
not fit conveniently into a linear regres-
sion model (e.g., see Kelly et al., 1989). A 
way forward is offered by increased use 
of process-based forward models that 
capture the main features of the environ-
mental control of the formation of natural 
archives (Fig. 1).

Focus on process
Each proxy archive represents a record of 
climate that was generated through physi-
cal, chemical and/or biological processes. 
Reconstructions of climate represent at-
tempts to turn this around in order to get 
back to the climate information. Statistical 
solutions (most often regression) are used 
to identify simple, usually linear, relation-
ships over a period covered by both proxy 
and instrumental climate records. This ap-
proach therefore reduces the problem to 
identifying a single climatic driver of the 
local proxy record stored in the natural ar-
chive, a driver that is assumed to be domi-
nant at all times. 

Two recent articles (Guiot et al., 2009; 
Hughes and Ammann, 2009) discuss con-
verging trends in the use of modern un-
derstanding of proxy-forming processes. 
They point to important emerging tools 
and capabilities in exploring climates of 
the past that could help avoid the limita-
tions of current empirical-statistical meth-
ods.

Guiot et al. (2009) focused on the Ho-
locene and the Last Glacial Maximum, pe-

riods spanning major shifts in both forcing 
and the state of the climate system. Em-
phasizing paleovegetation records, Guiot 
et al. (2000) proposed a move from empir-
ical-statistical models to the inversion of 
forward models of the formation of such 
natural archives (Fig. 1). For sediment data 
with relatively low accumulation rates, the 
current statistical solution is to use spatial 
data to calibrate a relationship between 
proxy and climate and to apply this “space-
for-time” relationship to information on 
past vegetation so that the climate can 
be inferred. This approach assumes that 
the laws producing the natural archive 
remained constant throughout space and 
time (uniformitarian principle). However, 
when non-climatic factors such as atmo-
spheric CO2 concentration have changed 
during the period analyzed or with respect 
to the present, this assumption may have 
been violated. This is a major motivation 
for moving towards process-based mod-
els to better capture vegetation changes 
according to a realistic set of all major forc-
ing variables, whether climatic or not. 

change across monsoon Asia, which in-
cluded famines and significant political 
reorganization within India (Sinha et al., 
2007), the collapse of the Yuan dynasty in 
China (Zhang et al, 2008); and the Khmer 
civilization of Angkor Wat fame in Cam-
bodia (Buckley et al., 2010). Although the 
relationship between climate and societal 
change is complex and not necessarily 
deterministic, the close temporal associa-
tion between droughts and widespread 
societal changes across monsoon Asia at 
that time strongly suggests that monsoon 
droughts may have played a major role in 
shaping these societal changes.

Conclusion
The case for synchronous droughts in 
recent monsoon reconstructions across 
widely separated regions is compelling 
and suggests that the monsoon circula-
tion in Asia can “lock” into a drought-prone 
mode that may last for years to decades. 
Understanding the ocean-atmosphere 
dynamics that trigger such droughts is 

important in order to anticipate the like-
lihood of their reoccurrence today. The 
spatiotemporal patterns of monsoon 
rainfall over Asia are complex and vary 
from year to year (Fig. 1). This complex-
ity stems from interactions between rain-
bearing synoptic-scale systems, which 
are propagated from the oceans onto 
the land, mid-latitude weather systems, 
ocean-atmosphere dynamics over the 
Equatorial Indian Ocean, and the Walker 
circulation in the tropical Pacific. Periodic 
perturbations in coupled modes of ocean-
atmosphere variability, such as the El Niño 
Southern Oscillation, and/or dynamical 
processes intrinsic to the monsoon system 
such as quasi-periodic episodes of intense 
(“Active”) and reduced (“Break”) monsoon 
rainfall, are key processes that are known 
to orchestrate substantial precipitation 
anomalies over large parts of Asia. The so-
cietal implications of these new findings 
suggest that the narrow view of the mon-
soon taken from the instrumental data 
alone may lull us into a false sense of secu-

rity. Thus a longer term and a fuller range 
of monsoon variability, as documented 
in the recent proxy records, should be ur-
gently incorporated into future drought 
management and mitigation planning. 
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