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10.1 INTRODUCTION

Variarions in tree-ring widths from one year to the next have long been recognized
as an important source of chronological and climaric informarion. In Europe, stud-
ies of rree rings as a porential source of paleoclimaric informarion go back ro the
early eighteenth century when several aurthors commented on the narrowness of tree
rings {some with frost damage) dating from the severe winter of 1708-1709. In
Morch America, Twining (1833} fiest drew attention to the greatr potential of eree
rings a5 a paleoclimaric index (for historical reviews, see Studhalter, 1955; Robin-
son ef al., 1990; Schweingruber, 1996, p. 537). However, in the English-speaking
world, the "father of tree-ring studies™ is generally considered o be ALE. Douglass,
an astronomer who was interested in the relationship berween sunspot activicy
and rainfall. To test the idea of a sunspor-climare link, Douglass needed long cli-
matic récords and he recognized thatr ring-width variations in trees of the arid
southwestern United Stares might provide a long, proxy record of rainfall variarion
[Douglass, 1914, 1919). His efforts to build long-term records of tree growth were
facilitated by the availability of wood from archeological sites, as well as from mod-
ern trecs | Robinson, 1976}, Douglass’ early work was crucial for the development
of dendrochronology [the use of tree rings for dating) and for dendroclimatology
[the use of tree rings as a proxy indicator of climage).
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398 18 DIMNDROCLIMATOLDEY
10.2 FUNDAMENTALS OF DENDROCLIMATOLOGY

A cross section of most remperate forest trees will show an alternation of lightes
and dirker bands, each of which is usually contingous around the tree circumber-
ence. These are seasonal growth increments produced by meristematic tissues in the
tree’s cambium, When viewed in detail (Fig. 10,1} ir is clear thar they are made up
of sequences of large, thin-walled cells (earlywood) and more densely packed, thick-
walled cells {latewood), Collectively, each coupler of eartywood and latewood com-
prises an annual growth increment, more commonly called a tree ring, The mean
width of a ring in any one tree s 2 function of many vanables, including the tree
species, tree age, availability of stored food within the tree and of impertant nutri-
ents in the soil, and a whole complex of climacic factors {sunshine, precipitation,
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B FIGURE 10,1  Draswing of ced scructure along 3 cross section of & yousg stem of & conifer, The earwood i
madke up of large i relmivaly chinowalled cells (racheick]; gwwood is rade up of small, chick-walled trazheids
Variaticrs n trachieid thickness may produece false rings in gither esfbysoad or hrewood [Friom., F976)
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remperature, wind speed, humidity, and their distribution throughout the year), The

roblem facing dendroclimarologises is to extract whatever climatic signal is avail-
able in the tree ring data and ro distinguish this signal from the background noise,
Furthermore, the dendroclimarologist must know precisely the age of each rree ring
if the climatic signal is to be chronologically useful, From the point of view of pa-
leoclimarology, it s perhaps useful to consider the tree as a filter or ransducer which,
through various physiological processes, converts a given climatic input signal into
a certain ring width output thar is stored and can be studied in detail, even thou-
sands of years later (Frites, 1976; Schweingruber, 1988, 1996).

Climatic informarion has most often been gleaned from interannual variations in
ring width, but there has also been a grear deal of work carried out on the use of den-
sity variations, both inter- and intra-annually [densitometric dendroclimatology),
Wood density is an integrated measure of several properties, including cell wall thick-
ness, lumen diameter, size and density of vessels or ducts, proportion of fibers, ete,
(Polge, 1970}, Tree rings are made up of both earlywood and latewood, which vary
markedly in average density and these density variarions can be used, like ring-width
measurements, to idenrify annual geowth increments and 1o cross-date samples
(Parker, 1971}, Ir has also been shown empirically thar density variations contain a
srrong climaric signal and can be used to estimate long-term climaric variations over
wide areas [Schweingruber ef 2., 1979, 1993). Density variations are measured on x-
ray negarives of prepared core sections (Fig. 10,2} and the optical density of the neg-
arives is inversely propornonal to wood density (Schweingruber e al, 1978),

Density variations are particularly valuable in dendroclimarology because they
have a relatively simple growth function (often close to linear with age). Hence
standardization of density dara may allow more low-frequency climarie informa-
tion to be rerained chan is the case with standardized ring-width daga (see Section
10.2.3). Generally, rwo values are measured in each growth ring: minimuim densiry
and maximum density [representing locarions within the earlywood and latewood
layers, respectively), although maximum densiry values seem o be a betrer climaric
indicaror than minimum density values. For example, S5chweingruber gt ol | 1993)
showed thar maximum density values were strongly correlated with April-August
mean temperaiure in trees across the entire boreal forest, from Alaska to Labrader,
whereas minimum and mean density values and ring widchs had a much less consis-
rent relationship with summer temperature at the sives sampled (D' Armigo ef ai.,
19925, Maximum latewood density values are calibrated in the same way as with
the ring-width data using the statistical procedures described in Secrion 10.2.4.
However, optimum climatic reconstructions may be achieved by using bath ring
widths and densitometric dard o maximize the climaric signal in each sample
(Briffa ef al., 1995

Isoropic vanations i wood have been srudied as o possible proxy of empera-
ture variations through time, but the complexities of fractionation both within the
hydrological system, and in the trees themselves, make simple interpretations very
difficult {see Section 10.4), Ring-width and densitometric and isotopic approaches
to paleochimatic reconstruction are complementary and, in seme situanions, could
be used independently to check paleoclimatic reconstructions based on only one of
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the methods, or collectively o provide more accurate reconstructions (Briffa
et al., 1932al.

10.2.1 Sample Selection

In conventional dendroclimatological studies, where ring-width variations are the
source of climatic information, trees are sampled in sites where they are under stress;
commaonly, this invialves selection of rrees that are growing close to their extreme eco-
logical range: In such situations, climaric variations will greatly influence annual
growth increments and the erees are said 1o be sensitive, In more benehicent sipsations,
perhaps nearer the middle of a species range, or in a site where the tree has access o
abundant groundwater, tree growth may not be noticeably influenced by climare, and
this will be reflected in the low interannual variabilicy of ring widths (Feg, 10.3). Such
tree rings are said o be complacent. There is thus a spectrum of possible sampling sir-
uations, ranging from those where trees are exteemely sensitive to climare to those
where trees are virtually unaffecred by interannoal climaric variations, Clearly, for
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Rings of uniform width provide  Rings of varying widih provids

little or no recond of varations In & record of varletions In climate.

climate

FIGURE 10.3 Trees growing on sices where climate seldom lmits growth processes produce rings tha
are uniformiy wide (beft) Soch rings provide betle or no recard of variations in climare and are termed compls
rent. {right): Trees prowing on sives where climatic faccors are frequemtdy limicng produce rings thar vary in
width fram pear o year depending on how sevenely bmicing climate has been o growsh. These are termed sen
siinve [Frics. 197 1)

usetul dendroclimaric reconstructions, samples close to the sensitive end of the spec-
trum are favored as these would contain the serongese climatic signal. Often, there-
fore, tree-ring studies at the range limit of trees are favored (e.g.; alpine or arcric
treeline sites). However, climatic information may also be obrained from trees thar are
not under such obvious climatic stress, providing the climaric signal comman o all
the samples can be successfully solared (LaMarche, 1982). For example, ring widchs
of bald cypress trees from swamps in the sourtheastern United States have been used
to reconstruct the drooght and precipitacion history of the area aver the fast 1000
years ar more (Stahle ef al., 1938; Stahle and Cleoveland, 1992),
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Paleaclimatic reconstructions have also been achieved using reak from equaro-
rial forests in Indonesia (D' Arrigo of al., 1994) as well as from mesic forest trees in
Tasmania (Cook ef al., 1992a). For isotope dendroclimaric studies (Section 10.4), the
sensitivity requirement does not seem to be as critical and it may, in fact, be prefer-
able to use complacent tree rings for analysis {Gray and Thompson, 1978), Sensitiviry
is also less significant in densitometric studies and good relationships between mixi-
mum latewood density and temperature have been found in “normal™ trees, which
are growing on both moist and well-deained sites (Schweingruber er al,, 1991, 1993).

In marginal environments, two tvpes of climaric stress are commonly recog-
nized, moisture stress and temperature stress, Trees growing in semiarid areas are
frequently limited by the availability of warer, and ring-widch variarions primarily
reflect this variable. Trees growing near o the latimdinal or altioudinal treeline are
mainly under growth limitations imposed by temperamure and hence ring-width
variarions in such trees contain a strong temperature signal. However, other cli-
matic factors may be indirectly involved. Biological processes within the tree are ex-
tremely complex (Fig. 10.4) and similar growth increments may result from quite
different combinations of climaric conditions. Furtheemore, climatc conditions
prins to the growth period may "precondition™ physiclogical processes within the
tree and hence strongly influence subsequent growth (Fig, 10051, For the same rea-
son, tree growth and food production in one vear may influence growth in the fol-
lowing vear, and lead to a stronp serial correlation or autocorrelation in the
tree-ring recard, Tree growth in marginal environments 15 thus commonly corre-
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FIGURE 0.4 A swchemasic diagram showing hoe bow preciszadon and high temperasure during the gros-
ing season may lead ro the formation of & rarrow tree ring in wd-gios troes. Arversv isdicate the pae efecm and
mclude various procesees and their inoeractora. It b implied thar the efecs of kgh precipiacion e kow e
perature are che cpposioe and may lead o an increase in ring widchs (Fricoe 1971,
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B FIGURE 10.5 A schematic diagram shawing how low precisitation and high temperature befare the grow-
ing smasom may kead o a narrow ree ring in arid-she crees (Frico. 1971,

lated with a number ot different climaric factors in both the growth season (year ;)
and in the preceding months, as well as with the record of prior geowth iself (pen-
erally in the preceding growth years, 1 and £ ,). Indeed in some dendroclimatic re-
constructions, tree growth in subsequent years (£, , £ ,, etc.) may also be included
as they also contain climatic informacion abour year ¢,

Trees are sampled radially vsing an increment borer, which removes a core of
wood (generally 4—5 mm in diameter) and leaves the tree unharmed. It s imporane
to realize thar dendroclimaric studies are unreliable unless an adequate number of
samples are recovered; rwo or three cores should be taken from each cree and at
least 20 wees should be sampled ar an individual site, though this s not always pos-
sible. Eventually, as will be discussed, all of the cores are vsed to compile a master
chronology of ring-width variarion for the site and ic is this that s used to derive

climatic information.

10.2.2 Cross-Dating
For tree-nng data to be used for paleoclimatc studies, it is essential that the age of
eiach ring be precisely known, This is necessary in constructing the master chronol-
agy from a site where ring widths from modern trees of similar age are being com-
pared, and equally necessary when matching up sequences of overlapping records
from modern and archeological specimens to extend the chronology back in nme
[Stokes and Smiley, 1968). Great care is needed because occastonally trees will pro-
duce false rings or intra-annual growth bands, which may be confused with the ac-
tuil earlywoodTatewood transition (Fig. 10,61, Furthermore, in extreme years some



404

10 DENDROOLINATOLOGT

FIGURE 10.4 Annusl growth incremers or ringr are formed bacuse e wocd celly produced sarky in
the growing season [earhrwond, EYY) are harpe. thin-walled. and besz dense, while the cel farmed at the pod of
the season {ltewcad, L] are smaller, thick-wallsd and mare dense, &n sheupt charge in cell slee bebween the
Fast-formed calls of ane ring (L) and the Sirst-formed cells of che next [EW) marks che boundary betvwesn an-
real rings. Sometimes prowing conditions temparanly beoome severe befone the end of the growing seasan and
rray bead oo thee production of chick-walled cells withn an annual grossth layes (arrora), This may make it diffi-
cult to distinguish whare the sctual growth incremens ends. which coodd legd o erors in daging, Uiy thess
imtra-anrsal bands or flwe rings can be identified, but where they cannot the prablem muse be resolved by
crowt-dating (Fritts, 19746).

trees may not produce an annoal growth layer at all, or it may be discontinuous
around the tree or so thin as o be indistinguishable from adjacent latewood (Le., a
partial or missing ring) {Fig. 10,7} Clearly, such circumstances would creare havoe
with climaric dara correlation and reconstruction, so careful cross-dating of tree
ring series is necessary. This involves comparing ring width sequences from each
core 50 thar characreristic patterns of ring-width variation (ring-width *signatures™)
are correctly martched (Fig. 10.8), If a false ring is present, or if a ring is missing, it
will thus be immediately apparent (Holmes, 1983). The same procedure can be usad
with archeological material; the earliest records from living trees are martched or
cross-daved with archeological material of the same age, which may, in turn, be
matched with older material. This procedure is repeared many times to establish a
thoroughly reliable chronology. In che southwestern United States, the ubiguirty of
beams or logs of wood used in Indian pueblos has enabled chronologies of up
2000 vears to be constructed in this way. In fact, accomplished dendrochronologises
can quickly pinpoing the age of a dwelling by comparing the tree-ring sequence in
supporting timbers with mascer chronologies for the area (Robinson, 1976]. Simi-
larly, archenlogically important chronologies have been estahlished in western Eu-

hL}
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Bl FIGURE 10.7 Scheracc diagram Bustrating the potenial difficulty presenced by the formation of & paral
rinsg (i 1B4T7) In che lowsest veo secoans the ring might not be samphed by an incremseng borer, which removas
only a narrow wood sample in the upper section te ring |5 chin, but present & sround the rres o roumerenoe.
Such missing or partially absent rings are idencified by careful croas-dating of mubiple samples (Gleck, 1937).

rope. Hoffsummer [ 1996) for example, has used beams of wood from buildings in
southeastern Belgium to establish an oak chronolopy extending back to A.D. 672,
and in several regions of France chronologics of over 1000 vr in lengeh have been
assembled from construction tmbers [Lamberr ef al., 1996). Dendrochronological
srudies have also been used in studies of important works of arr, for example in dar-
ing wooden panels used for paintings, furniture, and even the coverboards of carly
books (Eckstein ot ol 1986; Lavier and Lamberr, 1996). Finally, rrec stumps recov-
ered from alluvial sediments and bogs have been cross-dated ro form compaosite
chronologics extending back through the enriee Holocene. Long tree-ring series
such as these are so accorate thar they are weed to calibrare the radiocarbon
timescale (see Section 3.2.1.5). Tree rinps are unique among paleoclimaric praxies
in that, through cross-dating of multiple cores, the absolute age of o sample can be
established. This arrribute distinguishes teee rings from other high resolution prox-
ies (boe cores, varved sediments, corals, banded speleothems, erc.) because in such
proxies, comparable replication of records and cross-daring of many samples across
multiple sites is rarely possible. Consequently, with the exceprion of specific marker
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I FIGURE 10.8 Cros dating af tree rings, Camparisan of tree-ring widtbn makns it panibie 1o identily il
rings or whare ringt wre locally absent, For example. in (&) sirict souniing shoaws & dege lack af synchrany in
thee patterree. In thi lower ipacinen of [A), rfings Fand 16 can be ssen 4 wery narros, and chip da not appeir
at gl in tFse uppar ipscimen Atea, ringe 21 {lewer) and 20 (upper) thes stra-annusd greesth Eands, i (B). b
positikng al inferred abyence dare desgnated by doti [wpper iection], the intra-ehreial band in ring 200 recog-
mized, and U pamerns in ol fng widths are spnchrosously machad (Fries, |976)

horizons {e.g., those associated with a volcanic evenr of known agel, dating af such

proxies s always more uncertain than in dendrochmaric studies (Seahle, 1996].
Oince the samples have been cross-dated and a reliable chronology has been es-

tablished there are theee important steps to produce a dendroclimaric reconstruction:

1. srandardation of the ree ring paramerers 1o produce a site chronology;

2. calibration of the site chronology with instrumeneally recorded climaric
dara, and production of a climaric reconstruction based on the calibration
equaticns; and

3, verification of the reconscruction with dara from an independent period
not used in the inital calibrarion,

[n the next three secrions, each of these steps s discussed in some detail.

10.2.3 Standardization of Ring-Width Data

Oince the chronology for each core has been established, individual ring sidchs are
measured and plorted to establish the general form of the data (Fig, 199}, It 15 com-
mon for tme series of ring widths to contain a low frequency companent resulting
entirely from the tree growth ieself, with wider rings generally produced during the
carly life of the tree. In order that ring=width variations from different cores can be
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Ring Measuremenls and Standardized kndices
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B FIGURE 10.9 Sandardmton of rrg-width measurements it necessary to remove the decrease i size a1-
sacated with increasing age of the tree, ¥ the ring widifn for the three specimens shawn in the upper figure
are timply weergged by pear without remosing the eflect of the tres ape, the masn reg-width chrosalogy
thawen below them exhibits intervaly of high and low prowib, associated with the varping age of the dample,
Thils sgw varabiliy b generally femoved by ftting 3 Gurve 09 each ring-walEh ieiiad, isd dividing sach Ang width
Ly tfed carrepanding valus of the curse, The resuling wabees, Wown in e ioear Ball of the fgaos, are feferred
B an indicas, and may b eeeraged pmong spetimens dffecing inoage to praduce & mais chranohagy far @ fite
[kmwermaik racard) (Fritis 1971]
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compared, it is first necessary to remove the growth function peculiar to thar particu-
lar tree. Only then can a master chronology be constructed from multiple cores.
Growth functions are removed by firting a curve to the data and dividing each mea-
sured ring-width value by the “expecred™ value on the growth curve (Fig. 10.9), Com-
monly, a negative exponential function, or a lowpass digital filter is applied o the
data. Cook er al. (1990) recommend that a cubic-smoothing spline be used, in which
the $0% frequency response equals =75% of the record length (). This means thar
loow frequency variations in the data (with a period >0.75 s} are largely removed from
the standardized dara, so the analyse then has an explicic understanding of the fre-
quency domain thar the resulting series represents (Cook and Perers, 1981).

The standardizarion procedure leads to a new rime serics of ring-width indices,
with a mean of one and a variance thar is fairly constant through ime (Frins, 1971).
Ring-width indices from individual cores are then averaged, vear by year, to produce
a master chronology for the sample site, independent of growth funcrion and differ-
ing sample age (Fig. 10.9, lowest graph), Averaging the standardized indices also in-
creases the (climaric) signal-to-noise rato (5M). This is because climartically relared
variance, common o all records, is not lost by averaging, whereas non-climaric
“noise,” which varies from tree to cree, will be partially cancelled in the averaging
process. [t is thus important thar a large enowgh number of cores be obtained initially
to help enhance the climaric sipnal common to all the samples {Cook e al., 1990).

Standardization is an essenrial prerequisite o the wse of ring-widrh dara in
dendroclimatic reconstruction but it poses significant methodological problems.
Consider, for example, the ring-width chronologics shown in Fig. 10,10, Droughe-
sensitive conifers from the southwestern Uniced States characteristically show ring-
width variarions like those in Fig. 10,103, For most of the chronology & negative
exponential function, of the form ¥ = ae'™ + &, fits the data well. However, this is
not the case for the carly section of the record, which must be cither discarded or
fitted by o different mathemanical function, Obviously, the precise funcrions selecred
will have an important influence on the resulting values of the ring-width indices, In
the case of trees growing in a closed canopy forest, the growth curve is often quite
variable and unlike the negarive exponenrial values characteristic of arid-site
conifers. Perinds of growth enhancement or suppression related to non-climaric fac-
tors such as competition, management, insect infestation, etc., are often apparent in
the records. In such cases [Fig. 10,.10b) some other funcrion might be fitted to the
data and individual ring widths would then be divided by the local value of this
curve to produce o series of ring-width indices. Care must be exercised not to select
a function [such as a complex polymomial) thar describes the raw dara too precisely,
or all of the {low frequency) climatic informacion may be removed; most analyses
selece the simplest function possible to avoid this problem b inevicably the proce-
dure selected is somewhar arbitrary. Further problems arise when complex growth
funcrions are observed, such as those in Fig, 10.10c. [0 this case it would be diffi-
cult to decide on the use of a polynomial function (dashed ling} or a negative expo-
nential funcoon {solid line) and in either case the firse few observations should
perhaps be discarded, Such difficulties are less significant in densitometric or isotope
dendroclimaric srudies because there is generally less of a growth trend in densicy
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I FIGURE 16.10  Some probiems in stndardization of ring widcha. In {a} mast of the cree-ring series can be
fitoed by thee Exporenal funcios shown, Howseser, the early part of the record moest be discarded in (b) the
rwa rig-wicth series requined higher-order polynomials o fic the lower fregquency variathons of each record
{the greacer che number of coefflcients for esch equaticn, the groater the degres of complesity in che shape of
the curve]. bn (] the series could be sandardized using sicher a polmomial {deshed) or esponencial fesccian
{sodid linel Deperding on cthe function selected and it complexicy, low-regeency climatc infarmation may
be eliminated. The fimal ring-widch iedices depand wery much on the scandardizaton procedurs amployed
[esamples selecoed from Fricos, [976)

and isotope data; hence these approaches may yvield more low-frequency climatic
information than is possible in the measurement of ring widths alone {Schweingru-
ber and Briffa, 1996).

It is clear that standardization procedures are not easy to apply and may actu-
ally remove important low-frequency climatic information. It is not possible, a pri-
orf, to decide if part of the long-term change in ring width iz due to a coincident
climatic trend, The problem is exacerbared if one = attemipting o constroct a long-
term dendrochronological record, when only tree fragments or historical timbers
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spanning limited cime intervals are available, and the corresponding growth func-
tion may not be apparent.

The consequences of different approaches to standardization are well illustrated
by the studies of long tree-ring serics {Scots pine, Pings sylvestris) from northem
Fennoscandia by Briffa e al, (1990, 1992a]. In order to produce a long dendro-
climaric reconseruction extending over 1500 yr, Briffa ef al. (1990 construceed a
composite chronology made up of many overlapping cores which varied in their
individual length, from less than 100 to0 more than 200 yr (Figs. 10.11 and 10.13).
in the shorer sepments, the groweh funcrion is significant over the entire segment
length, but in longer segments the growth facoor becomes less sigmificant (see Fig.
10.9, upper panel), In Briffa ef al. (1990) each segment was standardized mdivid-
ually (the procedure used in almost all dendroclimane studics), in this case by the use
of a cubic spline function thar rerains varance ar periods less than <203 of the record
length. Thus, in a 100 yr segment, variance at periods =66 yr would be removed,
whereas in a 300 yr segment, variance at penods up to 200 y1 would be retaned. All
standardized cores were then averaged together, producing the record shown in Fig,
10.12c, This shows considerable interannual 1o decadal scale variability, but little
long-term low frequency variability, In fact, as the mean segment length vanes over
time (Fig. 10,11} 50 too will the low frequency variance represented in the composiee
SETiEs,

In Briffa et al, (1992a) the standardization procedure was revised by first align-
ing all core segments by their relative age, then averaging them (ie., all values of the
first year in each segment (¢, ) were averaged, then all values of ¢, e1c. . . . to 2}, This
assumes that in each segment used, ¢, was ar, or very close 1o, the cenver of the tree
and that there is a rree-growth function {dependent only on biological age) that is
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B FIGURE 10.13  Feganat standardizarion curve (RCS) of tree-ring samples from northern Fenncscandia
based an a lest squares fit to the mean values of 8l weries, after they were aligned according o their bickogical

age (Briffa of al. |'¥¥la). Ring-width dama comenonly has a more promaunced growth function than masimum
hrewood densicy dam.
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common to all samples. The resulting “regional curve™ provided a targer for deriv-
ing a migan growth function, which could be applied o all of the individual core
sepments regardless of length (Fig. 10,13}, Averaging together the core sepments,
standardized in this way by the rcgional curve, produced the record shown in Fig.
10,12k, This has far more low frequency information than the record produced
from mdvidually standardized cores {Fig. 10.12c) and retains many of the charac-
teristics seen in the orginal dara (Fig, 10.12a}, From this series, low growth from
the late 15005 to the early. 18045 15 clearly seen, corresponding to other European
recerds thar record a ®Little lee Age™ during this interval, Also seen is o period of
enhaneed growth from ALy <950=1100, during o period thar Lamb (1965} charac-
terized as the *Medieval Warm Epoch.” It is appacent from a comparison of Figs:
100126 amd 100126 that any conclusions drawn about which were the warmest or
coldest years and decades of the past can be greatly altered by the standardization
procedure employed, All of the high frequency variance of Fig, 10.12¢ is still repre-
sented in the record produced by regional curve standardization but potentially im-
porrant climatic information ar lower frequencees is also retained. The problem of
extracting low Iregquency chimatic information from long compaosite records made
up of many individual shorr segments is addressed explicitly by Braffa et al. (1996)
and Cook ef af, (1995 who refer o this as the “segment lengrh curse™! Although it
is of particular concern in dendroclimarelogy, it is in facr an important problem in
all long-term paleoclimaric reconstructions thar utilize limited duration records o
build up a longer composite series (e.g., historical dara).

10.2.4 Calibration of Tree-Ring Data

Dnce a master chronology of standardized ring-width indices has been obrained, the
next step is to develop a model relating variations in these indices to variatons in cli-
matic daca. This process is known as calibration, whereby a seatistical procedure is
used to find the optimum solution for converting growth measurements into climatic
estimates, If an equation can be developed that accurately describes instrumentally
observed climatic varability in terms of tree growth over the same interval, then pa-
leoclimanic reconstructions can be made usmg only the tree-ning data, In this section,
a brief summary of the methods used in tree-ring calibration is given, For a more ex-
haustive treatment of the statistics involved, with examples of how they have been
used, the reader is referred to Hughes of @l (1982} and Privts ef gl (199,

The frst step in calibration s selection of the climatic parameters that primanky
control tree growth, This procedure, known as response function analysis, invelves
regression of tree-ring data (the predictand) against monthly climanc data (the pre-
dicrors, vsually temperature and precpisation) o dentify which months, or combi-
nation of months, are most highly correlated with tree growth, Usually months
during and prior to the growing season are selected but the relationship between tree
growth in year 8, £ may also be examined as tree growsh in year ¢ is influenced by
complitions in the preceding year, I a sulficiently long set of climatic data is available,
the analysis may be repeated for two separate intervals o determine if the refation-
ships are similar in both periods (Fig. 10,14). This then leads po selecrion of the
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yeir £ Values ploated wre coefficients from multiple regression analysis of res-ring madimum lacescod denaicy
{lefcy and ring widtha (right] i reladon mo instnemenlly recorded temperatures i che region Teo periods
were used for che analysis to mamine the sabdicy of the relconshiper 8761915 (domed lnes) and E¥18-19T5
{sodid fingl In wddeion o the monthly o imate variabies, the ring width values fram che ceo preceding years T
and ¢ ) are alo included oo assess the impormnce of beological preconditaning of proeth in one summer by
condicians in preceding years. The analysis shaws thar maxiomum lasesood densiny |s increased by warm candi-
eians from Apri-Auguse of year ¢ and & simiar, bu less strong signal is found in eres-ning sddehy. Groseth in e
previous year s also impormnt (Briffa et o, V590).

month or months on which the tree-ring records are dependent, and which the tree
nngs can therefore be expected to usefully reconstruct, For example, by this ap-
proach Jacoby and IArmigo (1989) found that the ring wedths of white spruce
i\ Prcea glaneca) ac the northern treeline m North Amenca are strongly related to mean
annual temperature, whereas Briffa of ol (1988, 19900 showed that summer temper-
ature (April™May to AvgustSeprember] i5 the major control on ring widths and max-
imum latewood density m Scots pine | Pinees syleestris) in northern Fennoscandia,
O the chimatic parameters that influence tree rings have been wdentified, tree-
ring data can be used as predicrors of these conditions, Vanous levels of complexity
may be involved in the reconstructions (Table 10.1), The basic level uses simple lin-
gar regression in which varatons in growth indices at a single site are related to a
single chimatic parameter, such as mean summer temperaturce or total summer pre-
cipikation, An example of this approach is the work of Jacoby and Ulan' {1982),
where the date of the first complete freezing of the Churchill River estuary on Hud-
son Bay was reconstrected from a single chronology located near Churchill, Mani-
toba. Similarly, Cleaveland and Duvick (1992} reconstructed July hydrological
drought indices for lowa from a single regiomal chronology which was an average



10 DEMDROCLIFA TOLOGY

Il TABLE 10,1 Different Levels of Complexity in the Methods Used to Datermine

Relationship Betwesn Tree Ring Parameter and Climate

Mumber of variables of

Lewel Tree growth Chimate HMain statistical procedures used

| 1 1 Simeple lingar regression analysss

a " 1 f-'|1|||:|p||.' linear regression (MLE)

113 nf’ 1 Primsapal compumsnts analyss (PEA

1Hla uf nf Dirthogomal spatal regresion (P& and MLE)
114 nf ul Cammical rogrooosrn analysis (wich POA)

1 =& bemporal ammay of dain.

# = a spatial and temparal array of data.

wl* = pumber of vanables after discarding anwanted ones from PCAL
From Bradley and Jones |1995),

af 17 site chronologies of the same species. More commonly, multivariate regres-
sion 1% used to define the relationship between the selected climare variables and a
set af tree-ring chronologies within a geographical area where there is 4 common
climate signal. The trée ring data may include both ring widths and density values,
Equations that relate tree rings (the predicrors) to climate (the predicrand) are
termed transfer funcrions with a basic form (assuming lincar relationships) of;

PR IR I R I TR o I R

where ¥, is the climate parameter of interest {for vear ¢); Xy = r+ 4 Ky AFC (HEE-FIOE
variables {e.g., from different sites) in year i a.. . . .. 4 are weights or regression
coelficients assigned 1o each tree-ring variable, L- is 4 conszane, and & is the error or
residual, In effece, the equation i3 simply an expansion of the linear equation, ¥, =
ax, + & » e, to incorporate a larger number of terms, each addirional vuriufw!:
accounting for more of the variance in the climate data (Ferguson, 1977). Theoreri-
cally, it wold be possible to construct an equation to predict the value of ¥ [rre-
cisely. However, adding too many coefficients simply widens the confidence limirs
about the reconstruction estimates so that eventually the uncertainty become so
large that the reconstruction is virtually worthless, What is needed % an equation
that uses the minimum number of tree ring varables to account for the maximum
amount of variance in the climate record. Commonly, the procedure of stepwise
multiple régression is used (o achieve this aim (Fritts, 1962, 1965}, From g matrix
of potentially influential predictor variables, the one thae accounts for most of the
climate variance is selecred; next, the predicror that accounts for the largest propor-
tion of the remaining climatic variance i identified and added o the equarion, and
s0 on in a stepwise manner. Tests of statistical significance, as each variable is se-
lected, enable the protedure to be terminated when a further increase in the number
of variables in the equation resules in an insignificant increase in vanance explana-
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ticin, In chis way, only the most important varables are selected, objectively, from
the large array of porential prediciors. An example of this approach s the recon-
struction of drought in Southern California by Meko ef al, (1980,

A mapor problem with stepwise regression i that imtercorrelations between the
trec-ring predictors can lead to mseabilicy in the prediction eqoation, In scatistical
terms this is referred to as multicollinearity. To overcome this, 3 commaon procedure
is o transform the predictor variables into their principal modes (or empincal or-
thogonal functions, EOFs) and vse them as predictors i the regression procedure,
Principal components analysis mvolves mathematical transformations of the ongs-
nal data set to prodoce o set of orthogonal (e, uncorrelated) eigenvectors that de-
scribe the main modes of vanance i the multiple pacameters making up the data
set [Grimmer, 1363; Stidd, 1367; Daulorey, 1976). Each cigenvector is a vanahle
that expresses part of the overall vanance m che data set. Although there are as
many eigenvectors as original variables, most of the original variance will be ac-
counted for by only a few of the eigenvectors, The first eigenvector represents the
primary made of distribution of the data ser and accounts for the largest percentage
of its variance {Mirtchell ef al., 1966). Subsequent eigenvectors account for lesser
and lesser amounts of the remaining variance (Fig. 10,15}, Usually only the first few
eigenvectors are considered, as they will have captured most of the ol variance,
The value or amplitude of each eigenvector varies from year to year, being highest
in the year when that particular combination of conditions represented by the eigen-
vector is most apparent, Conversely, it will be lowest in the year when the inverse
of this combination is most apparent in the data. Eigenvector amplitudes can then
be used as orthogonal predictor variables in the regression procedure, generally ac-
counting for a higher proportion of the dependent data variance wirh fewer vari-
ables than would be possible using the “raw™ data themselves. A time serics of
cigenvector values {amplitudes) is referred o as a principal component (PC), the
dominant eigenvector being PC1, the next most common partern PC2, et

Apart from reducing the number of potential predicrors, principal components
analysis also simplifics multiple regression considerably. It is noc necessary 1o nse
the stepwise procedure because the new porencial predicrors are all arthogonal, This
approach was used in the reconstrection of July drowghe in Mew York's Hudson
Valley by Cook and Jacoby [1979), They selecred series of ring-width indices from
six different sites, and calculared eipenvectors of their principal characreriscics.
These were then used as predictors in a mulople regression analysis wich Palmer
Droughe Severity Indices (Palmer, 19651 as the dependent variable, The resulting
equation, based on climatic data for the penod 1931-1970, was then used to recon-
struct Palmer indices back to 1694 when the toee-ning records began (Figs 10.1a8).
This reconsorusction showed thar the drooght of the early 1960s, which affecred the
entire northeastern United States, was the most severe the area has experienced in
the last three centuries.

2 Palmeer inddices are messures of the relanve iniensiny of precipaanon abundance or deficie and
ke inbe s ounl sail-molstiere sorape and evapoteamipiration a8 well a8 prioe presapsiaison bisoeny,
Thias sy peaviele, oane varlable, an megraed meisice of many <omplex climatle Esctors, They are
scaled from +4 or moee (extreme wetmess) o —2 or less fextreme deoughed and are widsly used by agron-
cumts i the Uimited Stanes as o guide o dhimatic conditieia relevant w crop produsceion,
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- FIGURE 1015  The first fve sipievectors af res-ring widths hased an & notwork of &5 chromologies dis-

tributed noross the western Linied Soces, narthern Mesics, and sooshwestern Canads. These represent the
magar parterns of growrh asamaiies in the region, Elpenvectar | accounts for 25% of the overall varissce; each
jubsequent aiperwecior accouncs for progressively less The hower diagram shows che relstive wmplinsdes of
these ve egensectors since & DL 1600 (Le, te principal companents, [PCs] | =5). These and other PCs were
used im canoadcal regressions with pridded cemparybsne, precipeation, wed pressure da, firse o calibeace che
tres-ring dam and them 1o reconsoruce mags of each climaces paramsecer back oo A D 1800 | Frims, 1991

Simple univarinte transfer functions express the relationship between one cli-
matic variable and multiple tree-ring varables, A more complex step is to relate the
variance m multiple groweh records to that in a multiple array of climatic variables
(&g, summer temperature over a large geographical region) (Table 101}, To do so,
each matrix of data {representing variations in both time and space) is converted into
its principal modes or elgenvectors; these are then related using canonscal regression
or arthogonal spatial eegression technigues (Clark, 1975; Cook er al., 1994). These
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B FIGURE 10,16 july Palimar droaght indices far the Hediss Viley, Maw York, fram 1694 @ |97 recan-
wtructad feam res cinge. (8) Unamnoothsd aitimatas] (B) o kosgass Mared sersion of s unimosthad s
that emgkasiins paricds of 210 yr [Cook snd jicoby, |979)

technigues involve identifying the variance that is commaon to individual eipenvec-
tors of the two different dara sets and defining the relarionship berween them. The
technigues are important in thar they allow sparial arrays (maps) of rree-ring indices
to be used 1o reconstruct maps of climatic variation through time (Frits ot al., 1971;
Frirrs, 1991; Frites and Shao, 1992; Briffa of af., 1992h),

The most comprehensive work of this sorr is thar of Frites (1991}, Ring-widrh
indices from 65 sites across western Norrth America (ie., 85 variables] were crans-
formed inmo eigenvectors, where each one represenced a spanal pattern of growth co-
variance among the sites {Fig. 10.15). The first ten cigenvectors accounted for 8%
of the joint space-time variance of growth anomaly over the site necwork. Eigenvec-
tors were also derived for seasonal pressure data at grid points over an area extend-
ing from the eastern Pacific (1007 E) to the castern ULS. (80° W] and from 20 to 707
M; the first three eipenvectors of pressure accounted for —56% of variance in the
data. Using amplitudes of all these eigenvectors for the years common o both data
sets [ 1901=1962), canonical weights were computed for the growth eipenvectors to
give maximum correlations with pressure anomalies, Amplitudes of these weghted
eigenvectors were then used as predictors of normalized pressure departures ot each
point in the pressure grid network, by applving the canomical weights to the stan-
dardized ring-width data ithe level IIIb approach in Table 10,1} This resulted in es-
timates of pressure anomaly values at each point i the grid network, for each
season, for each year of the ring-width network, Maps of mean pressure anomaly
could thus be produced for any interval by simply averaging the individual anomaly
values (Fritts ond Shao, 1992), The same procedure was ased for a network of grid-
ded temperature and precipitation data across the United States. Figure 10,17 gives
the mean pressure, temperature and precipitation anomalies for 1602-1900 for each
gridded region compared to twentieth century means, This ~300 yr interval spans
much of what is commonly referred 1o as the “Lirtle Tee Age™ and it is interesting
that the reconstruction suggests there was a stronger ridge over western North
America, with higher pressure over Alaska during this rime. This was associared with
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Reconstructions -
1602-1900 o
compared to
instrumental record [

[PF -
F o

Mean Tempedraburs Todal Precipitation

- FIGURE 10.17 Anamaiey [fram 190 |- 970 mean wabiex} of mean sea-levsl prossurs, semperaturs, and
precipitacion {in & of mean} Ior the pericd |607-1500 Yalues ‘were reconatructed fram a S5-chranclogy nit-
wark of fres-ring width dada (see Fig, 10,15], Shaded armay on the tomperaturs and precpdtation magd are warm
ar dry dnamiliet, respectialy [Frgte, 1991}

higher temperatures amd lower precipitation over much of the western and south-
western United States, but cooler and wetter conditions in the east and northease,
Precipitation was also higher in the Pacific Morthwest, presumably reflecting more
freguent depressions affecting this area, In ¢ffect, the reconstruction points to an am-
plification of the Rossby wave pattemn over Morth America, with an increase in cold
airflow from central Canada into the central and eastern ULS, [Frites, 1991; Frires and
Shao, 1992). Reconciling these reconstructions with evidence for extensive glacier
advances in the Rockies and ather mountain ranges of western North America dur-
ing this period is clearly very difficult (Luckman, 1994},

Relaned |"||‘v|1|:£rll.1r|=c have been used by other wirkers, Briffa er al (1988 for ex-
ample, used orthogonal spatial regression 1o reconstruct April-Seprember tempera-
rures over Europe west of 30° E using densitomerric information from conifers aver
Europe. In their procedure bath the spatial areay of emperature and the spartial ar-
ray af densitometric data were first reduced 1o their principal components. Only sig-
nificant components in each set were rerained. Each rerained PC of climare was then
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regressed in rurn against the ser of rerained densitometric PCs. This procedure can
be thought of as repeating the level Ib approach (Table 10.1) wr times, where m is
the number of retained climare PCs. Having found all of che sipnificant regression
coetficients, the ser of equarions relaring the climate PCs to the tree-growth PCs
were then rransformed back ro ariginal variable space, resulting in an equation for
each remperature locartion in terms of all the densitomerric chronologies. A similar
approach was wsed by Schweingruber of al, (1991) and Briffa and Schweingruber
(1992 ro derive temperature reconstructions for Europe, and by Briffa ef al,
[1992b), wha derived remperature anomaly maps for the western United Seates
from a nerwork of tree-ring density dara.

Fig. 10.1¥ shows some examples of these reconstructions in comparison with in-
srrumental data for the same vears, providing a qualitative impression of how good
the pre-instrumental reconstructions mighe be. In facr, verification staristics over an
independent period are generally good, providing a more quantitative assessment
that carlier reconstrucrions are likely to be reliable, Of particular interest is the re-
construction of temperatures in the early nineteenth century, around the dme of the
eruption of Tambora {Fig. 10.19). Tambora (8° 5, 118° E) exploded in April 1815; it
is considered to have been the largest eruption in the last thousand vears if not the
enrire Holocene {Kampino and Self, 1982 Storhers, 1934). Contemporary accounts

B FIGURE |0.1B  Otaurved Apri-Septamber muan temparaturs anamaies in th 1 af the sarly
1930 (aeprakiid st daparpares Trom s 19511970 msan) eamparad with (hattam ganal) the cerrsipanding
recoratruction hised on a tres-ring dormiey network made up ol 37 chrenalagen deributed acron the region
|Sehwmingrubar ot ol 1921}
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FIGURE 10,19 Reconscrucced summer (Bgri-Seprember) tempermiare apomakes (from 19511970
means] for wessern Eurcpe and western Maorth America for the early nineteenth century based on a 37 sive
wrea.ring density network in Europe and 2 53 see tree-ring density necaork in Morth America. Condtians vwers
ciodd in boch regions in the peary fofioeing the aruption of Tembora, though 18146 igiell was mostly warm in
western Morth America (Schweingnaber e ol 1991},
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document the severe climatic conditions that were experienced in western Europe
and in the eastern United States in the following year, which became known as “the
vear without a summer”™ (Harington, 1992}, The dendroclimatic reconstruction for
summer temperatures (April-September) in western Europe indeed show extremely
cold conditions in 1816 with cold summers also in 1817 and 1818 over most of
western Eurape (and northwestern Russia; Shivatoy, 1996) connnuing intoe 1819 in
southern Europe. Over most of the western United States and Alaska, 1816 was not
cold, but the following four summers were uniformly cooler than the 1351-1970 ref-
erence period. The coldest summer in the last few centuries in the western Unired
Srates (1601} was also associated with an eruption, probably Huaynaputina in Peru
(Briffa ef al., 1992h, 1994), Temperatures across the region averaged 2.2 °C below
the 183 1-1982 mean as a result of thar evenr,

Before concluding this section on calibrarion, it is worth noting thar rree-ring
indices need not be calibrated only with climaric dara. The ring-width variations
contain a climaric signal and this may also be rrue of other natural phenomena thar
are in some way dependent on climate. It is thus possible to calibrate such dara di-
rectly with tree rings and to use the long ree-ring records to reconseruce the acher
climate-related series. In this way, dendroclimanc analysis has been used ro recon-
struct runoff records (Stockon, 1975; Stockron and Boggess, 1980) and lake-level
variations {Stockoon and Frites, 1973}, Some of these applications are discossed in
more detail in Section 10,33,

10.2.5 Verification of Climatic Reconstructions

An essential step in dendroclimanic analysis {indeed in all paleoclimarnc studies) is
tor pest or verify the paleoclimatic reconstruction in some way. The purpose of verifi-
canon is oo rest if the rransfer funcrion model {derived from data in the calibracion
period} is stable over time; usually by companng part of the reconstruction with in-
dependent data from a different period, Inevitably, when the prediction estimates
are tested against an independent data ser the amount of explained varance will al-
mist always be less than in the calibration penoed. To quantify how good the recon-
struction 15, in comparison with independent daca, various stapstical tests are
generally performed (Gordon, 1982; Fricts ef @, 1990: Friees, 1991, Appendix 1),
These staosncs then provide some level of confidence in the rest of the reconstruc-
tion; the performance of the transfer funcoion over the verthcation period s the best
guide to the likely quality of the reconstruction for periods when there are simply
no instrumental data,

Two approaches to verification are generally adopted, Fiest, when calibrating
the tree-ring data, very long instrumental records for the area are sought, Only part
of these records are then used in the calibration, leaving the remaining early mstru-
meental data as an independent check on the dendroclimaric reconstruction. If the
reconstruction s in the form of a map, several records from different areas may be
used to venfy the reconstruction, perhaps indicating peographical regrons where the
reconstructions appear to be most accarate {Briffa ef af,, 1992b}. This approach
is difficult in some areas where tree-nng studies have been carmed out {e.g., the
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western United Stanes and norchern treelines) because these are arcas wich very fow
carly instrumental records (Bradley, 1976}, Dendroclimatic studies in western Eu-
rope |Serre-Bachet ef al, 1992; Briffa and Schweinpgruber, 1992} can be more ex-
haustively rested because of the much longer instrumeneal records in thar area,
Indeed, it is sometimes possible ro conducr two calibrations, with both tree-ring and
climatic dara from different time periods and o compare the resulring dendrocli-
matic reconscructions for earlier periods derived independently from the two dara
sets (Briffa er al,, 1988}, This provides a wivid illustrarion of the stability of the de-
rived paleoclimaric reconstructions {Fig. 10,20,

A second approach is to use other proxy data as a means of venficanon, This
may involve comparisons with historical records ar with other climate-dependent
phenomena such as glacier advances {LaMarche and Frites, 197 1b) or pollen varia-
tions in varved lake sediments |Frins et al., 1979) erc. It may even be possible 1o use
an independent trec-ring data set to compare observed grovwth anomalies with those
expected from palesclimatic reconstructions. Blasing and Frites {1975}, for exam-

i
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FIGURE 10,20 Two reconstructions of northern Pennascandinaian temperatures far fulby-Augast uting
itk same cransfer funcoon model, Bat with calbragion based on 1852-1925 in the wpper diagram, and
1891 =194 in the lower diagram. Ordinace axis s in smndard deviation units with ane unit approsimazely equal
o | “C.The owa calibrations sccounced (o 6% and 58% of the variance of imstrumencal temperature ower the
sami [talibraton) interval, respecdvche Bach gave scatstically sigrificant stacstics when veriflied against data
from the ocher “independent” incerval. Thus. both recorstructions could be viewed as smcisncally relable. Al
thioiigh the twoe series ae strongly carrelaced {r = 087) there are imporone dfferences bevwesn chem, which
warng against owenncerprecng the reconscructors for indkidual years. For esample, the lower diagram shows
an exrreme in I 783 char does not appear in the upper dagram, and even the kower frequency variatons show
impormne dferences requireg careful esaminacon of the regression weighes used for sach reconscructsan
{Birifa et ol, 1988
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ple, used a network of trees from an area between northern Mexico and southern

British Columbia to feconsemec maps of sea-level presore an wmialies over the eas-

ern Pacific and western Morth America. A separate temperature-sensitive dara set

from Alaska and ehe MNomhwest Tecritories of Canada wasd then ased 1o test the re-

constructions. Periods of anomalously low growth in the northern crees were asso-

ciated with increased northerly airllow as predicred by the pressure reconstructions,
In all verificarion ests, one is inevitably faced with rwo questions:

{a} I the verification is poor, does the faule lie with the dendroclimatic recon-
struction {and hence the model from which ic was derived) or with the
proxy or instremental data vsed as a test {which may itself be of poor qual-
ity and subject to different interpretations)? In such cases, re-evaluation of
the tree-ring data, the model, and the test data must be made before a de-
fimitive conclusion can be reached.

thi Is the dendroclimatic reconstrocton for the period when no independent
checks are possible as reliable as for the period when venification checks
can be made? This might seem an insoluble problem but it is particularly
important when one considers the standardizing procedure employed in the
derivation of tree-growth indices (Section 10L2.3), Errors are most likely mo
oeeur in the earliest part of the recond, whereas rests using mstrumental
data are generally made near the end of the treegrowth record (where
replicanion 15 generally highese and the slope of the standardization func-
tion 15 generally lowese) and least hikely to mvalve the incorporation of
large error. The aptimum solution i for both instrumental and proxy data
checks to be made on reconstructions at intervals throughout the recond,
1|'IErr.'h'!.' INCrEasing cotifidence in the overall paleachmatic estimares.

Dendroclimarologists have ser the pace for other paleoclimarologists by devel-
oping methods for rigorously testing their reconstrucrions of climare, Many other
fields would benefir by adopring similar procedures.

10.3 DENDROCLIMATIC RECOMSTRUCTIONS

The following sections provide selected examples of how tree nngs have been used
to reconstroct climatie parameters in different regions of the world. This is nor by
any means an exhaustive review and for further informadon the reader should ex-
aming the sections on dendroclimatology in Bradley and Jones (1995), Jones et al.
[1996], and Dean af ol {1996).

10.3.1 Temperature Reconstruction from Trees at the Northern Treeline

Many studies have shown that tree growth at the nosthern treebine 18 limoted by tem-
peratureg; consequently, both tree-mmg widths and density provide a record of past
varnbons in temperature, A 1500-vr long summier temperature reconstruction wsing
Scots pine | Pz sylvesteis) from northemn Scandinavia has already been discnssed
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[see Fig. 10.12). Even longer records may be possible because in this region logs of
Holocene age have been dredged from lakes and bops at or beyond the present tree-
ling, By cross-daring these samples, ir should evenrually be possible vo construct a
well-replicated chronology extending back over most of the Holocene (Zetterberg et
al., 1995, 1996). Similacly, 10 the northern Ukal mouneaing of Russia, the dendrocli-
matic record of living trees hay been extended back over 1000 yr by overlapping
cores from dead larch trees {Larix sibirica) found close o or above present treeline
iGrayhill and Shivarov, 1992; Briffa ef al., 1995) (see Section 8.2.1). Ring-width and
density studies of these samples show warm conditions in the fourreenth and fif-
teenth centuries, declining ro uniformly low summer temperarures in the sixoeenth
and seventeenth centuries, There is little similasity between Fennoscandian and
northern Urals data prior to - 1600, afrer which ome both records show a gradual
increase in temperarures through the 20th century. In facr, in the narthern Urals, the
20th century {1901-1990) is the warmest perind since [ar least) 914 AD, although
this does not appear 1o be the case in northern Scandinavia. Care is needed in the
interpretation of these apparent long-term changes because of the number of cores
and the individual core sepment lengths coneriburing to the overall record vary over
time [Briffa er al., 1926}, In the northern Urals data set, the replication {sample
depth) and mean core lengrh are ar a minimum from -1400-1650 and -1500-1700,
respectively, For similar reasons, reliability of the mean chronology is poor before
-1100. The overall summer temperature reconstruction is therefore very sensitive o
the standardization procedure used o correct for growth effects in each core seg-
ment; quite different temperature reconstructions can be produced depending on
whether cores are individually standardized {by a cubic spline function) or if a re-
gional curve standardization method is emploved (Fig. 10.21). This again points to
the dangers implicit in long-term palectemperature reconstructions buile up from
multiple shorr cores when sample eeplication and mean record length are limired,
Shorter records, derived only from living trees have been recovered all along che
Eurasian crecline by Schweingruber and colleagues (Schweingruber and Briffa,
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FIGURE 10.21 May—faugust mean temperature meoomncruction for the northern Lral Messstaion, Russis
kaged on tree-ring widtha riandardized by 3 noSic-amoothing spling (thin line} and masimurs btewead Snilty
chin warsdurdized by derivieg a repomal curve far all serples (see Fig 10003 {thick loe), Data are shown in °C
angmalins from the 1951-19T0 mean and are imoothed with § 25-p lewpais Sl Tha lerge d8isrescen be-
Pwen the fea reconidrustions mdicate that low reguency information & laes in the resomebruction in whizh
anly fing widehs arw s (B of al, | 994, Mote tat bach approache ghe camparable reconsine tian i the
calibratian and werfication perice, thuy provading na a priarl waring hae thare saght b 5 problem wieh the
spline-standardited dara wei
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1996; Vaganov ef al., 1996), Both ring-width and density studies of these samples
enable a picture of regional variations to be built-up, from Karelia in the west o
Chukotka in the east, This shows that the remperature signal is not uniform across
the region; for example, from ~B0-150° E the early 19th century was uniformly
cold, but this cool period was far less pronounced or as persistent farther west, from
~50-B0° E. Such variations point to possible shifts in the upper level Rossby wave
circulation, which may have been amplified or displaced during this interval. Build-
ing up nerworks of tree-ring dara in this way will eventually lead 10 continental-
scale maps of Eurasian remperature anomalies through time (see Fig. 10.15;
Schweingruber ef al,, 19911,

Ring widths in spruce {(mainly Piceg glasca) from the northeen rreeline of North
America contain a strong record of mean annual temperature (Jacoby and D'Ar-
rigo, 1989 D'Arrigo and Jacoby, 1992), Indices averaped over many sites along the
rreeling, from Alaska to Labrador, reveal a strong correlation with both Norch
American and northern hemisphere temperatures over the last century {Jacoby and
D’ Arrigo, 1993}, Based on these calibrations, long-term varations in remperature
have been reconstructed (Fig, 10,22). This indicares low temperatures throughout
the seventeench century with a particularly cold episode in the early 17005, The
cighteenth century was relarively warm, followed by very cold conditions (the cold-
est of the last 400 years) in the cary to mid-1800s. Temperarures then increased o
the 19505, but have since declined. This record is broadly similar to thar derived
from trees in the northern Ural mountains of Ruessia, bur has less in commeoen wich
the Fennoscandian summer temperature reconstruction discussed earlicr,

Reconstructed Anmual Temperatures for Mortham Morth Amernica
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Bl FIGURE 10.21 Fueconstruttion of anmal tamparaturs acrans nerethern Parth Ametic for 1601-1974,
Eriad an a wed af T tree-ring widkh chronologis Trom Alaska to Ohislic; 5-yr timdothed walues alio shown By
dirkar line (D' Arvigo and jacoby, 1992),



416

1% DEMDOROCLIMATOLOGT

Using a different nerwork of trees sampled for maximum larewood density,
Schweingruber ef al. (1993} and Briffa et al. (1994} idennfy distince regional signals
along the North American trecling; by grouping records with commaon signals they
reconstrocted summer (April-September) remperatures back 1o AD. 1670 for the
Alaska/Yukon, Mackenzie Valley, and Quebec/Labrador regions. These series do
not capture low frequency varability very well, but do show significant anomalies
associated with major volcanic eruptions known from historical records (Jones e
al., 1995} However, not all regions are affected in the same way; for example, 1783
{the year thar Laki, a major leelandic volcano erupted) was a very cold summer in
Alaska (also noted by Jacoby and D" Arriga, 1995) but it was relatively warm in the
Mackenzie valley. By contrast, 1816 (following the eruprion of the Indonesian vol-
cano Tambora in 1815) was exceprionally cold in Quebec and Labrador, bur was
warm in AlaskaTukon. Such variations indicare thar voleanic aerosols do not al-
ways produce uniform climanc responses across the globe and may, in fact, produce
strong meridional temperature gradients [Groisman, 1992).

10.3.2 Drought Reconstruction from Mid-latitude Trees

Drought frequency is of critical importance to agriculture in the central and eastern
United States. Several dendroclimaric scudies have artempred o place che limiced
ohservarional record in a longer-term perspective by reconstructing precipitarion or
Palmer Drought Severity Indices (PDS1) for the Lase few cenmuries. Cook et al. {1992h)
used a network of over 150 tree-ring chronologies from across the eastern United
Scates o recanstruct summer PDSI for each of 24 separate regions. On average,
6% of the summer PDSI variance was explained by the tree-ring dara, The enrire
set of reconstructed PDSL for all 24 regions was then subjected to principal compo-
nents analysis to identify the principal patterns of drought distriburtion across the
entire castern Unired States. Six main patrerns were identified, with each one corre-
sponding to a different subregion affected by drought (Fig. 10.23), By examining
the time series of each principal component, the drought history of each region
could be assessed (Fig. 10.24), This revealed char while drought is common in some
areas, it is quiee rare for drought ro extend over many different regions simultane-
ously. One exception was the period 1814-1821, when severe drought devastared
the entire northeastern quadrant of the United States, from Mew England to Geor-
gin and from Missouri to Wisconsin. This may have been related o circulation
anomalies resulting from the major erupeion of Tambora m 1815 andfor to four
moderate-to-strong El Mifio events i quick succession (1814, 1817, 1819, and
18215 iChunn and Meal, 19921,

Further analysis of drought history in Texas {see Factor 4 in Fig, 10,24 using
ring-width chronologies from post ok trees [Ouercis stellata) has enabled the PRSI
tx be recomstructed separately for northern and southern Texas (Stahle and Cleave-
lamd, 1988}, From these series, the recurrence interval of different bevels of droughe
severity can be calculated (Fig. 10025}, This shovwes that while the probability of mod-
erate drought {a PDS of =2 to <3 s high every decade in both north and sooth
Texas, there 15 a =30% chance of severe drought (PD¥1<-4) ance a decade in south
Texas; in north Texas, however, such droughes are less likely {once in 15 vr},
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In the southeastern United Srates, bald cypress trees | Taxodium distichim)
growing in swamps have provided o surprisingly good record of precipitation and
drought history extending back over 1000 vears in some places (Stahle ef al., 1985;
1988; Stable and Cleaveland, 1992). Apparently, tree growth is affected by the wa-
ter level and water guality in the swamps (oxyvegenanon levels, pH etc.) 50 tree-ring
records show excellent correlation with spring and early summer rainfall in the re-
gicn. In fact, individual tree-ring chronologies in Georgla and the Carolinas can ex-
plain almost as much of the variance in state-wide rainfall averages as a similar
network of individual rainfall records (Stahle and Cleaveland, 1992}, Long-term re-
constructions (=1000 yvr) show that non-periedic, multidecadal fuctnations from
predominantly wet to dry conditions have characterized the southeastern Uniced
Seates throughout the last millennivm (Fig. 10,265, However, since 1650, rainfall in
Morth Caroling appears to have systematically increased, with the penod
1956=1984 being one of the wettest periods in the last 370 yr. This trend was
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abruptly ended by two remarkable, consecutive drought years (1986 and 1987);
anly five other comparable two-vear droughts have been registered by the bald cy-
press trees since AJD. 372 [Stahle ex al.; 1988).

Many meteorological studies have noted the relanonship berween El Nino?
Southern Oscillaton | ENSO) events in the Pacific {or their cold event equivalents,
La Nifias) and anomalous rainfall parerns in different parts of the world, These
teleconnections result from large-scale displacements of major pressure systems and
consequent disruptions of precipitation-bearing storm systems | Ropelewskr and
Halpert, 1387, 198%; Diaz and Kiladis, 1992}, Several attempts have been made to
identify an EMNS0 signal in tree-ning data i order fo reconstruct a long-term EN5S0
index ( Lowgh and Fritts, 1985; Loogh, 1992; Meko, 1992; Cleaveland #f al., 1992;
D' Armigo ef al,, 1994), The strongest regional signal in North America 15 in the
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FIGURE 10.26 Reconscrected smreswide rainfall for Morth Carclea () in Apri-jone and Sowth
Carolira and Georgla [SC and GA) in March—june The upper dagram shows the anmual values reconsmmected:
the lower diagram shows the same data smoothed v emphasize kow frequency sartations more deardy (with
periods =10 yr) (Shle and Cleaveland. |997).

southwestern LLS. and northern Mexico, where warm events tend to be associated
with higher winter and spring rainfall, which leads to increased cree growth (Fig,
10,27, This led Stahle and Cleaveland (1993) to focus on trees from that aréa to
reconstruct @ long-term South Oscillation Index (50) back so 1699, Although their
results showed considerable skill m identifying many major ENSO events in the past
{in comparisan with those known from histarical records) they estimate that only
half of the total number of extremes were clearly defined over the lase 300 KT, Simi-
lar |‘|r|:'|-|'|||,':|t|:h. were encountered by Lough and Frites (1985 using a network af arid-
site trees [rom throughout the western United States. The principal SO1 extremes
they identify for the last few centuries are not the same as those selecred by Stahle
and Cleaveland’s analysis, This points to the problem of characrerizing ENSOs
from teleconnection parserns, which are spatially quire variable in relation ro botrh
positive and negarive extremes of the Southern Oscillation, Consequently; although
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I FIGURE 1027  Tree-ring ancelies strods wescees Borch Americs sssocissd wich te high snd bow phases
of the Seeshern Oscillation. The parern an the lel & sssacined with Bl Mo elecannecrions lesd @ heavier
winear and spring rainfal in sarthern Meee and the LS, Southwasit, By contrast, cald ewants in chie Pacific |La
Mifag) are nocised with deier condidord and reduced tree growth in the: same regian (Lough, P92

there may be an oceerall signal related o ENSO in one reglon, precipitation patterns
vary enough from event oo event that precise, yearly ENSO reconscructions are very
difficult (Lough, 1992; D"Arrigo et al., 1994),

One additional factor relared to drooghr is the frequency of fire in some areas
{Swernam, 1993}, Fire scars damage the cambium of trees and are clearly visible in
tree sections, By building up a chronology of fire history from non-contiguous re-
glons; the frequency of large-scale fires affecting wide areas {related to regional
droughr episodes) can be identified. In California, fires affecting widely separated
groves of glant Sequoia are associated with significant negative winterspring
precipitation anomalies. Owver the last 1500 v, fire frequency was low from A.D.
SM=-800, reached o maximum =AD. 1000=1300, then generally declined. Interest-
ingly, the relationship with temperature in the region 15 no significant on an annoal
basis, but over the long-term fire frequency and temperature are positively corre-
laeed, Sweetnam (19293} attribotes this to long-term temperature fluctuations control-
ling vegetation changes on decadal to century timescales, whereas fire activity from
vear to year s more related o fuel moisture levels; which are highly correliated with
recent precipitation amounts, In the southwestern United Stanes, dry springs and ex-
wensive fires are associated with “cold events” in the Pacific (La Nifias) as a result of
related circularion anomalies thar block moisture-bearing winds from entering the
region {Swetnam and Betancourt, 1990}, Thus, tree-ring widths and fire occurrence
are manifestations of large-scale weleconnections linking sea-surface temperatures in
the tropical Pacific wo rainfall deficits in the arid Southwest.
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10.3.3 Palechydrology from Tree Rings

Tree rings can be used 1o reconstruce climate-related phenomena thar in some way
integrate the effects of the climate fluctuations affecting tree growth, In particular,
much work has been devoted 1o paleohydrological reconstructions involving
streamflow, Stockron [1975] was interested in reconstructing long-térm variations
in runoff from the Colorado River Basin, where runoff records date back only to
1896, As runoff, like tree growth, is a function of precipitation, temperature, and
evapotranspiration, both during the summer and in the preceding months, it was
thought that direcr calibration of tree-ring widths in terms of runoff might be possi-
bile. Using 17 tree-ring chronologies from throughout the watershed, eigenvectors
of ring-width variation were computed. Stepwise multiple regression analysis was
then used to relate runoff over the period 18%6-1960 ro eigenvector amplitudes
over the same interval, Optimum prediction was obtained using eigenvectors of ring
width in the growth year (£,) and also in years £, ¢, and 1_, each of which con-
rained climate mtormation relaced to rl.l.l'liif‘ 1 yedar i‘u- In this w.‘i}' ar :qu;itir.in -
counting for 82% of variance in the dependent data ser was obtained; the
recanstructed and measured runcfl values are thus very similar for ehe calibration
period (Fig. 10.28), The equation was then vsed 1o reconstruct runoff back 1o 1584,
using the eigenvector amplitudes of ring widths over this period (Fig, 10.29). The
reconstruction indicates that the long-term average runoff for 15641961 was ~13
million dere-Feet (<16 % 10° m?) over 2 million acre-fest (=247 2 107 m?) less than
during the period of instrumental measurements. Furthermaore, it would appear thar
droughts were more comman in this earlier period than during the last century, and
the relatively long period of above average runoff from 1903 to 1930 has only one
comparable period (16001-1621) in the last 400 yr, Stockton argues thar these esri-
mates, based on a longer time period than the instrumental observations, should be
seriously considered in river management plans, particularly in regularing flow
through Lake Powell, a large reservoir constructed on the Colorade River In this
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P60 BEMORECLMATIE RECOMETRUCTIONS 4313

ey Linfilsmed

iegin Aunofl {10F o)

I FIGURE 10,29  Aseual sirges runof of the Colormds River ar Loo Ferey, 13 seconetructsd uiisg ringwidily
index variatcn, calbraved as shown in Fig, 10.28, Growth far each e and the shree Tellowing yairs. was wad
o eszimare water flow morimically Smooch ourve (helcrs] represoms sdentlally 5 10-yr reening moin, Bunsd in
chig poriod = 905=1 925 wis socepional when viewed inthe coneost of the laso 400 yr {Sooschoan, 1975).

case, dendrohydrological analysis provided a valuable long-rerm perspective on the
relatively short instrumental record. Similar work has been accomplished by Stock-
ton and Frires 11%973), who used tree-nng eigenvectors calibrared againse lake-level
data to reconstruct former levels of Lake Athabasca, Alberra, back to 1310 (Figore
10,303, Their reconstroction indicated that although the long-term average lake
level is similar to that recorded over the last 40 yr, the long-term varabilicy of lake
levels is far greater than could be expected from the short instrumental record. To
preserve this pattern of periodic flooding, essentinl to the ecology of the region, the
area s now artthcally Aooded at intervals that the dendroclimatic analysis sugresis
have been typical of the last 160 yr

A few studies have attempred oo reconsersct sireamiflow in bumid environments,
but they have been less successful than dendroclimatic reconstructions in more and
areas (Jones ¢f al, 1984], In humid regions, penods of low flow are generally more
reliably reconstructed than high flows, as trees are more likely o regester prolonged
drought than heavy precipitation events that may lead wo high streamflow and Aood-
ing, Cook and Jacoby (1983 reconstrocted summer discharge of the Potomac River
near Washingron, DN, back to 1730 osing a set of 5 tree-ring width chronolopgies;
their results indicare thar there was a shift in the characrer of runelf aroumnd 1820, Be-
foore this rime, shore-term oscillations abour the median low were common, generally
[asring only a few years. After 1820 more persisrent, larger amplitude anomalies be-
came commod. For example, runoff was persistently below the long-rerm median from
18501873, If such an event were to be repeated in the furere with all of the modern
demands on warer from the Poromac River, the conseguences would be exrremely se-
vere. Such a perspective on natural variability of the hydrological system is thus in-
valuable for warer supply management and planning.
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lwuks for the frozen labe coald roc be made {Stockoon and Frims, 1973)

10.4 I50TOFPE DENDROCLIMATOLOGY

Many studies have demonstrated empincally that variations in the isotopic content
of tree rings (BYC, 0, and 5 H) are in some way related to climate.™ Early stud-
ies used whole wood samples but some studies now suggest that latewood may need
to be isolated from earlywood to get a clear signal of climatic conditions in the
growth year (Switsur ef al., 1995; Robertson et al., 1995). In mid- and high lati-
mudes, there is a positive relationship (sensu lato) berween the oxygen and hydrogen
isotopic composition of rainfall and remperature (Rozanski et al,, 1993} 5o it is rea-
sonable to expect that the isotopic content of wood in trees might preserve a record
of past remperature variations in such regions (Epstein ef al., 1976). The problem is

1 o awaidl the difficulties af chemical heterogemeity in wood samples, a smgle component, a-cellulos
[perdymiereed plecose), is extracied for motops: analtysis; a-cellulose contains both carbon-boand and axy-
gen-bound (hydrakyl) hydrogen aroms, but the lavter exchange readily within the plant. It i therefone nec-
esary o remove all hydraxy] hydrigen atoms (by producing mitrated cellalose) to avosl prablems of
isntopi exchange after the initial periodd of bisgmihes, For a dsossion of isopes, denterismbydrogen
|EWHT and SO0 raties, are Sections 5.1 and 522,
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that additional isotopic rachenation {of hvdrogen, oxvgen, and carbon atoms)
occurs within trees during the synthesis of woody material and these biological
fraceionations are themselves dependent on many factors, including temperature,
relative humidity, and wind speed [evapotranspiration effeces) (Bork and Souver,
1981; Edwards, 1993], MNevertheless, in spite of such complications, a number of
studies have found very strong positive correlations between 81°C, B1%0), and *H
and remperature, and negative correlations with relative bumidity. The exact tem-
perature relationship varies, but in several studies of BC and 850, it is commonly
in the range of 0.3-0.4% per "C {Burk and Stuiver, 1981; Yapp and Epstein, 1982,
Stuiver and Braziunas, 1987; Lipp ef al,, 1991; Switsur & af., 1995}, Most studies
have focused on only the last few decades; bur a few have artempied longer paleo-
climatic reconstructions, For example, based on the strong correlation observed
in recent data between August temperature and 8Y'C in fir (Abies altia) from the
Black Forest of southern Germany, Lipp et al, {19%1) reconstructed temperaturs
back to &.1, 1000 (Fig, 10.31). This record suggests that there was a steady decline
in temperature from the early fourteenth century to <1850, wirh an eacler warm
episode centéred on A.D, 1130, Ocher long-térm temperatiure reconsirucions in-
clude a 2000 yr &C-based record from the western United States (Stuiver and
Braziunas, 1987) and a 1500 yr & H-based record from California (Epstein and
Yapp, 1976). There is little similarity between these two records, possibly refllecting
real temperature ditferences, but perhaps also highlighting the many complications
that may confound any simple interpretation. Certainly, the processes involved are
comnplex. For example, Lawrence and White {(1%84) found thar 6T in orees from the
northeastern United States does not contain a strong temperature signal, as might
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B FIGURE 10.31 Average §°'C values of celidose extracted from the latewood of 19 fir rees (Abes aib) in
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fromn | 850 1980 we corrected for the efieces of comtamisasan by Sossil fuel CO. Based on calibration awer re-
cent decades, the scale of August mean cemperature i shown om the right. relative o the long-term mean

(Trimibarn et ol 1995},
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be expected, but is inversely correlated with summer rainfall amount. By contrast,
Ramesh gt al, ([ 1989) found &0 in teak from western India was positively correlaced
with rainfall. In each case it is possible to construct an explanation for the observed
relationship, but one feels that this approach is a little too ad boc. There 15 a real
need to build on the empirical approach by constructing comprehensive models to
help in underseanding all the prodesses invalved [Edwards and Fritz, 1988; Clague
ef al., 1992; Edwards, 1993). Isotopic dendroclimatalogy has much potential, but
significant efforts are still needed to develop reliable palesclimatic records 1o com-
plement ring-width and densitometric studics,

10.4.1 Isotopic Studies of Subfossil Wood

Yapp and Epstein {1977) showed chat 80 in wood was strongly correlated with 8D in
associated environmental warers, which were consistently 20-22%. bigher than the
nitrated cellulose {Epstein er al., 1976; Epstein and Yapp, 1977}, As 8D of annual pre-
cipitation is correlated (peographically) with mean annual remperarore [Yapp and Ep-
stein, 1982) long-reem records of D from trees may be a meful proxy for temperature
variations. This idea is supported by mapping &0 values from modern plants and
comparing them with measured 3D values of mereoric waters (Fig. 1032}, It is clear

I FIGURE 10.32  isoines of 5D based an madern metsoric waters [Le. in precpiation) compared oo &0

valuet inferred from cefulose CsH hydrogen [celkliose nicrase) in modern plangs (underined values) ¥ich the
exceprion of only two Sierr Mevada samples, che inferred values differ by an aserage of ~ 4% from che values
mezsured n precipmacdon mmples (Yapp and Epgeein, 1977,
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thar the 8D in plants provides a good proxy measure of spatial varations in 8D of
precipitation. Assuming that this relaconship has not changed over time, it is possible
o reconstruct former B0 values of meteoric water by the apalyss of radiocarbon-
dared subfossil wood samples (Yapp and Epstein, 1977). Figure 10,33 shows such a
reconstruction, for “glacial age” wood (dated ar 22,000-14,000 y¢ B.R.). Surprisingly,
the ancient 81 values at all sites are consistently Bigher than modern vilpes (an aver-
age of +19%s). The higher 50 of meteoric waters implies that temperatures over the
ice-free area of North America were warmer in late Wisconsin times than today,
However, there are many other factors that conld account for the high 8D values ob-
served. In particular, 8D values in the wood may reflect rainfall in warm growing sea-
sons and so would be isotopically heavier than the annual values mapped in Fig.
10.32. This would be especially troe if more of the extracted celluloss came from late-
wood rather than earkywood,

Other factors which could help to explain this surprising set of data include:
{a} a reduction in the temperature gradient berween the ocean surface and the adja-
cent precipication site on land; (b} a change in 30 of the oodan warers as a result of
ice growth on land {probably corresponding to an increase in oceanic 80 of 4=5%.j;
{c} & change in the ratio of summer to winter precipitation; and (d) a positive shift
in the average 81 value of oceanic water vapor, which ar present is not generally
evaporating in isotopic equilibrium with the oceans.

B FIGURE 10.33  Curiucion of 16 G vulues of metearic waters from |5 different siees during tha lste
‘Wisconsm glacal maximum, as sdecred fram 40 valuss ol mes cellilose T hydrogen {underbnad), Tha ap-
prosimate positon of the southern margin of the ice shest i3 shown at its maximum exeent (harched ling), The
“placial age" memmonic wacers of this |5 sites Furen, &n average, 80 values which are. [ 7% mare pesiche thain th
correspanding moderm marnoric watsrs 51 thave ites a3 deduced from the dam shown i Fg. 1032, The "glastal
age" disrbution panem al 80 values b dlmiler o the medern pacterm, but & syscematically shifuad by the pesi-
tive bizs of the ancient warers: Tha North Aserican coastine shown is that of today and doi noT mhe b -
coune the lower sea fevel at the tine of glicial maximurms [Tapp and Epstein, 1977}
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Whatever the reason, the isotopic composition of glacial age precipitation has
important implications for the isotopic composition of the Laurentide Tce Sheet,
which is generally assumed ro have been composed of ice that was very depleted in
80 and dewterinm. Using B values from trees growing along the shores of Glacal
Lakes, Agassiz and Whittlesey, Yapp and Epstein (1977) calculated that the 550
vitlue of waters draining from the former Laurentide ice sheet probably averaged
around =12 10 -15%., far higher than would be expected by analogy with glacial
age ice in cores from major ice sheets. Measured 8D valves from glacial age ice in
cores from Cereenland and Antarcrica (Chaprer 3) average 80% below those of
modern precipitation in the same area. These results are thus somewhat enigmatic
and it would be extremely valuable ro exrend this work to other formerly glaciated
arens (particularly Scandinavia) to study “glacial age™ 5D values in more detail be-
cause they have an important bearing on the interpretation of ather paleoclimaric
records, particularly ice and ocean cores. On the other hand, there may have been
other factors operating to alter rhe D/emperarure relationship observed oday, or
v bias the wood isotopic signal in some way, illustraring once again the difficulry
of interprering isotopic signal in tree rings.



