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ABSTRACT: Generalized circulation ~ndices,  as descriptors of atmospheric circulation features, have 
been used to analyze the relationships between circulation and regional climates. Currently, data for 
such circulation indices are limited. Records for some indices extend back into the 19th century, but 
most are based on data that exist for less than 100 yr. Tree rings have been successfully used to extend 
records of circulation indices, most notably the Southern Oscillation Index. Researchers are continuing 
to improve reconstructions and to explore the potential of reconstructing other indices. In contrast to 
more general indices, it is possible to select and/or construct indices that describe circulation features 
important to a specific region. These regionally tailored circulation indices, along with more general 
indices that describe features also influencing the climate of a region, can be reconstructed from tree 
rings. Reconstructions can provide information about variability in atmospheric circulation and about 
the interactions between influential circulation features in past centuries. In this paper, an example of 
such a study is given in which a set of circulation indices, compiled for the southwestern U.S., is recon- 
structed from tree rings. This preliminary study demonstrates the potential value of regionally tailored 
circulation indices and the reconstruction of these circulation indices for gaining an understand~ng of 
how circulation patterns may influence regional climates, on scales of decades to centuries. 
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1. INTRODUCTION 

While it has long been recognized that hemispheric- 
to global-scale circulation features influence regional 
climates, researchers recently have been reminded of 
the severity of the impacts these features can have on 
regional climates, and in turn, the populations, wel- 
fare, and economies of the affected regions. The 1982- 
83 El Nirio event was the most severe that has been 
observed in the 20th century, with impacts on climate 
in many parts of the world (Kiladis & Diaz 1986). This 
event has emphasized the need for a better under- 
standing of the relationships between regional cli- 
mates and large-scale atnlospheric circulation fea- 
tures. 

Indices offer a way to analyze the relationships 
between a circulation feature and other time series 
that describe regional climates. A circulation index is a 
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time series that describes an  atmospheric condition 
and the variations in that condition over time. An index 
usually synthesizes some key aspect of circulation, 
often over a large area such as  a n  ocean or continent. It 
may describe contrasting effects or teleconnections, or 
mechanisms that work together to produce an  overall 
effect. Indices are particularly useful because they 
extract the quintessence of a circulation feature into a 
single time series that can then be  used in analyses 
with other climate and circulation time series, or a s  a 
basis for reconstructing the circulation feature 
described by the index. 

Indices have been used to describe features of the El 
Niiio/Southern Oscillation (ENSO). ENSO is recog- 
nized as a dominant oceanic/atmospheric circulation 
mechanism influencing interannual climate vanability 
in areas such as Australia, Indonesia, South Asia, south- 
eastern Africa, Ethiopia, northeastern Brazil, Chile, 
Argentina, Uruguay, and the southern United States 
(Diaz & Kiladis 1992). The oscillations in ENSO result in 
a set of characteristic oceanic and atmospheric circula- 
tion responses. Circulation features that are  manifesta- 
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tions of variations in ENSO include oscillations in sea 
level pressure between Tahiti and Darwin, Australia 
(the Southern Oscillation), variations of sea surface 
temperature (SST) in the equatorial Pacific, and the 
varying strength of zonal winds across the equatorial 
Pacific. These features can be depicted through the use 
of indices, such as the Southern Oscillation Index (SOI), 
the Nino3 index, and a 200 mb zonal wind index (see, 
for example, the Climate Diagnostics Bulletin pub- 
lished by the Climate Prediction Center, U.S. Depart- 
ment of Commerce, Washington, DC). 

Other hemispheric- to global-scale circulation pat- 
terns have been found to affect regional climates 
around the world, and have been characterized by cir- 
culation indices as well. Two of the most notable of 
these patterns are the Pacific/North American (PNA) 
pattern (Wallace & Gutzler 1981) and the North Atlantic 
Oscillation (NAO). The PNA pattern, which is some- 
times associated with ENSO (Yarnal & Diaz 1986) is one 
of most important modes of atmospheric circulation in 
winter over North America (Simmons et al. 1983, Barn- 
ston & Livezey 1987). The NAO, identified by Walker & 
Bliss (1932), is an  important basis of winter climate vari- 
ability in the North Atlantic and western Europe and 
the Mediterranean (Wallace & Gutzler 1981). 

These and other atmospheric circulation features 
have great impacts upon climate. A knowledge of the 
impacts allows us to understand causes of climate vari- 
ability-changes in means as well as extremes-and 
the ways in which regional climates are related to 
atmospheric circulation patterns. Currently, the data 
available for circulation indices are limited. Although a 
few records, such as those for the SO1 and the NAO 
index, extend back into the 19th century (Wright 1989, 
Hurrell 1995), records for circulation patterns de- 
scribed by 700 mb or 500 mb pressure data, such as the 
PNA index, exist back only to 1947. These data allow 
only a short-term assessment of expected extremes 
and the frequency of recurrence of extremes in circu- 
lation index values as indicators of variations in atmos- 
pheric circulation patterns. 

Even with these limited records, there is evidence for 
low-frequency variations in circulation. Changes in 
modes of circulation have been noted by a number of 
researchers (see Dzerdzeevskii 1969, Kalnicky 1974, 
Douglas et a1 1982, Webb & Betancourt 1992), and 
may be due to the long-term variability in the behavior 
of atmospheric circulation. For example, it is known 
that ENSO has approximately a 2 to 6 yr cycle (Diaz & 
Pulwarty 1994). Some researchers have found evi- 
dence for lower frequency variations as well. This evi- 
dence is based on the relatively long record of SO1 and 
SO1 reconstructions (e.g. Michaelson 1989, Anderson 
1992, Diaz & Pulwarty 1994), but study results have 
been inconclusive. Hurrell (1995) suggests that de- 

cadal changes in circulation and lower tropospheric 
winter temperatures over the North Atlantic and adja- 
cent areas may be related to NAO. Extended records of 
circulation indices are needed for a more complete 
representation of the long-term variability lnherent in 
the natural climate system, and to provide a better 
temporal context from which to evaluate perceived 
changes in the present and future. 

Tree rings, as proxy data with annual resolution, 
have been used to reconstruct a number of climate and 
climate-related variables for many areas of the world, 
especially in the United States and Europe. Tree rings 
are also beginning to be used to reconstruct general- 
ized circulation indices, most notably the SOI. The use 
of circulation indices to explain variations in regional 
climate has, for the most part, been limited to periods 
of time for which actual circulation and climate data 
exist. To date, few attempts have been made to recon- 
struct circulation indices that are relevant to a particu- 
lar region to examine the temporal relationships 
between different circulation features influencing the 
region. For example, we know ENSO to be an impor- 
tant influence on North American extra-tropical cli- 
mate. The PNA pattern has been found to be related to 
this feature at times (Keables 1992). How are these 
2 features related over time scales longer than the 
scarcely 50 yr record that exists? 

A logical extension of past research that has investi- 
gated regional climate variability and reconstructions 
of generalized circulation indices is to reconstruct 
regionally tailored circulation indices that are specific 
to a particular region. The reconstructed records 
would offer a way to analyze circulation features that 
influence the climate of a region and investigate how 
these various features have interacted with each other, 
over several hundred years or more. Reconstructions of 
regionally tailored circulation indices may be used to 
gain information about low-frequency variations in cir- 
culation, and may reveal possible causes for climate 
variability and extreme events. In this paper, I explore 
this approach. In the next section, I discuss how indices 
have been used to describe circulation features, and in 
the section following, I discuss reconstructions of some 
circulation indices, using dendrochronological tech- 
niques. In the final section, I suggest an application in 
which a set of regionally tailored circulation indices 
are compiled for the southwestern United States and 
reconstructed using dendrochronological techniques. 

2. ATMOSPHERIC CIRCULATION PATTERNS AS 
DESCRIBED BY INDICES 

Circulation indices have been generated for a vari- 
ety of purposes. Some have been created to describe a 
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certain circulation feature. Others have been comp~led 
as a means to describe and learn something about the 
influences of circulation on climate in a certain area. 
Much important information has been derived from 
studies utilizing these indices, but they are all limlted 
in the time period they cover. 

A number of important circulation features have 
been described by generalized circulation indices. One 
of the oldest and most well-known circulation indices 
is the SOI. The SO1 is defined simply, although imper- 
fectly, as the difference in standardized pressure 
between Tahiti and Darwin, Australia (Chen 1982). 
Other indices that describe the SO have also included 
measures of precipitation and SST (Michaelson 1989, 
Wright 1989) but the pressure differences alone com- 
pare favorably to the more complex SO indices when 
describing conditions in the equatorial Pacific 

Wallace & Gutzler (1981) defined a number of impor- 
tant winter circulation features teleconnected to North 
Hemisphere climate (i.e. temporally coincident fluctu- 
ations of pressure or other climate parameters in sev- 
eral areas) using a set of generalized indices. This set 
of indices included: the eastern Atlantic, the Pacific 
North American, the western Atlantic, the western 
Pacific, and the Eurasian patterns. The indices de- 
scribe standing oscillations in mean monthly mid- 
tropospheric geopotential height fields at middle and 
high latitu'des of the North Hemisphere in winter. Each 
of the 5 indices accounts for much of the temporal vari- 
ance in monthly mean pressure over the regions it 
influences. Spatially, the group of patterns covers most 
of the teleconnective relationships inherent in the 
monthly mean 500 mb height field in the Northern 
Hemisphere. This set of indices is now used to charac- 
terize and track variations in climate, and is published 
monthly in the Climate Diagnostjcs Bulletin. 

Another family of generalized circulation indices 
includes those that describe the intensity of zonal 
transport or contrast zonal with meridional flow. Cli- 
mate variability and long-tern~ changes in climate 
have been closely linked to changes between 2 main 
circulation types characterized by predominantly zonal 
or lneridional flows (Dzerdzeevsk~i 1969, Lamb 1982). 
The zonal index (ZI) is one of the most commonly used 
measures for describing circulation over a specified 
area and is usually derived by taking the difference 
between pressure at  2 latitudes (Makrogiannis et  al. 
1991). A high index value indicates strong zonal flow 
while a low index value indicates meridional flow 
(Haltiner & Martin 1957). Makrogiannis et  al. (1991) 
used mean monthly ZI values over the North Atlantic 
and Europe to characterize the flow over Europe a s  
predominantly meridional, while finding the flow over 
the Atlantic to be predominantly westerly, for the 
period 1873-1988. Inamdar & Singh (1993) also em- 

ployed a ZI in their study of the relationship between 
circulation and rainfall over India during the sou.thwest 
monsoon season. In this case, they used the difference 
in surface pressure between a location In central India 
and one over the southwest tip of India to characterize 
the general strength of the monsoon flow across the 
west coast of India. Gruza et  al. (1990) used a series of 
indices that included a measure of zonal transport at  
500 mb in their assessment of the power of global 
indices in predicting regional Northern Hemisphere 
mean monthly air temperature. 

Regionally tailored indices have also been derived. 
An example of this is the set of indices compiled by 
Carleton (1987) to describe the Arizona monsoon. Car- 
leton classified 500 mb synoptic types for the summer 
monsoon season in Arizona from daily satellite data 
and daily 500 rnb maps. He used these classifications to 
derive an  index consisting of the ratio of numbers of 
wet and dry anticyclones, which indicates the position 
of the Bermuda high pressure ridge. In his scheme, a 
more southward position coincides with more frequent 
dry anticyclones and leads to drier conditions, while a 
more northerly position coincides with more wet anti- 
cyclones and wetter conditions. Yarnal (1993) also pre- 
sents an  example of indices used at  smaller synoptic 
scales in which atmospheric circulation over western 
Pennsylvania is characterized by pressure pattern 
intensity and gradient. 

Other examples of the derivation and use of both 
generalized and regionally tailored circulation indices 
are  reviewed by Yarnal (1993). Some of these include 
indices that describe long-wave patterns over the 
United States, regional climates of the United States 
and Canada,  troughing and precipitation in the 
Mediterranean, periodicities in precipitation in Africa, 
and temperatures in Antarctica based on Southern 
Hemisphere circulation patterns. 

3.  TREE-RING RECONSTRUCTIONS OF INDICES 

A number of studies have investigated the relation- 
ships between tree-ring chronologies and atmospheric 
circulation as described by generalized circulation 
indices. These studies fall within the field of synoptic 
dendroclimatology, a term suggested by Hirschboeck 
et  al. (1996) to describe studies that use dated tree 
rings to reconstruct past records of, and investigate the 
links between, climate and atmospheric circulation. 
Hirschboeck e t  al.'s (1996) review suggests that much 
of the synoptic dendroclimatological research that is 
based on circulation indices, to date, has been 
exploratory, or has merely pointed out the potential of 
reconstructing generalized circulation indices from 
tree rings (e.g.  Stockton 1990, D'Arrigo & Jacoby 1991, 
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Table l Overvlew of studies related to tree-ring reconstruc- 
tions of circulation indices 

I Index References I 
El Nino/Southern Michaelson & Daily (1983) 
Oscillation (ENSO) Lough & Fritts (1985) 

Michaelson (1989) 
Lough & Fritts (1990) 
Swetnam & Betancourt (1990) 
D'Arrigo & Jacoby (1991, 1992) 
Cleaveland et a1 (1992) 
Lough (1992) 
Meko (1992) 
Swetnam & Betancourt (1992) 
Stahle & Cleaveland (1993) 
Woodhouse (1993) 

Pac~fic/North American Stahle (1990) 
pattern (PNA) Stahle & Cleaveland (1992) 

Stahle & Cleaveland (1996) 

North Atlantic 
Oscillation (NAO) 

Stockton (1990) 
D'Arngo et al. (1994) 
Chbouki et al. (1995) 

Sea Surface Temper- Douglas (1976) 
ature, Californla/Raja 1 Subtropical High. Chile Villalba (1989) 

1992, Meko et al. 1993). Very few actual reconstruc- 
tions of circulation indices have been generated. The 
majority of the research has focussed upon ENSO- 
related circulation as it has become recognized as a 
major factor in the interannual and decadal (or longer) 
variability of global atmospheric circulation (Diaz & 
Pulwarty 1994). Table 1 provides a summary of studies 
related to tree-ring reconstructions of circulation 
indices. 

3.1. El NinoISouthern Oscillation 

Lough & Fritts (1985) first investigated the possibility 
of reconstructing the SO1 from tree rings when they 
noted that climate reconstructions from trees in west- 
ern North America (especially for temperature and 
precipitation) contained an SO signal. They went on to 
reconstruct the SO directly from tree rings, using 
chronologies both in the Southern Hemisphere 
(Argentina, Ch~le ,  Tasmania, New Zealand and South 
Africa) and western North America, from 1601 to 1963. 
Western North American chronologies provided the 
best correlations and explained about 50 % of the vari- 
ance in SO. They later improved these results slightly. 
using just the North American tree-ring chronologies 
and a different version of the SO1 (Lough & Fritts 1990). 
These tree-ring chronologies were able to explain 
57 to 59% of the variance in winter SOI. Lough (1992) 
further analyzed this reconstruction for evidence of 

changes in SO1 characteristics over the past 3 cen- 
turies. This work demonstrated that tree rings from 
western North America can be used to explain a sig- 
nificant amount of the variation in SOI. However, such 
reconstructions are, of course, biased by how the trees 
in this region record the ENSO signal, which is some- 
what different than the signal in the equatorial Pacific. 

Michaelson (1989), refining work done by Michael- 
son & Daily (1983), reconstructed an ENSO index 
based on sea level pressure and rainfall in the tropical 
Pacific and using a set of 7 climatically sensitive and 
long tree-ring chronologies, primarily located in New 
Mexico, with a common time period of 1569 to 1965. 
The principal goal of this study was to examine the 
changes in amplitude and frequency of ENSO over 
time. To focus on climate variability in the frequencies 
characteristic of ENSO, both index and tree-ring series 
were band filtered before they were compared. A 
regression model explained 35% of the variance. 
Michaelson found that the amplitude and frequency of 
ENSO events varies over an 80 to 100 yr time scale. 
The predominant frequency progresses from 10 yr to 
3 yr followed by a return to lower frequencies. Ampli- 
tude grows as frequency increases with a peak in the 
4 to 6 yr range. Less variance in ENSO is explained by 
Michaelson's model than the variance in SO1 ex- 
plained by the model of Lough & Fritts (1985), perhaps 
due to the smaller number of tree-ring hronology 
sites, which may reflect a more limited regional 
response of trees to ENSO-influenced climate. 

Cleaveland et al. (1992) and Stahle & Cleaveland 
(1993) used tree-ring chronologies from the Southern 
Plains and northern Mexico to reconstruct winter SOI, 
and to search for multi-decadal-scale changes in the 
strength and frequency of ENSO events. A regression- 
based reconstruction explained 4 1  % of the variance in 
winter SOI, and produced a record extending from 
1699 to 1971. Reconstructions based on regression and 
discriminant function analysis suggest an increase in 
frequency of winter SO1 extremes since 1850. The 
models used in the reconstructions of winter SO1 from 
Lough & Fritts (1985) and Cleveland et al. (1992) ac- 
counted for 40 to 50% of the variance in winter SOI. 
However, the correlation between the 2 series is only 
r = 0.46 (1702-1963). This low correlation suggests that 
although some of the variance explained in the 2 
reconstructions is the same (both studies used trees 
from northern Mexico), a portion of it is different, 
which is perhaps not surprising, given that climate in 
western North American is influenced by ENSO in a 
different way than is the climate in the Southern 
Plains. The trees reflect these differences, and thus the 
reconstructions are different. 

D'Arrigo & Jacoby (1991, 1992) made a preliminary 
assessment of the usefulness of New Mexico tree-ring 
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chronologies in reconstructing ENSO characteristics. 
They also examined the feasibility of using the New 
Mexican chronologies in conjunction with tree-ring 
records from teak in Java to estimate an ENSO-related 
SST index (D'Arrigo & Jacoby 1992). In order to 
improve proxy records of ENSO, they suggest the 
development of other tree-ring chronologies and high 
resolution proxy records, such as corals, varves, and 
ice cores from ENSO-sensitive areas, with different 
spatial modes of variability (see Diaz & Markgraf 
1992). A better approach to reconstructing ENSO, if 
that is the goal, would be to use a combination of proxy 
records rather than any one type of proxy data from a 
specific region. This strategy would aid in screening 
out local and proxy-specific biases in the ENSO signal. 

Other work has focussed on ENSO and its impact on 
tree growth and climate in the western United States 
by using ENSO-related indices to examine the spatial 
variability of the signal, and its effect on regional cli- 
mates and climate-related variables. Meko (1992) 
investigated the strength of the frequency domain and 
regional coherence of a band-limited ENSO signal in 
regional tree-ring chronologies for the western United 
States. He found the strongest signal in Arizona and 
New Mexico, but found the signal to be relatively 
weak in all regions when compared to that of lower 
frequency fluctuations (lvavelengths longer than 20 yr). 
The study dlso supported previous evidence of a north- 
south opposition of moisture anomalies in the interior 
western United States as an  ENSO signature. In a 
study of Colorado Front Range trees (Woodhouse 
1993), tree growth was found to be  a n  indicator of the 
strength and sign of the ENSO signal in this transi- 
tional area. Cold ENSO events tended to be more con- 
sistently recorded in the tree rings, while the warm 
ENSO (El Nilio) events perhaps accounted for more 
growth extremes. Swetnam & Betancourt (1990, 1992) 
investigated the effect of ENSO on fire in the south- 
western U.S., and its influence as a climatically driven 
large-scale disturbance factor They found ENSO- 
related climate to be a factor in determining fire occur- 
rence and magnitude, as well as more local 'fire 
weather'. 

This excellent collection of research illustrates the 
usefulness of tree rings in reconstructing ENSO- 
related indices and learning more about the long-term 
behavior of this mechanism, including the spatial and 
temporal variations in phase, magnitude, and fre- 
quency. I suggest, as others have, that if the goal is to 
reconstruct ENSO indices, it is necessary to use a num- 
ber of sources of proxy data to control for the individ- 
ual biases introduced by the type and locale of the 
proxy data source. On the other hand, if the goal is to 
determine how ENSO influences climate in a particu- 
lar region, then these different reconstructions, 

although perhaps not comparable, a re  indeed impor- 
tant records of the impact of ENSO on tree growth and 
climate in that region. 

3.2. PacificINorth American pattern 

The PNA circulation pattern frequently accompanies 
ENSO events (Yarnal 1985), but it is also a primary 
mode of winter circulation variability across North 
America in non-ENS0 years (Simmons et al. 1983). 
This circulation pattern (in the positive sense) is char- 
acterized by a strong, deep Aleutian Low, a n  upper 
level high over western Canada,  and  a deep low over 
the southeastern United States (Yarnal & Diaz 1986). In 
a reverse PNA pattern (negative values), the signs of 
the pressure anomalies are reversed. In general, the 
areas of the United States most directly affected by 
PNA circulation a re  the Southeast and Northwest 
(Leathers e t  al. 1991). 

Several researchers studying the relationships 
between tree growth, climate, and circulation patterns 
in the Southern Plains and southeastern United States 
have examined the role of PNA in influencing tree 
growth. Stahle (1990) studied frost rings in post and 
white oak in the Southern Plains and found these dam- 
aged rings to result from anomalously warm winters, 
and early springs followed by severe cold outbreaks 
during the spring, an  event called a false spring. In the 
frost ring years for the period of historical record, he  
found that false springs were associated with cold 
ENSO events, which tend to CO-occur with the reverse 
PNA circulation pattern. Stahle & Cleaveland (1992) 
reconstructed spring rainfall from baldcypress for 
South Carolina, North Carolina, and Georgia for the 
last 1000 yr. When the reconstructions were correlated 
with gridded SLP (sea-level pressure) data, the pattern 
of significant correlations was 'vaguely reminiscent' of 
a PNA pattern. When the reconstructions were corre- 
lated with the actual PNA index (as well as NAO and 
ENSO indices) there were no significant correlations, 
possibly due  to reconstructions being for the spring, 
while the indlces are  more characteristic of winter con- 
ditions. In a n  effort to account for low frequency vari- 
ance on a n  expanded set of tree-ring chronologies 
from the southeastern United States, Stahle & Cleave- 
land (1996) looked for a pattern associating tree- 
growth and Northern Hemisphere 700 mb heights in 
spring. They found a pattern similar to the PNA pat- 
tern, which they used as a basis for a PNA-like index. 
In a comparison of the correlations between the scores 
of the first principal component from the 11 tree-ring 
chronologies and a set of circulation indices, they 
found that highest correlations existed between the 
first principal component scores from the tree rings 
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and the derived PNA-like index (r = 0.61), followed by 
the PNA index (r = 0.47). 

In thls series of studies cited above, the focus was on 
trying to determine how large-scale climatic forcing 
influences climate, and in turn, tree growth. In the 
southeastern U.S., the PNA pattern is a likely influ- 
ence,  given the geographic regions it most directly 
affects. It is more of a winter pattern, and the trees in 
the Southern Plains and the southeastern U.S. reflect 
spring conditions, so a better match is made with a 
PNA-like index, tailored for this area.  Although this 
regionally tailored PNA index may not be  of use to 
researchers desiring an extended PNA index, tbe 
importance of this index lles in its potential abllity to 
explain variations in the regional climate. 

3.3. North Atlantic Oscillation 

Along with the PNA, the NAO has been identified a s  
one of the 2 most prominent anomaly patterns in the 
Northern Hemisphere winter (Kushnir & Wallace 
1989). The NAO links conditions in the northern 
Atlantic and Europe. Its primary characteristics are  a 
negative relationship between winter temperatures in 
Greenland and Labrador, and in northwestern Europe, 
and a negatlve correlation between SLP in the areas of 
the Icelandic Low and  the Azores High (Wallace & 
Gutzler 1981, D'Arrigo et al. 1994). Several indices 
have been used to describe the NAO, including one 
based on the difference in temperature between 
Greenland and Norway and one based on the normal- 
ized pressure difference between the Icelandic Low 
and the Azores High (Van Loon & Rogers 1978, Rogers 
1984). Low values of the NAO are  characterized by 
above average pressure near Greenland and  below 
average pressure at the Azores, with warm conditions 
in western Greenland and cold conditions in the east- 
ern United States and northwestern Europe. An 
extreme NAO condition arises during the time the 
pressure gradient between the Icelandic Low and the 
Azores High reverses (D'Arrigo et  al. 1994) 

Variations in the NAO are  also associated with rain- 
fall in Morocco (Lamb & Peppler 1987). After recon- 
structing a 1000 yr record of drought from trees in 
Morocco, Stockton (1990) suggested that the relation- 
ship between tree growth and precipitation might be 
used to reconstruct a record of the NAO. Chbouki et  al. 
(1995) reconstructed moisture anomaly patterns for 
Morocco from tree rings and found the strength and 
position of the Azores High to be one of 3 main factors 
influential to periods of drought. They suggest that 
trees in this region have great potential for reconstruc- 
tion of pressure anomalies, which could possibly be 
used in NAO prediction. 

D'Arrigo et al. (1994) examined the NAO signature 
in tree-ring records in Scandinavia and Labrador 
Using superposed epoch analysis, they found positive 
(negative) growth departures in temperature-sensitive 
trees from Scandinavia corresponded to negative (pos- 
itive) anomalies in winter SLP related to the Icelandic 
Low pressure center. Trees also showed a positive cor- 
relation to winter temperatures in Oslo, Norway, a sta- 
tion that defines the northwest European terminus of 
the winter temperature oscillation. These results indi- 
cate the potential usefulness of tree rings in recon- 
structing atmospheric-oceanic variations in the North 
Atlantic, such as those described by the NAO index. 
D'Arrigo et al. (1994) suggest that future work incorpo- 
rating more tree-ring records and other sources of 
proxy data could provide information about decadal 
fluctuations in the North Atlantic climate system in the 
past. 

Although perhaps not as well known, the NAO 
influences large-scale climate, as does ENSO. 
Research suggests that NAO extremes may be associ- 
ated with and/or influence Atlantic SST anomalies, 
the strength of the Gulf Stream, westerly flow charac- 
teristics, and sea ice and icebergs in the Arctic 
(Rogers & Van Loon 1979, Rogers 1984, Wallace et  al. 
1990). There is also evidence that conditions in the 
North Atlantic during deeper than average Icelandic 
Lows (high NAO) correspond to positive SLP anom- 
alies in the central North Pacific (Van Loon & Rogers 
1978). In the reconstruction of NAO, there is perhaps 
a n  advantage in the use of tree rings over the recon- 
struction of ENSO-related indices. Trees grow and 
appear to record the NAO signal in locations that are  
directly affected by the climatic effects of this oscilla- 
tion, thus there is a more direct connection than 
bet.ween tree growth and the SOI, and less bias may 
be introduced by a local filtering of the signal. There 
are  few datable, climatically sensitive tree species 
that grow in the region where the SO occurs (i.e. the 
tropical Pacific), though the use of teak in Indonesia is 
currently being explored (D'Arrigo et al. 1995). One 
potential problem in obtaining a good NAO recon- 
struction is that trees at  upper latitudes tend to be 
sensitive to summer temperatures. However, trees 
from some high latitude sites record climate from 
other seasons, and the NAO extremes and related 
anomalies can persist into summer (Rogers & Van 
Loon 1979, Jacoby & D'Arrigo 1989). D'Arrigo et  al. 
(1994) believe that the addition of more tree-ring 
chronologies and other types of proxy data, such as 
from ice cores, that are  in areas directly influenced by 
the NAO would be useful for producing good recon- 
structions of the atmosphere-ocean Interactions in the 
North Atlantic and the climate conditions they influ- 
ence. 
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3.4. Other indices 

Several other less widely known or regionally tai- 
lored atmospheric circulation indices have been recon- 
structed with tree rings. These studies focus on specific 
regions and address circulation or circulation-related 
features that are related to regional climate. 

Douglas (1976) explored the use of SST in an  index 
of air-sea interactions off the coast of California and 
Baja, California. He reconstructed eastern North Pa- 
cific SST from 1671 to 1972 using 7 tree-ring chronolo- 
gies from southern California and western Mexico. 
The reconstructions explained 53'% of the variance in 
winter SST, 54 % of the variance in spring, and 55 % of 
the variance in summer. SST is also related to climate 
over other parts of the United States, notably the south 
and central U.S., and is associated with ENSO-related 
climate variability, so the reconstruction could also 
provide information about climate variability in those 
areas (Douglas 1976). 

In an  examination of circ'ulation patterns in the 
Southern Hemisphere, Villalba (1989) used tree-ring 
chronologies in Chile and Argentina to estimate varia- 
tions in the latitude of a semipermanent subtropical 
Pacific anticyclone off the Chilean coast. Variations in 
the north-south position of this anticyclone are  related 
to the strength of the Hadley cell and the meridional 
temperature gradient, and are important because they 
infl.uence regional precipitation patterns in Chile and 
Argentina. Tree-ring widths were correlated with 
indices related to the position of the anticyclone and to 
the monthly average latitudinal position of the anticy- 
clone. A set of tree-ring chronologies was used to esti- 
mate a record of the position of the anticyclone in sum- 
mer (1572-1974) and winter (1450-1972). 

4. REGIONALLY TAILORED INDICES AND 
RECONSTRUCTIONS 

Generalized circulation indices provide descriptions 
of large-scale circulation features. Good proxy records 
of important circulation features, such as the Southern 
Oscillation and the North Atlantic Oscillation, are  of 
great value, and improvements on these reconstruc- 
tions are  continuing to be made. These features have 
wide-reaching impacts on climates in many parts of 
the world and reconstructed records of their behavior 
have application in many areas of research. However, 
a reconstructed generalized circulation index that 
reflects the behavior of a circulation pattern in one 
geographical region may not be useful when applied 
to a different region. An SO1 reconstructed from trees 
in the southwestern United States is different from one 
reconstructed from trees in the Southeast because the 

effect of ENSO on climate is different in these 2 re- 
gions, but both reconstructions will provide informa- 
tion about how ENSO influences climate in these par- 
ticular regions. Additionally, there may be indices that 
are  more appropriate for describing region-specific 
influences of major circulation features. For example, 
in examining how ENSO influences North American 
climate, Murphree (1996) suggests that there are other 
indices more directly related to extra-tropical climate 
than the SO1 that may be more useful, such as the 
200 hPa zonal wind index. 

I suggest an  alternative approach to the use and 
reconstruction of generalized circulation indices. To 
understand how circulation features influence regional 
climates, regionally tailored indices, as opposed to 
generalized indices, may be used to describe the circu- 
lation patterns that are important to a specific region. 
Proxy data may be used not only to reconstruct gener- 
alized indices (as in improving the SOI), but also to 
reconstruct regionally tailored indices that describe 
circulation patterns that a re  important to climate in a 
particular area of interest. A set of regionally tailored 
circulation indices must first be generated that 
describes features that are important to the area of 
interest. This set of indices can include indices specifi- 
cally constructed to describe circulation features that 
influence the climate of a particular region, but can 
also include indices such as the SO1 and PNA index. 
The second type of indices is included if they are influ- 
ential to the climate In the region of interest, but the 
goal of the reconstruction of these indices is to help 
explain regional climate variations, not to reconstruct 
the large-scale circulation features described by the 
generalized indices. Next, it must be determined if it 
is possible to obtain good reconstructions of these 
indices. If this can be  accomplished, the reconstruc- 
tions can then be used to investigate how circulation 
patterns interact with each other over the length of the 
reconstructions and inferences may be made about 
how they influence variability and extremes in climate. 

4.1. Example from the southwestern U.S. for winter 
climate 

The southwestern United States is an  arid region 
that, in winter, lies south of the usual storm track of 
the westerlies and north of the low-latitude flow of 
tropical air across Mexico. Generally, high pressure 
dominates the region in winter and only anomalous 
conditions steer storms into the area and  bring large 
amounts of precipitation (Sellers & Hill 1974). In fall 
and  winter, the region can be  influenced by ENSO, 
although the impacts a re  variable from event to event. 
Other large-scale features, such as the PNA circula- 
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tion pattern, may have important influences on winter 
climate as well. 

The Southwest has long been a focus of dendrocli- 
matological studies, largely due to the presence of 
long-lived and climatically sensitive trees in this arid 
environment. A great number of excellent chronolo- 
gles have been developed for this region. Eighty-eight 
tree-ring chronologies for the common time period 
1701 to 1983 exist for an area including southern Cali- 
fornia, southern Nevada, northern Baja, Arizona, and 
western New Mexico. 

The climatic characteristics of the Southwest, in con- 
cert with the availability of tree-ring chronologies from 
climatically sensitive trees, make this a suitable region 
for the investigation of potential reconstructions for cir- 
culation indices. In the arid Southwest, the study of 
past variat~ons and extremes in climate and impacts on 
climate is important because this area is currently 
experiencing growth that may be pushing the limits of 
resources. Information about past climate and how it 
may have been influenced by atmospheric circulation 
features may provide clues to how perturbations in 
regional atmosphenc circulation patterns induced by 
global climate change may influence winter climate in 
the desert Southwest. 

In this study, the objectives I wish to achieve include 
determining which atmosphenc circulation patterns 
are influential to winter climate In the Southwest, com- 
piling a set of circulation indices using observed data 
that describe these patterns, using tree-ring chronolo- 
gies to reconstruct these circulation indices, and 
finally, determining how the relationships between 
these reconstructed circulation indices have varied 
over time. 1 define winter climate in terms of average 
maximum winter temperature and number of rainy 
days (days with a trace or more of precipitation 
recorded) for the winter wet season (November- 
March). The study region encompasses southern Cali- 
fornla and Nevada, Arizona, and western New Mexico 
(Fig. l ) .  

I first identified the large-scale circulation features 
important to winter climate in the Southwest, and col- 
lected and/or generated a set of indices describing 
these features (Table 2) (Woodhouse in press). Briefly, 
the set of indices included: 2 ENSO-related indices 
(SST and SO1 indices), a modified PNA index, and 2 
indices that feature the strength of a 500 mb low over 
the Southwest. Of these last 2 indices, one was based 
on the low in combination with 500 mb highs over the 
Gulf of Alaska and the Great Lakes (SWTROF), and 
the other was based on the low in conjunction with the 
latitudinal position of a Pacific Ocean high (PHSWL). 

I then used a set of 88 tree-ring chronologies, located 
within the study area, to investigate the feasibility of 
reconstructing the circulation indices. A standard 

Texas 

MEXICO ' % .  , 

Fig. 1. Location of study area in the southwestern U.S. 

reconstruction technique of principal components 
regression (Cook & Kairiukstis 1990) was used to pro- 
duce the models used to generate reconstructions of 
the circulation indices. Model results were evaluated 
and assessed using a standard set of calibration and 
verification statistics (Fritts 1976). The adjusted ex- 
plained variances for the regression models ranged 
from 26% (winter SST) to 78% (SWTROF, winter aver- 
age),  and all calibration/verification statistics were sig- 
nificant at a = 0.01. The reconstructions were produced 
from the models and validated with historical ENSO 
records, other dendrochronological reconstructions of 
SOI, and actual and reconstructed SLP patterns for 
western North America (Fritts 1991). 

Preliminary analyses of the reconstructions sug- 
gested some temporal variations in the behavior of 
these reconstructed indices. In a rotated principal com- 
ponents analysis of the circulation indices from 
observed data (1947-1990), the indices fell into 2 
groups. One group contained the ENSO indices and 
the modified PNA index, and the other contained the 2 
southwestern low indices, SWTROF and PHSWL. In an 
analysis of the reconstructed indices (1702-1983) re- 
sults suggested 3 groupings of indices. The first group 
was the same as that yielded from the observed data, 
but the SWTROF index formed a second component, 
and the PHSWL index fell into a third component. 
These results imply that the relationships between 
these indices in the short term may be different than in 
the past 3 centuries. Frequency counts of the numbers 
of years of extreme values (i.e. the upper and lower 
20 % of values) for each reconstructed index were com- 
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Index Description Soul-ce Interval 

Sol Southern Oscillation Index: SLP difference, Cl~niate Pred~ctlon Center (CPC), Winter (DJF), 
Tahiti - Darwin LVashington, DC, USA fall-w~nter(S-F) 

SST Sea surface temperature from COADS (comprehensive 
Ocean-Atmosphere Data Set) data Winter (DJF) 

4" N-4"S, 160"-80" W (1930-1979) K~ladls & Dlaz (1989) 
5" N-5" S, 190"-90" W (1980-1990) CPC Nino3 index 

PNA- Pacific North American patterns; a measure of Woodhouse (in press) Winter (JFM) 
modified zonality across North America. Location of pressure 

centers modified after Keables (1992) PNA3 
pattern. 
PNA = [-2(135°W, 35' N) + 2(100° W, 75" N) 

- 2(70° W, 30" N)]/3 

SWTROF Southwestern trough; measure of intensity of low Winter wet 
over the SW, in combination with high pressure season (Nov- 
over the Gulf of Alaska and the Great Lakes. Mar), and NDM 
SWTROF = [-Z(140° W, 50" N) + Z(115" W, 35" N) 

- Z(80° W, 45' N)j/3 

PHSWL Pacific high/Southwestern low; measure of Winter wet 
intensity of low over the SW, in conjunction with season (Nov- 
the longitudinal position of the Pacific high. Mar), and NDM 
PHSWL = Z(115" W, 35"N) - longitude of the greatest 

500 mb height at  30" N, 120"-160" W 

Woodhouse (in press) 

Woodhouse (in press) 

piled by century. Although many of the years of 
extreme values appeared to be evenly distributed over 
the 3 centuries, the SO1 showed a marked increase in 
years of extreme values in the 20th century, years of 
extreme PNA values were more frequent in the 18th 
and 19th centuries, and SWTROF extreme-year values 
(dry years only) occurred most often in the 19th cen- 
tury (Woodhouse 1996). 

Because there appears to be evidence for long-tern? 
changes in the circulation features that influence 
Southwestern climate, it may be reasonable to expect 
these types of cha.nges to persist in the future. Given 
an  understanding of the way circulation patterns influ- 
ence regional climates, information about past rela- 
tionships between circulation indices may be used to 
help explain the variations in climate we detect in the 
present and future. 

5. CONCLUSIONS 

There is a need for a better understanding of how 
large-scale circulation features influence regional cli- 
mates on decadal to longer time scales. Instrumental 
records of both climate and circulation variables are  
usually not greater than 100 yr, and more commonly 
are much shorter. The lengths of these records are  in- 
adequate for assessing decadal-scale variations and 

the frequencies of extremes that may be expected to 
occur. This review reveals the many types of general- 
ized circulation indices used to describe atmospheric 
circulation patterns, a s  well as the potential to develop 
regionally tailored indices. Proxy data,  such as  those 
from tree rings, can be used to extend records of circu- 
lation indlces. An increasing number of generalized 
circulation index reconstructions are being ge.nerated 
from tree rings. I suggest the potential exists for studies 
that utilize reconstructions of regionally tailored circu- 
lation ~ndices  that describe circulation features impor- 
tant to regional climates, spatially and temporally. In 
the example from the Southwest, I demonstrated how 
tree-ring chronologies can be used to reconstruct a set 
of circulation indices that were designed to describe 
the important circulation features influencing winter 
climate. In this study, I fulfilled my stated objectives by 
defining and compiling a set of 5 regionally tailored in- 
dices that describe circulation features influential to 
winter climate in the Southwest, reconstructing these 
indices with tree-ring chronologies, and examining 
how the relationships between these reconstructed cir- 
culation indices varied over the past 3 centuries. 

The potential exists to apply this research approach in 
a variety of geographic areas at  different spatial scales, 
and  incorporating different types of proxy data. 
Nonetheless, there are  limitations that should be  con- 
sidered. In using any sort of proxy data to reconstruct 
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past climate, only a portion of the total variance of the ob- 
served data will be explained by the proxy data. For the 
study described above, the collection of tree-ring 
chronologies was able to explain between 26 and 78 % of 
the variance in the circulation indices. The trees in the 
southwestern United States are among the most climat- 
ically sensitive in the world, but even so, there are por- 
tions of the variability in climate and circulation that are 
not duplicated in the tree-ring reconstructions. An addi- 
tional difficulty is related to the verification of recon- 
structed circulation indices using independent data. 
There are few proxies for 500 mb-based circulation in- 
dices that can provide independent confirmation for the 
period of the reconstructions. Reconstructions from other 
types of proxy data could provide additional verification. 

Atmospheric circulation features have important 
impacts on regional climates throughout the world. 
Regional climate change, whether due to anthro- 
pogenic, internal, or external forcing factors, may have 
increasingly greater effects on human activities, espe- 
cially in view of continued economic development and 
population increases. Thus, a better understanding of 
how global- to regional-scale changes in circulation 
patterns may influence regional climates i.s vital. This 
knowledge is obtainable through continued and inno- 
vative research utilizing proxy data, such as tree rings, 
in collaboration with other types of proxy data and 
modeling techniques. 
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