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Abstract 

Tree rings can be reliable recorders of past weather and climate variations. Tree 

rings from mountain regions can be linked to upper air atmospheric sounding 

observations and large-scale atmospheric circulation patterns. A "synoptic 

dendroclimatology" approach is used to define the relationship between tree rings and a 

specific upper air anomaly feature that affects climate in the western US. I have also 

reconstructed this anomaly feature using both regression and fuzzy logic approaches. 

Correlation analysis between 500 mb geopotential heights and tree rings at a site near 

Eagle. Colorado reveals an important anomaly centered over the western US. This center 

can be viewed as a circulation anomaly center inde.x (CACI) that can quantitatively 

represent the relationship between atmospheric circulation and tree growth variations. To 

reconstruct this index from tree rings, I used both a multiple linear regression (MLR) and 

a fuzzy-rule-based (FRB) model. The fuzzy-rule-based model provides a simple 

structural approach to capture nonlinear relationships between tree rings and circulation. 

The reconstructing capability of both models is validated directly from an independent 

data set. Results show that the fuzzy-rule-based model performs better in terms of 

calibration and verification statistics than the multiple linear regression model. The 

reconstructed anomaly index can provide a long-term temporal context for evaluation of 

circulation variability and how it is linked to both climate and tree rings. 
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Chapter 1 Introduction 

An understanding of past atmospheric circulation can provide important 

information about the causes of climate variability. However, in most parts of the world, 

historical records of circulation (i.e. atmospheric pressure data, circulation indices) are 

limited to 100 years or much less. Tree rings, an excellent proxy source of information on 

climate variability, offer a way to reconstruct records of past circulation and enable the 

evaluation of circulation variability and how it is linked to climate over the past several 

hundred years. The purpose of this dissertation is to link tree-ring variability with 

atmospheric circulation and to use this linkage to reconstruct a circulation anomaly index 

back to 1766. This chapter reviews the relevant background on both dendroclimatology 

and synoptic dendroclimatology and then states the research problem and scope of this 

dissertation. 

l.l Dendroclimatology: Linking Tree Rings and Climate 

Climate is one of the many natural environmental factors that influence tree 

growth. Tree growth in turn contains useful information about climate variation. The 

most successful application of this relationship is the deduction of past climate variations 

based on the properties of tree rings, such as ring width and wood density. In sensitive 

trees, these properties vary in response to climatic conditions that limit tree growth 

(Fritts, 1976; Fritts, l991;Hughes et al., 1982). The use of dated tree rings to reconstruct 
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and analyze past and present climate is called dendroclimatology (Fritts, 1976). It is a 

subfield of dendrochronology. 

The science of dendrochronology was founded by A. E. Douglass in the early 

1900s and was based on the observation that annual tree rings can record growth-

affecting environmental conditions. Since then, a large body of literature has been 

published on the influence of climate upon tree growth. Dendrochronology has been 

applied in a variety of research fields such as climatology, hydrology, archaeology, 

geology, geomorphology and ecology. Tree-ring data have already made an important 

contribution, and will continue to contribute, to the understanding of climatic variability 

(Hughes et al., 1984; Kelly et al., 1989; Mann et al., 1998; Swetnam, 1993; Swetnam and 

Betancourt, 1990). 

The deduction of valid climate information from tree rings relies upon distinctive 

annual-growth layers, the selection and sampling of trees from climate-sensitive sites, 

and the accurate cross-dating of annual rings to their exact year of formation (Douglass, 

1941; Dean. 1978; Fritts, 1976). Annual growth layers, or rings, are distinguishable in the 

wood of many species of trees (especially conifers) because the wood cells produced 

early in the growing season are large, thin-walled, and less dense (early wood), while the 

cells formed at the end of the season are smaller, thicker-walled, and more dense (late 

wood). An abrupt change in size between cells of late wood and cells of early wood 

marks the boundary between annual rings. 
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Site selection and sampling of trees is not done randomly, but with a sampling 

strategy that will enhance the climatic information obtained from the tree. Because all 

forest sites are not equally influenced by interannual variations of regional climate, 

dendroclimatologists generally search for marginal forest sites where precipitation or 

temperature strongly limit tree growth (LaMarche, 1982). E.xact calendar dating is 

established by coring the living trees, and comparing and crossdating the unique history 

of narrow and wide rings among trees. In order to insure accurate dating, large numbers 

of trees must be sampled. 

Tree-ring chronologies are developed by averaging the detrended' and indexed 

ring-width measurements available for each core in each calendar year (Shiyatov et al., 

1991). The principal virtues of tree-ring chronologies arc: (1) dating that is precise to the 

exact year of growth, (2) climate sensitivity, and (3) great age (Baillie, 1982; LaMarche 

and Harlan, 1973). In many cases, the length of tree-ring chronologies is several centuries 

longer than the length of meteorological records. For example, the period of the tree-ring 

chronology obtained at Eagle, Colorado is from 1107 to 1994. The nearest climate station 

in the Global Historical Climate Network (GHCN), Dillon IE, has surface data from 

1888 to 1989. The nearest atmospheric sounding station. Grand Junction has upper air 

data after 1958. The traditional method of reconstructing the climate in the past is to first 

analyze the relationship between seasonal (monthly) precipitation and temperature and 

' Also called standardization, detrending removes the effects of increasing tree age on ring widths and 
converts the data to a time series of ring-width indices with a mean of 1.0 and with a variance that is 
relatively constant through time. 
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the standardized tree-ring indices by the technique of response-function" analysis. Then a 

transfer function^ is established, based on the period when both tree-ring chronologies 

and climate data are available. Finally this transfer function is used to derive the climate 

in the past (Fritts, 1965). 

As proxy climate indicators, tree rings can provide annually or seasonally 

resolved data for climate model validation over the last one hundred to two thousand 

years, when meteorological observations are not available (Fritts, 1991; Mann et al., 

1998; Cook et al., 1996). In order to validate certain features of the large-scale spatial-

temporal variability simulated by climate models, scientists are attempting to develop a 

quality-controlled, high resolution data base for the last one hundred to two thousand 

years of the Earth's climate history (CLIVAR Science Plan, 1998). At present, tree-ring 

data are the most reliable source of pre-instrumental climatic information with accurate 

dating, sufficient resolution, and adequate spatial coverage that will allow the possibility 

of reconstructing annual variations in climate over wide spatial regions (Fritts, 1991; 

Cook et al., 1996; Meko et al., 1993; Mann et al., 1998; Stable and Cleaveland, 1996). 

1.1.1 Tree-Ring/Climate Linkages 

Knowledge of the basic biology that governs the response of ring width to 

variations in climate is necessary to analyze and apply a tree-ring/climate relationship. 

" A response function is a statistical calibration equation, which e.xpresses the separate relative effects of 
several climatic factors on ring width (Fritts, 1976, p. 542). 
" .A transfer function is a set of weights applied to ring-width index values to obtain estimates of climate. 
Growth records are "transferred" into a reconstruction of climate (Fritts, 1976, p. 544). 
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Basic dendrochronologic principles (outlined in Fritts, 1976) and the biological 

mechanisms underiying these principles form the biological basis for tree-ring/circulation 

analyses. Climate limits tree growth through biological mechanisms, as indicated in the 

principle of limiting factors (Fritts, 1976). That is, the rate of the growth process occurs 

only as fast as allowed by the factors that are most limiting. The biological mechanisms 

associated with climate-driven tree growth responses vary depending on the site, the 

specimens and the time of year. Table l.l summarizes the possible biological 

mechanisms associated with several direct and inverse relationships between tree-growth 

and precipitation as proposed from dendroclimatic studies in North America. It should be 

noted that no single model of precipitation/tree growth relationships can resolve all the 

comple.xities of the growth-climate system. More details regarding dendrochronological 

principles and these related biological mechanisms can be found in Fritts (1976), Hughes 

et al. (1982), and Bradley and Jones (1992). 

The tree sites used in this study are limited to semi-arid environments, hence, in 

the following, only the formation of narrow rings in drought-sensitive trees both during 

and prior to the growing season are discussed (Details about the tree-ring sites analyzed 

in this study are provided in Chapter 2). Tree-ring widths in semi-arid sites appear to be 

limited by water supply. Low precipitation prior to the growing season can create 

conditions of water stress during any time of the year. Fritts (1976) proposed a 

conceptual model (Figure 1.1) of interacting biological and physical mechanisms that 

may operate to limit tree growth. Fritt's conceptual model is supported by studies that 



Table 1.1 Summary of possible direct and inverse precipitation/growth relationships 
(Based on Fritts, 1976; Hughes et al, 1982; Bradley and Jones, 1992) 

Previous Auliunn Winter Spring Summer 

Direct 
prccipitatioii/lrce-
growlh relationship 

Tlie insulation of soil 
and \\anncr soil 
temperature by the early 
snow in the season 
prevents the freezing of 
roots and thus aids water 
absorption by roots. 

If soil moisture is low 
and soil is not frozen, 
snow or rainfall can add 
moisture to the soil. 

For tree sites at semiarid, well-drained and 
south-facing slope, low soil moisture and 
internal water stress caused by low precipitation 
in the season may limit physiological processes 
and growth. Important processes involved 
include net photosynthesis, assimilation, apical 
growlh, leaf de\'elopmcnt, root growlh, 
production and translocation of growlh 
regulators. 

Direct 
prccipitatioii/lrce-
growlh relationship 

Snow accumulated in the season melting in the 
growing season can provide moisture for tree 
growlh. 

For tree sites at semiarid, well-drained and 
south-facing slope, low soil moisture and 
internal water stress caused by low precipitation 
in the season may limit physiological processes 
and growth. Important processes involved 
include net photosynthesis, assimilation, apical 
growlh, leaf de\'elopmcnt, root growlh, 
production and translocation of growlh 
regulators. 

Inverse 
prccipitalioii/tree-
growlh relationship 

Dr>' weather at tree sites 
on northern slopes and 
high latitudes or altitudes 
can lead to water stress 
and winter hardening, 
and might prev ent 
destruction of tissue by 
severe winter cold. 

Heavy snow can meclianically 
daniage trees. Unusual deep snow 
cox'cr may delay the beginning of the 
growing season. 

On sites with poor drainage, 
e.vcessive moisture nuiy reduce soil 
o.xygen and inhibit root growlh. 
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Figure l.l Conceptual model of the relationships and processes important 
to tree growth prior to the growing season. Through various processes and 
their interactions, climatic factors such as low precipitation prior to the 
growing season can lead to less potential for rapid cambial growth and, 
thus, can limit tree growth during the growing season (from Fritts, 1976). 
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linked temperature and precipitation with ring-width variations, e.g. Koerber and 

Wickman (1970), and by studies that modeled the cambial activity of conifers, e.g. 

Wilson (1964), Wilson and Howard (1968) and Stevens (1975). Because nondeciduous 

trees in semi-arid sites can be photosynthetically active all year long, water stress can 

limit the net photosynthesis and thereby reduce the accumulation of photosynthetic 

products. This causes less assimilation, translocation, and storage of food inside the trees. 

Because of a deficiency in the products available from stored food, tree growth can be 

most limited when cambial activity commences in the spring. The lower potential for 

rapid cambial growth"* will reduce the rates of cell division, hence fewer xylem^ cells are 

differentiated". Through decreasing activity in the meristem', water stress may result in 

fewer and smaller leaves, buds, and roots. This reduces the total photosynthetic and 

absorptive areas of the tree. Less absorption of moisture increases the water stress in 

trees. Less absorption of mineral salts results in less production of cell parts and 

substances, which can lead to less photosynthetic area. Less photosynthetic area reduces 

the net photosynthesis, and hence leads to less assimilation, translocation, and storage of 

food. This in turn leads to less production of cell parts and substances. These interacting 

feedbacks complicate the tree ring/climate relationship. 

•* The growth of a thin layer of meristematic cell in stems and roots (Fritts, 1976). 
The water-conducting tissue of plants which makes up the wood cylinder of a tree inside the bark and 

surrounding the pith (Fritts. 1976, p. 545). 
" The process by which the young growing cells take on the characteristic of the tissue of which they 
become a part (Fritts. 1976. p. 535). 
^ A plant tissue composed of small thin-wailed cells that are capable of dividing. Meristematic tissue is 
found in all buds, root tips, and growing regions including the cambia (Fritts, 1976, p. 539). 
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Low precipitation during the period when the cambium'^ is active generally leads 

to the formation of a narrow ring (Figure 1.2). Fritts (1976) proposed the following 

conceptual model. Low precipitation results in low soil moisture recharge, which leads to 

reduced rates of water absorption by the tree. In addition, increasing water stress can 

reduce cell e.xpansion and reduce rates of cell division directly. Water stress also affects 

the activity in the apical meristem'' and the growing leaf which are the source of 

important growth regulators affecting cambial activity in the stem. Increased water stress 

can limit the activity in the meristem so that there are lower concentrations of growth 

promoters or higher concentrations of growth inhibitors. This reduces the number of cell 

e.xpansions and shortens the length of the growing season. 

Appendi.x A provides additional background on some of the basic principles and 

procedures used in dendroclimatology. 

A thin layer of meristematic cells, such as the vascular cambium and the cork cambium formed in stems 
and roots (Fritts. 1976, p. 532). 
'' The tissue at the tips of stems and roots composed of small, thinwalled cells which are capable of dividing 
and differentiating into the various tissues of the stem and root (Fritts, 1976. p. 532). 
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Figure 1.2 Conceptual model of the relationships and processes important 
to tree growth during growing season. In a semi-arid tree site, climatic 
factors such as low precipitation during the growing season can lead to the 
formation of a narrow ring through various processes and their interactions 
(from Fritts, 1976). 
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1.2 Synoptic Dendroclimatology: Linking Tree Rings and Atmospheric Circulation 

1.2.1 Overview 

Hirschboeck et al. (1996, p 213) defined "synoptic dendroclimatology" as "a sub-

field of dendrochronology that uses dated tree rings to study and reconstruct present and 

past climate from the view point of the climate's constituent weather components or 

events and the way in which these components are related to atmospheric circulation at 

all scales." It is rooted in the subdisciplines of synoptic climatology and 

dendroclimatology. 

Dendroclimatic studies generally involve reconstruction of annual and/or seasonal 

precipitation and temperature time series because temperature and precipitation are 

universal descriptors of climate and are widely available data. The reconstructed series 

are then used to investigate interannual and interdecadal climatic variability in terms of 

wet years, dry years and/or evidence of anomalous climatic periods such as the Little Ice 

Age or Medieval Warm Period. Spectral analysis is often used to identify cycles in the 

data and these cycles are analyzed for possible suggestions of some ultimate geophysical 

reasons for the observed variability. 

Synoptic climatology is based on synoptic meteorology, but with an emphasis on 

longer time scales. Synoptic climatology studies the relationship between the atmospheric 

circulation and the surface environment of a region (Yamal, 1993). It analyzes climate 

from the viewpoint of its constituent weather components and the way in which these 

components are related to atmospheric circulation at various scales (Harman and 
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Winkler, 1991). As suggested by Harman and Winkler (1991), for synoptic climatology 

to advance, it must seek to: a) develop an understanding of causative interactions; b) 

identify process-based e.\.planations of behavior in a climatic parameter; and, c) better 

incorporate the principles of physical meteorology and dynamic climatology into all 

aspects of the research. Hirschboeck et al. (1996) have suggested that this "same critique 

can be applied to dendroclimatology." 

After reviewing the research in both synoptic climatology and dendroclimatology, 

Hirschboeck et al. (1996) defined a new integrative approach called "synoptic 

dendroclimatology." Its purpose is to develop a circulation-based understanding of tree-

ring reconstruction of past climatic variability. This approach also seeks to understand the 

physical basis, the processes, the scale involved and the nonlinearities of tree-

growth/climate relationships in order to improve the ability to interpret the reconstruction 

of climate that is central to dendroclimatology. 

Numerous studies have attempted to address, analyze, and/or apply linkages 

between tree-ring variations and atmospheric circulation. Hirschboeck et al. (1996) 

conducted a fairly exhaustive review of the dendroclimatic literature which linked tree 

rings and atmospheric circulation in some way and grouped these studies into several 

categories, such as, eigenvector-based, index-based, event/weather-based or circulation 

map-based studies. Appendix B provides a table that is adapted from Hirschboeck et al. 

(1996). It includes updates of some key dendroclimatic smdies that make use of one or 

more of the above methodologies. 
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The studies listed in Appendix B have provided insights on the interrelationships 

between atmospheric circulation and tree rings and have contributed significantly to the 

field of synoptic dendroclimatology. This dissertation employs the synoptic 

dendroclimatology approach to define ways in which atmospheric circulation features 

that are detectable in tree rings affect western United States climate. Specifically, the 

research is based on the use of circulation map-based approaches (composite and 

correlation field maps) to define and reconstruct a circulation index (in contrast to the 

traditional field reconstruction of grid point pressure). 

The tree-ring/circulation linkages defined by synoptic dendroclimatology occur in 

part because of the relationship between circulation patterns and variations in seasonal 

precipitation and temperature. Trees that exhibit sensitivity to precipitation and 

temperature should also be sensitive to the circulation systems that are the "delivery 

mechanisms" for precipitation and temperature. Because precipitation is a key limiting 

factor for tree growth in the semi-arid west, the following discussion focuses on 

precipitation and how it is linked to atmospheric circulation. 

1.2.2 Linking Atmospheric Circulation to Seasonal Precipitation 

A seasonal or monthly upper-level circulation pattern (long wave) is simply the 

average of daily synoptic patterns (short waves) over a seasonal or monthly period. 

Upper-level long-wave anomaly maps provide a means to depict spatial distributions of 
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the departure of pressure heights from their long-term mean values. Anomaly mapc are 

especially informative about unusually persistent weather systems and extreme events 

because a long-wave anomaly pattern is associated with a shift in the storm track that 

modulates short-wave activity. 

The seasonal or monthly precipitation at a point is the summation of the rain or 

snowfall total from all precipitation events over that period. A seasonal (monthly) 

precipitation anomaly is simply the deviation of precipitation over a season (month) from 

the normal value (long-term mean). The number of precipitation events and the amount 

of precipitation in each event together determine the seasonal or monthly precipitation 

total or anomaly. 

A basic assumption of this dissertation is that the frequency of short-wave troughs 

and their intensity is associated with the number of precipitation events and the amount of 

precipitation in each event. In mid-latitudes, precipitation anomalies on a monthly or 

seasonal scale may be associated with a high frequency of short-wave troughs, or the 

persistence of one or two really strong deep troughs that deliver each precipitation event 

(see Appendix B for detail). Since a higher-than-normal frequency of short-wave trough 

occurrence, or the occurrence of one or two very strong, deep troughs, will be associated 

with a negative long-wave anomaly center, it should follow that greater-than-normal 

precipitation on a monthly or seasonal scale will be associated with a negative height 

anomaly upstream in that month or season. 



29 

Many previous studies linlcing surface climate with the atmospheric circulation 

support the above assumption. For example, Klein and Bloom (1987) composited 700 mb 

height anomalies during the winter for (a) the months with a high frequency of 

precipitation and (b) the months with a low frequency of precipitation (Figure 1.3). 

Physically, this implies that below-normal heights are associated with above-normal 

precipitation and above-normal heights with below-normal precipitation in California. 

The precipitation anomaly region (dot on Figure 1.3) is located to the southeast of these 

long-wave anomaly centers. McCabe and Dettinger (1995) correlated winter precipitation 

with 700 mb height anomalies. Figure 1.4 is a correlation map from their study that 

shows a strong negative correlation center, which is located upstream of the precipitation 

location (dot on Figure 1.4). This suggests that a higher (lower) than normal winter 

precipitation is associated with a lower (higher) than normal pressure, i.e., a negative 

(positive) long-wave anomaly upstream. 

In summary, long-wave anomaly maps provide a means to study the relationships 

between surface climate and atmospheric circulation. A large-scale negative height 

anomaly might be associated with a shift in the storm track that affects/modulates short

wave activities. Different forms of the quasi-geostrophic equation have shown that in the 

mid-latitudes, vertical rising often occurs in front of a midtrospheric short-wave trough. If 

the air there is moist enough, it will condense and precipitate when the moist air rises up 

and cools adiabatically at the upper level. As a result, precipitation is more likely to occur 

in front of a short-wave trough (For details see appendix B). Following this line of 
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Figure 1.3 Example of composite maps showing average 700 mb 
height anomalies during winter for (a) months with high 
frequency and (b) months with low frequency of precipitation in 
northern California (represented by the black dot). The height 
contours are drawn every 5 meters, with zero line dashed and 
central values labeled in meters. These composite maps imply 
that below normal heights are associated with above normal 
precipitation in Northern California, and above normal heights 
with below normal precipitation (from Klein and Bloom, 1987). 
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Figure 1.4 Correlation field between 700 mb height anomalies 
and winter precipitation in the central Rocky Mountains 
(represented by the black dot). Positive correlation coefficients 
are indicated by solid isolines. Negative correlation coefficients 
are indicated by dashed isolines. The first solid isoline is the zero 
correlation isoline. The contour interval is 0.1. Thick isolines 
indicate correlations significant at 0.05 level (from McCabe and 
Dettinger, 1995). 



32 

reasoning, on slightly longer time scales, higher-than-normal precipitation at a monthly 

or seasonal scale should be associated with a negative height anomaly in that month or 

season. 

1.3 Statement of Research Problem 

•Anomaly features of large-scale circulation aloft are often related to the frequency 

and intensity of climate e.xtremes. The short time period for which instrumented records 

e.xist limits our knowledge of long-term circulation variability. An index of circulation 

variability over a long period of time, which could serve as an indicator of e.xtreme 

climatic patterns, is highly desirable. Tree rings can be reliable recorders of past weather 

and climate variations (Fritts, 1991; Cook et al., 1996; Meko et al., 1993; Stable and 

Cleaveland, 1993; Mann et al., 1998;). One goal of this research is the reconstruction of 

an inde.x of an upper-level long-wave anomaly feature that can be used to provide a 

circulation-based linkage to past climate extremes. 

Circulation anomaly features influence tree-ring widths through climatic factors, 

such as precipitation, temperature, wind, humidity, cloudiness and solar radiation. This 

research explores the question of whether tree ring variations and circulation anomaly 

features share a common signal and attempts to define how the circulation can deliver or 

integrate climatic factors that ultimately influence tree growth through various biological 

processes. Figure 1.5 shows a conceptual model for linkages between tree rings and 

circulation anomaly features. 
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Figure 1.5 Diagram showing a conceptual model for linkages between tree 
rings and circulation anomaly features. Tree ring variations and circulation 
anomaly features may have common signals because the circulation can 
deliver or integrate climatic factors that ultimately influence tree growth 
through various biological processes. If a significant physically-based 
relationship exists between circulation and tree-ring variability, tree rings 
may then be used to reconstruct past variations in the circulation anomaly 
feature. 
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First of all, "The tree may be thought of as a "window" or filter that, by means of its 

physiological processes, passes and converts a certain climatic input into a certain ring-

width output." (Fritts, 1976, p. 238). Therefore, it is reasonable to hypothesize that tree-

ring variations at a particular site will respond to variations of related circulation anomaly 

features for certain seasons of the year. Secondly, tree rings have been widely used to 

reconstruct surface weather and climate by a linear regression approach. Based on the 

principles of synoptic dendroclimatology, it is reasonable to hypothesize that tree rings 

can be used to reconstruct and describe variations of a circulation anomaly feature as 

well. 

.Although dendroclimatic reconstructions have primarily emphasized precipitation 

and temperature, many researchers have pointed out the potential of reconstructing 

atmospheric circulation from tree-rings. For example, after successfully deriving a 1,000-

year record of drought from trees in Morocco, Stockton (1990) suggested that the 

relationship between tree-growth and precipitation might be used to reconstruct a record 

of the North Atlantic Oscillation (NAO). The NAO is one of the prominent anomaly 

patterns in the Northern Hemisphere winters (Kushnir and Wallace, 1989) that links 

climate conditions in the northem Atlantic with Europe. D'Arrigo et al. (1994) examined 

the signature of NAO in tree-rings in Scandinavia and Labrador and showed the potential 

usefulness of tree-rings in providing information about past behavior of the North 

Atlantic climate system. Chbouki et al. (1995) also suggest that trees in Morocco have 

great potential for reconstruction of pressure anomalies. 
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Several pioneer researchers have further reconstructed the large-scale features of 

atmospheric circulation. Using networks of tree sites in Western North America, 

LaMarche and Fritts (1971), Fritts (1991), Fritts and Shao (1992) reconstructed grids of 

sea level pressures, temperature and precipitation using eigenvector-based pattern 

reconstruction. Lough and Fritts (1985, 1990), Michaelson (1989), Stable and Cleaveland 

(1993), D'Arrigo and Jacoby (1991, 1992) have reconstructed El Nino/Southern 

Oscillation (ENSO) related indices. Using 86 tree-ring chronologies in Southwestern 

United States. Woodhouse (1996. 1997) reconstructed a set of regionally tailored indices 

based on circulation aloft, such as the Southwestern Trough, the Pacific High and 

Southwestern Low, and the modified Pacific North American Patterns. 

This dissertation also reconstructs an upper level circulation anomaly center index 

using tree rings. However, the approach taken here is different from the previous studies. 

Traditional approach for linking tree rings and climate is multiple linear regression. 

Because of the nonlinear and often chaotic behavior of the dynamic atmosphere and the 

complicating climate-growth systems, the tree-ring/circulation relationship might not 

have a simple linear structure. A regression approach may not be able to capture these 

nonlinearities. Therefore, it is important to examine whether a nonlinear approach might 

be more suitable than a linear regression approach in tree-ring/circulation reconstructions. 

For example, a fuzzy-rule-based model or a neural network analysis might provide a 

better structural approach to capture nonlinear relationships between tree rings and 

circulation. Several studies have employed neural networks in dendroclimatic analyses 
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(Keller et. al., 1997; Keller et. al., 1998; Quito et. al., 1995; Boudjema, 1996). This study 

is the first to introduce fuzzy logic to tree-ring research. In addition, in contrast to the 

earlier studies, the tree-ring/circulation response is quantified and physically interpreted 

prior to the reconstruction in this study. A circulation anomaly center index is defined 

based on circulation response patterns and then linked with atmospheric sounding data. 

The best season for reconstructing the anomaly inde.x is identified using both a 

bootstrapped response function analysis technique and a linear dynamic model (for 

details see Chapter 2). 

This research will explore the following questions: Can a specific anomaly feature 

that influences annual ring-width variations be identified for a particular tree-ring site? 

How can this anomaly feature best be described? In which season is the tree-ring width 

and circulation relationship the strongest? How much of the tree-ring variation can be 

explained by a circulation anomaly feature? Can tree rings be used to reconstruct a 

circulation anomaly feature? What kind of analytical approaches (e.g., regression or 

fuzzy logic) are most suitable for a tree-ring/circulation reconstruction? 

To answer these key questions, a methodology is developed for analyzing the 

interrelationships between a selected circulation anomaly feature and tree rings. The 

general procedure can be summarized as follows; 

1. First, I determine the relationship between tree rings and a specific circulation 

anomaly feature. This includes identifying the most important circulation anomaly 

feature that influences annual tree-ring width variation at a particular site; defining a 
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circulation index that can express the linkage between tree-ring growth and 

circulation; identifying the best tree-ring/circulation reconstruction window; and 

finally determining the amount of variance that can be explained by this circulation 

index (Chapter 2). 

2. After establishing the above physically based relationship, I then reconstruct the 

circulation anomaly feature by using tree rings. This includes selecting additional 

chronologies, developing a nonlinear reconstruction model and comparing its 

reconstruction capability with a multiple linear regression model, and reconstructing 

the circulation anomaly index using both approaches (Chapter 3). 

The purpose of my dissertation is to develop analytical methods to reconstruct an 

indicator of circulation variability, and describe how it behaved in the past. To provide a 

physical basis for this analysis, 1 also identify and evaluate the importance of the role that 

atmospheric circulation plays as a dynamic climate-delivery system in local and regional 

tree-growth variations, as revealed in tree-ring records. The ability to reconstruct a 

circulation anomaly feature over decades to centuries has important implications for the 

study of past climate. The reconstructed anomaly index can provide a long-term temporal 

context for the evaluation of circulation variability and how it is linked to anomalous 

periods of precipitation and temperature variations that have been previously 

reconstructed from tree-ring chronologies. 
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Chapter 2 The Statistical Relationship between Tree Rings and Atmospheric 
Circulation 

2.1. Data 

2.1.1 Tree Ring Data 

Atmospheric circulation features have important impacts on local and regional 

climate and tree growth. Many previous tree-ring/circulation studies focused on a single 

site or region. For e.xample, in linking circulation with tree rings, Hughes and Brown 

(1992) used three giant sequoia chronologies in the Sierra Nevada Mountains in 

California; Hirschboeck et al. (1996) e.xamined tree rings in New Me.xico and in Oregon 

and linked them to atmospheric circulation. In order to analyze in detail the tree-

ring/atmospheric circulation relationship, in this study, I shall focus on a chronology 

developed for a single site'" that represents a region. The Eagle tree-ring site is one of the 

seven key sites in the project "Synoptic Dendroclimatology of the Western United States" 

(NOAA GC96-188), on which this dissertation is based, and is used here to illustrate the 

methodology and procedure developed for the tree-ring/circulation analysis. 

Tree rings at the Eagle site have excellent sample replication earlier than 1500 

AD (Stockton and Jacoby, 1976). Results of site evaluation and testing for regional 

representation showed that the Eagle, Colorado site is highly correlated with other 

chronologies within the same region. These results suggest the suitability of the Eagle 

To best represent the regional climate, sampling just one tree is not sufficient, typically at least 20 trees 
are sampled from within a forest stand that may range in area from 0.5 to 5 hectares or larger. To best 
sample ring growth, at least two replicate increment cores are collected from a tree, usually from opposite 
sides of the tree (Stockton. 1975; Cleaveland 1998). 
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chronology for use in dendroclimatic studies because the more limiting the climate is to 

the trees of a given region, the greater the similarity among chronologies (Stockton and 

Fritts, 1971). 

Dendrochronological procedures were followed to enhance the signal strength, to 

obtain precise dating and to obtain a stationary tree-ring time series. Carefully selected, 

crossdated, and standardized chronologies should contain strong regional climatic signals 

to be used for dendroclimatic reconstruction. Stockton and Jacoby (1976) used a set of 

regional tree-ring chronologies to reconstruct the flow of the Colorado River. Among 

these tree-ring sites, the Eagle site provided one of the strongest predictor variables. 

Hence the Eagle site has climatic significance for the entire upper Colorado River basin. 

The Eagle, Colorado site is in the Rocky Mountains, located at 39*^39 N, 

106''52 W and is at mid-high-elevation (1951 meters) (Figure 2.1). Slope angle of the site 

is steep (up to 46"). Tree density surrounding the site is low (Figure 2.2). Schulman 

(1956) first noted the usefulness of Douglas-fir {Pseudoisuga menziesii) for 

dendroclimatic research because of its high sensitivity in ring growth to the fluctuation in 

climate, and because of its long life. The Rocky Mountain Douglas-fir is a medium-sized, 

coniferous, evergreen tree. It exhibits great ecological amplitude" and grows in a dry, 

cold climate. Dendrographs from trees on semiarid sites in Mesa Verde National Park, 

Colorado revealed that bud swelling and elongation occur in late April to early May, 

pollen is shed in late May and June, cones develop from mid-June to mid-August, needles 

" The range of habitats over which a species may grow and reproduce (Fritts, 1976, p535). 
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Figure 2.1 Map showing the Eagle tree site, the five climatic 
divisions of Colorado and the Grand Junction sounding station. 



Figure 2.2 Photo shows Douglas-firs at Eagle, Colorado, which grow 
on a very dry and steep slope (from Schulman, 1956). 
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reach full size in August and seeds are dispersed in August (Fritts et al., 1965). The 

growing season at the Eagle site (elevation 1951m) is probably similar to that in Mesa 

Verde (elevation 2041m), i.e., approximately from May to August. 

The first tree-ring samples were collected at Eagle, Colorado, in 1964 and were 

updated in 1994. David Meko developed the tree ring samples into a final chronology 

extending from II07 to 1994 (David M. Meko, personal communication, 1996). The 

Eagle chronology was developed following standard dendrochronological procedures. 

that is, after selecting the proper sites and trees, taking the core samples and crossdating 

the cores, the ring-widths were measured, standardized, and averaged to get a master 

chronology (For details see appendix A). Douglas-firs {Pseudotsuga menziesii) at Eagle 

grow in an e.xposed location with shallow soil that is free from the influence of 

groundwater. Thus, the trees produce rings that vary in width from year to year because 

climatic factors strongly limit tree growth. Dendroclimatologists selected and sampled 

trees at Eagle because these trees are old and contain a strong climate signal from the 

past. Large numbers of trees were cored, compared, and crossdated to insure an absolute 

yearly resolution of tree-ring data. After properly placing each growth layer in the correct 

sequence of time, ring widths were measured under a microscope. Knowledge of ring 

structure and chronology was used to adjust problems such as locally absent and double 

rings. Age-related trends and other non-climatic or individual growth trends were 

removed by a procedure called standardization or detrending (Fritts, 1976; Cook and 

Kairiukstis, 1990; Mughesetal., 1982). 
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2.1.2 Precipitation, Temperature, Atmospheric Circulation, and Sounding Data 

An important objective of this study was to examine the strength of the 

relationship between tree rings at the Eagle site and atmospheric circulation, and to 

provide a reasonable physical e.xplanation for this circulation-tree ring relationship. To 

address this objective, the following climatic and meteorological data were used: monthly 

and seasonal precipitation and temperature data in Climatic Division 2 of Colorado (see 

Figure 2.1) from 1901 to 1990, monthly and seasonal 500 mb geopotential heights from 

1946 to 1988, and daily sounding data at Grand Junction, Colorado (see Figure 2.1) from 

1958 to 1994. 

Monthly precipitation and temperature data for Colorado, Division 2 were 

e.xtracted from the World Weather Disc (Weather Disc Associates, 1990). Seasonal 

precipitation totals were computed (Fall: September-November, Winter: December-

February, Spring: March-May, Summer: June-August). The precipitation data were 

converted to standard normalized variables with a mean of zero and unit standard 

deviation. Therefore, discussions will focus on the wetness or dryness relative to the 

divisional mean over the period 1901 to 1990. 

Previous studies linking dendroclimatology with atmospheric circulation 

generally used sea level pressure (Fritts, 1965; Fritts et al., 1971; Biasing, 1976; Briffa et 

al., 1986; Fritts, 1991; Hughes and Brown, 1992; Stahle and Cleaveland, 1992) because 

of the availability of a long record that starts in 1899. However, it should be noted that 

Trenberth and Paolino (1980) suggested that the Northern Hemisphere sea level pressure 
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data set is not reliable before 1924. Geopotential heights at 500 mb have been selected for 

analysis and used to define a large-scale circulation anomaly feature inde.x. An advantage 

of using gridded data from this level is that the 500 mb level is usually in the free 

atmosphere and above the planetary boundary layer. Furthermore, Walsh et al. (1982), 

K-lein and Bloom (1987) and Hamack and Lanzante (1985) suggested that mid-

tropospheric geopotential heights tend to link better with precipitation than other 

circulation parameters. The Eagle, Colorado site is at an elevation of 1951 meters. Hence, 

it is likely that tree rings at this site will be more sensitive to properties of the 500 mb 

level (average height 5.5km) than to sea level pressure. 

Monthly 500 mb geopotential heights were e.xtracted from the National 

Meteorological Center (NMC) grid point data set. This data set e.xtends from 1946 to 1989 

on an octagonal grid. The data between 180W-30W longitude and 10N-80N latitude were 

selected for an analysis of 812 points. The geographic area of this database includes the 

territory from the Eastern Pacific Ocean, North America and the Atlantic Ocean. The 

reason for including such a large area to analyze circulation features is to identify large-

scale circulation anomalies and centers of action that may influence regional tree growth. 

Seasonal averages of 500 mb heights for every grid point were computed from the same 

set of months used for precipitation totals. Reanalysis data from the National Center for 

Environmental Prediction (NCEP) were also used for cross checking results obtained 

from the NMC data set. 
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In addition to evaluating at monthly and seasonal anomalies, individual weather 

events that were cumulatively represented in the mean and anomaly patterns were 

examined. The possibility of using upper air soundings and linking these to tree ring 

variability was explored to evaluate daily weather at the Eagle site. The sounding station. 

Grand Junction. Colorado, was selected because it is upstream from the tree site 

(approximately 160 km to the west/southwest) and relatively near, with a long record of 

relatively homogeneous observations. Atmospheric sounding measurements at the 700 

mb level (average height is 3.1 km) were analyzed because the weather conditions at this 

level are more representative of the actual meteorological setting of the Eagle site 

(elevation 1951 m) than the closest climate stations, most of which were at much lower 

elevations and in different climatic zones. 

Twice daily observations of 700 mb geopotential height, temperature and dew 

point temperature were extracted and reorganized from CD-ROMs developed by Forecast 

Systems Laboratory (FSL) and the National Climatic Data Center (NCDC). The 700 mb 

relative humidity (RH) was calculated by observations of the temperature (T) and the 

dew point temperature (Td) (Djuric, 1994) as follows: 

(2.1) 
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2.2 Methodology 

The methodology used to define the relationship between tree rings and 

atmospheric circulation involved two major steps: (a) the determination of a 

representative circulation index and (b) the modeling of the tree-ring response to this 

circulation index. 

2.2.1 Determination of a Representative Circulation Index 

Atmospheric circulation features have important impacts on local and regional 

climates. Circulation indices provide a way to analyze the relationships between a 

circulation feature and observations (e.g. precipitation, ring widths) that are related to 

regional climate. A circulation index is a variable that describes an atmospheric condition 

and the variations in that condition over time. Circulation indices are particulaHy useful 

because they extract the key aspect of a circulation feature into a single time series that 

can be used in analyses with other climatic time series, and can be used as a basis for 

reconstructing the circulation feature described by the anomaly index. 

Indices have been used to describe features of the El Nino/Southem Oscillation 

(ENSO), and other circulation features such as the Pacific North American (PNA) pattern 

(Keables, 1992) and the North Atlantic Oscillation (NAO) pattern (Chbouki et al., 1995; 

D'Ariigo et al., 1994). Tree rings, as natural archives with annual resolution, have been 

used to reconstmct circulation indices, most notably the Southern Oscillation Index (SOI) 

(Lough and Fritts, 1985; Lough and Fritts, 1990; Michaelsen, 1989; D'Arrigo and 
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Jacoby, 1992; Stable and Cleaveland, 1993; Cleaveland eal., 1992). Woodhouse (1996) 

defined a set of regionally tailored circulation indices based on the circulation aloft and 

further reconstructed them using tree rings in the southwestern United States. These 

regionally tailored indices can "describe the circulation patterns that are important to a 

specific region" (Woodhouse, 1996, p39). Trenberth (1994) defined an index to describe 

circulation behavior over the North Pacific (NP) based on a single circulation center 

observation rather than a difference between two grid points observation. This study will 

define an index, called a circulation anomaly center index (CACI) defined on the basis of 

its relationship to tree growth at Eagle, Colorado. The CACI is defined on a center in 

order to focus on the hypothesis that a major anomalous circulation feature observed on a 

seasonal time scale can influence tree growth because it might relate to a shift of the 

storm track that might affect/modulate short-wave activity. 

In dendroclimatology, traditionally the statistical tools for evaluating climate-tree 

growth relationship have been the response function and correlation function. A response 

function is based on principle component analysis (Fritts and Guiot, 1991). It is "a 

statistical calibration equation which expresses the separate relative effects of several 

climatic factors on ring width" (Fritts, 1976, p 542). Typically, the climatic variables 

used in a response function are the average monthly temperature and the total monthly 

precipitation prior to, and concurrent with, the period of tree growth. In a response 

function, a weight is associated with each factor that describes how the tree "responds" to 

variations in that climatic factor. The response function for Eagle will be furthered 
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discussed in section 3.1. Hirschboeck, et al. (1996) defined a "circulation response 

pattern" as expressing the relative effects of several climatic factors (the geopotential 

height grid points) on ring width. In other words, circulation response patterns can be 

viewed as a type of circulation-based spatial "response function" that links the large-scale 

circulation with tree rings at a local site. 

Hirschboeck, et al. (1996) schematically illustrated two circulation map-based 

approaches for defining circulation response patterns (Figure 2.3 (a) (b)). These two 

different techniques are correlation fields and composite anomaly maps. A correlation 

field (Stidd, 1954) represents the tree-ring/circulation relationship for the entire period of 

record whereas composite maps reflect the circulation patterns dominant on selected 

dates (e.g., the signature years of widest rings). When one contours correlation 

coefficients geographically in map form, a correlation pattern emerges that reveals the 

dominant areas of high and low pressure or height centers where the circulation aloft 

strongly influences the tree-ring variation at a surface site. 

The correlation field was used by Hirschboeck, et al. (1996) to link tree-ring 

chronologies in a region or a single locality with a grid of pressure data. This approach 

was applied to contrast the circulation response patterns for a tree-ring chronology from 

western junipers in central Oregon, and another regional average chronology from stands 

ofponderosa pines in northern New Mexico. Furthermore, Wood (1996) used this 

circulation-based approach to study the synoptic dendroclimatology in the upper armada 
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Figure 2.3(a) Schematic diagram illustrates the correlation field technique to link circulation patterns with local 
tree-growth and the interpretation of a correlation field in temis of anomalous flow in the northern Hemisphere 
(from Hirschboeck et al., 1996). The "+" and on the maps represent positive and negative anomaly centers 
that influence tree growth variations. 
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Figure 2.3 (b) Schematic diagram ilhistrates the composite mapping technique 
to link circulation with the extreme tree growth (from Hirschboeck et al., 19%). 
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river basin in central India. Wood (1996) demonstrated that large-scale circulation 

influences local tree-growth during particular months. 

Several dendroclimatic studies have used composite maps to link tree rings with 

atmospheric circulation. Through pressure map composites, Hughes and Brown (1992) 

e.xamined the relationship between the mean sea-level pressure absolute anomaly pattern 

and the giant sequoia chronologies in the Sierra Nevada Mountains and found that a ridge 

of high pressure over central and northern California diverts snow-bearing winter storms 

away from the study area, causing regional drought in California. By compositing daily 

synoptic weather charts. Stable (1990) defined circulation patterns associated with frost 

injury to trees during a false spring in the south-central United States. Stahle found that a 

typical meteorological feature associated with a false spring is a persistent warm air 

advection into the Southern plain, which is steered by an upper level trough over 

Southern California and a surface high over the Southeast. A false spring results when the 

warming is followed by a period of cold air advection that results from a deep upper 

trough over the central United States and a strong surface high extending from Canada to 

Me.xico. 

In another study, using a network of 39 oak tree-ring chronologies in Western 

Europe, climatic conditions in signature years were investigated (Kelly, et al., 1989). It 

was found that for the years with increasing growth over a large spatial scale, composites 

of the March through August sea level pressure showed lower pressure than normal over 

western Europe with a negative anomaly center near the United Kingdom, while in the 
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years of decreasing growth, positive pressure persisted over the eastern Mediterranean. 

Stable and Cleaveland (1992) also employed this same approach to identify circulation 

features related to spring rainfall extremes over the southeastern United States as 

reconstructed from baldcypress chronologies. Their composites showed that anomalies in 

the seasonal migration of subtropical anticyclones over the North Atlantic strongly 

influenced spring rainfall and tree growth in North Carolina, South Carolina and Georgia. 

They also found that, during dry e.xtremes, the western flank of the Bermuda ridge was 

displaced westward of its mean position, well into the southeastern United States, while 

during wet extremes, it shifted east of its normal position and was offshore in the North 

Atlantic. 

All of the above studies suggest that "circulation response patterns" may be an 

effective method to link local or regional tree-ring chronologies to large-scale circulation 

patterns. In fact, a specific correlation center or composite anomaly center could 

represent the most important large-scale circulation anomaly feature that influences tree 

growth variations at a local site. Hence, the circulation index used in this study is based 

on a key circulation anomaly center as revealed from "circulation response patterns" 

between tree rings and gridded geopotential heights. It shall be referred to as a 

"Circulation Anomaly Center Index" or CACI. 

Defining the CACI was a necessary step for constructing a model to convert 

circulation input to ring-width output. The methodology for constructing this model will 

be described in detail in section 2.2. The purpose of the model is to determine how much 
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of the variance of tree growth can be explained by variations of the CACI. By using an 

anomaly center as the key variable, the dimensionality of the analysis is reduced. For 

example, in analyses using monthly geopotential heights in a grid and for a fourteen 

month period and an area of 180W-30W, 10N-80N (which includes 812 grid points in a 

500 mb height field), there would be 812x 14 input variables and only one output variable 

(ring-width indices). Defining an anomaly center index allows the possibility of dealing 

with fewer input variables, hence, the tree ring/circulation relationships can be easily 

modeled. Furthermore, by first defining an anomaly center index through a circulation 

response pattern as the key input variable, a process-based understanding of the 

circulation/tree-growth link can be included in the analysis. Thus, defining such an index 

incorporates a physical understanding of the tree-ring/circulation relationship into 

statistical modeling. 

2.2.1.1 Methodology for Defining the Circulation Anomaly Center Index (CACI) 

In order to define an effective circulation anomaly center index that physically 

links tree growth with atmospheric circulation, the key circulation patterns that covary 

with tree growth variability at the Eagle site were first identified. By constructing 

circulation response patterns based on correlation fields and composites, it was assumed 

that these representative patterns strongly influence precipitation in the season when 

precipitation is the key limiting factor of tree growth. From these representative patterns, 

a key (highly correlated) circulation anomaly center was identified and from an area 
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surrounding this center, the circulation anomaly center index (CACI) was computed. 

To provide a sound physical explanation for the linkage between circulation and 

tree rings suggested by both the circulation response patterns and the CACI, the 

relationship between circulation and precipitation at the site was evaluated before the 

circulation/tree-ring relationship was defined. 

2.2.1.1.1 Relationship between Divisional Precipitation and Circulation Patterns 

Correlation fields between 500 mb geopotential heights and divisional 

precipitation for each of the four seasons were constructed and analyzed to identify the 

large scale circulation patterns that influence precipitation in Climatic Division 2 in 

Colorado (see map, Figure 2.1). These correlation maps provide a base (I) to evaluate the 

strength of the linear relationship of a precipitation/circulation link in this region; (2) to 

discuss the temporal/spatial variation of the precipitation/circulation association; and (3) 

to link with the tree-ring/circulation relationship to be defined later. 

The correlation fields were constructed first by calculating correlation coefficients 

between divisional precipitation and pressure heights at each grid point, then by 

contouring the correlation coefficients in map form. Five-hundred millibar geopotential 

heights at 812 grid points in an area of 180W-30W, 10N-80N were used for constructing 

the correlation field. The calculation was based on records from 1946 to 1988. 

The correlation fields between 500 mb geopotential heights and seasonal 

precipitation in Climatic Division 2 of Colorado reveal key correlation centers. In the fall 
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season, there are three large significant correlation centers (Figure 2.4). The coordinates 

of the correlation centers and their corresponding correlation coefficients are (57N, 

153W), r= +0.656; (39N, 118W), r= -0.709; and (4 IN, 79W), r= +0.460. For the winter, 

significant correlation center locations and the correlation coefficients are (53N, 161VV), 

r= +0.564 and (4 IN, 118W), r = -0.696 (Figure 2.5). For the spring and summer, there is 

no statistically significant center (figures not shown). In considering both strength and 

spatial coverage of the significant correlation centers, the dominant patterns exist 

primarily in the fall and winter seasons. 

The correlation patterns in fall and winter are similar. The dominant pattern that is 

associated with precipitation in Climatic Division 2 in Colorado has a positive correlation 

center in the eastern North Pacific just south of Alaska, a negative correlation center in 

western U.S.. and another positive correlation center in eastern North America. The 

strongest correlations in both seasons are found in the negative correlation centers 

(r=0.709 and -0.696 in fall and winter respectively). The locations of these two 

correlation centers are similar in both seasons (39N, 118W in fall, 4IN, 118W in winter). 

Composite anomaly maps (not shown) also reveal a similar pattern that links precipitation 

in Climatic Division 2 in Colorado with this same large-scale circulation pattern. That is, 

a positive-negative-positive anomaly pattern is associated with greater-than-normal 

precipitation, while an opposite pattern corresponds to drought conditions in this region 

of Colorado. 



Figure 2.4 Correlation field between 500 mb geopotential heights and precipitation in Fall (September, 
October and November) in Climatic Division 2 of Colorado (dot in the figure). The solid (dash) lines 
represent positive (negative) correlation coeftlcients. The correlation coefficients have been multiplied 
by a factor of 100. In the analysis, correlation coefficient of 0 30 are significant at the 0.05 level. 



36 

Figure 2.5 Correlation field between 500 nib geopotential heights and precipitation in Winter (December, 
January and February) in Climatic Division 2 of Colorado (dot in the figure). The solid (dash) lines 
represent positive (negative) correlation coeftlcients. The correlation coefficients have been multiplied 
by a factor of 100. In the analysis, correlation coefficient of 0.30 are significant at the 0.05 level. 
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2.2.1.1.2 Relationship between Divisional Precipitation and Tree Growth 

To e.xamine the relationship between precipitation and tree growth response, the 

correlation coefficients between precipitation and the Eagle tree-ring chronology were 

calculated. Correlation coefficients between Division 2 precipitation and the Eagle 

chronology's tree-ring inde.x were positive and statistically significant at the 0.05 level (t-

test) for the fall and winter seasons (r = 0.42 in fall and 0.31 in winter). Further analysis 

at the monthly scale shows that monthly precipitation from September of the year prior to 

tree growth to April of the growth year are related to tree-ring data. Correlation 

coefficients between tree rings and precipitation in November of the year prior to tree 

growth, and February, March and April of the growth year are significant at the 0.05 

level. The relationship between temperature and tree ring data is weak and not 

statistically significant, while precipitation strongly influences tree growth at the Eagle 

site. 

A comparison of seasonal precipitation for the years of wide and narrow rings'" 

shows that precipitation in the fall of the year prior to tree growth is directly and linearly 

associated with tree growth, i.e., high precipitation is associated with high growth while 

low precipitation limits tree growth. However, precipitation and tree growth are not 

linearly related in winter, i.e., lower than normal precipitation in winter limits tree 

growth, but high precipitation does not necessary lead to a wide ring. These results and 

P 
" Years of wide and narrow ring are from the upper and lower 20% of the Eagle chronology during 1947-

1988 are: wide ring years - 1955, 1958, 1970, 1974, 1978, 1983, 1985 and 1986; narrow ring years - 1954, 
1959, 1961, 1963, 1976, 1977, 1981 and 1988. 



the tree-ring/climate response function analysis (see section 3.1) demonstrate that 

precipitation in the previous fall and winter strongly influences tree growth at the Eagle 

site. 

Since tree growth at the Eagle site is sensitive to precipitation, it was assumed that 

tree rings at this site would be sensitive to the circulation systems that deliver the 

precipitation to this site. The following section e.xamines whether the tree rings at Eagle 

respond to circulation patterns that are similar to the precipitation-sensitive patterns 

depicted in Figures 2.4 and 2.5. 

2.2.1.1.3 Relationship between Tree Growth and Circulation Patterns 

Correlation fields between tree-ring width indices and 500 mb gridded 

geopotential heights in fall and winter seasons were constructed and analyzed. Results 

suggest that the large-scale circulation pattern in fall (Figure 2.6) that intluences tree 

growth at the Eagle site resembles the pattern that links precipitation with circulation. 

The correlation center locations and the correlation coefficients are (58N, 158W), r = 

+0.552; (43N, 120W), r = -0.628; and (43N, 78W), r = +0.402. That is, high growth is 

associated with a circulation anomaly pattern in which a positive center is located just 

south of Alaska, a negative center over western U.S. (centered on north California) and 

another positive center over eastern North America. An opposite pattern is associated 

with low growth. Composite anomaly maps (not shown) also reveal similar patterns and 

validate the interpretation of the correlation center as representations of actual 
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Figure 2.6 Correlation field between 500 mb geopotential heights in Fall (September to 
November) and tree ring indices at Eagle, Colorado (dot in the figure). The solid (dash) lines 
represent positive (negative) correlation coefllcients. The correlation coefficients have been 
multiplied by a factor of 100. In the analysis, correlation coefficients of 0.30 are significant at the 
0.05 level. The box in this figure is the area used to define the Circulation Anomaly Center Index 
(CACI). 
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geopotential height anomaly center. The correlation field in winter (not shown) is not 

statistically significant. 

Both precipitation/circulation and tree-ring/circulation analyses reveal an 

important anomaly center over western United States. The Eagle site is located east and 

slightly southeast of this anomaly center. It is assumed that the development of an 

anomalous mid-tropospheric low in this location will support the development of 

synoptic systems that are likely to deliver precipitation to central Colorado, and favor 

subsequent tree growth at the Eagle site. This anomaly center was therefore selected as 

the key circulation anomaly feature to use for e.xamining the linkage between tree ring, 

precipitation and the atmospheric circulation for the study site. 

2.2.1.1.4 Definition and Computation of the CACI 

To describe the variation of this key western U.S. anomaly center over time, I 

defined the Circulation Anomaly Center Inde.x (CACI) as the average of the grid point 

pressure heights inside a bo.x centered on the western U.S. (bo.x and correlation center 

shown in Figure 2.6). The coordinates of this box are 40N-45N and 115W-125W. Klein 

and Bloom (1987, p2125) demonstrated that spatial averaging "increased the correlation 

between precipitation and 700 mb height" over a region of this size. Accordingly, spatial 

averaging was used to maximize the correlation between tree rings and 500 mb heights in 

the box. The spatial averaging formula to calculate the CACI (I) is: 



/ ( / ) = i i 2 , ( ' )  
^ ; = I 

(2.2) 

where Z, (t) is the standardized anomaly of geopotential height''' at year t, t=l, T 

(where T is the number of years of observations) and at grid point, i=l,.., n (where n is 

the number of grid points for averaging. In this case n = 5). The pressure heights were 

standardized point by point and month by month. The end product of this inde.xing 

process was a time series of monthly (from January to December) midtropospheric 

circulation anomaly feature indices (CACI's) from 1946 to 1988. The following section 

e.xplores the methodology used to model the tree-ring/circulation relationship, using the 

CACI time series. 

2.2.2 Modeling the Tree-Ring Response to the CACI 

Linear dynamic modeling and response function analysis techniques are typically 

employed to evaluate the climate signal in individual or master tree-ring chronologies 

(Meko and Sieg, 1995; Fritts, 1991). These studies have demonstrated both the usefulness 

and the potential of tree rings as proxy data to investigate climate variability when 

instrumental data are not available. To link tree-ring variability to the derived circulation 

The standardized anomaly of geopotential height, Z, is computed by subtracting the sample mean of the 
batch from which the data are drawn, and dividing by the corresponding sample standard deviation (Wilks, 
1995. p 42): 
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anomaly center index time series, a bootstrapped response function analysis technique 

and a linear dynamic model was used. 

2.2.2.1 Bootstrapped Response Function Analysis 

The bootstrapped response function analysis technique is a state-of-the-art 

dendroclimatic statistical approach designed by Fritts (1991) and Guiot (1991) so that the 

relationships between annual ring-width and the monthly climatic data can be best 

determined and evaluated. This approach has been used by Fritts, et al. (1991), Fritts and 

Dean (1992), Biondi and Visani (1996), Nola (1991) and many others to identify the 

climate signal of a tree-ring chronology in terms of the monthly mean temperature and 

the total precipitation. The bootstrapped response function approach has not yet been 

used to investigate the relationships between tree rings and atmospheric circulation 

patterns. This may be because of the difficulty of decomposing a large grid-point 

circulation data set into a site-specific physically meaningful circulation indicator, and 

the lack of understanding of a process-based connection between the large-scale 

circulation and the local ring-width variations. The CACI (section 2.1.1.4) provides a 

convenient way to examine the relationship between a circulation feature and a tree-ring 

time series. 

The dendroclimatic program PRECON 5.1, as developed by Fritts and Guiot 

(1991) was employed to perform the bootstrapped response function analysis. A fourteen-

month circulation window from July in the year prior to growth, through August in the 
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year of growth was used to analyze the tree-ring response to the monthly circulation 

conditions recorded in tree rings. It is assumed that the trees at a site act as a filter to pass 

and convert a specific circulation input into a certain ring-width output through their 

physiological processes. The bootstrapped response function analysis can determine 

whether the circulation during certain months of the selected 14-month window has a 

greater influence upon the tree growth than the circulation of other months. 

Input variables for the analysis were Xj (t), where X is the individual monthly 

CACl time series, i=I,...k. (where k is the number of months in the window), and t=l,..., 

n (where n is the number of years of data). The output variable was Y(t), where Y is the 

tree-ring inde.x and t=l n (where n is number of years of the data). 

The first step in calibrating the response function was to transform the inter-

correlated monthly CACIs in the fourteen-month window into several key principal 

components (uncorrelated eigenvectors). This process avoids "problems with the great 

number of predictors and their inter-correlation"(Guiot, 1991). The prior year of the tree-

ring data is not entered into the principal component analysis because a residual 

chronology was used instead of the standard chronology (see Appendix A). In a residual 

chronology, the biological lag-effect of the tree-growth has been removed through an 

autoregressive and moving average (ARMA) process'•*. It should be noted that the 

ARMA process does not remove the impact of climate prior to the growing season 

(which could be in either the current or prior calendar year). Using a prewhitened 

chronology (also called residual chronology, see Appendix A) excludes the effect of the 
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prior years' growth in the response function analysis and emphasizes the portion of the 

tree-ring variation that is affected by climate and atmospheric circulation (in either the 

current or prior calendar year). High order (noise) components were objectively 

eliminated in terms of the Kaiser's criterion (Guiot, 1991). This criterion retains those 

principal components (PCs) whose eigenvalue is greater than the average eigenvalue. The 

final selected eigenvectors are assumed to represent modes in which the CACI varies 

over the 14-month window. 

Using the screened principal components as orthogonal predictors, and the tree-

ring chronology as the predictand, a multiple regression equation was derived. 

Regression significance was determined by using a predefined probability level 0.05. PCs 

deemed not significant in the regression equation were excluded. Because the orthogonal 

PC predictors are uncorrelated, the regression coefficients in the equation represent 

correlation coefficients between the tree-ring chronology and the PCs. Hence, the final 

predictors included in the regression equation were those PCs, which were significantly 

correlated with the tree-ring chronology at a predefined threshold. 

In the principal component analysis, sets of weights were used to transform the 

original CACI variables in the circulation window into uncorrelated variables'^. The 

'•* This process is known as prewhitening (Meko, 1981; Meko and Stockton, 1984; Fritts, 1991). 
Each principal component variable can be expressed as the linear combination of all x: 

where pk is k"* principal component, k=l m. (m is number of principal components retained), w is the 
weight. X is the mondily circulation indices, 1=1,..., n (n is the number of months in the window. In this 
case n=14). 

n 
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selected uncorrelated principal components were used with tlie tree-ring time series to 

calibrate the regression equation'^. Therefore, the tree-ring time series variations can be 

predicted by a linear combination of monthly CACFs. In other words, the regression 

equation can be used to derive the regression coefficients of the individual monthly 

circulation indices. The sign and magnitude of these regression coefficients, i.e., the 

response function coefficients, express the relative effects of the monthly CACI values on 

ring width, and can be used to characterize the nature of the tree-growth/circulation 

linkage. 

The main problem with the above procedure of principal component regression is 

"testing the significance of the coefficients and the stability of the estimates" (Guiot, 

1991). The bootstrap resampling approach provides an effective method to 

simultaneously test the statistical significance of the regression coefficients and the 

stability of the response function. The idea is to construct an empirical probability 

distribution of the regression coefficients from a great number of estimates, each based 

on different subsamples of data. To avoid bias, the size of the subsample is set at 42 

years, the same sample size as that of the original circulation index time series. A pseudo-

data set of 42 actual observations of tree rings and CACI's that were randomly extracted 

with replacement from the initial data set, were used to estimate the regression 

The regression equation is: 
m 

Y  =  a  +  
k~\ 

where Y is the tree-ring index series, a is regression constant, is the regression coefficient for the k"* 
predictor. k=l. ..., m (m is number of predictors (principal components retained)). 
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coefficients of the individual monthly CACI variables and to compute multiple 

correlations by the principal component regression procedure. In the subsampling 

process, some observations of the original data set may be used repeatedly while others 

may be omitted. The observations not included in the subsample can then be used for an 

independent verification of the regression stability. Repeating the procedure of 

subsampling and the principal component regression for a sufficiently large number of 

times (n) yields n sets of regression coefficients, n multiple correlations and n 

independent verifications. A mean regression coefficient set and a mean multiple 

correlation, with their standard errors as well as their 95% confidence intervals (CI), can 

then be computed from these n trials. The estimated 95% CIs (standard errors) thus 

provide reliable statistics to judge the variability and the significance of the regression 

coefficients. 

2.2.2.2 Linear Dynamic Modeling 

Linear dynamic modeling was developed by Ljung (1987) to describe the 

response of a linear dynamic system to a "pulse" of input (Figure 2.7). This method was 

first employed in dendroclimatic research by Meko and Sieg (1995) to evaluate the 

annual precipitation signal in individual chronologies in the Northern Great Plains. 

Tree-growth in the current year is affected by the current and past years' climate. 

Meko and Sieg (1995) demonstrated that linear dynamic modeling is an effective 

approach to examine this current and lagged effect in the tree-ring/climate relationship. 
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Because atmospheric circulation drives the surface climate on a regional and local scale 

that affects tree growth at a site, it was assumed that Meko's linear dynamic modeling 

could be used to quantify tree-ring response to atmospheric circulation as represented by 

the CACI. The advantage of this method over the traditional bootstrapped response 

function analysis technique (described in section 2.2.1) is that it allows one to identify the 

best monthly window grouping for detecting a climate or circulation signal. The linear 

dynamic model framework is summarized below. For more details of the algorithm, the 

reader should refer to Ljung (1987), Meko and Sieg (1995). 

A linear dynamic model relates a time series input (predictor) to a time series 

output (predictand). Assume a linear system with input X (t) and output Y (t) in year t: 

r ( / )  =  v v ( c / ) . v ( r )  +  4 0  (2.3) 

(2.4) 

c?-^r(0 = .v(/-A') (2.5) 

Where 8(t) is the noise in year t, w(q) is the transfer function, g(k) is the impulse response 

weight, q is the backward shift operator and k is the lag. Assuming the noise component 
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£(t) can be generated from white noise e(t) by a weighted function h(q) that has the same 

form as w(q), the model can be given as 

y ( r )  =  u ' ( ^ ) . r ( r )  +  / ; ( i 7 ) e ( r )  ( 2 . 6 )  

Therefore, a linear dynamic model expresses the output as a weighted function of the past 

and the current input and filtered white noise. Parameterizing the above equation in terms 

of polynomial functions, we can obtain: 

where the polynomial functions are: 

A { q )  =  \  +  a ^ q  ^ (2.8) 

B(q)=b,+b,q-'+...+b„bq"'^' (2.9) 

C ( 9 )  =  1  +  c , q ' '  + . . .  +  c „ ^ . q - " '  ( 2 . 1 0 )  

D(q) = I+d,q'+...+d„,q'"^ (2.11) 

= (2.12) 



The model stmcture used in this study is the output-error (OE) model that is a 

simplification of the general model. The OE(nb, nc) structure is 
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B { n b )  
>'(0 = 7^40 + ̂ (0 (2-13) 

C \ n c )  

where nb and nc are orders in the shift operator. If nb==l and nc=0, the model OE(1,0) 

indicates no lag in the response of tree rings to the atmospheric circulation. If nb>I and 

nc=0, the model OE(nb,0) generates the tree rings by a weighted average of circulation 

indices in nb years plus the white noise. For e.xamplc, model OE(2,0) implies a one-year 

lag in the tree-ring response to the circulation. If nc is not zero, a more complicated 

weighting of the importance of several years of climate is used in the model. The 

following sections describe the results of both the bootstrapped response function 

analysis and the linear dynamic model analysis. 

2.3 Relationship between Tree Rings at the Eagle Site and the CACI 

2.3.1 Results of the Bootstrapped Response Function Analysis 

The results of the bootstrapped response function analysis (see section 2.2.1) are 

depicted in Figure 2.8. The figure shows regression coefficients for each month 

representing the degree of association between the Eagle tree-ring chronology and 

monthly variations in the CACI. The x-axis displays each month in the window of 
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Figure 2.8 Using bootstrapped response-function analysis technique to analyze the 
relationships between monthly CACi value indices over western U.S. and tree rings at 
Eagle, Colorado. Dots in the figure represent months with response function coefficients 
significant at the 0.05 level. 
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analysis, starting from the July prior to the growth year, and extending through August of 

the year of growth. The y-axis displays the regression coefficients. Although monthly 

circulation indices were available from 1946 to 1988 (43 years), because the modeling 

window includes fourteen months and spans a tvvo-year period, only forty-two out of the 

forty-three years of data could be used. Guiot (1991) has shown that the results do not 

change significantly beyond fifty replications. .Accordingly, subsampling processes were 

repeated only fifty times. The response function coefficients (weights) in October and 

November prior to the tree-growth year were significant at the 5% level, i.e.; the absolute 

values of the bootstrapped regression coefficients are twice as much as their standard 

deviation. This indicates that the circulation anomaly feature in western U.S. during 

these two months strongly influences the tree growth at the Eagle site in the subsequent 

growing season. The negative response coefficients (weights) mean that lower (higher) 

than normal anomaly center geopotential heights favor (limit) tree growth. This 

relationship is generally true for other months in the selected window, except for July and 

August prior to the year of tree growth and June during the year of growth. The lack of 

statistical significance in the tree-ring/circulation linkage in winter (Dec., Jan. and Feb.) 

and spring (Mar., Apr. and May) could have a number of explanations. For example, tree 

growth might be linked to other types of circulation patterns not captured by the CACI 

during those months. The opposite tree-ring/CACI association in June could suggest 

some degree of nonlinearity, however this relationship is weak and not statistically 

significant. 
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This coefficients (weights) of the monthly CACIs derived from the bootstrapped 

response function analysis were used to estimate the tree-ring index values over the 

period of record, using the regression equation derived from the analysis. Figure 2.9 is a 

comparison of the actual tree-ring index (solid line) and the estimated tree-ring time 

series (dashed line) using all fourteen months (from July of the year prior to tree growth 

to August of the growth year) of the CACI's in the regression equation. The residual time 

series (dotted line) is the result of the observed tree-ring index minus the estimated tree-

ring index. With the bootstrapped response function approach, 48% of the tree-ring 

variance can be e.xplained by the CACIs. This indicates that a strong atmospheric 

circulation anomaly feature signal is recorded by the annual tree-ring width variation at 

the study site. 

The strength of an approach that uses principal components with a bootstrapped 

response function analysis is that the problem of having too many predictors and 

multicolinearities are resolved. Also, by replacement subsampling in the bootstrapped 

analysis, the standard errors of the response function weights can be computed to provide 

a dependable significance test. A statistically significant tree-ring response to the CACI 

occurs in October and November of the year prior to the tree growth. It should be noted 

that the tree-ring variance explained by the circulation based on the bootstrapped 

response function analysis is dependent on the choice of the modeling window, even 

though the effect from this predetermined window is not substantial if the months with 

significant correlation are included in calibrating the regression equation. In addition, the 
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Figure 2.9 Comparing the actual tree-ring index values (solid line) 
from 1946 to 1988 with the estimates (dashed line) and residuals 
(dotted line) from the regression using the bootstrapped response 
function. 
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bootstrapped response function approach can not objectively identify the monthly 

grouping that best detects the circulation signal that is recorded by tree growth. In the 

next section, the results of the linear dynamic model are presented to resolve these 

problems. 

2.3.2 Results of the Linear Dynamic Modeling Procedure 

As described in section 2.2.2 and Figure 2.7. the linear dynamic modeling 

approach uses the circulation index as input and the tree-ring index as the output. 

Specifically, the input was the monthly CACI time series from July of the year prior to 

growth through June of the growth year. The output was the residual Eagle tree-ring 

chronology, in which the effect of the prior year's growth was removed by the ARMA 

process. The modeling steps were as follows: candidate models were first fitted to the 

data after selecting the maximum orders of output error (OE) models. Then goodness-of-

fit statistics and properties of residuals were examined in order to identify the structure 

and orders of the model most appropriate for the data. Finally, the best-fit OE models 

were applied to estimate the tree-ring response to the CACI with different combinations 

of monthly groupings. The strength of signal was measured by a reduction of the variance 

statistic: 

V  
R V  =  l — ^  

K  
(2.14) 
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where Ve is the variance of the residuals (actual minus estimated tree-ring data) of the 

model and Vy is the variance of the actual tree-ring index. 

The most appropriate linear dynamic model for representing the tree-

ring,'circulation relationship at the Eagle site is OE(0,1). This suggests a zero lag in the 

response of tree-rings to the CACI. Figure 2.10 shows the signal strength of the 

circulation pattern for 144 different combinations of monthly groupings. The .x-axis 

represents the number of months, from 1 to 12, of each modeling window. The y-axis 

represents the ending month of each different window. The color panel from dark blue to 

dark red represents low to high explained variances. Each box in the figure represents the 

signal strength of a monthly grouping. For e.xample, the arrow in Figure 2.10 is pointing 

to a box representing a window of 3 months, ending in November. The color of this box 

depicts the variance in the Eagle chronology that is explained by the CACI time series for 

the months of September, October and November of the year prior to growth. Note that 

the single-month windows in the first column provide information similar to that obtained 

by the traditional bootstrapped response function analysis (see Figure 2.8). There are 

twelve different months and twelve different monthly groupings (as identified by 12 

different ending months in the windows). Therefore, this method provides more 

information (144 windows) than the traditional bootstrapped response function analysis. 

By presenting the 144 tree-ring/circulation responses in a single graph, the linear 

dynamic model results make it easier to compare the circulation signal strength for 
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Figure 2.10 The tree ring variations explained by the CACI in diflferent windows from 
linear dynamic modeling (model output designed by Meko, 1995). 
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different combinations of monthly groupings and to visualize the pattern of the changing 

circulation signals for the different windows. 

The best window for maximizing the circulation/tree-ring relationship can be 

objectively identified from this figure. In the single month's window (column 1), the best 

tree-ring/'circulation link is in November in the year prior to growth. The CACI in this 

month can explain about 20% of the annual tree-growth at the Eagle site. October and 

November of the year prior to growth represents the best two-month window (about 30% 

of the tree-ring variation is e.xplained). For the three-month window, the best tree-

ring/circulation link occurs in the previous fall season (September, October and 

November). The CACl's for the three-month window e.xplain more than 40% of the 

annual tree-ring width variations. The best four-month grouping is September, October. 

November and December in the year prior to growth. By increasing the modeling 

window from one to three months, the percentage of tree-ring variance explained by the 

circulation indices increased from 20% to 40%. By adding one more month (December) 

to the best three-month window, the variance explained drops down to below 40%. This 

indicates that increasing the number of months in a modeling window does not 

necessarily increase the percentage of tree-ring variation explained by the circulation. 

This can also be seen in windows of more than five months. The highest variance 

explained in these longer window groupings is below 35%. The circulation signal in the 

fall of the year prior to growth is so strong that it is always included in the best 

groupings, regardless of the length of the window. 
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The best one-month tree-ring/circulation window is in November. The best two-

month window is consistent with the results of the bootstrapped response function 

analysis, in which the tree-ring/circulation is shown to be significant in October and 

November (see Figure 2.8). The best three-month window is also supported by the 

significant correlation coefficient (r=0.46) between the precipitation in the fall of the year 

prior to growth and annual ring-width variations at the Eagle site. Figure 2.11 is the time 

series plots of the Eagle chronology, the CACI and precipitation. It shows that the CACI 

tends to fluctuate inversely with ring widths and precipitation. Atmospheric circulation 

also affects other climatic factors such as temperature, cloudiness, radiation, etc. that 

might also influence tree growth. Because of the integrating effect of the circulation and 

its attendant synoptic features, the linkage between tree rings and CACI can be stronger 

than that between tree rings and individual surface climate variables. The correlation 

coefficients between annual tree-ring widths and the circulation indices in windows of 

one, two and three months (as described above), are above 0.4, 0.5 and 0.6 respectively, 

but the correlation coefficients between tree rings and precipitation in these same 

windows are 0.31, 0.35 and 0.42. 

It is worth noting that in the best monthly grouping window from September to 

November of the year prior to tree growth, the correlation fields between tree rings at the 

Eagle site and 500 mb heights, and between precipitation in Climatic Division 2 of 

Colorado and 500 mb heights, show a similar pattern. This suggests that the CACI 
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Figure 2.11 Time series plots of the Eagle chronology (top panel), the 
CACI (middle panel) and Climatic Division 2 precipitation (bottom panel) 
in fall in the year prior to tree growth. 



influences tree growth mainly through precipitation. In the following section, I will 

discuss in more detail the physical processes involved in this linkage. 
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2.4 Discussion 

2.4.1 Climatology and Dendroclimatology of the Eagle Tree-Ring Site 

A discussion of the climatology of the Eagle site will provide insight on the 

physical basis for the observed linkage between tree rings and circulation described 

above. Bo.x plots provide a graphical way to visualize climatic data. They depict the 

range of the data (smallest and largest values), the median and the scale and skewness 

characteristics of the data (the lower and upper quartiles). Figure 2.12 depicts box plots of 

monthly precipitation and temperature for Climatic Division 2. The plots show that 

although the temperature fluctuates greatly from month to month, the median value of 

precipitation does not vary during the year, i.e., there is no obvious wet or dry season. 

The plots also indicate that monthly precipitation tends to have a large range with more 

extremes than the temperature data. For most months, precipitation and temperature are 

inversely related (negative correlated), especially in the late spring and early summer, as 

well as in early fall and early winter (Figure 2.13). This negative correlation implies that 

wet periods in the region are generally associated with cool temperature, and dry periods 

tend to also be warm. 

A standard response function analysis of the relationship between precipitation, 

temperature and tree ring data is depicted on Figure 2.14. This figure shows that 
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Figure 2.12 Box plots for monthly precipitation (top panel) and 
temperature (bottom panel) of Climatic Division 2 in Colorado. 
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precipitation in September and November of the year prior to the year of tree growth and 

precipitation from January to March of the growth year strongly influences tree growth. 

Note that September and November fall in the optimal tree-ring/circulation window 

identified in section 3.2. For most months, temperature negatively correlates with tree 

growth but the relationship is not statistically significant e.xcept for February and April. 

The tree-ring/'precipitation relationship at the Eagle site identified by a linear 

dynamic model also shows that tree rings strongly associate with precipitation (Figure 

2.15). The best window identified from this approach is a seven-month window that 

begins in September of the year prior to tree growth and ends in March of the growth 

year. This window is longer than the tree-ring/circulation window. This might mean that 

although precipitation consistently influences tree growth over several months, 

circulation patterns that influence precipitation may be different from month to month or 

from season to season. 

2.4.2 The Physical Basis of the Tree-Ring/Precipitation/Circulation Relationship as 

Suggested by Sounding Data 

The Circulation Anomaly Center Index (CACI) is based on the most statistically 

significant anomaly center linked to tree-ring variations at the Eagle site. However, due 

to teleconnections and the spatial independence of the geopotential heights in the 

circulation data set, the selected anomaly center on which the CACI is based might also 

relate to other anomaly centers elsewhere. The correlation fields (e.g., Figures 2.4,2.5 
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Figure 2.15 The tree ring variations explained by precipitation in different windows 
from linear dynamic modeling (model output designed by Meko, 1995). 

00 
-J 



88 

and 2.6) do show evidence of two positive centers (one over Alaska and one over Eastern 

United States) that are associated with the CACI. This is not to imply that a presumed 

large-scale, trough-ridge-trough pattern is automatically defined by an index based on a 

single center. As a suggestion for future work, it would be worthwhile to define a 

positive-negative-positive/negative-positive-negative circulation pattern inde.x. analyze 

the relationship between this pattern index and with both tree ring and climate variables, 

attempt to reconstruct it and compare the results with the CACI results. 

The CACI was based on a center in order to focus on the hypothesis that a major 

anomalous circulation feature observed on a seasonal time scale can influence tree 

growth because it represents a persistent pattern that affects/modulates short-wave 

activity. In other words, a monthly or seasonal anomaly center is a good indicator of the 

individual weather events that cumulatively affect a region linked to the anomaly centers. 

To explore this hypothesis by examining how short-wave features of the circulation 

might be related to tree growth and daily weather at the tree-ring site, upper air soundings 

were examined. The soundings used were taken at Grand Junction, a location 160 km 

west of the Eagle tree-ring site. 

The sounding data were obtained from a CDROM (radiosonde data of North 

America, 1946-1994) produced by Forecast System Laboratory (FSL) and National 

Climatic Data Center (NCDC) and used to identify variables (sounding indices) that 

might be related to the number of passages of short-wave troughs or ridges at Grand 

Junction, Colorado and the nearby Eagle site. First a suite of Fortran programs were 
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developed to extract and reorganize the radiosonde data, to deal with the problems of 

missing values and leap years, and to convert the traditional calendar date to a Julian 

date. Then the long-term daily means and daily standard deviations were calculated for 

the period from 1958 to 1994 for observations of 700 mb pressure heights, 700 mb 

temperatures and 700 mb dew point depression temperatures. 

A cubic spline fdter was used to smooth the long-term daily mean and standard 

deviation with a parameter of 0.0001 and 0.00001 respectively. The smaller the 

parameter, the less variance was retained and the smoother the curve. Smoothing the 

daily long-term mean and variability with the spline filter provides a way of 

standardizing the daily data by identifying the natural seasonal signal so that daily 

observations falling above and below the long-term smoothed mean could be tabulated 

and compared from season to season (see Figures 2.16, 2.17, 2.18 and 2.19). Finally, the 

number of days with values occurring above or below 0.5, 0.75, 1.0 and 1.25 smoothed 

standard deviations from the smoothed long-term daily mean were tabulated and 

percentages were calculated for each sounding variables. The 700 mb relative humudity 

(RH) was also calculated using observations of 700 mb temperature and dew point 

temperature. 

Two general observations can be drawn from Figures 2.16, 2.17, 2.18 and 2.19. 

First, the daily 700 mb heights, 700 mb temperatures and 700 mb dew point temperatures 

increase in summer while daily 700 mb relative humidity values decrease in summer. 
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Figure 2.16 Long term (iaily mean, standard deviation and their spline 
filters of 700 mb heights at 12Z at Grand Junction. 
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Figure 2.17 Long term daily mean, standard deviation and their spline 
filters of 700 mb relative humidity at 12Z at Grand Junction. 
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Figure 2.18 Long term daily mean, standard deviation and their spline 
filters of 700 mb temperature at 12Z at Grand Junction. 
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Long term daily mean (1958-1994), the spline filter, p=0.0001. 12Z, Grand Junction 
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Figure 2.19 Long term daily mean, standard deviation and their spline filters 
of 700 mb dew point temperature at 12Z at Grand Junction. 
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Second, interannual variability of all sounding parameters in summer is smaller than 

during the other seasons. 

Eight sounding indices were defined from the sounding data set and are 

summarized in Table 2.1. Table 2.2 summarizes the relationships between the CACI 

time series, the Eagle tree-ring chronology, temperature and precipitation in Climatic 

Division 2 of Colorado, and the Grand Junction sounding indices. It is shown that 

HGTABOVE, TEMABOVE, DEWBELOW and R.HBELOW positively correlate with 

CACI and negatively correlate with tree ring and precipitation, while HGTBELOW, 

TEMBELOW, DEWABOVE and RHABOVE negatively correlate with CACI and 

positively correlate with tree ring and precipitation. The strong positive correlation 

between the CACI and HGTABOVE (r = 0.653) as well as the strong negative 

correlation between the CACI and HGTBELOW (r = -0.719) suggest that short-wave 

activity may be associated with the CACI. 

Figure 2.20 is a plot of daily 700 mb heights at 12Z at Grand Junction from 

September to November in 1985 (the year with the lowest CACI value), versus that of the 

fall of 1987 (the year with the highest CACI value). More geopotential height 

observations at 700 mb fall below 0.5 standard deviations below the long-term mean in 

fall of 1985 than in fall of 1987. In like manner, more geopotential height observations at 

700 mb occur above 0.5 standard deviation above the long-term mean in fall of 1987 than 

in fall of 1985. These single-season observations suggest that a low (high) CACI is 

associated with a high frequency of short wave troughs (ridges). 
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Table 2.1 Description of sounding variables 

Variables Description 

HGT ABOVE The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
geopotential height was above 0.5 standard deviation from the 
long term daily mean. 

TEMABOVE The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
temperature was above 0.5 standard deviation from the long term 
daily mean. 

DEW ABOVE The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
dew point temperature was above 0.5 standard deviation from the 
long term daily mean. 

RHABOVE The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
relative humidity was above 0.5 standard deviation from the long 
term daily mean. 

HGTBELOW The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
geopotential height was below 0,5 standard deviation from the 
long term daily mean. 

TEMBELOW The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
temperature was below 0.5 standard deviation from the long term 
daily mean. 

DEWBELOW The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
dew point temperature was below 0.5 standard deviation from the 
long term daily mean. 

RHBELOW The percentage of days in the period from September to 
November during the year prior to tree growth in which 700mb 
relative humidity was below 0.5 standard deviation from the long 
term daily mean. 



Table 2.2 Pearson correlation matrix between the CACl, Eagle tree-ring chronology 
indices, divisional precipitation, divisional temperature, and the sounding indices 

(** and * represents correlation coefficients significant at the 0.01 and 0.05 level, respectively) 

CACl Tree-ring index Precipitation Temperature HGTABOVE TEMABOVE 
CACl 1.000 
Tree-ring index -0.665** 1.000 
Precipitation -0.660** 0.454** 1.000 
Temperature 0.417* -0.197 -0.473** 1.000 
HGTABOVE 0.653** -0.520** -0.740** 0.737** 1.000 
TEMABOVE 0.596** -0.350* -0.746** 0.767** 0.751** 1.000 
DEWABOVE -0.254 0.220 0.401* 0.353* -0.064 -0.202 
RHABOVE -0.580** 0.428* 0.726** -0.269 -0.474** -0.712** 
HGTBELOW -0.719** 0.493** 0.702** -0.704** -0.807** -0.695** 

TEMBELOW -0.556** 0.288 0.607** -0.898** -0.776** -0.841** 
DEWBELOW 0.091 -0.177 -0.305 -0.464** -0.088 -0.026 

RHBELOW 0.467** -0.377* -0.687** 0.159 0.490** 0.589** 

DEWABOVE RHABOVE HGTBELOW TEMBELOW DEWBELOW RHBELOW 
DEWABOVE 1,000 
RHABOVE 0.665** 1.000 
HGTBELOW -0,070 0.450** 1.000 
TEMBELOW -0.140 0.522** 0.802** 1,000 
DEWBELOW -0.822** -0.464** 0,198 0,294 1,000 
RHBELOW -0.741** -0.774** -0.413* -0,334 0,623** 1,000 

Os 
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Figure 2.20 Plots of daily 700 mb heights at 12Z at Grand Junction from 
September to November (a) for 1985, the fall with the lowest CACI 
value and (b) for 1987, the fall with the highest CACI value. 
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Figure 2.21 and Figure 2.22 also support the results of correlation analysis. 

Figure 2.21 suggests that a persistent drier-than-normal period is associated with a lower 

frequency of short-wave troughs and a high CACI, while Figure 2.22 indicates that a 

period of cooler-than-normal temperature is associated with a high frequency of short

wave troughs and a low CACI. In the fall of 1985, the CACI was very low and represents 

a strong negative geopotential height anomaly that was associated with a higher-than-

normal frequency of short-wave troughs passing through the Eagle site. This probably 

increased precipitation and favored tree growth at the site. In contrast, in fall of 1987. the 

CACI was very high and was associated with fewer short-wave troughs passing through 

the Eagle site and probably led to a persistent period of low relative humidity and 

suppressed precipitation, thus limiting tree growth. 

2.5 Summary 

This chapter first defined a circulation anomaly center index (CACI) that may 

influence tree growth at Eagle, Colorado, then quantified the response of tree rings to this 

circulation anomaly index by the techniques of a bootstrapped response function and 

linear dynamic modeling. By linking with the sounding data, the physical basis of the 

tree-ring/precipitation/circulation relationship was explored. The identification of the best 

tree-ring/circulation windows is essential for reconstructing and analyzing past 

circulation patterns from tree rings. Quantifying and physically interpreting the 
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Figure 2.21 Plots of daily 700 mb relative humidity at 12Z at Grand 
Junction from September to November (a) for 1985, the fall with the lowest 
CACl value and (b) for 1987, the fall with the highest CACl value. 
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700mb temperature at Grand Junction in Fall 1985. long term daily mean, 0.5 standard deviation above/below 
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Figure 2.22 Plots of daily 700 mb temperature at 12Z at Grand Junction 
from September to November (a) for 1985, the fall with the lowest CACI 
value and (b) for 1987, the fall with the highest CACI value. 
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circulation signal can ultimately help us better understand the tree-growth responses to 

global climate changes through the atmospheric circulation. In the following chapter. I 

will e.xplore ways to reconstruct the CACI using tree rings. 
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Chapter 3 Reconstruction of the Circulation Anomaly Center Index Using 
Regression and Fuzzy Logic Approaches 

To reconstruct the Circulation Anomaly Center Index (CACI), a regression 

technique and a fuzzy rule-based approach were used and the results were compared. 

Most tree-ring reconstructions have been based on linear regression models. Traditional 

multiple regression assumes linear relationships between a dependent variable (e.g., the 

CACI) and several independent variables (e.g. tree-ring indices). However, the 

relationship between tree rings and circulation may not have a simple linear relationship, 

due to the nonlinear behavior of the dynamic atmosphere and the complicated climate-

growth system. Therefore, for the reconstruction of the CACI, a nonlinear approach 

based on fuzzy logic was investigated. While this research focuses on comparing the 

results of a linear regression technique and the fuzzy logic approach. It is acknowledged 

that a nonlinear regression technique might also provide results similar to the nonlinear 

fuzzy logic approach. Further comparison of these two nonlinear approaches is 

recommended. 

3.1 Data 

For both the linear regression model and the fuzzy rule-based model, the 

independent (input) variables (x) were tree-ring chronologies selected for the CACI 

reconstruction. The dependent (output) variable (y) was the CACI. 
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A network of eleven chronologies (Figure 3.1) was used to reconstruct the CACI. 

Sites 1,4 and 5 are sites used in the project "Synoptic Dendroclimatology of the Western 

United States" (NOAA GC96-188), on which this dissertation is based. The other 

supplemental chronologies were selected from the International Tree Ring Data Bank 

(ITRDB) based on the following criteria: (1) the chronologies must have proven climatic 

signals and be sensitive to the circulation anomaly feature; (2) the chronologies must 

cover a large geographic area in western United States and be located at mid-to-high 

elevation; (3) the chronologies must have been updated through at least 1990; and (4) the 

chronologies must be as long as possible. Of the several hundred western United States 

chronologies in the ITRDB, these 11 chronologies best met the selection criteria. 

Tree species used in this study were: Southwestern White Pine {Pinus 

strobiformis). Rocky Mountain Douglas-fir (Pseudotsiiga menziesii). Big Cone Douglas-

fir {Pseudotsiiga inacrocarpa), Bristlecone Pine {Pinus longaeva) and Ponderosa Pine 

(Pinus ponderosa). These species are highly sensitive to the environment, are cross-

datable, and have an ability to survive under stress. They have been widely used in 

dendroclimatic studies. All 11 chronologies are based on trees and tree-ring data that 

were carefully selected, crossdated and standardized by dendroclimatologists to 

maximize the length of the chronologies and the strength of the climatic signals. The 

chronologies have been previously applied to reconstruct precipitation, temperature, and 

other climatic/hydrologic parameters; hence they also have the potential for being 

sensitive to the CACI. For example, tree-ring cores at Eagle, Colorado, were collected 



Tree-Riiip Sites for 
Reconstructing the CACI 
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• I. Keen Camp Summit, CA 
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3. Italian Canyon. NM 

•4 Methuselah Walk. CA 

•5. liaglc.CO 

6. Sheep Mountain, WY 
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'J. Lake I lennan Stale Park, SI) 

10. Hagle Nest Canyon, SI) 

11. liuming Coal Vein. Nl) 
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Figure 3,lTree-ring sites for reconstructing the CACI. *= sites used in NOAA 
project GC96-188. 
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from a very dry, steep slope and have been shown to be sensitive to precipitation. It was 

therefore assumed that tree rings at this site would also be sensitive to the circulation 

systems that deliver the precipitation to this site and the CACI. As shown in Figure 3.2, 

seven of the eleven chronologies are highly correlated with the CACI. 

Chapter 2 demonstrated that the CACI represents the dominant fall/winter 

atmospheric circulation pattern influencing tree growth at Eagle, Colorado. Because it is 

a large-scale feature, this circulation anomaly might also influence tree growth at other 

regions. To e.xplore this possibility, climate-sensitive chronologies with a wide 

geographic distribution were selected in western United States. It was assumed that such 

a large spatial tree-ring network could capture the features of atmospheric circulation that 

influence climate on a large scale. The selection criteria limiting the tree-ring sites to 

mid-to-high-elevation was used because trees at these elevations may be more sensitive 

to the circulation aloft. (The CACI is defined based on 500 mb heights.) 

The highest correlation coefficients between the CACI and the tree-ring 

chronologies are for chronologies located to the east of the anomaly center (Figure 3.2). 

Since precipitation generally occurs in front of a 700 mb trough and dry weather in front 

of a ridge (Holton, 1992), more- (less)-than-normal precipitation would occur in regions 

underlying the eastern sectors of a low (high) anomaly. Therefore, the chronologies to the 

east of the anomaly center should be most sensitive to the anomaly feature. 



Figure 3.2 Correlation coefficients between the CACI and the 
selected tree-ring chronologies. Correlation period is from 
1946 to 1988. Those correlation coefficients > 0.30 are 
significant at the 0.05 level (* in the figure). 
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3.2 Reconstruction of the CACI Using a Regression Model 

Traditionally, a multiple linear regression model has been employed in 

dendroclimatic reconstruction. The reconstruction equation is: 

= + (3-1) 
1=1 

where y(t) is the predictand (the CACI) in year t, n is the number of predictors (tree-ring 

indices) in the model, (t) where i = 1, .., n, is the i"* predictor (tree-ring inde.x) in year 

t, bi = 0. 1 n, are the regression constant and the regression coefficients to be 

estimated and e is the random error term assumed to be from a normal population, with 

E[€(t)] = 0 and Var[e(t)] = o'. 

The split sample procedure (Snee, 1977) is the standard practice for validating a 

regression reconstruction model. This approach divides the period of time common to 

both predictors and predictand into two sections. One part of the data is used for 

calibrating the relations between tree rings and climate data; the other part is reserved for 

independently verifying the calibration. Then, a "full-period" set of data was used to 

develop the regression reconstruction models. If verification and calibration statistics are 

statistically significant, the model was used to transfer the tree-ring information into 

estimates of the CACI. 
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3.3 Reconstruction of the CACI Using a Fuzzy-Rule Based Model 

3.3.1 Overview of the Fuzzy-rule Based Approach 

Fuzzy set theory was first developed by Zadeh (1965). It provides a framework 

for dealing with vague and/or linguistic information. A fuzzy set is a set of objects 

without clear boundaries. In other words, instead of elements belonging or not belonging 

to a given set. partial membership is possible. Fundamental definitions of fuzzy sets and 

fuzzy arithmetic can be found in Zimmermann (1985) or Kaufmann and Gupta (1985). 

Some basic definitions are summarized below. 

.A. membership function defines to what degree an element belongs to a fuzzy 

subset'". A fuzzy number is described by a membership function. Although any function 

qualifying to be a fuzzy number'" would suffice, for simplicity, piecewise linear 

functions, known as membership functions of triangular fuzzy numbers (TFNs) will be 

used. The fuzzy number A=(ai .a: ,A3 )TFN with AI<A2 <A3 is a triangular fuzzy number if 

its membership function can be written in the following form ; 

is a fuzzy subset of a universe set .X if A={(.x, hiaCx)), xeX}. Where mA(x)6 [O.I] is the 
membership of x in A which describe how much x belong to A. The more x belongs to A, mA(x) is closer to 
1. The less x belongs to A, mA(x) is closer to 0. If the membership interval [0,1] is replaced by the set 
j O . I }  t h e n  A  c a n  b e  c o n s i d e r e d  a s  a  s u b s e t  o f X .  

A fuzzy number is a fuzzy subset defined on the set of real number if (I) there exists at least one z 
such that MA (z) =1 (normality); (2) fora£C<b, HA (c)a min( HA (a), HA (b)) (convexity). 
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x - a ,  

a-, - a. 
if a, < .r < a. 

m ..W = -
a, - .V 

a-, - a. 
if fl, < .r < ^3 (3.2) 

/« a// other cases 

The segment (a i, a 3 )  is called the support of A. The value mA (.x) 6 [0,1] shows how 

much a given measurement belongs to the set A, The membership reaches its ma.ximum 

value 1 when x=a:. 

In general, a fuzzy rule consists of a set of explanatory variables called premises 

.\j.n given in the form of fuzzy numbers with membership functions m.-xj. n and a 

consequence Bj also in the form of a fuzzy number; 

If .V, 6.-1^,1 0 -V, 6.-1^;, 0...0 then (3.3) 

where 0 is a logical operator, which there may be "AND" or "OR." In contrast to 

ordinary (crisp) rules, fuzzy rules allow partial and simultaneous ftilfillment of rules. This 

means that instead of the usual case when a rule is applied or not applied (i.e., a crisp 

rule), a partial applicability is also possible. Again, the membership function shows how 

much each point an in the set belongs to the set. 

A fuzzy rule is often described verbally. For example: "IF it is cold and I have a 

long way to walk, THEN I usually take my coat." Here the fuzzy set Ai,i represents the 
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temperature. Cold might be characterized with the fuzzy set with membership I for T < 

O^C. 0 for T > IS'^C, and linear in between. The simplest fuzzy number is a triangular 

fuzzy number which applies in this case to the cold condition A I = (-<», 0, 15) TFN- The 

fuzzy set A: represents a long walk that can also be e.xpressed as a fuzzy number 

(200.1500, +«=) XFN if membership is 0 for a walk less than 200 meters, and membership 

equals 1 if the walk is more than 1,500 meters. The fuzzy rule-based model can be used 

to make a decision on whether to take the coat or not. Similarly, a fuzzy rule-based model 

can be developed to reconstruct the CACI. For example: "IF there is a wide ring at 

Methuselah Walk, California, and also a wider ring at Eagle, Colorado, THEN a negative 

CACI is usually observed." Here the fuzzy set A I = (1.0,1.5, +~)TFN represents the ring-

width index at Methuselah Walk, California, with membership 1 for ring-width index > 

1.5, 0 for ring-width < 1.0, and linear in between. The fuzzy set A: = (1.0,1.5, 

represents a wide ring at Eagle, Colorado, The fuzzy rules developed for the analysis 

were more complicated than this example, since additional tree-ring sites and a greater 

combination of tree growth anomalies need to be considered together. 

Fuzzy logic has several advantages that a linear regression approach doesn't have 

(Bardossyand Duckstein, 1995): 

• it can capture both linear and nonlinear relationships 

• it has a relatively simple structure 

• it can use universal approximators, i.e., the model structure doesn't need to be 

predefined 
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• it can leam and update rules and parameters by optimization techniques 

• rules can be easily added/removed/modi tied by experts 

• fuzzy rules can be constructed even in the case of limited data. 

The most important advantage of a fuzzy model over a linear regression technique 

is that it can capture both linear and nonlinear relationships, which is important when 

trying to define linkages between atmospheric circulation and tree growth. Another 

advantage that is particularly important for dendroclimatic reconstruction is that the fuzzy 

rules can be constructed even with a short period of data. Often, the common period 

between tree rings and climate data is too short to sufficiently calibrate and validate a 

reliable regression model. Using fuzzy logic, this problem can be resolved. .As in any 

modeling approach, a fuzzy rule-based model must be carefully calibrated and validated 

before it can be used in dendroclimatic reconstruction. 

There are numerous techniques for building fuzzy models. An overview of the 

fuzzy rule-based framework and details of the algorithm can be found in Wang and 

Mendel (1992), Bardossy and Duckstein (1995), Higgins and Goodman (1994), Ozelkan 

et al. (1996), Bardossy and Disse (1993) and Nomura et al. (1992). The procedure for 

constructing a fuzzy rule-based model includes dividing the input-output space into fuzzy 

regions, generating fuzzy rules from the given data set, determining the degree of 

fulfillment and weight of each rule, and finally, producing the reconstruction using the 

rule-based system (Figure 3.3). 



Divide input-output *t"Vyw— space into fuzzy regions 

Generate fuzzy rules from given data pairs 
IF X1 is High medium and X2 is Low medium, THEN Y is Medium 

Determine the fulfiifment and weight of each rule 

Reconstruction using the rule-based system " Z[C/')p°J 

C(')=M',(')(o, ' i;/') 
J J j ^ 

Figure 3.3 Summary of the fuzzy rule-based modeling procedure 
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First, the input and output spaces are divided into fuzzy regions, and a fuzzy 

membership function is assigned for each fuzzy region. Assume that the domain intervals 

of X ,, i=l n, and y are (x ix i'), i=l,...,n, and (y y '), respectively. Here the domain 

interval of a variable means that this variable will most probably lie in this interval. The 

values of a variable are allowed to lie outside its domain interval. The domain of each 

predictor x ,. i=l n, can be partitioned into a number of overlapping fuzzy sets : Pi = 

jP,,i, 1=1,..., L , where L i is the number of partitions and Pj.i is the fuzzy partition 1 

for predictor x ,. Figure 3.4 shows an e.xample of fuzzy partitions with (L i. L L y) 

=(5,3,3). L 1 =5 means the domain region of x i is divided into five regions: high, high 

medium, medium, low medium and low. L : =3 means that the fuzzy partitions describe 

the low, medium and high values of x 2. L y =3 means there are three fuzzy partitions in 

the domain interval of y. Each fuzzy region is assigned a triangular membership function. 

Further, in Figure 3.4, for the consequence y, the support of "medium" is (y y *), a 

triangular fuzzy number is (y", y 0, y *), y 0 being the most credible value with an 

assigned membership of 1. 

Second, the fuzzy rules are generated from the given data sets. This step includes 

(I) determining the memberships of a given data set: (x 1 (t), .x 2 (t),..., x „ (t), y (t)), t=l, 

..., T, for different fuzzy regions; (2) assigning the data to the fuzzy sets with maximum 

membership; and (3) obtaining one rule from one set of input-output data. For example, 

in Figure 3.4, x 1 (t=l) belongs to the high medium set with membership m High medium = 



114 

M(x1) 
Low Medium High 

TTT 
X1 

M(x2) High Low Medium 
0.7 

X2 
M(y) 

High Low Medium 

X 0.9 

Figure 3 .4 Example of dividing input-output space into fuzzy 
regions and assigning a triangular fuzzy membership function 
for each region. 
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0.8, and to the high set with m High = 0-2, and to the other sets with membership equals 

to 0. Therefore x i (t=I) belongs to fuzzy set high medium. Similarly, x 2 (t=l) has 

maximum membership 0.7 in low and y (t=l) has maximum membership 0.9 in medium. 

For a given data pair: x i (t=l), x ; (t=l), y (t=l), a rule is generated as: 

If x^ehigh medium 0 x^elow then ye. medium (3.4) 

where 0 is a logical operator "AND" or "OR," specified according to the application. 

The rules generated in this study, i.e., trom numerical data directly, are "AND" rules 

since the premises are different components of a single input vector. An "AND" rule 

means that the conditions of the IF part must be met simultaneously in order for the result 

of the THEN part to occur. For each input-output data set: (x 1 (t), x 2 (t),..., x „ (t), y (t)), 

t=l T, the above rule-generating procedure is repeated. If a rule is not previously 

encountered, it is added to the rule bank, and will be used later for dendroclimatic 

reconstruction. 

Third, the fulfillment and weight of each rule must be determined. Rule 

fulfillment measures how closely individual data sample fulfills a fiizzy rule. Weight 

defines what proportion of the entire data set follows a fiazzy rule. All rules constructed 

from the observed data are retained with a different assigned weight of applicability. 

The degree of fulfillment of each rule must be determined in order to accept the 

rule with maximum degree. It is defined as: 
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n 

U(0) (3.5) 

The above rule fulfillment definition is a component in both the definition of 

degree for a fuzzy rule from Wang and Mendel (1992) and the definition of weight for a 

fuzzy rule from Ozelkan et al. (1996). Wang and Mendel (1992) defined the degree for 

rulej as: 

Although this method might be appropriate in control systems, in physical 

systems modeling, it might result in incomplete rule bases (Bardossy and Duckstein, 

1995). Ozelkan et al. (1996) modified this step and further defined the weight associated 

with each rule to "show which portion of the calibration data is explained by a given 

rule" (Ozelkan et al., 1996, p. 2099): 

=max 11'"'., (v(0) 

(3.7) 

Finally, the rule-based system is used in reconstruction. This step includes: (1) 

computing the degree of response of the fiizzy rules to a given data input vector: (x i (t), 
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X: (t) X n (t)), t=l, T ; (2) determining the output. Based on Ozelkan et al. (1996), 

the degree of response of a fuzzy rule j can be defined as: 

(0 = (3.8) 

The output is determined by the following centroid defuzzification formula: 

A 
/ (3.9) 

where y(t) is the estimated values of y(t). is the center value of fuzzy region Bj. The 

center of a fuzzy region is defined as the point that has the smallest absolute value among 

the consequence Bj. 

3.3.2 Fuzzy Reconstruction Procedure 

As in the regression approach, first a split sample procedure was employed to 

calibrate/validate the model. If the calibration and verification statistics are significant 

(e.g.. at 0.05 level), the ''full-period" set of data was used to develop the fuzzy rule-based 

reconstruction model to transfer the tree-ring information into estimates of the CACI. 

all the points at which the membership equals one. That is, p'^j is the most likely value of 
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To encode the fuzziness of the tree-ring/circulation linkage, the CACI (output) 

and tree-ring indices (input) were divided into suitable fiizzy regions. In order to 

determine the most suitable fuzzy regions, i.e, to optimize the number of fuzzy intervals, 

a sensitivity analysis was performed. A triangular fuzzy number was used for simplicity. 

Fuzzy rules were constructed from the period when both circulation and tree-ring data 

were available. All rules generated from the observed data were retained. The degree of 

fulfillment and weight of each rule is calculated using equation 3.5 and 3.7, respectively. 

To reconstruct the circulation anomaly feature indicator based on these fuzzy rules, the 

degree of response of the fuzzy rules to a given data input was calculated by equation 3.8 

and the output was determined by equation 3.9 (see Figure 3.3). 

A split sample approach is the standard practice in validating a regression 

reconstruction model. This approach divides the period of time common to both 

predictors and predictand into two sections. One part of the data is used for calibrating 

the relations between tree-rings and climate data; the other part is reserved for 

independently verifying the calibration. Similar to traditional regression approaches, the 

common period between tree rings and circulation indices is divided into two sections in 

fuzzy modeling. It consists of calibrating the model based on the first half of the data and 

verifying on the second half data, then calibrating on the second half and verifying on the 

first half. If verification statistics are significant at 0.05 level, the fuzzy rule-based model 

is used to derive and analyze the CACI for the past. 
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3.4 Results and Discussion 

As discussed earlier, the output (y) for the regression and fuzzy rule-based 

reconstruction models is the CACI and the input variables (.x) were the selected tree-ring 

chronologies (Figure 3.1). In order to capture the lag effect in the tree-rings/circulation 

system, three significant lagged predictors were also included. Hence, there were fourteen 

predictors (.x) and one predictand (y) in both the regression and fuzzy approaches. 

A plot of observed and reconstructed CACI based on each reconstruction method 

illustrates the capability of the models to e.xplain the variance in the actual data (Figure 

3.5). The solid line in each plot represents the observed CACI. The dashed line represents 

the estimation (reconstruction). Both the multivariate regression and fuzzy-rule-based 

models have the ability to e.xplain the CACI as a function of tree-ring data in the full-

period calibration period. However, the fuzzy rule-based model performed better than the 

regression model. As is commonly the case in regression reconstruction, "reconstructed 

values are conservative estimates and extreme values are not always well replicated " 

(Wood, 1996). The fuzzy rule-based model was able to yield good estimates for the 

normal years and it also estimated the CACI well for the extreme years. Accurate 

estimation of the extremes is typically difficult for regression models. 

A contingency table comparison of the regression and fuzzy models for the full 

calibration period is shown in Table 3.1. Both observations and reconstructions were 

divided into three categories of Low, Medium and High. The contingency table provides 
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Figure 3.5 Results from the full period calibration for both the regression and fuzzy 
reconstruction models. The solid line represents the observed CACl. The dashed line 
represents the estimated CACl. 
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Fuzzy Reconstruction 

Low Median High S 

Low 10 4 0 14 

Median 4 10 1 15 

High 0 1 13 14 

2 14 15 14 43 

Table 3.1 Contingency table for counts of the categorical reconstruction/observation pairs 
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a way to examine tlie percentage of correct estimates in each category (also called the 

"hit rate"). For example, in the fourteen years when the CACI was observed to be 

positive (High), thirteen of them were correctly estimated. The percentage of correct 

"hits" is about 93%. The one that "missed" falls into the Medium category instead of 

Low. The percentage of correct "hits" is higher when there is a positive CACI than when 

the CACI is negative. This implies that the drought condition and its physical forcing (a 

positive anomaly feature) limits tree growth to a greater degree than the wet condition (a 

negative anomaly feature). 

.An independent verification of the calibration is critical in tree-ring 

reconstruction, and is usually accomplished using a split sample approach. The forty-

three years of data were divided into a twenty-one years calibration period and a twenty-

two years validation period. The split-sample verification consisted of calibrating the 

model on 1946-1966 and verifying on 1967-1988, then calibrating on 1968-1988 and 

verifying on 1946-1967. The observed and predicted time series for both the calibration 

and validation periods using the fuzzy model are plotted in Figure 3.6. In the dependent 

period the fuzzy reconstruction tracks the year-to-year fluctuations very well. Predictions 

in the independent period are also quite close to the actual value but not as good as those 

in the dependent period. This result should not be surprising, since the fuzzy rules are 

constructed from the developmental data in the dependent period. 

Traditionally a variety of statistics have been used to evaluate the quality of a 

tree-ring reconstruction model and for comparison of the calibration and the verification 



o 
< 
o 
TJ 
a) 
bJ 
ro 
E 
k_ 
o 

1 

o 0.8 
< 
o 0.6 
T3 

0.6 
d) 

.N 0.4 
ro 
E 
I— 0.2 
o 
z 

0 

Calibration period: 1946-1966; Validation period: 1967-1988 

-0.32 ^ ,' /valid caiilyratioii 

-0.75 

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 

Calibration period: 1968-1988; Validation period: 1946-1967 

validation 

^ y'' A 

catibf'atmii 

0.99 

0.55 

0.12 

-0.32 

-0.75 

-1.19 
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 

Years from 1946 to 1988 

O 
< 
O 

O 
< 
O 

Figure 3.6 Results of the split sample validation for the fuzzy reconstruction model. 
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(Fritts, 1976; Fritts et al., 1990; Wu and Zhan, 1990). To further evaluate the fuzzy 

reconstruction model, I used the product-moment correlation coefficient (r) between 

observation and reconstruction, the reduction of error (RE) statistics, the nonparametric 

sign test and the root mean squared error (RMSE). Appendix D provides additional 

details on these verification statistics. 

The correlation coefficient simply measures the relative variations (covariance) 

that are common to the actual and the estimated circulation indicator. The RE statistic 

measures the accuracy gained by using the model-predicted values instead of using the 

mean from the dependent calibration sample as estimates. The sign test compares the 

numbers of agreement/disagreement (i.e.. success/failure) in sign of departure from the 

dependent data mean. The RMSE is the estimated standard deviation. 

The model statistics for calibrating and verifying on the first and second halves of 

the full period record, from both the regression and fuzzy rule-based models, are shown 

in Table 3.2. For the fuzzy rule-based reconstruction, the correlation coefficients and sign 

tests for all calibrations and validations were all highly significant (p< 0.001). All RE 

statistics compare favorably with those for other successful tree-ring reconstructions, the 

values are all high and positive for both calibration and validation period. The RMSE 

statistics are low for both the calibration and validation period in the fuzzy model, but the 

RMSE statistics are high for the validation periods in the regression model. All 

calibration and verification statistics for the fuzzy model are better than that for the 

regression model. Based on these indicators, it is concluded that the reconstruction based 



Calibration (21 years) Validation (22 years) 

Models R RMSI; RI- Sign test R RMSI: RH Sign test 
Calibration period 1946-1966 Validation period 1967-1988 

Fuzz>' 0.95 0.11 0.91 20/1 0.74 0.36 0.59 16/6 

Regression 0.72 0.55 0.52 14/7 0.58 1.1 0.25 14/8 

Calibration period 1968-1988 Validation period 1946-1967 

Fuzzj' 0.98 0.12 0.95 20/1 0.73 0.25 0.67 17/5 

Regression 0.88 0.57 0.78 18/3 0.37 1.5 -1.3 10/12 

Table 3.2 Comparing the calibration and verification statistics for the fuzzy and regression 
reconstruction models. 

Ui 
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on the fuzzy rule-based model is more reliable than the regression reconstruction. Note 

that the fuzzy reconstruction model may yield even stronger relationships than indicated 

above because the reconstruction is based on the full-period calibration (43 years) while 

the validation shown in Table 3.2 is based on the 21-year calibration period only. 

Since the fuzzy rule-based model performed better than a regression model, the 

fuzzy rule-based model was employed to reconstruct the CACI for the full record of tree-

ring data common to all chronologies. Figure 3.7 is the time series plot of the 

reconstructed CACI from 1766 to 1988. The median, the 0.1 quantile and 0.9 quantile are 

also plotted as reference lines. 

Based on the principle of uniformity, it is assumed for the calibration and 

reconstruction processes that some fundamental predictor-predictand relationships are 

present in both the dependent data used for calibration and the independent data used for 

reconstruction (Condon, 1982; Fritts, 1976). It is acknowledge that in the period prior to 

the instrumental record, theorectically, the statistics representing the relationship between 

the reconstruction and the real world might not always remain the same as that in the 

validation period. One must be aware that the reconstruction is only an approximation of 

the real world and the above theoretical uncertainties might exist even though it is 

impossible to test such hypothesis due to the lack of long instrumental record. 

A procedure is generally followed to ensure reliable reconstruction. First, 

"climatic data from the independent period that had not been included in the calibration 

were compared to the reconstruction and used to validate or verify that the independent 
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reconstructions are not likely to have occurred from a chance relationship" (Fritts, 1991, 

p.6). Second, verification statistics were computed to ensure that the calibrated 

relationships were preserved in the independent estimates. Finally, the reconstruction was 

also compared to other independent records. Results from the first two steps have been 

discussed. The following discusses independent validation. 

Physically, a high CACI should correspond to low precipitation and a low CACI 

to high precipitation. Since precipitation has not been included in developing the 

reconstruction model, a long record of precipitation can be used as an independent source 

to cross-validate the CACI reconstruction. Figure 3.8 shows the time series plots of both 

the reconstructed CACI and fall precipitation in Climatic Division 2 of Colorado. A 

spline filter with a parameter of 0.01 was used to smooth these two time series so 

that the low frequency fiuctuation will be emphasized. The correlation coefficient 

between these two smoothed time series is -0.73 (The correlation coefficient between the 

unsmoothed time series is -0.48). As one might anticipate from a physically meaningful 

reconstruction, a positive CACI is associated with drought and a negative CACI is related 

to wettest conditions. 

A Comparison of the CACI reconstruction with reconstructed summer (June to 

August) averaged Palmer Drought Severity Index (PDSI) in the western United States 

(Cook et al., 1999) shows an inverse relationship between the two series (Figure 3.9). In 

figure 3.9, a positive (negative) PDSI represent wet (dry) condition. The correlation 

coefficient between these two time series is -0.69. The correlation coefficient between 
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Figure 3.8 Time series plot of the smoothed reconstructed CACI and 
precipitation in fall in Climatic Division 2, Colorado. 
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Figure 3.9 Comparison of the smoothed CACI reconstaiction with the smoothed reconstruction of summer (June 
to August) averaged Pahner Drought Severity Index (PDSI) in the western United States (Cook et al., 1999), 
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the unsmoothed time series drops to -0.26. This suggests that the reconstructed CACI 

may explain decadal variability better than high frequency interannual variability. 

The reconstructed CACI provides a means to evaluate the circulation variability 

of the past. Spline filtering the reconstructed time series with different parameters 

(p=0.01. 0.001 and 0.0001) shows that a positive CACI persisted from the middle of 19''^ 

century to the beginning of the 20'*^ century (Figure 3.10). However, the negative CACI 

seldom persisted for a significantly long time. The reconstructed CACI can also provide 

important information about past climate e.xtremes. Several famous droughts occurred 

during periods of high CACI; the 1950s drought, the 1850s and 1860s drought and the 

1820s drought (Stahle et al., 2000). 

3.5 Summary 

This chapter describes the reconstruction of the CACI using both a multiple linear 

regression (MLR) and fuzzy-rule-based model. The "full-period" models were first 

calibrated and then validated using a split-sample approach. Preliminary result suggests 

that the fuzzy-rule-based model performs better than the regression model. The fuzzy-

rule-based model fits the observations better than the regression model not only for the 

"normal" years but also for the extreme years, which are typically difficult to reconstruct 

by regression model. The reconstructed CACI provides a long-term temporal context for 

evaluation of circulation variability, and how it is linked to climate over the past several 

hundred years. 
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Chapter 4 Conclusions 

4.1 Summary of Research 

Tree rings can be reliable recorders of past weather and climate variations at 

locations where instrumental records are sparse. The purpose of this study was to define 

the relationship between tree rings and a specific circulation anomaly feature that affects 

western United States climate. Once defined, this relationship was used to reconstruct this 

anomalous circulation feature using both regression and fuzzy logic approaches. 

The following key sets of questions were addressed: 

• What is the most important circulation anomaly feature that influences annual ring-

width variations at a particular site? How can this anomalous feature be described as a 

circulation inde.x? What is the best tree-ring/'circulation reconstruction window? How 

much of the tree-ring variability can be explained by this anomalous circulation index 

(the CACI)? 

• Can tree rings be used to successfully reconstruct the CACI? Which type of model, 

regression or fuzzy-rule-based, is more suitable for a tree-ring/circulation 

reconstruction? 

To answer the first question, 1 constructed circulation response patterns based on 

correlation fields and composite maps. Results showed that an important anomaly center 

over western North America strongly influences tree growth at Eagle, Colorado. This 

center can be viewed as a circulation index that can quantitatively represent the 
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relationship between circulation and tree rings. The inde.x, called a Circulation Anomaly 

Center Index (CACI), was defined as the average 500 mb height at grid points between 

40N-45N and 115W-125W. A bootstrapped response-function-analysis technique and a 

linear dynamic model was used to identify the best reconstruction window for the CACI. 

The bootstrapped response-function-analysis showed that for most months, especially 

October and November in the year prior to tree growth, the relationship between the 

CACI and annual tree-ring width indices at Eagle, Colorado is negative. The linear 

dynamic model showed that the best monthly grouping for analysis is September, 

October and November in the year prior to tree growth. The CACI over this three-month 

window e.xplains more than 40% of the variance in annual tree-ring indices at Eagle. 

To answer the second set of questions, tree-ring chronologies were selected that 

might capture the CACI signal. A multiple linear regression and a fuzzy rule-based model 

were used to reconstruct the CACI from tree rings. A split-sample procedure was first 

employed to calibrate and validate the methodology. Then all samples from the full 

common period were used to develop a reconstruction model. In terms of calibration and 

verification statistics, the fuzzy rule-based reconstruction model performed better than the 

multiple linear regression model. In addition, the fuzzy-rule-based model fit the 

observations better than the regression model not only for the "normal" years, but also for 

the extreme years, which are typically difficult to reconstruct. 
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4.2 Significance of Results 

This study is the first one to define and reconstruct a circulation inde.x based on a 

"circulation response pattern," one of the most important concepts in synoptic 

dendroclimatology. Local precipitation, temperature and El Nino/Southern Oscillation 

(ENSO) occurrences are all related to atmospheric circulation systems and have the 

capability of being detected in the tree growth response. Hence, the circulation index 

defined in this study may be useful for identifying varying ENSO/tree-growth, 

moisture/tree-grovvth, and e.xtreme-event/tree-growth signals over the last several 

hundred years. Just as dendroclimatic response function analysis is necessary before 

reconstructing precipitation and temperature, constructing the circulation response 

patterns and defining the correspondent circulation indices will aid the reconstruction of 

large-scale circulation patterns of the past. 

Atmospheric circulation has important impacts on regional climate and tree 

growth. This study demonstrated the usefulness of correlation fields for analyzing the 

various large-scale atmospheric circulation responses to tree growth. The synoptic 

dendroclimatological approach can bring to light relationships between tree growth and 

climate not illuminated by the analysis of precipitation and temperature alone. The 

result, a mechanistic link between the large-scale atmospheric circulation and the local 

tree-ring response, will lead to a better understanding of natural past climatic variability 

as revealed by tree rings. Similar efforts can be applied to other paleoclimate indicators, 

such as corals and ice cores, in order to better understand the full range of natural 
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variability. 

This study also uses both a bootstrapped response-function-analysis technique and 

a linear dynamic model to identify the best seasonal reconstruction window. The 

bootstrapped response function resolves the problems of too many predictors and their 

intercorrelations. Furthermore, by the replacement subsampling, this approach provides a 

robust significance test of the standard errors of the response function weights. By 

presenting hundreds of tree-ring/circulation responses in a single figure, linear dynamic 

modeling can be easily used to analyze the pattern of the changing circulation signals of 

the different number of months' grouping to determine the best tree-ring/circulation 

window. 

The study of the response of tree rings at Eagle, Colorado to the CAC! 

demonstrates that (1) tree rings can be closely related to atmospheric circulation, and (2) 

such tree-ring/'circulation responses have a plausible physical interpretation. This research 

also demonstrated that a circulation signal could be recorded in tree rings. Quantifying 

and physically interpreting the circulation signals and identifying the best tree-

ring/circulation windows are essential in reconstructing and analyzing past circulation 

patterns from tree rings, and can ultimately help us to better understand tree-growth 

responses to global climate changes through the atmospheric circulation. 

This study also introduced fuzzy logic to dendroclimatic research for the first 

time. The fuzzy rule-based model provided a simple structural approach that can capture 

both the linear and nonlinear relationships between tree rings and circulation. In addition. 
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the fuzzy model was capable of producing a good reconstruction of the circulation index 

and did a better job than multiple linear regression models. A flizzy-rule-based 

reconstruction model could also be applied to reconstruct precipitation and temperature. 

The use of fuzzy sets, fuzzy arithmetic and fuzzy logic is strongly recommended. 

In order to better identify climate changes, it is important that different disciplines 

work together. This dissertation demonstrates the usefulness of both meteorology and 

fuzzy statistics to dendroclimatology. Scientists are currently attempting to develop a 

quality-controlled, high-resolution database for the last one hundred to two thousand 

years in order to validate the climate variability simulated by Atmospheric General 

Circulation Models (AGCM). At present, tree-ring data are the most reliable sources of 

pro.xy climatic information that can support this goal because of accurate dating, 

sufficient resolution and wide coverage. The synoptic dendroclimatology approach, 

which links meteorology and dendroclimatology together, will contribute to the 

development of this database and to a better understanding of the climatic variability in 

the past. 

Tree rings hold great promise for assessing interannual/decadal/century-scale 

variability. However, there is still an important need for finding a direct process-based 

connection between large-scale circulation and the weather and climate features that 

directly influence local and regional ring-width variations. A synoptic climatological 

approach can provide a deeper understanding of the tree-ring/climate relationship and 

provide the foundation for a physically/biologically sound reconstruction of climate and 
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circulation from tree rings. Finally, in this study, the reconstruction of a circulation 

anomaly index provides a longer temporal context for us to evaluate the circulation 

variability and trend of the past. The potential exists to apply the analytical methodologies 

developed in this dissertation to a variety of geographic areas, incorporating different 

types of proxy data. 
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Appendix A: Dendroclimatology Background 

Annual growth layers or rings can be visible because the wood cells, which are 

produced early in the growing season, are large, thin-walled, and less dense (early wood), 

while the cells formed at the end of the season are smaller, thick-walled, and more dense 

(late wood). An abrupt change in cell size between cells of early wood and cells of late 

wood marks the boundary between annual rings (Figure A. 1). Well-defined annual-

growth rings can be observed in the wood (.xylem) from many species of temperate forest 

trees throughout the world. In certain circumstances these growth rings contain useful 

information about varying climate conditions affecting their growth. 

Distinctive annual growth layers that are limited by climate allow us to 

reconstruct the climate in the past. Descriptions of the principles and practice of 

dendroclimatology can be found in Fritts (1976), Cook and Kairiukstis (1990), Hughes et 

al. (1982), Brubakerand Cook (1983) and Stockton et al. (1985). Following is a brief 

overview of some of the important tree-ring characteristics and dendroclimatic 

procedures that make tree rings a unique source of information on past circulation 

variability. 

The basic dendroclimatic analytical procedures are shown in Figure A.2. After 

selecting the proper sites and trees, taking the core sample and preparing for crossdating, 

tree-ring width are measured, standardized and averaged to get a master chronology. If 
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Figure A. 1 Diagram showing annual ring width, late wood, early wood, 
cell size, cell wall thickness and density. Annual growth layers, or rings, 
are distinguishable because the wood cells produced early in the growing 
season are large, thin-walled, and less dense (early wood), while the cells 
formed at the end of the season are smaller, thick walled, and more dense 
(late wood). An abrupt change in cell size between the large cells of early 
wood and small cells of late wood marks the boundary between annual 
rings (from Fritt, 1976). 
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Figure A.2 Dendroclimatic procedures and analyses flowchart 
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the chronology is high quality and contains climate signals, the response flinction 

analysis technique is first employed to identify the crucial months or seasons that are 

strongly limiting to tree growth. Then, a transfer function is established to derive the 

climate in the past. The development of a high quality chronology is critically important 

in dendroclimatic analysis. 

Site selection and sampling of trees is not done randomly, but with a sampling 

strategy that will enhance the climatic information obtained from the trees that have not 

been influenced by external factors such as fire, insects, disease and human intervention. 

Figure .A..3 shows a typical tree site for ring sampling. Douglas-firs (Pseudotsuga 

Xfenziesii) growing at Eagle, Colorado, provide an e.xcellent classic example of a site 

where climatic factors strongly limit the tree growth process. Climatically sensitive trees 

tend to grow in an exposed location with shallow soil that is not influenced by 

groundwater. Thus the trees produce rings that vary in width from year to year in contrast 

to sites on riverbanks, (where moisture seldom limits growth processes and tree growth is 

characterized by complacent rings that are uniformly wide). A complacent series provides 

little or no record of variations in climate. Tree ring variability depends upon how 

severely climate has limited the growth. Generally, dendroclimatologists would search 

for trees that maximize length and maximize climatic signals. 

An exact calendar date is established by coring the living trees, and comparing 

and crossdating the unique history of narrow and wide rings among trees. Crossdating is 

"the procedure of matching ring-width variations and other structural characteristics 
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Figure A.3 Diagram showing typical tree site for ring sampling. A tree 
growing on a dry and steep slope is more sensitive to precipitation than 
trees growing on sites where water is in constant supply (from Fritts, 
1976). Tree rings that vary in width from year to year (sensitive ring 
series) are often sampled for dendroclimatic analysis, while rings that 
are uniformly wide (complacent ring series) have less dendroclimatic 
value because they provide little or no record of variations in climate. 
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among trees that have grown in nearby areas, allowing the identification of the exact year 

in which each ring was formed" (Fritts, 1976, p534). In order to insure accurate dating, 

large numbers of trees must be sampled. Through crossdating, we are able to "see" even 

further back in time by bridging the living trees with older trees that are no longer living 

(Figure A.4). After properly placing each growth layer in the correct sequence of time, 

ring widths are measured under a microscope. Knowledge of ring structure and 

chronology is used to correct the sequence by entering zero values for locally absent rings 

and combining the widths of double rings. 

Ring widths can vary not only with the fluctuations in environmental conditions, 

but also with systematic changes in tree age (Figure A.5 A top box). Generally, a 

decreasing ring-width trend is evident when raw ring-width measurements are plotted 

against time. This age-related trend and other non-climatic or individualistic growth 

trends must be mathematically removed by a procedure called standardization or 

detrending. Standardization usually involves (1) to fit an appropriate curve or straight 

line to the average growth potential as it changes over time; (2) to obtain the indices that 

are not related to tree-age (the actual ring-width for a given year is divided by the 

corresponding curve value) and (3) to obtain a chronology for the site by averaging the 

above indices with the indices from other cores and trees (Figure A.5). Through this 

detrending process, the ring-width measurement is converted to a time series of ring-

width indices with (1) a common mean of 1.0 so that relative variations are emphasized, 

and (2) a variance that is relatively homogeneous through time. 
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exact year in which a tree ring was formed is identifiedCafter Aii<ens et al., 1968). 
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Figure A,5 Diagram showing step-by-step tree-ring standardization procedure. The trend of ring-
width associated with the age of tree is removed by standardization that includes (A) fitting of 
growth curves to tree ring-width series from individual cores, (B) production of a new index series 
for each core by detrending the growth curves, (C)averaging of the two cores from each tree into 
tree-index series, (D) obtaining a master chronology by averaging all tree series (after Fritts and 
Swetnam, 1989). 
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The signals of the chronologies need to be evaluated before the chronologies can 

standard deviation, and first-order autocorrelation (Fritts, 1976) to determine the 

suitability of a chronology for use in dendroclimatic study. Generally, the chronologies 

containing the clearest climatic information usually have high mean sensitivity, high 

standard deviation, and low first-order autocorrelation (Fritts et al. 1965; Fritts and 

Shatz,1975; Fritts, 1976). Another statistical parameter for evaluation of the suitability of 

a chronology for use in dendroclimatic study is its correlation coefficient with the other 

chronologies in the same region (Stockton and Fritts, 1971). The more the climate is 

limiting to the trees of a given region, the greater the similarity among chronologies. 

In summary, selecting the proper sites and trees is important for signal strength 

enhancement. Precise cross-dating is critical for obtaining absolute yearly resolution tree-

ring data. Standardization is necessary for transforming ring-width measurement to a 

stationary time series. Carefully selected, crossdated and standardized chronologies 

which contain strong climate signals can be used to reconstruct precipitation, temperature 

and other climatic parameters. An underlying assumption of this dissertation is that 

''' A statistic measuring the mean relative change beuveen adjacent ring widths; that is, the average relative 
difference from one ring width to the next (Fritts. 1976, p. 539).The average mean sensitivity for a series is 
calculated as: 

be confidently used. Dendroclimatologists traditionally have used mean sensitivity''^. 

where .x, is ring width measurement at year t. n is the total number of rings. 
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atmospheric circulation, as the dynamic delivery system of the precipitation processes 

and temperature departures, plays an important role in local and regional tree-growth 

response and variations. It is assumed that the large-scale circulation has an integrating 

effect on the different climatic parameters that are important to tree growth and therefore 

circulation signal might be recorded in tree-rings. In fact, due to this integrating effect the 

circulation signal may even be stronger than the signals of other traditional used climatic 

parameters, such as temperature and precipitation. Given these assumptions, one goal of 

this study is to e.xplore the utility of climatically sensitive tree-ring chronologies for 

reconstructing atmospheric circulation anomaly features. 

In a sensitive site, a circulation anomaly feature of a given year (t) could have a 

large effect on ring width for the same year through the heat, wind, carbon dioxide, and 

water that impinges on the tree. However, it might also affect ring width in the following 

years, t+1 up to t+k, through effects on buds, sugar, hormones, and the growth of leaves, 

roots, and fruits. Because of these linkages the width of the ring in year t is statistically 

related to the ring width in year t+1. This preconditioning is the result of the 

autocorrelation effect in ring width. In order to reconstruct the circulation in the past, a 

transfer function is calibrated and verified based on the period when both tree-ring 

chronologies and circulation data are available. Because climate in year t not only can 

affect tree growth in the same year but also in the following years, a statistical 

reconstruction model can be achieved by obtaining coefficients bt , bt-ri ,..., and bt+k 

which can be multiplied by the corresponding ring-width indices, Xt, Xt+i,..., and xn. 
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The result added is then an estimate of the circulation anomaly feature in year t. If the 

coefficients are applied to ring-width indices for the early periods when meteorological 

observation is unavailable, circulation anomalies in that period can be reconstructed 

based on tree-ring data. 
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Appendix C: Linking Vertical Motion Associated with Short-wave Troughs to 
Precipitation 

xA.tmospheric circulation affects "local weather at some time or another, directly or 

indirectly, and is in this sense the greatest single terrestrial cause of climate and weather" 

(Stringer, 1972, p. 213). To link seasonal precipitation with long-wave circulation"'^, it is 

helpful to look at how precipitation is related to a short-wave trough. Short-wave troughs 

migrating through large-scale quasi-stationary midtropospheric waves can produce 

precipitation. The relationships between synoptic circulation patterns and surface climate 

are complex, varying with the time of the year and region. 

The physical meteorological basis linking vertical motion associated with short

wave troughs to precipitation has been well established. Traditionally, the quasi-

geostrophic omega equation is employed for diagnosis of vertical motion (Bluestein, 

1992; Holton, 1992; Carlson, 1993). The omega equation is derived by combining both 

the quasi-geostrophic vorticity and thermodynamic equations. In qualitative terms the 

quasi-geostrophic omega equation can be stated as follows (after Holton 1992, p. 177): 

The most important wave type for large-scale meteorological and climatic processes on the 
monthly and seasonal scale is planetary waves, also known as Rossby waves. They typically are longer 
than that of the rapidly moving individual cyclonic and anticyclonic disturbances of the lower and middle 
troposphere. The spatial arrangement of the troughs and ridges around the hemisphere is related to these 
long waves and is characterized by great length and a significant amplitude, typically having dimensions of 
several thousands of kilometers (Madden, 1979). 
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As a result, strong rising (or sinking) motion often occurs either downstream of 

strong cyclonic (or anticyclonic) geostrophic vorticity maximum aloft that is forced by 

differential vorticity advection or at regions of low level warm (or cold) advection 

(Figure C. 1). 

It is important to note several limitations of the omega equation. First, the 

"primary forcing functions" (differential vorticity advection and temperature advection) 

are not independent of each other. Second, these two forcing functions often act in 

opposition to each other, and it is therefore difficult to estimate the total forcing 

qualitatively from a geopotential height field and temperature field. Third, to estimate the 

differential vorticity advection, geopotential height fields must be known at several 

levels. 

To circumvent these problems, Sutcliffe (1947), Winn-Nielsen (1959), Hoskins 

(1978) and Trenberth (1978) combined the differential vorticity advection and 

temperature advection into one physically meaningful term. Their results indicate that 

advection of geostrophic vorticity by the thermal wind is the dominant forcing in the 

middle to upper troposphere. The approximation form of the quasi-geostrophic omega 

equation ignores the deformation effects that are usually negligible except in frontal 
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Figure C. 1 Schematic 500 mb contours (solid line), 1000 mb 
contours (dashed lines) and surface fronts (heavy lines) indicating 
regions of strong vertical motion owing to differential vorticity 
advection and temperature advection (from Hoi ton, 1992). 
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zones. It is a very usefiil diagnostic tool for weather forecasting because the midlevel 

vertical velocity can be estimated qualitatively even when the differential vorticity 

advection and temperature advection forcing function are of the opposite sign. For 

e.xample. based on thickness between two pressure levels (or mean temperature) and 

vorticity, it is easy to locate the region of upward (downward) motion wherever there is 

cyclonic (anticyclonic) advection of vorticity by the thermal wind. Figure C.2 illustrates 

the use of the appro.ximation form of the quasi-geostrophic omega equation to estimate 

vertical velocity qualitatively. The ma.ximum upward (downward) motion is in front of 

the 500 mb trough (ridge). 

Another useful tool to estimate the vertical velocity is the Q-vector form of the 

quasi-geostrophic omega equation. This form of the quasi-geostrophic omega equation 

states that the vertical velocity is forced solely by the divergence of Q vector, with 

convergence (divergence) tending to force rising (sinking) motion (Eliassen, 1962; 

Hoskin et al., 1978; Sanders and Hoskins, 1990; Durran and Snellman, 1987). The Q 

vector formulation has several advantages. For example, the forcing functions can be 

evaluated on a constant-pressure surface and there is no partial cancellation between 

terms as in the traditional formulation. Furthermore, the Q vector can be easily plotted 

based on the geopotential height and temperature field to obtain a clear representation of 

vertical motion. That is, the Q vector can be qualitatively found by taking the vector 

change in the geostrophic wind along the isotherms and then rotating clockwise 90 

degree. Figure C.3 shows that ascent motion exists in front of trough according to the Q 
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Figure C.2 Illustration of the use of the Trenberth formulation of the 
quasi-geostrophic omega equation to estimate vertical velocity 
qualitatively. 1000 mb height contours (thin solid lines), 1000-500 
mb thickness contours in dam (thick solid lines); 1000 mb low 
center (L); 1000 mb high center (H); maximum upward motion near 
700 mb (U); maximum sinking motion near 700 mb (D) (from 
Trenberth, 1978). 
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vector distribution in an idealized pattern of upper-level geopotential height contours and 

isotherms. 

In summary, different forms of the quasi-geostrophic equation have shown that in 

the mid-latitudes, vertical rising often occurs in front of a midtrospheric short-wave 

trough. If the air there is moist enough, it will condense and precipitate when the moist 

air rises up and cools adiabatically at the upper level. As a result, precipitation is more 

likely to occur in front of a short-wave trough. 
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Appendix D: Verification Statistics 

To evaluate the regression and fuzzy reconstruction model, this study used the 

following verification statistics: product-moment correlation coefficient (r) between 

observation and reconstruction, the reduction of error (RE) statistics, the nonparametric 

sign test and the root mean squared error (RMSE). 

The correlation coefficient simply measures the relative variations (covariance) 

that are common to the actual and the estimated circulation indicator. The RE statistic 

measures the accuracy gained by using the model-predicted values instead of using the 

mean from the dependent calibration sample as estimates. The RE statistic is defined as: 

where y(t) is the CACI at year t, y { t )  is its estimate, and y  is the mean of predictand in 

the dependent period. If the reconstruction does better than using the average of the 

calibration data as an estimate, the RE statistic should be positive. Since extreme errors 

could cause the RE value to be negative, the RE statistic is a highly sensitive 

measurement of reconstruction reliability (Fritts, 1976). In the calibration period, RE 

equals to percentage of variance explained. 

( D l )  

.\ 
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The sign test compares the number of agreements/disagreements (i.e., 

success/failure) in sign of departure from the dependent data mean. The hypothesis for 

the sign test is: 

where P. is the probability of agreement (success) in the sign of the departure from the 

calibration sample mean, P. is the probability of disagreement (failure). For N<30, the 

critical number (p=0.05) could be found at a cumulative binomial distribution table with 

the probability of the occurrence of interest event equal 0.5. For N>30. the binomial 

distribution can be appro.ximately by a Gaussian distribution with the sample mean (i = 

NP and the sample standard deviation o = [NP(l-P)]''" (Wu and Zhan, 1990). 

The RMSE is the square root of the estimate of the residual variance from the 

sample of residual. The RMSE is defined as: 

where n is the sample size, k is the number of predictors, y(t), t=l,..., n is the observed 

msE (D3) 

A 

value and v'(r) is the reconstruction (Wilks, 1995). 
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