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Abstract

Over vast areas of the world’s landmasses, where climate beats out a strong seasonal rhythm, tree growth keeps unerring time. In
their rings, trees record many climate melodies, played in different places and different eras. Recent years have seen a consolidation
and expansion of tree-ring sample collections across the traditional research areas of North America and Europe, and the start of
major developments in many new areas of Eurasia, South America and Australasia. From such collections are produced networks of
precisely dated chronologies; records of various aspects of tree growth, registered continuously, year by year across many centuries.
Their sensitivities to different climate parameters are now translated into ever more detailed histories of temperature and moisture
variability across expanding dimensions of time and space. With their extensive coverage, high temporal resolution and rigid dating
control, dendroclimatic reconstructions contribute significantly to our knowledge of late Holocene climates, most importantly on
timescales ranging from 1 to 100 years. In special areas of the world, where trees live for thousands of years or where subfossil
remnants of long dead specimens are preserved, work building chronologies covering many millennia continues apace. Very recently,
trees have provided important new information about major modes of general circulation dynamics linked to the El Nifio/Southern
Oscillation and the North Atlantic Oscillation, and about the effect of large volcanic eruptions. As for assessing the significance of
20th century global warming, the evidence from dendroclimatology in general, supports the notion that the last 100 years have been
unusually warm, at least within a context of the last two millennia. However, this evidence should not be considered equivocal. The
activities of humans may well be impacting on the ‘natural’ growth of trees in different ways, making the task of isolating a clear

climate message subtly difficult. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

These days, it hardly seems necessary to begin a survey
of recent developments in dendroclimatology by stress-
ing the value of palaeoclimate records that possess the
attributes of firm dating control and highly resolved
climate response. In recent years, there has been a virtual
revolution in the general appreciation of the need to piece
together accurate details of the earth’s recent climate
variability and identify the factors that have influenced it
during recent millennia. The vagaries surrounding such
issues as ‘detection’ and ‘attribution’ of anthropogenic
climate change within the general global warming arena,
reinforce the scientific motivation, and give increasing
impetus to political demands, for a clarification of the
roles of ‘natural’ versus anthropogenic drivers of climate
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change. Hence, the PAGES Stream 1 programme has
evolved because of a real need to promote the develop-
ment and recognition of ‘good’ high-resolution proxies.
‘Good’ in this context can be viewed as those that are
interpretable, with little ambiguity, as evidence of specific
climate variability, within a rigid dating framework.
The extensive coverage, precise dating, and highly re-
solved climate responsiveness of many tree-ring data
provide a rich source of recoverable information about
past climate variability: for a range of timescales en-
compassing yearly to centennial, and perhaps even lon-
ger; and, depending on the location and concomitant
strength of climate response, for many different primary
(e.g. mean summer temperature, total annual precipita-
tion) or derived (e.g. available soil moisture) climate vari-
ables. Groups or networks of tree-ring series, not
necessarily with the same climate sensitivity, provide the
means of reconstructing spatially explicit patterns of
climate changes: over the regions represented by the
tree-ring data, and by virtue of the large-scale organisa-
tion of climate systems, even over remote regions. The
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interrelationships between large-scale patterns of temper-
ature, precipitation and atmospheric pressure variability
also mean that networks of climate sensitive tree-ring
chronologies can be used to make statistical inferences
about the past behaviour of circulation patterns or im-
portant circulation indices.

Progress in the methodology, theory and application
of dendroclimatology, and the wider field of dendroecol-
ogy, has been rapid over recent decades (Fritts, 1976;
Hughes et al., 1982; Schweingruber, 1988,1996; Cook and
Kairiukstis, 1990; Dean et al., 1996). The limited space
available here is used to review some recent dendrocli-
matic research with more immediate relevance for ‘global
change’ studies. That is taken to mean work concerned
with new ‘long’ series; research in ‘new’ regions; work
developing new large spatial data sets and interpreting
them in a context of large-scale climate dynamics or
forcings. The material presented is limited to the last two
millennia.

2. Long tree-ring records
2.1. General background to chronology production

In this review, we are interested in what long tree-ring
records can tell us about the variability of past climates
over recent millennia and about how observations of
20th century climates compare with this extended back-
ground. Many tree-ring chronologies do not exceed 250
years in length. This simply reflects the restricted age, or
preservation of heart wood, in most of the living trees
that are studied for a multitude of ecological purposes in
the extratropical regions of the world. The likelihood of
finding older trees increases as one moves to more eco-
logically marginal areas. Nearer to the limits of tree
distributions, where climate stress is increased, tree
growth rates are slower, and tree longevity generally
higher. Trees in regions with, for example, very cool or
very dry climates are also subject to less interspecies
competition and their relative growth rates (over a range
of timescales) tend to be a stronger and less ambiguous
reflection of the variability of local climate, such as for
example, mean growing-season temperature or precipita-
tion, than is seen in trees growing in more ‘favourable’
areas (Fritts, 1976).

In striving to construct long chronologies, dendroch-
ronologists depend on locating unusually long-lived
trees, or else they must extend records extracted from
younger trees by piecing together other overlapping re-
cords from sources of earlier wood, e.g., archaeological,
historical, or naturally preserved (subfossil) remnants.
Underpinning the construction of all tree-ring chronolo-
gies is a meticulous process of cross-comparison of mul-
tiple annual growth series to identify locally absent rings
and to ensure parallel alignment and hence absolute

dating of all the samples, and hence the final chronology.
This ‘cross-dating’ is performed giving particular atten-
tion to interannual and other high-frequency variations
in ring properties because it is in the very high-frequency
variance range that the common growth-forcing signal is
generally registered with least ambiguity. Time series of
measured tree-ring growth parameters, from whatever
wood samples, almost invariably contain some trend or
variance on multidecadal and longer timescales that does
not represent climate forcing, but is merely a product of
tree geometry and ageing (Fritts, 1976).

Building a tree-ring chronology is therefore a two-
stage process. In the first, strongly detrended series are
used to achieve correct dating of all sample series. In the
second, the original measurement data, now firmly dated,
are combined, but after some means of detrending has
been applied to remove the biasing effect of changing
average sample age through time. Different statistical
detrending approaches are used at this stage, many with
the inevitable consequence that some long-timescale cli-
mate information will also be lost. How much depends
on the length of individual samples, and the detrending
methods applied. Some statistical approaches aim to
reduce sample ageing bias in chronologies, while preserv-
ing long-term climate signals, but these make assump-
tions about the temporal stability of the underlying
age/growth functions in trees and they are dependent on
having large sample replication throughout the length of
the chronology to reduce the uncertainty on long time-
scales (for reviews of this topic see Cook et al., 1995;
Briffa et al., 1996). Hence, different tree-ring chronolo-
gies, or reconstructions based on them, may have very
different capabilities as regards reproducing long-time-
scale climate changes, regardless of their length. In the
following review, reference will be made to this fact,
where appropriate.

2.2. Northern ‘High' Latitudes.

Fig. 1 shows a selection of tree-ring chronologies or
dendroclimatic temperature reconstructions for a range
of locations circling the globe. These examples are all
based on work where attention was explicitly focussed on
preserving long-timescale variability. All of the series are
plotted here as 50-year-filtered versions of the original
data after normalisation over the period from A.D. 1. The
top panel (a) is a Siberian pine ring-width chronology
from west central Mongolia, at 2500 m elevation (Jacoby
et al. (1996a); Note that, even though the whole series is
plotted here, the authors considers replication to be too
poor before 1550 to be reliable). This is interpreted as
evidence of annual (August-July average) temperature
forcing and shows very warm conditions in the 20th
century, unusual even in comparison to the warm 18th
and possibly (much less certain) 16th centuries. There are
notably cool periods around 1600 and especially in the
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Fig. 1. Northern ‘high-latitude’ temperature changes over the last 2000 years. The curves show selected reconstructions of summer (annual series
a + d) temperatures or temperature-sensitive tree-ring chronologies: (a) Mongolia (Jacoby et al., 1996a); (b) Eastern Siberia (Hughes et al., 1999);
(c) eastern Canada (Luckman et al., 1997);(d) North American tree line (D’Arrigo et al,, 1992); (¢) Northern Sweden (Grudd et al., 1999) with a shorter
density-based temperature series superimposed as thin line (Briffa et al,, 1992); (f) western Siberia (Hantemirov, 1998reprocessed) with a nearby
density-based temperature series for the northern Urals (Briffa et al., 1995); (g) Central Siberia (Naurzbaev and Vaganov, 1999). All series are plotted
as normalised values smoothed with a 50-year low-pass filter. The bottom curve is the average of the other data sets after rescaling to give equal mean

and variance (over the common period 1601-1974), also plotted as 50-year smoothed values.
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19th century. The latter part of this series is remarkably
similar to the shorter record (also calibrated against
mean annual temperatures) for northern North America
from 1601, based on seven, mostly spruce, chronologies
(D’Arrigo and Jacoby, 1992) and shown here as Series (d).

Panel (b) shows a ‘high summer’ (June-July) temper-
ature reconstruction derived from larch ring widths in
the Indigurka coastal lowlands of eastern Siberia
(Hughes et al., 1999) from 1400 on. The authors of this
work again stress the ‘unusual’ nature of the apparent
20th century warmth. The same is true of the (ring-width
and ring-density based) reconstruction of April-August
temperatures in the Canadian Rockies, spanning over
1000 years, from 1073 (Luckman et al., 1997); panel (¢). In
this, the 1961-1990 period is warmer than any other of
equivalent length, except for a period at the end of the
11th century that is, again, based on few samples.

The other three regional series in Fig. 1 (e-g), all
represent continuous 2000-yr series of ring-width data,
all from near-tree-line regions in northern Eurasia, and
here all reprocessed in a consistent fashion to preserve
maximum long-timescale changes. The Tornetrask series
(e), represents the ‘recent’ northern Swedish part of
a 7500-yr Fennoscandian pine series currently under
construction in northern Sweden (e.g. see also Grudd
et al., 1999; Zetterberg et al., 1994; Eronen et al., 1999).
The Yamal (Shiyatov et al., 1996; Hantemirov, 1998) and
the Taimyr (Vaganov et al, 1996; Naurzbaev and
Vaganov, 1999) data are both constructed from Siberian
larch and again form part of ongoing much longer chro-
nology construction projects (Briffa et al., 1999a). These
three series extend over more than 80° of longitude. They
do not correlate significantly on very high (interannual)
timescales, yet they display distinct low-frequency simil-
arities between different pairs for some periods: such as
between (f) and (g) in 100-300 and 1700-1900, and be-
tween 800 and 1000 for (¢) and (f). They all seem to show
distinct warmth near A.D. 1000; in the 15th century; and
most dramatically, as with the other high-latitude series,
in the 20th century. For series (¢) and (f), other, slightly
shorter (densitometric-based) estimates of past summer
temperatures have been previously published (Briffa
et al,, 1992, 1995). These are superimposed in Fig. 1 on
the ring-width curves. It is notable that these density-
based reconstructions fail to emulate the magnitude of
the positive growth anomalies (and inferred warming)
seen in the 20th century ring-width series. We shall return
to this point later.

After renormalization, to scale the original variance of
all series over a common base (1601-1974), simple aver-
aging of series (a-g) provides an indication of relative
temperature changes (a mixture of predominantly sum-
mer and some annual signal) at high latitudes (mostly
~ 60-70°N) throughout all of the last 2000 years. This,
exclusively tree-ring based, ‘Northern Chronology Aver-
age’ series clearly shows the very high 20th century

growth rates, but also only marginally less high rates in
the late 10th and 11th centuries.

Other relatively long chronologies exist in northern
high latitudes but they are not included in Fig. 1 because
they either have ambiguous climate responses (e.g.
Jacoby et al,, 1996b) or have limited (or ambiguous)
low-frequency variability. One of these spans just over
1000 years; a ‘northern Alaskan’ composite white spruce
chronology of living trees and driftwood from the
Noatak River, combined with older tree core samples
and archaeological wood collected in the 1940s (Jacoby
et al., 1996b). Unfortunately, this series is poorly rep-
licated in (early) parts, but it does also show evidence for
unusual (maximum) warmth in the 20th century and
warm conditions in the 11th century. It also shows no-
table cool periods in the second half of the 16th, much of
the 17th and in the early 19th centuries. Another, very
recently produced, millennial length chronology (Barclay
et al., 1999), again assembled from living and subfossil
tree remains, from near Prince William Sound in south-
ern Alaska, indicates warm summers around A.D. 1300,
1440 and 1820, but no anomalous warming in the 20th
century or around 1000, compared to these earlier epi-
sodes. However, this series certainly does lack low-fre-
quency variance that may be recoverable with additional
samples and different processing methods (Barclay et al.,
1999).

2.3. Southern hemisphere temperature records

2.3.1. Tasmania

One of the few long dendroclimatic reconstructions in
the Southern Hemisphere is that for Lake Johnston, in
northeast Tasmania, based on living and subfossil Huon
pine. The data are plotted as normalised departures in
Fig. 2. To the lengthening series of papers describing the
development of this multimillennial chronology, has just
been added the latest (Cook et al., 1999a) that documents
the most recent extension, and temperature interpreta-
tion, now back to 1600 B.C. The raw data have, for the
first time, been processed using a technique designed to
retain maximum low-frequency climate-related variance
and the resulting warm season (November-April) tem-
perature reconstruction explains over 45% of the local
instrumental temperature variability, making it almost
the longest, and probably the most reliable, of southern
hemisphere tree-ring reconstructions. Other much longer
Tasmanian subfossil series are available, but for lower
elevations, and they do not possess a clear temperature
signal. Indeed, it may be that the special, sub alpine
location of the Lake Johnston trees makes them the best
suited (perhaps uniquely so) for temperature interpreta-
tion in Tasmania (Buckley et al., 1997).

The Lake Johnston reconstructed temperature series
(Fig. 2) shows low overall variability compared to
many Northern Hemisphere reconstructions, but this is
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Fig. 2. Southern Hemisphere summer temperature reconstructions for Tasmania (Cook et al., 1999a) and Northern Patagonia (Lara and Villalba,
1993 — thin line; and Villalba et al., 1999a — thick line). The original data were normalised and then smoothed with a 50-year filter.

consistent with a location where the climate is moderated
by the thermal inertia of expansive surrounding ocean.
Even for individual summers the vast majority ( & 98%)
of temperature estimates fall within a range of 2°C.
A marked and abrupt warming is very apparent in recent
decades. This warmth is matched in several early periods,
e.g. in the 4th and early 1st centuries B.C., but not in any
subsequent period in the following two millennia (Cook
et al., 1999a). Periods of sustained cool summers occur-
red between 850 and 750 B.C. and an abrupt cooling in
the early 1st century A.D. persisted for several decades.
Cook et al. (1999a) have also explored the correlation
between their Tasmanian temperature estimates and ob-
served sea-surface temperatures. They detect significant
positive decadal-timescale associations across a zonal
band of the southern Indian Ocean between 30° and 40°S
from the west of Tasmania as far as the coast of South
Africa, and also, perhaps somewhat surprisingly, in a re-
gion of the west Pacific, to the north east of the Philip-
pines. These results are consistent with an expansive,
decadal-timescale westerly oceanic influence on Tas-
mania temperature, but with possible complex telecon-
nections further afield.

2.3.2. South America

In South America, the ‘centre of action’ of tree-ring
studies has traditionally been Argentina and Chile, large-
ly focussed on the Laboratorio Dendrocronologia, Men-
doza, where, incidentally, the next International Tree-
Ring Conference will be held in 2000. The source of very
long-temperature reconstructions in these countries is
the long-lived conifer Fitzroya cupressoides, from which
5 ring-width chronologies, spanning 2000 years and 19
longer than 1000 years have been constructed in the
southern Andes (Villalba et al., 1996, 1999a). This long-

lived conifer often lives in close canopy forests, so that
long-term growth trends may be strongly influenced by
random, non-climatic processes such as competitional
interactions among the trees (Boninsegna, 1992). The
interannual growth of Fitzroya also has a quite complex
climate response, involving a negative association be-
tween ring width and summer warmth, primarily during
the year preceding ring growth.

Fig. 2 shows the most recent 2000 years of reconstruc-
ted summer temperatures in northern Patagonia, based
on a single Chilean chronology (Lenca) located on the
western slopes of the southern Andes (Lara and Villalba,
1993). The method of constructing this chronology ori-
ginally limited the extent of low-frequency variability.
Another more recent reconstruction, based on an ana-
lyses of 17 of the new millennial-length chronologies, has
now been produced (Villalba et al., 1999a). This better
represents long-term temperature trends because of the
way in which the chronologies have been constructed
and because it expresses common variability in a number
of, rather than in just one, predictor series. This new
reconstruction is superimposed on the Lenca reconstruc-
tionin Fig. 2. There s a fair degree of common variability
between them. The most notable feature of the curves is
the period of cool summers reconstructed for the period
1500-1650 (cf. Fig. 1). Note also the absence of any major
recent growth increase that might indicate anomalous
warmth (cf. The Tasmanian series). The development of
long tree-ring chronologies in this region is continuing
apace. These may offer an ideal opportunity for experi-
menting with new methodologies for isolating common
large-scale growth signals (not necessarily just climate)
on various timescales in long tree-ring data sets.

The dramatic progress in the development of both
temperature and precipitation sensitive chronology
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networks in South America, and their interpretation with
respect to regional atmospheric circulation dynamics, is
one of the major dendroclimatic success stories of the last
decade (see also Villalba et al., 1997, 1998, 1999b).

2.4. United States precipitation reconstructions

The traditional heartland of dendroclimatology lies in
the southwest United States and easily the greatest num-
ber of long chronologies (more than 80 longer than 1000
years) were developed at the Laboratory of Tree-Ring
Research in Tucson. Hughes and Graumlich (1996) pro-
vide a review and list of numerous works that describe
climate reconstructions based on many of these. Here
reference is made to examples of recent reanalysis of
existing data and other new reconstructions of southwest
precipitation variability over past millennia.

2.4.1. Nevada

The longest absolutely dated, and annually resolved,
reconstruction of any climate variable is the near 8000-
year series of annual (prior July — current June total)
precipitation for southwest Nevada, reconstructed by
simple linear regression using a single Bristlecone pine
series (Methuselah Walk) from the White Mts., Califor-
nia (Hughes and Graumlich, 1996; Hughes and Fun-
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khouser, 1998). This series captures between 30 and 40%
of the interannual and longer-term observed precipita-
tion variability. The ‘recent’ 2000-year part of this record,
smoothed to emphasise 50-year-timescale variations, is
shown in Fig. 3. This is plotted along with a series
representing the smoothed 1st principal component time-
series of five other independent long chronologies located
northeast of Methuselah Walk in southern Nevada and
S.W. Utah (Hughes and Funkhouser, 1998). Comparison
of these curves gives a realistic impression of the likely
underlying regional signal of long-term moisture varia-
bility east of the Sierra Nevada over the last 2 millennia.
There are certainly some differences in the two curves
(such as in the 18th Century), and probably these reflect
uncertainty in the single Methuselah-based series, but
there is also much remarkable similarity between them,
notably the protracted occurrence of low moisture condi-
tions in the 10th and early 11th centuries; high precipita-
tion around 300, 700 and 1100; and the series of multi-
decadal oscillating dry and wet periods through the
14th-16th centuries. The accompanying long-term pat-
tern of changing interannual variability (Fig. 3) also
shows dramatic evidence of continuing quasi-periodic
fluctuations on timescales of a century or more that
would be impossible to detect without the availability of
these trees.
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Fig. 3. Selected long reconstructions of moisture conditions in the southwestern and southeastern US. The smooth curves show 50-year timescale
changes in (a) Nevada, deduced from a single chronology (Hughes and Graumlich, 1996 — thin line) and as shown in five other series (Hughes and
Funkhouser, 1998 — thick line); (b) El Malpais, New Mexico (Grissino-Mayer, 1996); and (c) North Carolina (Stahle et al., 1988). The jagged curves
accompanying each reconstruction show 50-year moving standard deviations (plotted on the central value) to illustrate changes in the interannual

variability through time.






