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ABSTRACT

The primary goal of this research is to gain a better understanding of the spatial and

temporal relationships between atmospheric circulation features and winter climate

variability in the southwestern United States, and to investigate the variations in these

relationships over the past three centuries. A set of six circulation indices is compiled

that describes circulation features important to winter climate variability in this region.

This set includes pre-existing indices such as the SOI and a modified PNA index, as well

as regionally-tailored indices. A network of 88 tree-ring chronologies is then used to

reconstruct the indices and the regional winter climate variables: numbers of rainy days

(a variable not previously reconstructed with tree rings) and mean maximum

temperature. Analyses suggest that three types of circulation features have influenced

winter climate in the Southwest over the past three centuries. Although ENSO-related

circulation patterns have been an important factor, especially in the 20th century,

circulation patterns featuring a southwestern low appear to be as important if not more

important to climate in some time periods. Results suggest that low frequency variations

in atmospheric circulation patterns have occurred over the past three centuries and have

had spatially and temporally varying impacts on winter climate in the Southwest.
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1. INTRODUCTION

An understanding of how atmospheric circulation features influence climate can provide

important information about the causes of climatic variability. In the southwestern

United States, the fundamental circulation patterns that influence climate are known, and

the teleconnections and direct influences of well-known circulation features such as the

Southern Oscillation Index (SOI) on regional climate are being studied. However, in

view of potential climatic changes, it is becoming increasingly important to more fully

investigate the relationships between circulation features and regional climate.

Knowledge about the long-term spatial and temporal relationships between climate and

circulation is vital for understanding the range of natural variability of climate and for

assessing the impacts of anthropogenic activities on climate. At present, it is difficult to

discern long-term trends and causes for variability in climate because historical climate

records in the Southwest exist for less than 100 years. Climate records can be extended

with the use of proxy data, and tree-ring data have proven to be particularly useful

because of their annual resolution and time scale (100s to 1000s of years).

In this research, I investigate the relationships between winter climate in the

southwestern United States and atmospheric circulation features as characterized by

indices. I reconstruct records of both winter climate variables and circulation indices
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back to 1702, using a network of tree-ring chronologies. I then examine the relationships

between the set of reconstructed indices, and between the reconstructed indices and

regional climate variables for the past three centuries.

The areal focus of this study is the southwestern United States, including southern

California, southern Nevada, Arizona, and western New Mexico. In addition, several

tree-ring chronologies from Baja California are used. The region is an appropriate one

for the study of the relationships between circulation patterns and climate variability.

Much of this region is covered by desert, including parts of the Sonoran, Mojave, Great

Basin, and Chihuahuan deserts. This arid region is experiencing large population

increases, accompanied by increased demands on water resources that are already

stressed. Winter moisture conditions are especially important because the winter wet

season is the season in which the most water is stored in reservoirs for use during the rest

of the year, especially in summer when water is more likely to evaporate before it can be

utilized. Changes in patterns of winter atmospheric circulation which influence climate

variability could affect the sustainablity of life in this region.

An investigation of the relationships between hemispheric- to global-scale atmospheric

circulation features and the winter climate of the Southwest based on tree-ring

reconstruction must address several key questions. These are as follows:
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• What are the major circulation patterns that influence winter climate in the

southwestern United States? How can these patterns be described with circulation

indices?

• How well do tree-ring chronologies in the Southwest reflect winter climate, as reflected

in moisture and temperature variables? Can large-scale circulation features, represented

by indices, be reconstructed with tree rings?

Utilizing reconstructed records of circulation indices for the Southwest, how have the

relationships between circulation indices varied over the past 300 years? Are trends or

periodicities evident? How do these reconstructions of circulation indices compare with

other tree-ring reconstructions of circulation indices?

• How have the relationships between winter climate and circulation, as described by

circulation indices, varied spatially and temporally over the past three centuries?

To address these objectives, the study has been divided into five sections. Each section is

addressed in journal paper form, and has been or will be submitted for peer-review and

publication. The five papers constitute the main chapters of this dissertation.
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The first chapter is a review of some of the literature concerning the ways that

atmospheric circulation patterns have been described by indices, and about the

reconstruction of circulation indices using tree rings. I suggest the usefulness of

regionally-tailored circulation indices, and how they may be reconstructed with tree rings

and used in conjunction with reconstructions of climate to investigate the relationships

between climate and circulation patterns described by indices.

In the second chapter, the circulation patterns that are important to winter climate in the

Southwest are investigated. I compile a set of circulation indices that describe these

features. Some of these indices existed prior to my research, such as the Southern

Oscillation Index (SOI), and some I generated for this study. The ability of these

circulation indices to explain variations in winter climate is examined.

An example of how the climate variables were reconstructed from tree rings is the topic

of the third chapter. In the course of this research, three winter climate variables were

investigated and reconstructed; total precipitation, number of rainy days, and mean

maximum temperatures for the winter wet season, November through March. The study

area was divided into six subregions, to account for variations in regional climate. The

reconstructions were based on regional climate variables. In this chapter, the

reconstruction of number of rainy days for the southeastern-most region is discussed.
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This particular climate variable was specifically of interest because it is a variable that

has not previously been used in dendroclimatic reconstructions. The other regional

climate variables were reconstructed in the same way as the rainy day example given in

this chapter. The reconstructions of number of rainy days, total precipitation, and mean

maximum temperature by region are in Appendix C. The calibration and verification

statistics are in Appendix D

The reconstruction of my set of circulation indices, (Chapter 3), is discussed in the fourth

chapter. In this section, I also examine different ways to validate these reconstructions

with independent data. This is important since a number of these indices are based on

500 mb gridded data, which became widely available in 1947, allowing only a short

calibration period. The validation was difficult to accomplish because there are not many

proxies for 500 mb pressure patterns. Finally, I explore the relationships between

circulation indices over the past three centuries.

In the last of the five chapters, I investigate the relationships between regional

reconstructions of numbers of rainy days and temperature, and the reconstructed

circulation indices. A problem can exist when two types of data are reconstructed from

the same set of proxy day, and then compared. Because the sets of reconstructed climate

and indices both contain some variance unrelated to climate but related to the trees that
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were used in the reconstructions, the correlations between the two sets of reconstructions

may be artificially enhanced. It would be difficult to determine how much the

relationships were inflated, so I decided to focus my analyses on extreme values only,

defined by the upper and lower 20% of values, as these values may be less affected by

the artificial enhancement, in a relative sense. I analyzed the extreme values in the

reconstructed climate series to determine how they corresponded, spatially and

temporally, to extremes in the circulation indices.

In a final chapter of the dissertation, I briefly summarize important results and major

conclusions drawn from the whole body of research, and discuss their significance. An

overview of the steps in this study are shown in Figure 1.1. 

STUDY OVERVIEW         2.
Reconstruction of Climatic Variables

Winter rainy days
Mean maximum winter temperattie

Regional climate variables

Tree-ring chronologies
Principal components regression  

I .
Circulation Indices

Circtiation features indentifted
Described with Indices

Relationship with Southwestern
climate invasitgated                   

3.
Reconstruction of Circulation indices       4.

Analysis of Reconstructed Climate
and Circulation indices  Tree-ring chronologies

Principal components regression        
Relationships between Indices

Relationships between extreme values
climate and Index reconstructions     

Figure 1.1. Overview of steps in this study.
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2. TREE-RING RECONSTRUCTIONS OF CIRCULATION INDICES

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,

welfare, and economies of the affected regions. The 1982-83 El NitIo event was the most

severe that has been observed in the 20th century, with impacts on climate in many parts

of the world (Kiladis and Diaz 1986). This event has emphasized the need for a better

understanding of the relationships between regional climates and large atmospheric

circulation features.

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 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

an 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
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series that can then be used in analyses with other climate and circulation time series, or

as a basis for reconstructing the circulation feature described by the index.

Indices have been used to describe features of the El Nirio/Southern Oscillation (ENSO).

ENSO is recognized as a dominant ocean/atmospheric circulation mechanism influencing

interannual climate variability in areas such as Australia, Indonesia, South Asia,

southeastern Africa, Ethiopia, northeastern Brazil, Chile, Argentina, Uruguay, and the

southern United States (Diaz and Kiladis 1992). The oscillations in ENSO result in a set

of characteristic oceanic and atmospheric circulation responses. Circulation features that

are manifestations 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 uniquely and effectively

depicted through the use of indices, such as the Southern Oscillation Index (SOI), the

Nino3 index, and a 200 millibar zonal wind index (Climate Diagnostics Bulletin, Climate

Prediction Center, Department of Commerce).

Other hemispheric- to global-scale circulation patterns have been found to affect regional

climates around the world, and have been characterized by circulation indices as well.

Several of the most notable of these patterns are the Pacific/North American (PNA)
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pattern (Wallace and Gutzler 1981) and the North Atlantic Oscillation (NAO). The PNA

pattern, which is sometimes associated with ENSO (Yarnal and Diaz 1986) is one of

most important modes of atmospheric circulation in winter over North America

(Simmons et al. 1983, Barnston and Livesey 1987). The NAO, identified by Walker and

Bliss (1932) is an important basis of winter climate variability in the North Atlantic and

western Europe and the Mediterranean (Wallace and 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 variability --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 SOI and the NAO index, extend

back into the 19th century (Wright 1989, Hurrell 1995), records for circulation patterns

described by 700mb 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 circulation index values as indicators of variations

in atmospheric 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
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(see Dzerdzeevskii 1969, Kalnicky 1974, Douglas et al. 1982, Webb and 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 2-6 year cycle

(Diaz and Pulwarty 1994). Some researchers have found evidence for lower frequency

variations as well. This evidence was based on the relatively long record of SOI and SOI

reconstructions (e.g. Michaelson 1989, Anderson 1992, Diaz and Pulwarty 1994), but

study results have been inconclusive. Hurrell (1995) suggests that decadal changes in

circulation and lower tropospheric winter temperatures over the North Atlantic and

adjacent areas may be related to NAO. Extended records of circulation indices are

needed for a more complete representation of the long-term variability inherent 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

circulation indices, most notably, the SOI. The use of circulation indices to explain

variations in regional climate have, for the most part, been limited to periods of time for

which actual circulation and climate data exist. To date, no one has attempted to

reconstruct both climate and circulation indices, relevant to a particular region, to
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examine the spatial and temporal relationships between the two. For example, we know

ENSO to be an important influence on North American extra-tropical climate. The PNA

pattern has been found to be related to this feature at times (Keables 1992). How are

these two features related over time scales longer than the scarcely 50-year record that

exists? How have these circulation features influenced regional climates in North

America, over the past several centuries?

A logical extension of past work that has focussed on reconstructions of climate variables

and various circulation indices is to reconstruct both climate variables and circulation

indices that are specific to a particular region. The reconstructed records would offer a

way to analyze circulation features that impact the climate of a region and investigate

how these various features have interacted with each other and the regional climate, over

several hundred years or more. Such reconstruction may be used to determine whether

extremes in climate are related to extremes in circulation patterns, to gain information on

low-frequency variations in both climate and circulation, and to 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 techniques. In the final section, I suggest an application in which
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dendrochronological reconstructions are produced for both circulation indices and

climate for the southwestern United States.

ATMOSPHERIC CIRCULATION PATTERNS AS DESCRIBED BY INDICES

Circulation indices have been generated for a variety of purposes. Some have been

created to describe a certain circulation feature or pattern. Others have been compiled 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 limited to the time period they cover.

A number of important circulation patterns have been described by circulation indices.

One of the oldest and most well-known circulation indices is the SOI. The SOI is

defined simply, but elegantly, 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 sea surface temperature (Michaelson 1989,

Wright 1989) but the pressure differences alone compare favorably to the more complex

SO indices when describing conditions in the equatorial Pacific.
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Wallace and Gutzler (1981) defined a number of important winter circulation features

teleconnected to North Hemisphere climate (i.e., temporally-coincident fluctuations of

pressure or other climate parameters in several areas), using a set of 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 describe standing oscillations

in mean monthly mid-tropospheric geopotential height fields at middle and high latitudes

of the Northern Hemisphere in winter. Each of the five indices accounts for much of the

temporal variance in monthly mean pressure over the regions each influences. Spatially,

the group of patterns cover 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 characterize and track change in climate, and is published monthly in the

Climate Diagnostics Bulletin (Department of Commerce).

Another family of circulation indices includes those that describe the intensity of zonal

transport or contrast zonal with meridional flow. Climate variability and long-term

changes in climate have been closely linked to changes between two main circulation

types, characterized by predominantly zonal or meridional flows (Dzerdzeevskii 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 two latitudes (Makrogiannis et al. 1991). A high index
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indicates strong zonal flow while a low index values indicates meridional flow (Haltiner

and Martin 1957). Makrogiannis et al. (1991) used mean monthly zonal index values

over the North Atlantic and Europe to characterize the flow over Europe as

predominantly meridional while finding the flow over the Atlantic to be predominantly

westerly, for the period 1873-1988. Inamdar and Singh (1993) also employed a zonal

index in their study of the relationship between circulation and rainfall over India during

the southwest 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 height of 500

millibars in their assessment of the power of global indices in predicting regional

Northern Hemisphere mean monthly air temperature.

More region-specific indices have also been derived. An example of this is the set of

indices compiled by Carleton (1987) to describe the Arizona monsoon. Carleton

classified 500 mb synoptic types for the summer monsoon season in Arizona from daily

satellite data and daily 500 mb maps. He used these classifications to derive an index

comprised of the ratio of wet to 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
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position coincides with more wet anticyclones and wetter conditions. Yarnal (1993) also

presents 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 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.

TREE-RING RECONSTRUCTIONS OF INDICES

A number of studies have investigated the relationships between tree-ring chronologies

and atmospheric circulation, as described by 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 et 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
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potential of reconstructing circulation indices from tree rings (e.g. Stockton 1990,

D'Arrigo and Jacoby 1991,1992, Meko et al. 1993). Very few actual reconstructions 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 and Pulwarty

1994).

El Nii1o/Southern Oscillation

Lough and Fritts (1985) first investigated the possibility of reconstructing SOI from tree-

rings when they noted that climate reconstruction from trees in western North America

(especially for temperature and precipitation) contained an SO signal. They went on to

reconstruct SO directly from tree rings, using chronologies both in Southern Hemisphere

(Argentina, Chile, Tasmania, New Zealand and S. Africa) and western North America,

from 1601 to 1963. Western North American chronologies provided the best correlations

and explained about 50% of the variance in SO. They later improved these results

slightly (Lough and Fritts 1990), using just the North American tree-ring chronologies

and a different version of the SOI. The tree-ring chronologies were able to explain 57-

59% of the variance in winter SOI, at frequencies similar to those found in the

instrumental record. Lough (1992) further analyzed this reconstruction for evidence of
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changes in SOI characteristics over the past three centuries. This work demonstrated that

tree rings from western North America can be used to explain a respectable amount of

the variation in SOI, but the reconstruction is, of course, biased by how the trees in this

region record the regional ENSO signal, which is somewhat different than the signal in

the equatorial Pacific.

Michaelson (1989), refining work done by Michaelson and Daily (1983), reconstructed

an ENSO index, based on sea level pressure and rainfall in the tropical Pacific, using a

set of seven 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. Both index and

tree-ring series were band filtered before they were compared, to focus on climate

variability in the frequencies characteristic of ENSO. A regression model explained 35%

of the variance. Michaelson found that amplitude and frequency of ENSO events varies

over an 80-100 year time scale. The predominant frequency progresses from 10 years to

3 years followed by a return to lower frequencies. Amplitude grows as frequency

increases with a peak in the 4-to-6 year range. Less variance in ENSO is explained by

Michaelson's model than the variance in SOI explained in the model of Lough and Fritts

(1985), perhaps due to the smaller number of tree-ring chronology sites, which may

reflect a more limited regional response of trees to ENSO-influenced climate.
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Cleaveland et al (1992) and Stahle and 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 41% 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 SOI

extremes since 1850. The models used in the reconstructions of winter SOI from Lough

and Fritts (1985) and Cleaveland et al. (1992) accounted for 40-50% of the variance in

winter SOI. However, the correlation between the two series is only r=0.46 (1702-1963).

This suggests that the portion of the variance explained is different in the two

reconstructions, which is perhaps not surprising, given that climate in western North

America 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.

This is not to say they are not valid, but are reflections of the varying impact of ENSO on

these two different regions, and not wholly a reflection of SOI as it occurs in the

equatorial Pacific.

D'Arrigo and Jacoby (1991, 1992) made a preliminary assessment of the usefulness of

New Mexico tree-ring chronologies in reconstructing ENSO characteristics. They also

examined the feasibility of using the New Mexican chronologies in conjunction with
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tree-ring records from teak in Java to estimate an ENSO-related sea surface temperature

(SST) index, (D'Arrigo and 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 and Markgraf 1992). A combination of proxy

records used to reconstruct ENSO would be a better approach, if that is the goal, than

using any one type of proxy data, in a specific region. This 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 climates 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 (wavelengths longer than 20 years). The study also 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, I found tree
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growth to be an indicator of the strength and sign of the ENSO signal in this transitional

area (Woodhouse 1993). Cold ENSO events tended to be more consistently recorded in

the tree rings, while the warm ENSO (El Niiio) events perhaps accounted for more

growth extremes. Swetnam and Betancourt (1990, 1992) investigated the effect of

ENSO on fire in the southwestern 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 occurrence 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

frequency. I suggest, as others have, that if the goal is to reconstruct ENSO indices, it is

necessary to use a number of sources of proxy data to control for the individual biases

introduced by the type and locale of the proxy data source. On the other hand, if the goal

is to determine how ENSO impacts climate in a particular region, then these different

reconstructions, although perhaps not comparable, are indeed important records of the

impact of ENSO on tree growth and climate in that region.
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Pacific/North American Pattern

The PNA circulation pattern commonly accompanies ENSO events (Yarnal 1985), but it

is also a primary mode of winter circulation variability across North America (Simmons

et al. 1983). This circulation pattern (in the positive sense) is characterized by a strong,

deep Aleutian Low, an upper level high over western Canada, and a deep low over the

southeastern United States (Yarnal and Diaz 1986). In general, the areas most directly

affected by PNA circulation are the southeastern and northwestern parts of the United

States (Leathers et 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 damaged rings to result from

anomalously warm winters, and early springs followed by severe cold outbreaks during

the spring, an event he calls a false spring. In the frost ring years for the period of

historical record, he found the warm phase of the false spring to be associated with a

reverse PNA circulation pattern. Stahle and Cleaveland (1992) reconstructed spring

rainfall from baldcypress for South Carolina, North Carolina, and Georgia for the last

1,000 years. When the reconstructions were correlated with gridded SLP data, the
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pattern of significant correlations was "vaguely reminiscent" of a PNA pattern. When

the reconstructions were correlated 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 indices were more characteristic of winter conditions. In

an effort to account for low frequency variance on an expanded set of tree-ring

chronologies from the southeastern United States, Stahle and Cleaveland (1996) looked

for a pattern associating tree-growth and northern hemisphere 700 mb heights in spring.

They found a pattern similar to the PNA pattern, 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 and the derived PNA-like index (r=0.61), followed by the PNA index (r=0.47).

In this series of studies cited above, the focus was on trying to determine how large-scale

climatic forcing is influencing climate, and in turn, tree-growth. In the southeastern

U.S., the PNA pattern is a likely influence, 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 custom index may not be of use to researchers

desiring an extended PNA index, the importance of this index lies in its ability to explain
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some of the decadal and sub-decadal fluctuations in the tree-ring chronologies that may

be coupled to low-frequency variations in atmospheric circulation affecting climate in

this area.

North Atlantic Oscillation

The NAO has been identified as one of the two (along with the PNA) most prominent

anomaly patterns in the Northern Hemisphere winter (Kushnir and 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 negative correlation between SLP in the areas of the

Icelandic Low and the Azores High (Wallace and 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

normalized pressure difference between the Icelandic Low and the Azores High (Van

Loon and 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 eastern United States and

northwestern Europe. An extreme NAO condition arises during the time the pressure
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gradient between the Icelandic Low and the Azores High reverses (D' Arrigo et al.

1994).

Variations in the NAO are also associated with rainfall in Morocco (Lamb and Peppler

1987). After reconstructing a 1000-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 NAO. Chbouki et al. (1995) reconstructed

moisture anomaly patterns for Morocco from tree rings and found the strength and

position of Azores High to be one of three main factors influential to periods of favorable

and unfavorable climate. They suggest that trees in this region have great potential for

reconstruction 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

(positive) anomalies in winter sea level pressure related to the Icelandic Low pressure

center. Trees also showed a positive correlation to winter temperatures in Oslo, Norway,

a station that defines the northwest European terminus of the winter temperature

oscillation. These results indicate the potential usefulness of tree-rings in reconstructing

atmospheric-ocean variations in the North Atlantic, such as those described by the NAO
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index. D'Arrigo et al. (1994) suggest that future work incorporating 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 its global effects are perhaps not as well known, the NAO does influence

global climate, as does ENSO. Research suggest that NAO extremes may be associated

with and/or influence Atlantic SST anomalies, the strength of the Gulf Stream, westerly

flow characteristics, and sea ice and ice bergs in the Arctic (Rogers and 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

sea level pressure anomalies in the central North Pacific (van Loon and Rogers 1978). In

the reconstruction of NAO, there is perhaps an advantage in the use of tree rings, over

the reconstruction 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 oscillation, thus

there is a more direct connection than between tree growth and the SOI, and less bias

may be introduced by a local interpretation of the signal. One potential problem in

obtaining a good NAO reconstruction 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 (Jacoby and D'Arrigo 1989, Rogers and Van Loon 1979). I agree with
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D'Arrigo et al. (1994) 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 NAO, would

be useful for producing good reconstructions of the atmosphere-ocean interactions in the

North Atlantic and the climate conditions they influence.

Other Indices

Several other types of atmospheric circulation indices have been reconstructed with tree

rings, for indices less widely known, or generated for particular studies. These studies

focus on specific regions, and address circulation or circulation-related features that are

related to regional climate, although none go as far as comparing proxy records of

circulation indices with reconstructed climate records.

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 Pacific SST from

1671 to 1972, using seven tree-ring chronologies 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
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with ENSO-related climate variability, so the reconstruction could also provide

information about climate variability in those areas.

In an examination of circulation patterns in the Southern Hemisphere, Villalba (1989)

used tree-ring chronologies in Chile and Argentina to estimate variations in the latitude

of a semipermanent subtropical Pacific anticyclone off the Chilean coast. Variations in

the position of this anticyclone, north and south, are related to the strength of the Hadley

cell and the meridional temperature gradient, and are important because they influence

regional precipitation patterns in Chile and Argentina. Tree-ring widths were correlated

with two indices related to the position of the anticyclone and the monthly average

latitudinal position of the anticyclone. A set of tree-ring chronologies was used to

estimate a record of the position of the anticyclone in summer (1572-1974) and winter

(1450-1972).

REGIONALLY TAILORED INDICES AND CLIMATE RECONSTRUCTIONS

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

reconstructions are continuing to be made. These features have wide-reaching impacts

on climates in many parts of the world and reconstructed records of the behavior of these
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oscillations have application in a number of areas of research. A reconstructed

circulation index that reflects the behavior of a circulation pattern in one geographical

region may not be very useful when applied to a different region that is influenced by the

same circulation feature but in a way unique to that region. For example, Murphree

(1996) suggests that, in examining how ENSO influences North American climate, there

are other indices, more directly related to extra-tropical climate than the SOI, that may be

more useful, such as the 20 kPa zonal wind index. An alternative approach to

understanding how circulation features influence climate is to tailor the indices to

describe the circulation patterns that are important to a specific region, particularly if

understanding impacts of circulation on regional climate is the goal of the study.

I suggest another approach to the use and reconstruction of circulation indices. Proxy

data may be used not only to reconstruct indices as an end in itself (as in improving the

SOI, a description of equatorial Pacific/atmospheric interactions ), but alternatively, to

reconstruct indices that describe circulation patterns that are important to climate in a

particular area of interest. A set of circulation indices must first be generated that

describes features that are important to the area of interest. Next, it must be determined

if it is possible to obtain good reconstructions of these indices. If this can be

accomplished, along with reconstructions of climate, from the same or other types of

proxy data, the two sets of reconstructions can then be used to investigate how circulation
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patterns interact with each other over the length of the reconstructions and how they

influence variability and extremes in climate.

An Example from the Southwestern United States for Winter Climate

The southwestern United States is an arid region that lies south of the usual winter 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 and Hill,

1974). In fall and winter, the region can be influenced by ENSO, although the impacts

are variable from event to event. Other large-scale features, such as the PNA circulation

pattern, may have important influences on winter climate as well.

The Southwest has long been a focus of dendroclimatological studies, largely due to the

presence of long-lived and climatically-sensitive trees in this arid environment. A great

number of excellent chronologies 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 California, southern Nevada, northern Baja California, Arizona, and western

New Mexico.
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The climatic characteristics of the Southwest, in concert with the availability of tree-ring

chronologies from climatically-senstive trees make this a suitable region for the

investigation of potential reconstructions for both circulation indices and regional

climate series. In the arid Southwest, the study of past variations and extremes in 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 change in global climates

that perturb atmospheric circulation patterns may impact winter climate in the desert

Southwest.

In this study, the objectives I wish to achieve include determining what atmospheric

circulation patterns influence winter climate in the Southwest, reconstructing these

patterns through the use of circulation indices, and finally, determining how the

relationships between these reconstructed circulation indices vary over time and how

extremes in the reconstructed indices are related to extremes in reconstructed climate

series. I 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 California and

Nevada, Arizona, and western New Mexico, and is divided up into six subregions (Figure

2.1).
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Figure 2.1. Location of study area and climate regions for rainy
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I first identified the large-

scale circulation features

important to winter climate

in the Southwest, and

collected and/or generated a

set of indices describing

these features (Table 2.1)

(see Chapter 3). Next, I used

a set of 88 tree-ring

the study area, to reconstruct

regional winter temperatures
day series reconstructed from tree rings.

and rainy days series, and

circulation indices. A standard reconstruction technique of principal components

regression (Cook and Kairiukstis 1990) was used to produce the reconstructions of the

three sets of data.

chronologies, located within
MEXICO

A problem can exist when two types of data are reconstructed from the same set of proxy

day, and then compared. Because the sets of reconstructed climate and indices both

contain some variance unrelated to climate but related to the trees that were used in the
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Table 2.1. Circulation indices.

INDEX DESCRIPTION SOURCE INIERVAL

SOI Southern Oscillation Index-
sea level pressure: Tahiti - Darwin

Climate Analysis
Center (CAC)

winter (DJF),
fall-winter
(S-F)

SST Sea surface temperature from COADS data Kiladis and Diaz winter (DJF)
4'N-4°S, 160°-80°W (1930-1979) (1989)
5°N-5"S. 190-90'W (1980-1990) CAC NINO3 index

PNA- Pacific North American patterns; a measure of Woodhouse, this winter (JFM)
modified zonality across N. America. Location of pressure

centers modified after Keables (1992) PNA3
pattern.

study

PNA=1/3[-Z*(135°W, 35°N)+
Z*(100°W, 75°N)-Z*(70°W, 30°N)]

SWTROF Southwestern trough; measure of intensity of low Woodhouse, this winter wet
over the SW, in combination with high pressure
over the Gulf of Alaska and the Great Lakes.

study season
(Nov.-Mar.),
NDM

SWTROF=1/3[-Z*(140°W, 50°N)+
Z*(115°W, 35°N)-Z*(80°W, 45°N)]

PIISWL Pacific high/southwestern low; measure of Woodhouse, this winter wet
intensity of low over the SW, in conjunction with
the longitudinal position of the Pacific high.

study season
(Nov.-Mar.),
NDM

PHSWL=Z*(115°W, 35 °N)-longitude of the
greatest 500mb height @ 30°N, 120°-160°W

* Z=standardized 500mb height at each grid point

reconstructions, the correlations between the two set of reconstructions may be

artificially enhanced. For this reason, the investigation of the relationships between

reconstructed circulation indices and climate variables is focussed on extreme values,

because these values should be less subject to artificial enhancement. I analyzed the
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extreme values in reconstructed climate series to determine how they corresponded,

spatially and temporally, to extremes, or high values, in the circulation indices.

In the analyses of the reconstructed circulation indices, results suggested three groupings

of indices, or "index-types", implying there are three main circulation features important

to winter climate in the Southwest. The three main patterns were described by 1) the

SOI, an SST index and a modified PNA index, 2) an index based on the strength of a

Southwestern Low, along with high centers in the Gulf of Alaska and over the Great

Lakes (TROF), and 3) an index based on the strength of a Southwestern Low in

conjunction with the longitudinal position of a Pacific Ocean high (PHSWL).

The three "index-types" appear to be relatively independent of each other, over the

reconstruction period, 1702-1983. During some periods of time, the three types vary

together, and at times two of the three vary synchronously, but no clear temporal patterns

emerge at this time scale. Spectral analysis further defines the nature of the similarities

and differences between the index-types. Results suggest that the ENSO frequency (2-8

years) is a dominant frequency in all but the TROF index, which has peaks at lower

frequencies (6-21years) (see Appendix F for spectra).
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An examination of the extreme years of reconstructed rainy days (upper and lower 20%

of years) showed them to correspond well with extremes in one or more of the

reconstructed circulation indices, implying that these circulation features are key to

extremes in precipitation, number of rainy days in particular. Results suggest that the

SOI and SST indices have been relatively important in rainy day extremes, throughout

most of the Southwest and throughout the three centuries. ENSO is a significant factor

-- though not the only one -- influencing winter climate variability and extremes in this

area. The roles that PNA, TROF, and PHSWL indices played in impacting climate are

changeable, but important as well. For example, PHSWL index extremes occur as often,

if not more frequently, with rainy day extreme years, than SOI, most notably in the 20th

century in eastern and central parts of the study area. Spatial and temporal variations in

the influence of the circulation features described by these indices imply that low

frequency variations in atmospheric circulation have occurred in the past and may be

responsible for temporal and spatial variation in rainy day extremes in the Southwest.

For full details of this study see Chapter 3, Chapter 4, and Chapter 5.

This approach combining reconstructions of climate variables with circulation indices

tailored to a specific region can provide information about the causes of regional climate

variability, changes in mean, and occurrences of extremes. Because there appears to be

evidence for long-term changes in the circulation features that impact climate extremes,
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it may be reasonable to expect these types of changes to persist in the future.

Information about past relationships between circulation indices and climate may be used

to help explain the variations in climate we detect in the present and future. Changes in

atmospheric circulation that may be predicted by general circulation models can be

interpreted in terms of impacts on regional climate, provided we understand how

atmospheric circulation patterns impact regional climate.

CONCLUSION

There is a need to better understand how large-scale circulation features influence

regional climates, on decadal to longer time scales. Instrumental records of both climate

and circulation variables are usually not greater that 100 years, and more commonly are

much shorter. The lengths of these records are inadequate for assessing decadal-scale

variations in climate and frequencies of extremes that may be expected to occur. This

review reveals the many types of circulation indices used to describe atmospheric

circulation patterns, as well as the potential to develop indices tailored to a region of

interest. Proxy data, such as from tree rings, can be used to extend records of climate

and circulation, as described by circulation indices. An increasing number of climate and

circulation index reconstructions are being generated from tree rings. I suggest the

potential exists for studies that utilize reconstructions of both climate and circulation
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indices in an effort to gain an understanding of how circulation patterns may influence

regional climates, spatially and temporally. In the example from the Southwest, I have

demonstrated how tree-ring chronologies can be used to reconstruct regional climate

series and a set of circulation indices that were designed to describe the important

circulation features influencing winter climate. Results suggest that, although ENSO-

related circulation patterns have a significant impact on Southwestern climate, other

circulation patterns have been influential to climate in the past three centuries, especially

at times when ENSO has not been as active. The impacts of these different circulation

patterns on extremes in Southwestern climate appear to be variable with respect to both

space and time, something not readily detectable in the modern climate records.

The potential exists to apply this research approach in a variety of geographic areas and

at different spatial scales, incorporating different types of proxy data. There are

limitations that should be considered. In using any sort of proxy data to reconstruct past

climate, only a portion of the total variance of the observed data will be explained by the

proxy data. For the study described above, the collection of tree-ring chronologies was

able to explain between 56-71% of the variance in the regional rainy day series and

between 26-78% of the variance in the circulation indices. The trees in the southwestern

United States are among the most climatically-sensitive in the world, but even so, there

are portions of the variability in climate and circulation that are not duplicated in the
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tree-ring reconstructions. Another problem is related to using the same set of proxy data

to reconstruct both the climate and circulation variables. Because the same set of data is

being use for both reconstructions, the correlation between the two sets of reconstructions

will be artificially enhanced. Care must be taken in interpreting results, such as those

from correlation analysis between reconstructed circulation indices and climate series.

These potential problems dictate a careful and well thought out approach to the study

design and interpretation of results.

Atmospheric circulation features have important impacts on regional climates throughout

the world. Climate change, whether due to anthropogenic, internal, or external forcing

factors may cause increasingly greater impacts on human activities, especially in view of

continued economic development and population increases. A better understanding of the

ramifications of change and how global- to hemispheric-scale changes that alter

circulation patterns may impact regional climates is vital. This is obtainable through

continued and innovative research utilizing proxy data, such as tree rings, in

collaboration with other types of proxy data and modeling techniques.
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3. CIRCULATION INDICES FOR THE SOUTHWEST

The concept of regionalized circulation indices discussed in the previous chapter is

operationalized in the following section. Through a review of the literature on

climatology of the southwestern U.S., some important circulation features are identified.

I compile a set of six circulation indices describing these circulation features, some of

which are existing indices and some derived for this study. I investigate how they are

related to each other and to winter climate in the Southwest.

This paper has been accepting for publication, pending revisions, in the International

Journal of Climatology.

WINTER CLIMATE AND ATMOSPHERIC CIRCULATION PATTERNS

IN THE SONORAN DESERT REGION, USA

INTRODUCTION

It is becoming increasingly important to gain an understanding of natural climate

variability in view of potential climate changes. Climate changes, artificially or naturally

induced, may have profound effects on the environment, populations, and global
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economies. Changes in global temperatures will influence atmospheric circulation

patterns and, in turn, regional climates. Currently, we lack complete information about

how global- and hemispheric-scale atmospheric circulation patterns are linked, directly

and through teleconnections, to climate. Some large-scale mechanisms have been

identified and the ways in which they influence climate at the surface of the earth are

beginning to be understood, but our understanding is far from complete.

In this exploratory study, the climate of the Sonoran Desert region is examined to

determine what atmospheric circulation patterns influence winter climate, and how their

influences vary with space and time. Patterns of atmospheric circulation are described

with a set of indices. I suggest that there are two main circulation patterns that influence

climate variability in the study area; a "typical" El Nirio/Southern Oscillation

(ENSO)/Pacific North American (PNA)-type pattern and a pattern of circulation

focussing on a trough over the southwestern United States, which is definitely not

characteristic of a PNA-type pattern. It is likely that these two patterns are not mutually

exclusive, but they do tend to represent different modes of atmospheric circulation.
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5'

The Sonoran Desert biogeographical area

extends from the mountains of eastern

Arizona to the coastal ranges of southern

California and from about 35°N south into

northern Baja and northwestern interior

Mexico (MacMahon, 1985)(3.1). This

study is confined to the United States

because of availability of quality climate

data. The study area encompasses a

broader area than the Sonoran Desert

itself, extending from 106°W to 118°W

and from 37°N south to the United Figure 3.1. Location of Sonoran Desert.

States/Mexico border. A broader area is included to provide a better spatial context

from which to evaluate the influence of large-scale circulation features.

The Sonoran Desert is a very arid region, with median winter precipitation totals

(November-March) that range from 30 mm in southeastern California to 93 mm in

southeastern Arizona. The region lies south of the usual winter storm track of the
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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 and Hill, 1974).

One of the main circulation features that appears to cause winter weather disturbances

here, is the presence of upper level low pressure over the area, specifically, centered over

southern Nevada and the lower Colorado River basin. Several researchers have

addressed the characteristics and influence of this low (e.g., Jorgensen et al., 1967;

Burnett, 1994).

Sellers and Hill (1974) cite the presence of a cutoff low or trough in this area, along with

a Pacific Ocean high located west of its mean position, as the primary mechanism for

winter precipitation in Arizona. Usually, storms track north over the Pacific high and

cross the coast into northwestern United States. When this high pressure center is

displaced to the west of its mean position, disturbances flow around the north edge of the

high, then curve southeastward around the high, and cross into the continent at a more

southerly point.

The research of Burnett (1994) investigated the importance of troughs over the

southwestern United States, accompanied by increased geopotential heights over both the
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eastern Pacific and the southeastern United States. This pattern is a departure from the

typical pattern of ridging over the western United States. Although they occur less than

30% of the time, Burnett's study shows southwestern troughs to be responsible for more

than 50% of total winter precipitation throughout much of the Sonoran Desert area.

Another important control over winter climate in the Southwest is the occurrence of El

Nifio/Southern Oscillation (ENSO) events. ENSO events vary in strength, timing, and

location of impact, and climate in the Southwest has been shown to be affected to some

degree by ENSO events (e.g., Ropelewski and Halpert, 1986; Andrade and Sellers,

1988; Redmond and Koch, 1991; Swetnam and Betancourt, 1992; Redmond and Cayan,

1994). In general, during warm ENSO events, the Aleutian low strengthens and moves

to the south and east of its customary position. Westerly flow is displaced to the south

and is often split. Storms that travel the southern branch tap into moisture from the

lower latitudes of the eastern North Pacific Ocean, carried by a strengthened flow across

Mexico, and result in increased precipitation and cooler temperatures in the Southwest

(Douglas and Englehart, 1981; Cayan and Peterson, 1989).

An investigation of the winter circulation patterns that occur during ENSO months was

carried out by Keables (1992). His work indicates that two circulation patterns

accompany increased precipitation in the Southwest. One is a modified Pacific North
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American (PNA) pattern, in which the centers of action are positioned more to the east

than the standard pattern of Yarnal and Diaz (1986) The other is what Keables defines

as a non-PNA pattern, and is quite similar to the circulation pattern accompanying

southwest troughing as described by Burnett (1994).

The identi fication of the atmospheric circulation patterns that influence climate is an

important step in understanding the controls on winter climate variability in the

Southwest. If changes in magnitude, persistence and location of these large-scale

patterns of circulation occur, the climate of the Southwest -- a region with ecosystems

and resource development finely tuned to the present climate -- would likely be

impacted.

Patterns of circulation can be described numerically with circulation indices. A

circulation index is a series of values that describes a climatic condition and the

variations in that condition over time. Indices have been used in a number of studies to

quantify some key aspect of circulation. Yarnal (1993) presents a thorough review of

indices that have been generated and used to analyze atmospheric circulation and surface

environment relationships. A circulation index represents a way to evaluate the

association between a circulation feature and climate across a region. Several existing

circulation indices explain some climatic variation in this region, but do not describe
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other circulation features that are influential to climatic variability. In the following

sections, I describe the climate data I used and the circulation indices I collected and/or

generated for this study.

CLIMA E DATA

The climate parameters selected to characterize winter climate were, (1) total number of

rainy days, and (2) average maximum temperature, for the winter wet season, November

through March. The term rainy days refers to all days in which a trace or more of

precipitation is recorded. In this region, most of the winter precipitation is in the form of

rain. Number of rainy days better reflects the actual delivery of moisture by circulation

patterns than precipitation totals in this region where the spatial distribution of

precipitation amounts varies greatly. In arid areas, numbers of rainy days also have the

advantage of being much more normally distributed than rainfall totals. Maximum

temperatures were selected for analysis because they are less influenced by microsite

characteristics and reflect regional temperatures (i.e., the temperature representing the

average for the stations within the region) better than minimum and mean temperatures.

Precipitation and temperature data were collected from the Earthinfo (Denver, CO)

Summary of the Day data base. The data base was filtered to select only those stations
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located in the study area with records from at least 1931 to 1990, and with less than 10

per cent of the record missing. A total of 50 precipitation stations and 40 temperature

stations were selected that satisfied these criteria (see Figures 3.4a and 3.5a for locations

of precipitation and temperature stations).

Precipitation and temperature stations were examined for station homogeneity, using

double mass plots and the Mann-Kendall statistic (Mitchell et al., 1966). Results

indicated no serious inhomogeneities but several suspect stations. No stations were

deleted, but note was made of the possibly questionable stations. Missing values were

estimated from neighboring stations using the median ratio method for precipitation

(Bradley, 1976) and the equivalent departure method for temperature (Conrad and

Pollack, 1950).

CIRCULATION INDICES

In this study, several existing circulation indices were found to be related to climate in

the Southwest. In addition, I generated several other indices to describe circulation

features important to variations in winter climate. The indices are listed in Table 3.1.
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Table 3.1. Circulation indices.

INDEX DESCRIPTION SOURCE
INIERVAL

SOI Southern Oscillation Index-
sea level pressure; Tahiti - Darwin

Climate Analysis
Center (CAC)

seasonal

SST Sea surface temperature from COADS data Kiladis and Diaz seasonal
4'N-4°S. 160°-80°W (1930-1979) (1989)
5'N-5'S, 190°-90W (1980-1990) CAC NINO3 index

PNA-
modified

Pacific North American patterns; a measure of
zonality across N. America. Location of pressure
centers modified after Keables (1992) PNA3
pattern.

derived for this study monthly,
Nov.-Mar.

PNA=1/3[-Z*(135°W, 35°N)+
Z*(100 0 W, 75 °N)-Z*(70°W, 30°N)]

Cyclone
freq.

Cyclone frequency; Numbers of cyclones or low
centers generated in, crossing through, or
dissipating in study area, totaled for November-

derived for this study total winter

March.

SWTROF Southwestern trough; measure of intensity of low
over the SW, in combination with high pressure
over the Gulf of Alaska and the Great Lakes.

derived for this study monthly,
Nov.-Mar.

SWTROF=1/3[-Z*(140°W, 50°N)+
Z*(115°W, 35°N)-Z*(80°W, 45°N)]

PHSWL Pacific high/southwestern low; measure of
intensity of low over the SW, in conjunction with
the longitudinal position of the Pacific high.

derived for this study monthly,
Nov.-Mar.

PHSWL=Z*(115 °W, 35°N)-longitude of the
greatest 500mb height @ 30°N, 120°-160°W

* Z=standardized 500mb height at each grid point.

The SOI is most commonly described as the difference between the standardized sea

level pressure in the eastern and western tropical Pacific. The SOI is an important

feature of the ENSO phenomenon. The SOI used in this study was obtained from the

National Ocean and Atmosphere Administration Climate Analysis Center (CAC).
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Monthly values were combined into seasonal values (DJF, MANI, JJA, SON) for this

study. This SOI is positive when pressure is high at Tahiti and low at Darwin and

negative under opposite conditions.

The SST index I used is from Kiladis and Diaz (1989) for the period 1930 to 1979 and

from the CAC NINO3 index for 1980 to 1990. Both data sets are from the

Comprehensive Ocean-Atmosphere Data Set (COADS). These SST indices are

generated from measurements collected by ships of opportunity, research vessels, and

buoys and calculated for 2° latitude by 2° longitude grid cells (COADS 1985). The SST

values for grid cells within a selected area in the tropical Pacific are then averaged to

create the index values (Kiladis and Diaz, 4°N to 4°S and 180°W to 80°W; CAC Nino3,

5°N to 5°S and 190°W to 90°W). This index is in the form of seasonal values (DJF,

MAM, JJA, SON).

Both SST and the SOI are closely related to ENSO events. Warm ENSO events,

characterized by low SOI and high SST values, have been found to correspond to cool,

wet conditions in the Southwest, while cold ENSO events, characterized by a high SOI

and low SST correspond to warmer, drier conditions (Kiladis and Diaz, 1989).
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Modified Pacific/North American (PNA)

Figure 3.2. Location of 500 mb centers for
modified PNA index. Highly positive
values of this index correspond to
meridional flow and wet conditions in the
Southwest. Highly negative values
correspond to meridional flow around
centers of reverse sign (lows become highs,
and vice versa) and dry conditions in the
Southwest.
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The PNA pattern is known as a main

mode of atmospheric variability in North

American winters (Simmons et al., 1983)

The positive PNA pattern, an upper level

circulation configuration, tends to occur

during ENSO events, but does not

accompany every event, nor does it occur

only during ENSO events. The positive

PNA pattern is generally characterized by

a deep low in the northeastern Pacific, a

high over western Canada, and a trough

over southeastern United States (Yarnal

and Diaz, 1986). A negative or reverse PNA pattern indicates an inverse pattern, and a

PNA index value near zero or slightly negative coincides with a zonal flow pattern

(Leathers and Palecki, 1992). Although the typical positions of anomaly centers are

more or less fixed by topography, variations within the general pattern occur. These are

possibly related to variations in extratropical sea surface temperature (Lau and Nath,

1990, Wallace et al., 1990).
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As mentioned previously, one of the PNA-type patterns identified by Keables (1992)

showed an anomalous climate response in the Southwest, although for precipitation only.

The pattern is characterized by a center of low pressure off the California coast, a center

of high pressure in northern Canada, and a low near Bermuda (Figure 3.2). This

represents an eastward shift of the typical PNA pattern, an increased southwesterly flow

from the tropical Pacific, and a southward displacement of the storm track, around the

Aleutian low, which results in increased precipitation in California and the Southwest

(Keables, 1992).

For this study, I modified the PNA index (Yarnal and Diaz, 1986) to focus on the

anomaly centers described by Keables' PNA-type pattern described above. The index is

generated as follows:

PNA =113[-Z*(135°W, 35°N)+Z*(100 0W, 75°N)-Z*(70 0 W, 30°N)],

where Z* is the standardized 500 mb height at each latitude/longitude grid point.

I compiled monthly indices for the winter months, November through March. Data for

500 mb pressure heights were obtained from the National Center for Atmospheric

Research (NCAR). Since gridded data for 500 mb heights became available in 1946, this
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PNA index extends from 1947 to 1990. High positive values of this modified PNA index

coincide with wet conditions in the Southwest while highly negative index values

coincide with dry conditions.

For the cyclone frequency index, I obtained cyclone counts from monthly maps of

cyclone tracks. The maps were published in the Monthly Weather Review (1894-1958),

Climatological Data, National Summary (1950-1977), and the Mariner's Log (1977-

present). These maps show the principal tracks of low centers or cyclones at sea level as

they cross North America. The total number of cyclones that were generated within the

study area, crossed through part or all of it, or dissipated in it were counted for the winter

months, for each year, 1930-1990. The result was a cyclone frequency index for the

years 1930-1990. I expected a high index value to correspond to increased precipitation

and cooler temperatures, and the reverse to be true for a low index value.

I based my southwestern trough index primarily on the 500 mb height pattern of

Burnett (1994), which shows a trough centered over the Southwest and accompanied by

increases in geopotential heights in the northeastern Pacific and over the Great

Lakes/Hudson's Bay area. Sellers and Hill (1974) and Keables (1992) show similar

pressure patterns, featuring the southwestern low and the eastern high. I generated an

index that features this 500 mb low or trough over the Southwest, in conjunction with the



62

highs in the eastern Pacific and over the Great Lakes (Figure 3.3a). I selected the

position of the two highs from Burnett's (1994) composite maps that indicate the areas of

the greatest geopotential height change during trough development are the Gulf of Alaska

and Great Lakes region. The strength of this pattern is measured by the following

equation:

SWTROF=1/3[-Z*(140 0 W, 50 0 N)+Z*(115°W, 35°N)-Z*(80 0 W, 45 °N)],

where Z* is the standardized 500 mb height at each grid point. Pressure data were

obtained from the same source as were the PNA data.

Strongly negative values of this index indicate a strengthened low over the Southwest

with high pressure over the Gulf of Alaska and over the Great Lakes. These negative

values should coincide with wet, cool conditions in the Southwest. A highly positive

index value will indicate the reverse configuration and should coincide with warm, dry

conditions.

My Pacific high/southwestern low index incorporates the findings of Sellers and Hill

(1974) that high winter precipitation in Arizona depends on the displacement of the

Pacific high pressure ridge to the west of its usual location along with the presence of a



Southwestern Trough

Pacific High/Southwestern Low

50	 70

low pressure trough over the western

United States. The index is based on my

interpretation of Sellers and Hill's

(1974) written description of this

condition and was generated to

incorporate the position of this Pacific

high in conjunction with the strength of

the southwestern low (Figure 3.3b). The

longitudinal position of the high was

estimated by examining 500mb maps

and determining the longitudinal

location of the greatest 500 mb heights
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at 30°N between 120°W and 160°-W,

for the months November through

March. The latitudinal range was based

Figure 3.3. a) Location of 500 mb centers
that form the basis of the Southwestern
Trough index. b) Location of the features
used for the Pacific High/Southwestern Low
index.

on an examination of numerous maps that indicated a single high pressure center tended

to occur within this range, in the winter months. With an expanded range to 180°W, two

highs were occasionally found to occur within this range. The monthly longitudinal

values were standardized to show departures from the mean location, controlling for

differences in location of the greatest 500mb height that might be related to the seasonal
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timing. The equation for this index is as follows:

PHSWL—Z*(115W°, 35°N) -

(longitude of greatest 500 mb height @ 30°N, 120-160°W)

Unlike the other indices, this index combines dissimilar variables. Standardized values

(averaged for the winter months) for the location of the Pacific high have a range of 2.1

units, while the range for the standardized southwestern 500mb grid point is 2.3 units,

indicating that variations in this index are shared by both the 500mb height and location

factors.

A very negative index value would result from low pressure over the Southwest, while

the Pacific high is located west of its mean location, thus promoting cool, wet conditions

over the study area. A very positive index value would indicate high pressure over the

Southwest while the Pacific high is located east of its mean position, and should coincide

with dry, warm conditions.
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Relationships between Climate and Circulation Indices

Correlations between the precipitation and temperature stations and different months,

combinations of months, and seasonal indices were performed to determine which

version of each index was best correlated to the precipitation or temperature stations.

The results are shown in Table 3.2. In all cases, the best version of a particular index has

correlation values for each pair of index and station records that are, for the most part,

significant at the e( 0.05 level (five or fewer of the 40 temperature and 50 rainy day

stations had correlations with a circulation index below this significance level). In cases

where most correlations between any version of a particular index and a set of stations

were not significant, the index was not used.

Correlation analysis showed number of rainy days to be most strongly related to the

previous fall and current winter SOI. Fall SOI is most important for California and

lower elevation stations in Arizona, while winter SOI was found to be more important at

higher Arizona stations and New Mexico stations. Fall SOI was therefore selected for

further analyses because it was most important at the lower elevation Sonoran Desert

stations. Winter was the most important SOI season for all temperature stations. The

same was true for winter SST and both temperature and number of rainy days. There

were no relationships between any month of the PNA index and temperature. For
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Table 3.2. Indices selected for rainy day and temperature variables. Shown are the
versions of indices correlating most strongly with winter precipitation and temperature,
based on individual correlations between indices and 50 precipitation stations and 40
temperature stations.

Winter rainy
days

Maximum
winter
temperature

SOI previous fall SOI winter
SST winter SST winter
PNA J, F, M avg. Cyc. freq. winter total
SWTROF N, D, M avg. SWTROF N-M avg.
PHS'WL N, D, M avg. PHSWL N-M avg.

number of rainy days, the average of January, February, and March PNA resulted in the

strongest correlations with precipitation. There was no correlation between number of

rainy days and cyclone frequency, indicating that high cyclone counts alone do not

coincide with increased precipitation, though the index did correlate negatively with

temperatures. For the SWTROF index, the winter average correlated best with

temperature and the average of November, December, and March correlated best with

number of rainy days. The same combination of months best for the SWTROF index

was best for the PHSWL index for both temperature and number of rainy days.

RELATIONSHIPS BETWEEN INDICES

The correlations between indices for the winter season (DJF) or the winter wet season

average are shown in Table 3.3. The SOI and SST indices are strongly and inversely



SOI	 SST PNA	 CYC SWTROF PHSW

1.000
0.643 1.000

1.000
-0.174
0.107
0.063

1.000
0.446
0.006

-0.157
-0.281

1.000
-0.476
-0.457

SOI	 1.000
SST	 -0.827
PNA	 -0.415
CYC	 0.019
SWTROF	 0.160
PHSWL	 0.226

Precipitation Temperature

Componen Component
t 1	 2

Component Component
1	 2

0.193
-0.268
0.136
0.918
0.909

SOI
SST
PNA
SWTROF
PHSWL

loadings
0.894

-0.859
-0.772
0.022
0.161

SWTROF
PHSWL
CYC.FREQ
SOI
SST

percent total 42.8	 33.7
variance
expl.

percent total
variance
expl.

Table 3.4. Results of rotated principal components analysis on circulation indices most
important to number of rainy days or temperature.

loadings

	

0.852	 0.121

	

0.826	 0.245

	

-0.791	 0.128

	

0.056	 0.948

	

-0.089	 -0.947

2.32	 1.62

40.9	 37.7

eigenvalues 2.47	 1.48	 eigenvalues
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Table 3.3. Correlation coefficients between indices, 1947-1990.

related to each other, and the PNA index is moderately related to these two indices as

well. The PHSWL and SWTROF indices are positively related to each other and the

CYC index is moderately and negatively related to these two indices. These results
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suggest two groups of circulation indices; one group containing the SOI, SST, and PNA

indices, and the other containing CYC, SWTROF, and PHSWL indices.

The suggestion of two groups of indices is further borne out by the results of the rotated

principal components analyses (PCA). The sets of indices listed in Table 3.2 were

entered into two separate rotated PCAs, for the common time period, 1947-1990. The

components retained for analysis were those with eigenvalues greater that 1.0. For both

analyses, the PCA revealed two components, with the same membership, accounting for

79% of the total variance explained for the rainy day indices and for 78.6% of the total

variance explained for temperature indices. The loadings are shown in Table 3.4. When

scores from the PCA for rainy day indices are examined, positive scores for component 1

coincide with positive SOI values and negative SST and PNA values, while positive

scores for component 2 coincide with positive scores for SWTROF and PHSWL values.

The reverse is true for negative scores. For winter temperature indices, positive scores

for component 1 correspond to positive SWTROF and PHSWL scores and low cyclone

frequency, while positive scores of component 2 coincide with positive SOI and negative

SST. Again, the reverse is true with negative scores.

The indices based on low pressure over the Southwest, at least in part, grouped together,

while the ENSO/PNA-related indices grouped together. Although the PCA results
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suggest two independent groups of indices, in reality, the two circulation mechanisms

described by the indices are likely not entirely independent of each other. As mentioned

above, one of the patterns that Keables (1992) identified as occurring during winter

ENSO months featured a Southwestern low, while the other was a PNA-type pattern.

The fact that the ENSO-related indices, SOI and SST group with the PNA index suggests

that, typically, ENSO events occur in conjunction with the PNA circulation pattern.

However, ENSO events may also be characterized by a circulation pattern featuring the

southwestern low. In the correlation analysis, the almost significant (p < 0.05)

correlation between SST and PHSWL may be a suggestion of this (Table 3.3).

SPATIAL RELATIONSHWS BETWEEN CIRCULATION INDICES AND CLIMATE

The goal of this study was to determine how atmospheric circulation patterns were

related to winter temperature and number of rainy days. The set of indices, which

describe important winter circulation features, can be represented by two principal

components, as described above. Because correlations between indices and PCA results

suggest that the set of indices may represent different ways of describing two main

circulation features, I decided to use the component scores instead of the individual

indices to describe these two circulation patterns, an ENSO/PNA-type pattern and a
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southwestern low-type pattern. The two components provide a way to synthesize the

results of the correlations between each circulation index and the climate stations.

The component scores, obtained from the PCA on the two groups of indices, were

correlated with the sets of individual climate stations, to evaluate the strength of the

relationships between each component and each climate station, and to assess spatial

patterns. For ease of comparison, one component will be called the ENSO Component

and the other, the Southwestern Low Component.

Precipitation

The spatial pattern of correlations between the ENSO Component and winter

precipitation, as described by number of rainy days, shows that the strongest relationship

occurs in areas throughout the lower Colorado River basin and southern interior

California (Figure 3.4a). The relationship is negative, indicating that high precipitation

corresponds to a negative score on the ENSO component, while low precipitation

corresponds to a positive score. These relationships can be interpreted for each

circulation index by considering the sign of the loadings, as discussed in the previous

section. For example, in the lower Colorado River basin, high precipitation is correlated

with negative component 1 scores, i.e., negative SOI, and positive SST and PNA values.
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Legend
r= -0.05- -0.24

r= -0.25-0.44

r= -0.45- -0.64

r= -0.64- -0.84

Figure 3.4. Correlations between rainy days stations and PC scores. a) Correlations
between rain day stations (locations represented by +'s) and PC 1 scores (ENSO). b)
Correlations between rain day stations and PC 2 scores (Southwest Low).
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The area of weakest correlation includes northeastern Arizona and northern New Mexico.

This pattern may be partly explained by my choice of fall SOI over winter SOI, in this

analysis. As noted earlier, winter SOI is more important in the eastern portion of the

study area. In the Sonoran Desert, the strengths of the correlations range from a high of

r = -0.63 in southern California to a low of r= -0.38 in south-central Arizona.

The correlations between precipitation stations and the Southwestern Low Component

display a different pattern (Figure 3.4b). The eastern part of the study area, including

most of New Mexico and the northeastern quadrant of Arizona, shows the best

relationship with the Southwest Low Component. The relationship is negative,

indicating that high precipitation is correlated with negative scores (i.e., negative

SWTROF and PHSWL values), and vice versa for low precipitation. The weakest

associations are in southern California and the lower Colorado River basin. This pattern

is likely reflecting the tendency for greatest precipitation amounts to occur in the leading

edge of the low, which would coincide with the eastern part of the study area. An

examination of numbers of cyclones or low centers that were generated in or crossed

through Arizona and crossed through or dissipated in New Mexico shows that years with

the highest scores for the SWL Component usually had a relatively high cyclone

frequency (for example; 1948-12, 1949-6, 1973-6) while lowest ranking SWL

Component years had low cyclone frequency (for example; 1950-0, 1978-0, 1984-0).



\

k„

Legend
r= 0.05- 0.24

r= 0.25- 0.44

r= 0.45- 0.64

r= 0.64- 0.84

Legend
r= -0.16- -0.35

r= 0.15- -0.15

r= 0.16-0.35

r= 0.36- 0.55

Figure 3.5. Correlations between temperature stations and PC scores. a) Correlations
between winter temperature stations and PC 1 scores (Southwest Low). b) Correlations
between winter temperature stations and PC 2 scores (ENSO).
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Correlations in the Sonoran Desert grade from r = -0.50 at the eastern edge of the desert

to r = -0.20 in southern California.

Temperature

The spatial patterns of correlations between temperature and the components scores also

show contrasting patterns. The ENSO component displays a pattern that grades from

strongly positive correlations in southwestern New Mexico and southeastern Arizona to

negative correlations along the California coast (Figure 3.5a). In the Sonoran Desert,

correlation values range from about r = 0.30 to r = 0.45.

The component representing the Southwestern Low indices, shows a pattern of very

strong positive correlations with temperature throughout all of central Arizona, and the

northeastern part of California in the study area. Weakest correlations are in

southwestern New Mexico, southeastern Arizona, and the California coast (Figure 3.5b).

Correlation values for the Sonoran Desert range from r = 0.64 to r = 0.81.
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VARIABILITY IN CLIMATE EXPLAINED

The component scores were then used as the predictors in regression equations for

precipitation and temperature at each station. The variability explained by these two

components was mapped (Figures 3.6a and 3.6b). These two components explain the

most variability in numbers of rainy days in New Mexico, where the explained variance

is as high as 65%. Areas with the smallest amount of variance explained are the far south

and western parts of the study area and the northeast corner of Arizona. This pattern of

explained variance does not appear to be related to naturally occurring patterns of

variability. In the Sonoran Desert, the most variance is explained in the eastern and

northern portions, with 40% or better explained at several stations. Explained variance is

lower, about 24%, in the southernmost part of the lower Colorado River basin.

The groups of indices, represented by the component scores, do a better job of explaining

variations in temperature, than variation in precipitation. The variance explained ranges

from more than 80% in south-central Arizona to slightly more than 30% along the

California coast. The two index components explain much of the temperature variation

in the Sonoran Desert. At several California stations, the explained variance is as low as

52%, but for most of the desert, values are above 60% and as high as 82%.
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Figure 3.6. Variance in climate explained by PCS. a) Variance explained in number of
rainy days by PCS 1 and 2. b) Variance explained in maximum winter temperatures by
PCS 1 and 2.
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There are several reasons why more of the variation in temperature is explained than

numbers of rainy days. Number of rainy days is much more variable than temperature

which makes it difficult to describe as well as temperature with circulation indices. I also

may have failed to identify a circulation feature important to winter precipitation.

TEMPORAL VARIATIONS

Correlation analyses indicated that the southwestern trough indices (SWTROF and

PHSVVL) were most important to precipitation during the early (November and

December) and late (March) parts of winter. The SST and PNA indices had strongest

correlations with precipitation in the midwinter season (DJF and JFM). It is more

difficult to gauge the seasonal influence of the SOI since its effect is less direct.

Temperatures seem to reflect mean winter values of indices.

The interannual variability of these two circulation features, as described by the set of six

indices, was examined to determine if there were periods of time when they acted

together or oppositely. The pairs of components are plotted out as time series in Figures

3.7a and 3.7b. The graphs show no consistent periods when the two components are

either in opposition or agreement. No clear temporal patterns emerge at this time scale.
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Figure 3.7. PC scores, 1947-1990. a) Plots of winter rainy day PC scores 1 and 2. b)
Plots of winter temperature PC scores 1 and 2.

SUMMARY

Literature on climate in the Sonoran Desert region was surveyed to determine the

atmospheric circulation patterns important to winter climate. These patterns of

atmospheric circulation were described with a set of indices. The collection of six indices

suggests that two main circulation patterns influence climate variability in the study area.

These two circulation patterns, an ENSO/PNA-type pattern and a Southwestern Low

pattern, do a good job at explaining variation in maximum winter temperatures in the
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Sonoran Desert, but only a moderately good job at explaining variations in rainy days in

this region. This may be due to the fact of the naturally more variable character of

precipitation , or because other important circulation patterns were not identified.

As discussed above, the two types of circulation features identified may not be

independent of each other. The two features may be best distinguished by atmospheric

flow characterized by positive PNA-type circulation patterns or by a low over the

Southwest. ENSO events have only been intensively studied for the past 15 to 20 years,

and appear to be quite variable. The relationship between ENSO events and the PNA

pattern is not yet clear. It would be useful to extend the length of these indices, and I

intend to reconstruct both winter climate variables and circulation indices with a set of

Southwestern tree-ring chronologies, for the past three centuries. This will enable a

longer-term investigation into the relationships between these circulation patterns, and

their influence on Sonoran Desert climate.
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4. RECONSTRUCTION OF WINTER CLIMATE VARIABLES

Once the circulation features that influence winter climate in the Southwest were defined,

described in terms of circulation indices, and their relationships to climate were

evaluated, the next step was to generate reconstructions of climate and circulation indices

using tree-ring chronologies. I first generated reconstructions of climate variables.

The entire study region, as mentioned in the introduction, was divided into six climate

regions. Records of total precipitation, number of rainy days, and mean maximum

temperature for the winter wet season, November through March, for the stations in each

region were averaged together to generate regional climate series. These climate series

comprised the set of dependent variables to be reconstructed with tree-ring chronologies,

each reconstructed separately.

The standard technique of principal components regression was used for all the climate

reconstructions. In this technique, a number of tree-ring chronologies are entered into a

principal components analysis (PCA). Eighty-eight tree-ring chronologies, with the

common time period 1700-1983, exist for the study region. The scores from some or all

components are retained, and used as the independent variables in a stepwise or best

subsets regression equation. In this dissertation, the independent variables for each
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reconstruction were derived using two different strategies. In the first, I entered all 88

chronologies into a PCA, saved the scores of components with eigenvalues of 1.0 or

greater, and used these scores, unlagged, lagged forward, and lagged backward one year,

as the independent variables. In the second approach, I selected the tree-ring

chronologies located in the general area of each climate region, and used only these

chronologies in the PCA. As in the first approach, I save scores and used them, lagged

and unlagged as the set of independent variables.

Although the procedures for the reconstruction are only reported in detail for one region

and one climate variable in the following paper, the methods used for the other regional

climate reconstructions were the same. Both approaches were tried for all regional

climate reconstructions. The best and final reconstructions were based on the full set

approach for all precipitation regions, all but one temperature region, and four of the

rainy day regions. The subregional approach for generating independent variables

produced superior reconstructions for the northern Arizona/New Mexico (NAZNM)

temperature and central Arizona/New Mexico (CAZNM) and southern Arizona/New

Mexico (SAZNM) rainy day regions. The precipitation reconstructions were derived

from the smaller, preliminary set of chronologies (75 instead of 88). The 88-chronology

set yielded reconstructions in which more of the variance in the precipitation was

explained, but more predictor variables were included in the regresssions, and F-ratios
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(ratio of explained to unexplained variance) were consequently lower. I was not able to

determine that these results were a clear improvement over those derived from the 75-

chronology set. All reconstructions were validated with long climate records and other

tree-ring reconstructions, where possible. Reconstructions for the six regions and three

climate variables, and calibration and verification statistics for each can be found in the

Appendices C and D.

I am writing this paper in conjunction with Dave Meko. An abbreviated version of this

paper will be contributed to a preprint volume for the American Meteorological Society

Global Change Symposium, and the work is this paper will also be presented at that

symposium in February 1997.

NUMBER OF WINTER RAINY DAYS RECONSTRUCTED FROM

SOUTHWESTERN TREE RINGS

INTRODUCTION

Precipitation frequency, as measured by number of rainy days in a month or season, has

been found to be more normally distributed and spatially coherent than precipitation

totals, most notably in the southwestern United States (Englehart and Douglas 1985).
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The frequency of rainy days might better reflect the actual delivery of moisture by

circulation patterns than precipitation totals in the semiarid Southwest, where the spatial

distribution of precipitation amounts varies greatly. Long-term information on changes in

frequency of rainy days therefore has potential value in furthering our understanding of

the natural variability of circulation systems.

The objective of this paper is to explore the usefulness of tree-ring data for quantifying

the temporal variability of winter rainy-day frequency over the past three centuries in the

southwestern United States. The climatological variable, number of rainy days, has not

previously been used in dendroclimatic reconstructions. It is reasonable to expect that

the number of rainy days might be more strongly related than total precipitation to

seasonally aggregated moisture conditions sensed by trees, especially in areas where

rainfall from infrequent, heavy storms may run off before much moisture is absorbed

into the soil. The southwestern United States is a good region for testing the relationship

between tree growth and number of rainy days because trees in this area are highly

sensitive to variations in climate and have been found suitable for reconstructions of past

climate. In this paper we use a network of tree-ring chronologies with a common time

period 1702-1983 to reconstruct number of winter rainy days for a sub-region within the

Southwest.
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PRECIPITATION CLIMATOLOGY

Winter climate in the southwestern United States is often under the influence of high

pressure centered over southern Nevada. The high pressure occasionally breaks down to

allow Pacific Ocean moisture into the region (Mitchell 1976). Most Pacific storms in

winter cross into the continent through the northwestern part of the U.S., but when the

Pacific Ocean high is far enough west, storms circulate around this high and may cross

the coast further south into the southwestern U.S. (Sellers and Hill 1974). Often,

moisture in air masses moving east from the coast and across southern California

mountain ranges is depleted by the time the air mass reaches Arizona, because much of

the moist air is trapped on the western side of the mountains (Bryson and Hare 1974).

Consequently, the season of maximum precipitation in southern California is winter,

while New Mexico's maximum precipitation is the summer monsoon season, and in

central Arizona the distribution of precipitation is bi-modal (Trewartha 1966). Although

many of the same atmospheric circulation features impact winter climate across the entire

Southwest (California to New Mexico), the impacts vary spatially. For example, El

Nirio/Southern Oscillation-related circulation may influence fall and winter climate

across the region, but most consistently affects climate in southeastern Arizona and New

Mexico (Kiladis and Diaz 1989).
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Figure 4.1. Number of rainy days in November-March, 1932-83, for rainy-day regions
CAC and SAZNM. Long-term means are 31.4 days (CAC) and 20.6 days (SAZNM).

To illustrate some similarities and differences between southwestern regions, the far

western (CAC) and far southeastern (SAZNM) regions are contrasted. The correlation

between numbers of rainy days in winter for these two regions is r = 0.68. Observed

numbers of rainy days, 1932-1984, for CAC and SAZNM are shown in Figure 4.1. Plots

of the rainy day records show that there are years and periods of time when the two

record are very similar, and other times when they are different. Spatial variations in

atmospheric circulation are likely responsible for these opposing anomalies.
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DATA

The region of interest for this study is located in southeastern Arizona and southwestern

New Mexico. This region (SAZNM) is one of six regions defined within the

southwestern U.S. for a broader study (Figure 4.2a). The larger study area was divided

up into climate regions since it has been shown that there are important sub-regional

differences in the ways that atmospheric circulation influences climate in this area

(Woodhouse, in review) (Chapter 3). Climate regions were based primarily on a rotated

principal components analysis (RPCA) grouping of stations, but the mean precipitation

patterns and the relationships between number of rainy days and influential circulation

patterns were also considered. The regions suggested by the RPCA reflected common

spatial patterns of climate variability over time, but because of the large domain of the

study area combined with a somewhat coarse distribution of climate stations (in some

areas) this analysis did not seem to be sensitive to some important regional differences

due to physical elements that influence climate, such as topography (White et al. 1991).

Consequently, the other factors were also considered in defining regions.

Number of rainy days in the winter wet season, November through March, was the

seasonal climate variable selected for reconstruction. Seven stations in the SAZNIV1

region were averaged together to generate a regional rainy-day series (Figure 4.2a). All
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Figure 4.2. a) Location of rainy day stations and climate regions. CAC = California
coast region, CACO = California/lower Colorado River region, NAZNM = northern
Arizona and New Mexico, SCAZ = south and central Arizona, CAZNM = central
Arizona and New Mexico, SAZNM = southern Arizona and New Mexico. b) Location of
tree-ring chronologies. Shaded areas shows chronologies used for this study.
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climate stations included in the regional series have data for the period of 1932-1990,

with records 90% complete or better. Days with a trace of rain or more recorded were

counted. The data were obtained from the National Climate Data Center, and were

evaluated for homogeneity using double mass plots and the Mann-Kendall statistic

(Mitchell et al. 1966). Missing climate data were estimated using the median ratio

technique (Bradley 1976). The temporal distribution of rainy days for the regional

SAZNM series is shown in Figure 4.3a, and the relationship between rainy days and

total winter precipitation are shown in Figure 4.3b. Number of rainy days and total

precipitation are not measures of the same climatic variable, but the two are obviously

related. The correlation between numbers of rainy days and total precipitation is 0.90

for southern Arizona and New Mexico.

A set of 88 tree-ring chronologies with a common time period 1700-1984 was selected

for use in the larger study referred to above (Figure 4.2b). Chronologies were obtained

from the International Tree-Ring Data Bank (ITRDB) and from unpublished collections

(see Acknowledgments). For the SAZNM regional reconstruction, we use only the 48

chronologies in New Mexico and southeastern Arizona (Figure 4.2b). No attempt was

made to screen chronologies by elevation or species. All chronologies were coniferous

species, and site elevations ranged from 1760-2950 meters. Almost all of the

chronologies have significant first order autocorrelation, presumably resulting from



1960 1970 1980

year

a)

40

-

+ -4-
+

-411-

+	
-E

+

10	 15	 20	 25	 30	 35	 40

number of rainy days

Figure 4.3. Rainy day characteristics. a) Number of rainy days for SAZNM region, 1932-
1983. b) Number of rainy days compared to total precipitation for winter, SAZNM
region, 1932-1983.

89

60 	

50 -

40 -

30 -

20 -

10 -

0 	
5



90

biological rather than climatic factors. Chronologies were therefore filtered with a low-

order autoregressive-moving-average (ARMA) model before their subsequent use in

climate reconstruction The model was chosen to retain as much of the low frequency

variation as possible. An ARMA (1,1) model was found appropriate in most cases, while

an AR(2) or AR(3) model was indicated for a few chronologies.

RECONSTRUCTION OF RAINY DAY SERIES

The dendroclimatic reconstruction of rainy-day frequency was generated by a standard

technique of principal components regression (Fritts 1976, Cook and Kairiukstis 1990).

The PCA step in this technique reduces the full set of original tree-ring chronologies to a

more manageable reduced set of transformed variables. The transformed variables, or

principal component scores, are then used as predictors in the climate reconstruction

model.

In climatic reconstruction, the tree-ring chronologies used as predictors are often selected

with a view to enhancing regional-scale climate responses within the tree-ring

chronologies. For this study, we selected only tree-ring chronologies in New Mexico and

in the southeastern portion of Arizona. In using a smaller set of chronologies, we hoped

to retain local-scale variance in the chronologies. The initial step in the analysis was a
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rotated principal components analysis (RPCA) on the set of 48 chronologies. The

reduced set of tree-ring variables were the six components with eigenvalues equal to or

greater than 1.0. Scores for these components, lagged forward and backward one year,

made up the pool of 18 potential predictor variables for the stepwise regression.

Lagged variables were included to account for any lagged response of tree growth not

properly adjusted for in prewhitening the chronologies.

The regional rainy day series was calibrated with the set of independent variables by

stepwise regression. A subsample replication scheme was used to generate an

independent series for model verification. A standard practice in tree-ring

reconstructions is to divide the period of time common to climate data and tree-ring

chronologies into two sections -- one part for calibrating the relation between the tree-

ring series and climate data, and the other part for independently verifying the

calibration. The common period (1932-83) is too short in this study for such a split-

sample approach. Instead, cross-validation as described by Michaelson (1987) was used

for verification of the reconstruction model. In cross-validation, the regression model is

first calibrated on all cases to obtain a set of predicted values and their residuals

(analogous to calibration series). The regression model is then re-calibrated iteratively,

each time deleting one case and applying the model to estimate that value and its

residual, until all cases have been estimated independently. The resulting time series of
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estimates for the deleted observations is analogous to the verification series. These

estimates and their residuals are compared with the estimates and residuals for the full-

period model as a means of evaluating the predictive power of the regression equation.

The regression model calibrated as described above explains 71% of the total variance in

the rainy day series from a set of seven predictor variables derived from the tree-ring

chronologies. A variety of statistics is traditionally used to evaluate the quality of a

dendroclimatic reconstruction model (Fritts 1976). We used the correlation coefficient

(r) between observed and reconstructed number of rainy days, reduction of error (RE)

statistic, and the sign test. The sign test is based on the numbers of

agreements/disagreements in sign of departures from the mean in observed and

reconstructed values. Statistics for the reconstruction are as follows:

Calibration Verification

0.89 0.80

RE 0.75 0.67

sign test 45/7 45/7

The correlation coefficients and sign tests were all significant (a = 0.01), and the RE

value for the verification is high and positive. Any positive value of RE is considered

"encouraging" in dendroclimatic reconstructions (Fritts 1976). Statistics for calibration

and verification series are quite similar, indicating that the regression model has good
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predictive strength and that the model has not been overfit. The explained variance for

the reconstruction of rainy day numbers is greater than that for the reconstruction of total

winter precipitation (r2 = 0.71 compared with r2 = 0.60) for the same region (Woodhouse,

in preparation).

Residuals for the regression equation were plotted against time, estimated values, and an

independent variables. No trends of increased or instable variance were detected, nor

was there evidence for mis-specification of the model or systematic errors. A histogram

of the residuals was also generated and the distribution of values appeared approximately

normal. The residual series had a Durbin-Watson D statistic greater than the upper

critical level (a 0.01), indicating no first-order autocorrelation.

A plot of the observed series and the reconstructed series illustrates the ability of the

regression model to explain the variance in the actual data (Figure 4.4a). Although the

reconstructed values are somewhat conservative in some years, as tree-ring estimates and

estimates of all empirical statistical models tend to be, the fit is good in most years.

The SAZNM reconstruction compares well with other reconstructions of winter

precipitation from tree rings for this general region (Fritts 1991, D'Arrigo and Jacoby
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Figure 4.4. a) Observed rainy days compared to reconstructed rainy days, SAZNM,
1932-1983. b) Annual flow of Salt River, Arizona compared to reconstructed rainy days,
1901-1995. Flow data for 1914-1995 from U.S. Geological Survey, gage "near
Roosevelt". Data for 1901-1913, for gage "at Roosevelt", from Smith (1981)-- except
data for 1908-10, which are tree-ring estimates from Smith and Stockton (1981).
Smoothed versions (thick lines) are the result of applying 5-weight binomial filters.

1992). It is especially important to check reconstructions with independent information

on climatic variation if the calibration period is short. We have compared the major
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fluctuations in reconstructed rainy days with the gaged flow record, 1901-present, for the

Salt River, Arizona, obtained from U.S. Geological Survey publications and computer

files. The headwaters of the Salt River are partially located in the SAZNM region.

Smoothed time series plots (Figure 4.4b) indicate that the reconstruction of rainy days

parallels the prominent decrease in flow from 1900 to 1950 as well as the recovery

beginning in the 1960s.

As a test to our hypothesis that a climatic reconstruction utilizing chronologies from a

limited geographic area may better reflect regional variations in climate, we also tried an

alternative approach for obtaining predictor variables for the regression equation. In this

approach, instead of using only the 48 chronologies from New Mexico and southeastern

Arizona, we used the full set of 88 Southwestern chronologies. The set of eleven

component scores from a PCA on the 88 chronologies were lagged forward and

backward one year, as in the smaller set, to produce 33 predictor variables. Stepwise

regression results were not as good (explained variance of 59%) and when the

reconstruction was compared to the independent data from the Salt River gage record, it

did not duplicate the marked decrease in flow from 1900 to 1950 nearly as well as the

reconstruction using the subset of chronologies. These results validate our decision to

use a set of chronologies from a smaller region, and, in this case, bear out the supposition



that details of regional climate may be better reproduced with the smaller set of

chronologies.

LOW-FREQUENCY CHARACTERISTICS OF THE RECONSTRUCTED RAINY

DAY SERIES
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Time series characteristic of the

reconstructed rainy day series were

examined through spectral analysis and

smoothing of the time series. In a sample

spectrum for the rainy day reconstruction,

the most important peak appears at a

period of slightly greater than four years,

with a secondary peak around 21 years

(Figure 4.5). The greatest part of the

variance seems to be concentrated at

frequencies lower than four years.

The reconstruction was smoothed using

0.5

0.15	 0.2 	025	 0.3	 035	 04 	 046	 0 5

Frequency (1 /year)

Figure 4.5. Sample spectrum of rainy-days
reconstruction, 1702-1983, region SAZNM.
Spectrum (solid line)computed by
successive filtering of periodogram by a 7-
weight and 13-weight Daniell filter
(Bloomfield 1976). Inset shows filter width
and shape. Null continuum estimated by
smoothing periodogram by 33-weight, 55-
weight, and 77-weight Daniel filters. Dash-
dot line is 95% confidence band.

3

two filters, allowing for an assessment of variations at wavelengths roughly greater than
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about 5 years (5-weight binomial filter) and 15 years (23-weight Hamming filter) years

(Figure 4.6). The downward trend in the reconstructed series from 1900-1950, noted

also in the gaged Salt River record, appears to be unprecedented in the past three

centuries. However, there have been shorter-term extremes in past centuries that have

not been equaled in the last 80 years. In particular, the latter half of the 19th century

displays alternating periods of wet and dry at shorter intervals than for the rest of the

record.

Year

Figure 4.6. Smoothed reconstruction of number of rainy days for region SAZNM.
Series smoothed by five-weight binomial filter (thin line), and 23-weight Hamming
filter; these filters retain approximately 27 percent and 7.5 percent of the variance of the
annual reconstruction. Frequency-response amplitude of binomial filter: 0.9, 0.5, 0.1 at
periods 13.8 yr, 5.5 yr, 3.2 yr. Frequency-response amplitude of Hamming filter: 0.9,
0.5, 0.1 at periods 34.2 yr, 14.7 yr, 9.2 yr.
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Figure 4.7. Number of dry years and wet years in sliding seven-year window of rainy-
days reconstruction, 1702-1983, region SAZNM. Dry year defined as reconstructed
number of rainy days in lowest quintile (0.2 quantile) of the 282 reconstructed values.
Wet year similarly defined using highest quintile (0.8 quantile). Dry periods plotted
below axis (with negative labeling) and wet periods above.

The distribution of years of extreme numbers of rainy days (upper and lower 20% of

years), smoothed over seven year periods, suggests periods of very dry extremes (four of

seven years in the lower 20%), have occurred roughly once a century, around the 1750s,

1860, and 1950 (Figure 4.7). A very wet extreme followed closely the dry extreme in the
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1750s. Another very wet period occurred in the early 1900s, (which was the most

prolonged extreme wet period of the record), along with one in the most recent years of

the reconstruction. Periods of dry extremes appear to be fairly evenly and consistently

spaced over the past three centuries. Wet extremes are less evenly spaced, with the

longest periods with out many extremes in the latter part of the 19th century and in the

1930s to 1950s.

CONCLUSION

This study demonstrates the usefulness of tree-ring chronologies for reconstructing the

number of rainy days in a region within the southwestern United States. The variance in

the rainy day record explained by the tree-ring chronologies exceeds the 60% variance

commonly yielded from arid-site trees in western North America (DeWitt and Ames

1978). Calibration and verification statistics are highly significant, and a close

comparison with the independent Salt River gage record helps validate the

reconstruction. Conceptually and by the objective criterion of percent variance

explained, number of rainy days appears for this region to be superior to total winter

precipitation as a climatic variable for tree-ring reconstruction.
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Number of rainy days, as a measure of moisture, may be successfully reconstructed in

other regions, especially in areas where a record of rainy day frequency may be more

meaningful than precipitation totals. The use of this climatic variable in reconstructions

may provide a way to improve reconstructions of precipitation in areas where rainfall

occurs sporadically, with variable spatial distributions. Although the compilation of

rainy day series is more of an undertaking than simply obtaining a record of total

precipitation, this study demonstrates that rainy day reconstructions may potentially be

more robust than reconstructions of precipitation.
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5. RECONSTRUCTION OF CIRCULATION INDICES

The set of circulation indices that were defined and described as important to winter

climate in the Southwest in Chapter 3 are reconstructed from tree-ring chronologies in

the following section. Of the six original circulation indices, the cyclone index was the

only one that was not possible to reconstruct. There were no correlations between this

index and any tree-ring chronology.

RECONSTRUCTED WINTER ATMOSPHERIC CIRCULATION INDICES FOR

THE SOUTHWESTERN U.S. FROM TREE RINGS, PART I:

RECONSTRUCTIONS

INTRODUCTION

Fluctuations in atmospheric circulation patterns influence variations in regional climate.

The climatic changes that affect these circulation patterns will, in turn, affect regional

climates. For example, the extent of the effect of El Nirio/Southern Oscillation (ENSO)

events on climates in different areas of the world is currently being investigated. ENSO

and the Pacific Ocean/atmosphere interactions have become recognized as major

controls on climates in parts of North America, Africa, India, Australia, and southeastern
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Asia. If global climate changes alter the way that ENSO operates, the changes will also

impact regional climates. Information about the interactions between climate and

circulation in the past and the present may aid in predicting how future changes in

climate, natural or anthropogenically-induced, will impact regional climates. In most

parts of the world, historical records of climate and circulation (i.e. 500 mb heights,

circulation indices) are limited to 150 years or much less. Sources of proxy climate data

offer a way to reconstruct records of past climate and circulation. Extended records

enable the evaluation of climate variability over the past several hundred to over a

thousand years, providing a longer temporal context from which to evaluate natural

climate variability and trends. Tree rings are an especially useful source of proxy data

because they have annual resolution and can be directly calibrated with climate records

or circulation indices.

Tree rings have been used to reconstruct a variety of climate-related variables, especially

in the southwestern United States, where trees are long-lived and sensitive to climate.

Typically, monthly or seasonal temperature and precipitation have been reconstructed.

Less commonly, larger-scale features of atmospheric circulation have been

reconstructed, such as sea level pressure (Fritts 1991) and the Southern Oscillation Index

(SOI) (e.g. Lough and Fritts 1985, Michaelson 1989, Cleaveland et al. 1992). In this

study, the primary goal was to investigate the usefulness of tree-ring chronologies for the
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reconstruction of a set of circulation indices specifically identified as important to winter

climate in the southwestern United States. The reconstructions of circulation indices

were then used to make inferences about relationships between, and variation in,

circulation patterns over the past three centuries.

STUDY AREA AND DATA

Study Area

The study area encompasses southern

California, southern Nevada, Arizona, and

western New Mexico (Figure 5.1). This

area includes the northern portion of the

Sonoran Desert as well as parts of the

Chihuahuan, Great Basin, and Mojave

Deserts. Median winter precipitation

totals in these desert areas range from 30

mm in southeastern California to 93 mm

in southeastern Arizona. This region lies

south of the usual winter storm track of Figure 5.1. Study area.
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the westerlies and north of the low-latitude flow of tropical air across Mexico. In

general, high pressure dominates the region in winter and it is only anomalous conditions

that steer storms into the area and bring large amounts of precipitation (Sellers and Hill

1974).

Circulation Indices

A set of circulation indices was compiled that have been shown to be important to winter

climate in the Southwest (Woodhouse, in review, Chapter 3). These consist of existing

circulation indices that were found to be correlated to winter climate in the Southwest,

and indices that were generated to describe other circulation features important to winter

climate variability. The indices are defined in Table 5.1. The SOI and SST index are

measures of El Nifio/Southern Oscillation (ENSO) events. The circulation pattern often

associated with ENSO events is the PNA pattern, or some variation of it (Yarnal and

Diaz 1986, Keables 1992). This pattern is characterized by a strong Aleutian Low, an

upper level high over western Canada, and a deep low over the southeastern United

States (Yarnal and Diaz 1986). In the modified version used for this study, the three

features are shifted eastward, and the Canadian high is further north (after Keables 1992).

The TROF patterns features a southwestern low centered over southern Nevada, in

conjunction with highs over the Gulf of Alaska and the Great Lakes. This pattern
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Table 5.1. Circulation indices.

INDEX DESCRIPTION SOURCE IN 1ERVAL

SOI Southern Oscillation Index-
sea level pressure; Tahiti - Darwin

Climate Analysis
Center (CAC)

winter (DJF),
fall-winter
(S-F)

SST Sea surface temperature from COADS data Kiladis and Diaz winter (DJF)
4'N-4°S, 160°-80°W (1930-1979) (1989)
5°N-5°S, 190 -90'W (1980-1990) CAC NINO3 index

PNA-
modified

Pacific North American patterns; a measure of
zonality across N. America. Location of
pressure centers modified after Keables (1992)

Woodhouse,
Chapter 3

winter (JFM)

PNA3 pattern.

PNA=1/3[-Z*(135°W, 35°N)+
Z*(100°W, 75°N)-Z*(70°W, 30°N)]

SWTROF Southwestern trough; measure of intensity of
low over the SW, in combination with high
pressure over the Gulf of Alaska and the Great

Woodhouse,
Chapter 3

winter wet
season (Nov.-
Mar.), NDM

Lakes.

SWTROF=1/3[-Z*(140 ° W, 50°N)+
Z*(115°W, 35°N)-Z*(80°W, 45°N)]

PHSWL Pacific high/southwestern low; measure of
intensity of low over the SW, in conjunction
with the longitudinal position of the Pacific high.

Woodhouse,
Chapter 3

winter wet
season (Nov.-
Mar.), NDM

PHSWL=Z*(115°W, 35°N)-longitude of the
greatest 500mb height @ 30°N, 120 °-160 °W

* Z=standardized 500mb height at each grid point.

approximates what has been called by some a "reverse-PNA" pattern (Yarnal and Diaz

1986). The PHSWL is characterized by the same southwestern low over southern

Nevada, as featured in the TROF index, but includes a link with the longitudinal position

of a Pacific Ocean high. The longitudinal position of this high influences the point at

which storms enter into the North American continent. A Pacific high in a more easterly
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position causes storms to head north to the Pacific Northwest, while a more westerly

position allows storm to circle around the north and east sides of the high and cross the

coast further south (Sellers and Hill 1974).

Several versions of some of the indices were derived by averaging together different

combinations of months. The groups of months for each index were based on the best

relationships between the indices and historical climate records. The SOI index for fall

and winter (SONDJF) had the best correlation with most stations in the study area

(although winter, DJF, was best for New Mexican station). An SOI index for DJF was

also used for purposes of comparison with other reconstructions. A winter (DJF) index

for SST was used, and the modified Pacific North American (PNA) index was generated

for the months of January-March, averaged. The two indices featuring the southwestern

Low, the Pacific High/Southwestern Low (PHSWL) and Southwestern Trough (TROF),

were calculated for two different groups of months; a winter wet season (November

through March, WIN) average, which correlated best with temperature, and the average

of the months November, December, and March (NDM), which correlated best with

rainy days. The indices derived for these monthly groupings formed the basis for the

tree-ring reconstructions.
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Tree-Ring Chronologies

A set of 86 tree-ring chronologies was compiled for this study (Figure 5.2). Of these, ten

chronologies were generated specifically for this study by Dave Meko. The others were

obtained from the International Tree-Ring Data Bank (ITRDB), and from unpublished

collections (C. Baisan, S. Danzer, K. Moreno, J. Fairchild-Parks, Laboratory of Tree-

Ring Research, University of Arizona). All chronologies have a common time period of

1700-1984. No attempt was made to screen chronologies by elevation or species. All

chronologies were coniferous species, and site elevations ranged from 1480-3500 meters.

The stability of the variance in each chronology over time was assessed as well as the

autocorrelation structure of the chronologies. Variances were stable but almost all of the

chronologies displayed significant first order autocorrelation. A low order ARMA model

was chosen to transform the residual series into "white noise," and to retain as much of

the low frequency variation as possible. An ARMA (1,1) model was found appropriate

in most cases. In a few cases, AR(2) or AR(3) models were used.

RECONSTRUCTIONS

Circulation indices were reconstructed from the collection of 86 tree-ring chronologies,

using a standard approach of principal components regression (Fritts 1976, Cook and
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Kairiukstis 1990). The

chronologies were entered into a

rotated principal components

analysis (PCA). Twelve

components with eigenvalues

greater than 1.0 resulted, which

together explained 73.5% of the

total variance. The geographic

grouping of the chronologies in

Figure 5.2. Locations of tree-ring chronologies
used for this study. Shown also are the chronology
groupings for the principal components analysis
(PCA), and the amount of variance explained by
each principal component (PC).

each PC are shown in Figure 5.2, along with the percent of variance explained by each

component. The component scores were saved and used in the reconstruction process.

Stepwise regression was used to calibrate each of the circulation indices with the tree-

ring PC scores from the 12 components. Thirty-six independent variables, the scores for

the 12 PCS for years t-1, t, and t+1, were available for entry into each stepwise

regression equation. The scores were lagged forward and backward one year to account

for any lagged response of tree growth to climate, and any persistence still contained in

the chronologies.
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In tree-ring reconstructions, it is a common practice to divide the period of time common

to both climate data and tree-ring chronologies into two sections, so that one part of the

data can be used for the calibration between the tree-ring series and the climate data, and

an independent time period can be used to verify the calibration. In this study, since the

period of record for 500 mb-based indices was so short (1947-1983), calibrations were

based on the full common time period. Subsample replication was used for cross

validation of the models (Michaelson 1987). In this process, the regression model is first

run with all cases to obtain a set of predicted values and residuals (analogous to

calibration series). The same regression model is then run iteratively, each time deleting

one case and estimating that value and its residual, until all cases have been estimated

independently. The resulting series is analogous to the verification series. The deleted

estimates and residuals are compared with the estimates and residuals from the full

period as a means of evaluating the predictive power of the regression equations. The

model statistics are evaluated and if considered satisfactory, the model is used to

reconstruct values for the dependent variable for the length of the tree-ring data set.

The predictor variables in each regression equation, the adjusted explained variance, and

the associated F-values (ratio of explained to unexplained variance) for each circulation

index are shown in Tables 5.2 and 5.3. A variety of statistics are traditionally used to

evaluate the relationship between the predicted series and the actual series and for



110

Table 5.2. Variables in regression equations. The variables designated with a "t" are
unlagged. Variables designated "tp" lead the circulation index year by one year, and
"tm" variables lag circulation index years by one year. The numbers refer to the tree-
ring chronology components on the map (Figure 5.3). For example, for the PNA index,
tp2 was a variable on the regression equation; tree growth in the trees forming
component 2, in the year after (e.g. 1703) the index years (e.g. 1702) was a predictor of
the PNA index.

SOI
djf sondjf

SST PNA TROF
ndm win

PHSWL
ndm win

ti ti ti ti ti t3 ti	 ti
t2 t2 t2 t4 t3 t4 t2	 t4
t3 t3 t3 tm3 t5 t5 tpl	 t9
t5 tm3 t4 tml0 t10 t10 tp7	 tpl
t9 tm 1 1 tm2 tp2 tin5 tm5 tm10 tp6
tm3 tp3

tm8
tp6

tm3 tpl
tp7

tm9
tml0
trnl 1
tp3
tp5
tp7

tP7

comparison of the calibration and verification series (Fritts 1976). The ones used here

are the correlation coefficient (r), reduction of error (RE) statistic, and the sign test

(Table 5.3). The reduction of error (RE) statistic, a ratio comparing the sums of square

of the residuals with the sums of square of the mean, may range from +1 to negative

infinity. Any positive value is considered "encouraging" (Fritts 1976). The sign test

compares the number of cases in which the actual and predicted series agree in sign and

the number of cases in which they disagree. Correlation coefficients and sign tests were

significant (a ---- 0.01) for all variables, and all RE values were positive.
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Table 5.3. Statistics for regression equations and calibration/verification statistics.

variable adj. R2 F calibration series
r	 /	 RE	 / sign test

verification series
r	 /	 RE	 / sign test

SOI (n=100)
djf .386 8.79 0.660 0.436 68/32 0.561 0.305 64/36
sondjf .354 10.03 0.627 0.393 71/29 0.544 0.229 68/32

SST (n=114)
win .264 7.76 0.551 0.303 77/37 0.458 0.200 75/39

PNA (n=37)
jfm .450 6.90 0.726 0.762 31/6 0.631 0.691 29/8

TROF (n=37)
ndm .587 8.30 0.817 0.667 33/4 0.692 0.455 27/10
win .776 12.32 0.919 0.844 32/5 0.825 0.669 29/8

PHSWL (n=37)
ndm .391 6.77 0.678 0.458 31/6 0.524 0.237 31/6
win .636 9.97 0.840 0.706 30/7 0.723 0.503 28/9

All indices but the PNA and TROF-WIN indices lacked first order autocorrelation at a =

0.1. The Durbin-Watson statistics assessing autocorrelation were inconclusive for PNA

and TROF-WIN The variables used in the regression equations for PNA and TROF-

WIN indices contain no first order autocorrelation, so these are presumably spurious

autocorrelations. Histograms of residuals show most series to be essentially normally

distributed. Residual plots (of residuals vs. time, residuals vs. predicted values, and

residuals vs. an independent variable) show no trends or changes in variability. Plots of

actual values, calibration series estimates, and verification series estimates were

generated and evaluated. As is commonly the case with tree-ring reconstructions,
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reconstructed values are conservative estimates and extreme values are not always well

replicated.

VALIDATION OF RECONSTRUCTIONS

Validation of these reconstructions is difficult because, with the exception of the SOI,

there are no long or proxy records of the other indices, nor of the 500 mb pressure data

used to construct the indices. Sea level pressure (SLP) patterns have been reconstructed

for North American (Fritts 1991), and although this is not an entirely independent source

of validation since these reconstructions are also based on tree-ring chronologies, these

reconstructions provide some means of validation. Sea level pressure data (1900-1962)

and weather maps for precipitation and temperature anomalies (1900-1946) provided

other sources of validation for 500 mb-based indices.

SOI and SST

Several sources of data exist for the validation of SOI. These include chronologies of El

Nitio events reconstructed from historical documents from South America (Quinn et al.

1987) and the Nile River area (Quinn 1992), and tree-ring reconstructions of SOI from

other researchers (Cleaveland et al. 1992 and Lough and Fritts 1985). Because SST is so
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closely (inversely) related to the SOI, I made the assumption that if I could validate the

SOI, I could also validate the SST index, since the two reconstructions are closely

correlated

The historical records of El Nifio events were used to validate my reconstructions of SOI

by comparing an event year or year following an event that was rated very strong (VS) or

strong+ (S+), with the years in the reconstructed SOI series. A year lag was allowed

because of the imprecision of the historical accounts and the fact that El Nirio events can

persist several years. Most of the Nile events coincided with the events from the South

American record, though they commonly were recorded as lasting for more than a year.

After combining all VS and S+ events, for a total of 23 events (1702-1983), there were

only three events in the historical records that did not coincide with negative

reconstructed SOI values, and all of these SOI values were -0.4 or less (mean value =

-0.082, range of values = -3.9 - 2.2).

The correlations between my reconstructed SOI and the reconstructions of Lough and

Fritts (1985) and Cleaveland et al. (1992) for the common period, 1702-1963, and for the

period of the SOI record are shown in Tables 5.4a and 5.4b. All reconstructions were

based on the same SOI (SLP at Tahiti - SLP at Darwin), and for the winter season. The

Cleaveland reconstruction is from tree-ring chronologies in Mexico and the Southern
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Table 5.4. SOI comparisons. Correlations between a) SOI reconstructions for the
common reconstruction period, 1702-1963 and b) SOI reconstructions and actual SOI for
the period of observed record, 1884-1963.

a) 1702-1963

SOI
(this study)

SST
(this study)

Cleaveland
SOI

Lough &
Fritts SOI

SOI
(this study)

1

SST
(this study)

-0.779 1

Cleaveland 0.354 -0.314 1
SOI

Lough & 0.500 -0.398 0.462 1
Fritts SOI

b) 1884-1963

observed SOI Cleaveland Lough &
SOI (this study) SOI Fritts SOI

observed 1
SOI

SOI
(this study)

0.551 1

Cleaveland 0.695 0,530 1
SOI

Lough & 0.721 0.545 0.742 1
Fritts SOI

Plains. Lough and Fritts' reconstruction was derived from chronologies from western

North America, including northern Mexico. Correlations between the SOI

reconstructions and my reconstructed SST index are also shown.
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For the period, 1702-1968, my winter SOI reconstruction correlates better with Lough

and Fritts' than with Cleaveland's. The correlation between my reconstructed SOI and

Lough and Fritts' is also better than between Lough and Fritts' and Cleaveland's. For

the period of actual SOI data, 1884-1971, the correlation between the actual data and the

indices is better for both Lough and Fritts' and Cleaveland's, than for mine. The

correlation between Lough and Fritts' and Cleaveland's is improved for this time period,

as well. My reconstruction may be more similar to Lough and Fritts' because the tree-

ring chronologies used in the two reconstructions are from some of the same areas (and

may share some chronologies). The differences in the correlation results may be due to

the differential influence of ENSO on regional climates, picked up by the trees and

recorded in their growth patterns. For example, Diaz and Kiladis (1992) show SOI to be

more strongly correlated to fall and winter precipitation in the southeastern United States

and Mexico than in the Southwest. My tree-ring data set lacks chronologies in Mexico,

except for Baja, which is an area not remarkably sensitive to ENSO.

The three reconstructions, when compared, are in agreement in some years and not at

others. Although these reconstructions explain between 39% and 57% of the total

variance in SOI, they may be explaining different portions of the variance, since the

reconstructions are from trees that are likely being influenced by ENSO in somewhat

different ways. The intent of this study is not to generate as accurate an SOI
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reconstruction as possible, but to generate an index that reflects the influence of SOI on

climate in a specific area -- the southwestern U.S.. As such, these independent SOI

reconstructions provide general validation of the SOI reconstructed for the purposes of

this study.

PNA, TROF, and PHSWL

In order to compare reconstructed 500 mb-based indices with the reconstructed SLP

patterns of Fritts (1991) and with historical SLP, precipitation and temperature anomaly

maps, I ranked each reconstructed index to determine the years of the highest and lowest

values (i.e., the negative and positive extremes of index values in each time series). For

the PNA index, I selected the years of the five highest and lowest values, and for the

TROF and PHSWL indices, I selected the highest and lowest ranking five years which

were shared by both NDM and WIN versions of the indices for the following

comparisons. I qualitatively evaluated maps of winter SLP obtained from Fritts' (1991)

pressure reconstructions (1702-1962), actual SLP data (1900-1962), and temperature and

precipitation maps for winter months (1900-1946 for precipitation, 1921-1946 for

temperature) for the years of the reconstruction extremes to determine whether 1) the

extreme years of the same sign, for the same index, had any sort of common SLP pattern,

2) SLP patterns for years of positive and negative extremes were dissimilar, and 3) there
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is any correspondence between the 500 mb pressure pattern described by the indices and

the SLP, temperature, and precipitation patterns in the maps. High and low values for

each index correspond to wet, cool or warm, dry conditions. For a detailed explanation

of these relationships, see Woodhouse (in review, Chapter 3).

Using the PRESMAP program (Fritts 1991), I produced maps of reconstructed winter

SLP for five (four in cases when one of the extreme year occurred after 1962) extreme

years for each index, for both positive and negative extremes. Sea level pressure maps of

actual data for the period 1900-1962 were generated from the PRESMAP program as

well. Monthly map for December, January and February temperature and precipitation

were obtained from the Monthly Weather Review.

Most of the reconstructed pressure maps for each type of index and sign of extreme

showed similar dominant pressure features, and maps of the opposite extremes

commonly had opposite pressure patterns or, at the least, very different patterns. There

were some similarities between the dominant SLP patterns for the extreme years and the

500 mb pattern depicted by the indices, but they were not always obvious. For years of

actual SLP data (1900-1962), there was a more limited set of years available for

comparison, but results were comparable in most cases (although for the TROF index,

the maps of the three extreme wet years bore little resemblance to each other). The
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monthly maps of temperature and precipitation indicated regional patterns of climate

anomalies which were assessed for agreement in sign with the extreme index years.

Most precipitation patterns were in agreement with index extremes, though agreements

with the temperature patterns were less obvious. Only one year stands out as an incorrect

estimation, 1921. This year is listed as an extreme wet year in the PHSWL ranking and

as an extreme dry year in the TROF ranking. The SLP pattern shows some similarity to

the wet PHSWL pressure pattern, but climatically, it is an extremely dry year, in

agreement with the TROF ranking.

As one final step at validation, I compared a reconstruction of November-May

precipitation for the Northwestern Plateau Climatic Division of New Mexico (D'Arrigo

and Jacoby 1992) with the reconstructed indices. This reconstruction was derived from

six tree-ring chronologies from northwestern New Mexico and southwestern Colorado

(one of the six was also used in this research). An inspection of the years of the highest

and lowest five percent of values, for the common time period 1702-1970, showed 11 of

the 13 wettest years in this reconstructed precipitation record coincided with a year of an

index value associated with wet conditions, and that fell within the top ten percent of

values in one or more of the reconstructed circulation indices. Eleven of 13 driest years

of this reconstruction coincided with years of index extremes associated with dry

conditions.
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In spite of the difficulties presented by the lack of data available for validation, results

support these reconstructions as fair proxies for indices of atmospheric circulation

patterns. Although these results are not entirely clear-cut, they do provide some

validation for these reconstructions.

RECONSTRUCTED CIRCULATION INDICES

Temporal Characteristics

Time series plots and smoothed time series plots provide a way to make a preliminary

assessment of the similarities and differences between reconstructed indices. The plots

of the reconstructions of the circulation indices are shown in Figure 5.3a and smoothed

series, using a 5-weight binomial filter, are shown in Figure 5.3b. Positive value for

SOI, TROF, and PHSWL indices indicate dry conditions, and wet conditions for SST

and PNA. The SOI (fall/winter shown only) and SST plots are very similar, but of

opposite sign, as is expected. The PNA series shares many of the peaks and troughs of

the SST index, although there are some differences as well (e.g., on smoothed plot, late

1750s, 1850s). The plots for the TROF index for NDM (November, December, and

March average), and WIN (winter average) are quite similar, but the NDM and winter

averages for the PHSWL indices are less similar. When the SOI index is compared to
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Figure 5.3. Reconstructed circulation indices, a) unsmoothed. b) smoothed with a 5-
weight binomial filter.
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the TROF indices, some synchronous patterns of peaks and troughs are evident (e.g., on

smoothed plots, 1740s-50s, around 1820) as well as some periods of inverse relationships

(e.g., on smoothed plot, around 1820, around 1930) The same types of similarities and

differences can be seen between SOI and PHSWL indices.

Table 5.5. PCA loadings for reconstructed circulation indices.

index component 1 component 2 component 3
loadings loadings loadings

SOI-fall/winter 0.879 0.166 0.198

SOI-winter -0.865 -0.108 -0.252

SST 0.855 0.268 0.200

PNA -0.785 0.062 -0.182

TROF-WIN -0.001 0.943 0.084

TROF-NDM 0.249 0.896 0.032

PHSWL-WIN 0.169 0.067 0.935

PHSWL-NDM 0.435 0.063 0.807

percent explained
variance

39.3 22.7 21.4

These similarities and differences are more clearly defined in the plots of scores from a

PCA on the set of circulation indices. A rotated PCA identified three main components,

or "index-types", together explaining 83.4% of the total variance. The SOI, SST, and

PNA indices group together, while the two TROF and two PHSWL indices form their
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Figure 5.4. Scores for the three components; PC1= SOI, SST, PNA (solid line),
PC2=TROF-NDM, TROF-WIN (solid line broken by two dashes), and PC3=PHSWL-
NDM, PHSWL-WIN (dashed line).

own components (Table 5.5). The scores of the three components are plotted in Figure

5.4, which shows that in some years, the three components vary together (e.g. 1979),

while in other years, there is an inverse relationship between one and the other

components (e.g. 1872), or all three may vary independently (e.g. 1765). This plot also

shows the relative contribution of each index-type on any given year.

Running correlations between different pairs of indices, for 50-year time periods (except

for first period, 1702-1750, of 49 years, and the last period, 1950-1983, of 34 years)
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Figure 5.5. Running correlations for 50-year time periods (except for first period, 1702-
1750, 49 years, and the last period, 1950-1983, 34 years), overlapped by 25 years. a)
Correlations between SOI (fall-winter) and SST, and SOI and PNA. b) Correlations
between SOI and TROF-WIN and SOI and PHSWL-WIN. c) Correlations between PNA
and TROF-WIN, PNA and PHSWL-WIN, and TROF and PHSWL.
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overlapped by 25 years, further illustrate these groupings. The running correlations

between SOI (fall/winter) and SST are shown in Figure 5.5a. The correlations vary

synchronously over the 50-year time periods, and are all quite high, with little variation.

The correlations between SOI and PNA are also very stable over time, though correlation

values are somewhat lower (Figure 5.5a).

In contrast, correlations between SOI and TROF or PHSWL (Figure 5.5b), between PNA

and TROF or PHSWL, and between TROF and PHSWL vary over time considerably

more (Figure 5.5c). Correlations between SOI and TROF are only significant (p<0.05)

in the first two and last periods (note; correlations for all of the last periods will be

somewhat inflated with respect to the others due to a smaller sample size). SOI and

PHSWL correlations increase in the last third of the record and become significant after

about 1850. PNA-TROF correlations are not significant for any period. Correlations

between PNA and PHSWL mirror the pattern of the SOI-PHSWL relationships after

about 1850, and are also significant for three periods in the early part of the record. The

correlations between TROF and PHSWL indices are only significant for the last two

periods. This relationship is detectable in an analysis of the modern records (1947-1990)

which showed these two indices to be well correlated for that period of time

(Woodhouse, in review, Chapter 3).
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The time series plots, PCA, and running correlations suggest that three main index-types

are operating over the time period, 1702-1983 These results imply that three different

types of circulation patterns have been functioning, sometimes synchronously, but often

independently, over the past three centuries

In the frequency domain, other differences are evident. Spectra of the circulation indices

show the largest peaks for SOI (fall/winter) and the SST index to be at periods of 4, and

4 and 8 years, respectively. SOI (winter) shows the largest peak at 21 years, but a

secondary peak at four years. PNA and PHSWL peaks are at a slightly higher frequency

(3.2 years for PNA, 2.6 for PHSWL-WIN, 2.6 and 3.2 for PHSWL-NDM), but all of

these fall within or close to what is considered the ENSO-band, at approximately 3-7

years (Julian and Chervin 1978). In contrast, the TROF indices have largest peaks at

12.8 (NDM) and 12.8 and 16 (WIN) years (See Appendix F for spectra). These results

suggest that two types of circulation patterns, described by the SOI and PHSWL type-

indices, are operating at ENSO frequencies, while the third, described by the TROF type-

index is operating at a lower frequency.
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Extreme Values in Circulation Indices

Frequency counts of numbers years of extreme values (i.e., upper and lower 20% of

values) for each reconstructed index were compiled by century (figured in percent of

years per century) (Figure 5.6). Many of the years of extreme values appear to be evenly

spread between the three centuries, but there are some notable exceptions. The number

of extreme SOI years is greatest in the 20th century, both for wet and dry extremes.

Although some studies report no changes in the character of ENSO events over past

centuries as recorded in proxy records (Enfield 1988, Michaelson 1989), others have

suggested increases amplitude and numbers of extreme SOI values, most notably in

soi
	

sst
	

pna
	 troth 	trofw	 phsn	 phsw

indices

El 1700s     1800s	 1900s

Figure 5.6. Frequency of extreme (upper and lower 20%) index values, plotted by
century. Values are shown in percent of extremes per century, to account for
incomplete record for 20th century.
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the late 19th century and in the 20th century (Cleaveland et al. 1992, Stahle and

Cleaveland 1993). Numbers of years of wet extremes for TROF-WIN and PHSWL-WIN

indices are also slightly greater for the 20th century. The number of years of wet PNA

extremes is greatest in the 18th and 19th centuries, and for years of dry extremes, in the

19th century, suggesting more meridional flow during these centuries. There are a

greater number of years of dry extremes in the 19th century for the TROF-WIN index, as

well. The distribution of extreme years over the three centuries is fairly even for SST,

TROF-NDM, and PHSWL-NDM indices.

SUMMARY AND CONCLUSIONS

The results of these analyses indicate that tree-ring chronologies from the southwestern

United States can be used to reconstruct a set of circulation indices important to winter

climate variability in this region. The reconstructions, though based on a shorter-than-

optimal calibration period, appear to be validated by other proxy records. The amount of

variance explained in the circulation indices varies from 26% (SST) to 78% (TROF-

WIN).

The behavior of these indices over the past 282 years, with respect to each other suggests

some general patterns of similarities and contrasts:
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• The SOI, SST, and PNA indices group together. SOI and SST are both measures of

ENSO, so this is not unexpected. Research using observed data shows that while the

PNA pattern is commonly the circulation pattern associated with ENSO events, it can

occur in any winter (Yarnal and Diaz 1986), and conversely, ENSO events can occur in

association with other circulation patterns (Keables 1992). The relationship between

SW/SST and PNA, as seen in these analyses, suggests that over the past 300 years, PNA

has been consistently associated with variations in ENSO, supporting similar findings for

the period of observed data. There is overall agreement between the three indices, and

the relationships between these three indices appears to have been fairly stable over the

last 282 years. However, over time, there have been years when the signs of the

SOI/SST and PNA indices have not signified agreement.

• The TROF and PHSWL indices are not well correlated with each other, and although

they share a common feature, the Southwestern Low, the circulation patterns described

by these indices do not appear to be related to each other, for the greater part of the last

three centuries. These results contrast with PCA results for the indices in the modern

period, in which these two indices are correlated. (Woodhouse in review).

• There does appear to be some association between the SOI-related indices and the

PHSWL indices, with evidence for this in the PCA loadings for PHSWL-NDM on the
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first component (Table 5.5). This association is also suggested in the results from the

spectral analysis, in which both SOI-type and PHSWL indices have strongest peaks in or

near the ENSO band. The strongest peak for TROF indices is in the 12.8-16 year band.

In a study of winter circulation patterns associated with a collection of ENSO, Keables

(1992) found one that pattern features a strong 500 mb low over Baja, a pattern not too

different from the PHSWL.

• The three "index-types" appear to be relatively independent of each other, in the long

term. At times, two of the types may vary together, and sometimes all three are

synchronous, but there do not seem to be any regular patterns and relationships are

inconsistent. The correlations between SOI indices and the TROF and PHSWL indices,

and between the TROF and PHSWL indices have been quite variable over time.

• Analyses suggest some low-frequency changes in the distribution of extreme index

values. Most notable is the increase in years of extreme SOI values in the 20th century.

Also of note is the greater dominance of years of PNA extremes in the 18th and 19th

centuries, than in the 20th century. Years of dry TROF-WIN extremes were most

prevalent in the 19th century.
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If this set of circulation indices accurately depicts the major circulation features

influential to winter climate in the Southwest, then results imply that there are three types

of circulation features, which at times operate together, reinforcing each other, and at

other times vary independently. Although these reconstructions account for only a

portion of the variance in the indices derived from observed data, they present some

information about the way in which these circulation features have varied over the past

three centuries. They provide evidence that confirms that some of the relationships seen

in the shorter observed records, (such as between PNA and ENSO circulation patterns),

have also existed fairly consistently in the past. Results also suggest the behavior of

some circulation patterns in the 20th century may have been different in the past. There

may have been periods in the past when ENSO events had less impact on Southwestern

climate, and when other circulation patterns may have been more influential, implying

this could also occur in the future.

The next step in this research is to investigate the relationships between these

reconstructed indices and reconstructed regional winter climate series for the Southwest,

in order to determine the spatial and temporal relationships between circulation indices

and winter climate.
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6. ANALYSIS OF RECONSTRUCTIONS

In this section, the relationships between the reconstructed circulation indices and

reconstructed regional winter climate variables are examined. The analyses focus on the

years with most extreme values in each of the reconstructed series. Extreme values were

identified by ranking each series and selecting those values that fell within the upper or

lower 20% of values.

RECONSTRUCTED INDICES OF ATMOSPHERIC CIRCULATION FROM

TREE RINGS FOR THE SOUTHWESTERN U.S., PART II: EXTREMES IN

CIRCULATION INDICES AND CLIMATE, 1702-1983

INTRODUCTION

An investigation of the relationships between circulation features, as described by

circulation indices, and winter climate variables, both reconstructed from tree rings, can

provide information about the role of circulations patterns in influencing climate

variability in the Southwest over the past three centuries. The study of past variations

and extremes in climate is important in an area such as the arid Southwest, an area

currently experiencing economic and population growth that may be pushing the limits of
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available resources, making it even more vulnerable to the impact of climate change.

Although climate in the future may not have an analog in the climate of the past, because

of the unprecedented influence of anthropogenic activities on present climate, extended

records of past climate provide some context with which to evaluate present climate

variations. Information about climate in the past and how it may have been influenced

by atmospheric circulation features may provide clues to how changes in ocean and

atmospheric parameters that perturb circulation patterns may impact winter climate in the

desert Southwest in the future.

The area encompassed by this study includes southern California, southern Nevada,

Arizona, and western New Mexico, with several tree-ring chronologies also located in

northern Baja. In winter, most of this area is under the influence of high pressure, and

only anomalous conditions steer storms into the area and bring large amounts of

precipitation (Sellers and Hill, 1974). It has been possible to identify several important

circulation features that are responsible for a large portion of the climate variability in

this area (Woodhouse, in review, Chapter 3). The climatic characteristics of the

Southwest, in concert with the availability of tree-ring chronologies from climatically-

sensitive trees, make this area a good choice for the reconstruction of both climatic

variables and circulation indices, and for the investigation of long-term relationships

between the two.
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The key question addressed in this study is, how do the years of the highest and lowest

values (i.e., the most extreme values) of the circulation indices relate to years of the

highest and lowest values (extremes) of winter climate variables in six subregions within

the Southwest, over the last three centuries? By reconstructing both circulation indices

and regional climate series, it is possible to address this question. It has become clear

that there are other important controls on winter climate in this region, besides El

Nifio/Southern Oscillation (ENSO) events and the PNA circulation pattern, which are

most often cited as major sources of climate variability in North American climate. This

paper investigates the spatial and temporal relationships between extremes in winter

climate variables and a set of circulation indices, and assesses the importance of specific

types of indices with regard to regional climate extremes over the last three centuries.

BACKGROUND

In two previous papers (Woodhouse and Meko in preparation, Woodhouse in

preparation; Chapters 4 and 5), the reconstructions of winter regional temperature and

rainy day series, and circulation indices are discussed. Virtually the same set of tree-ring

chronologies from the southwestern U.S. was used for both sets of reconstructions (88

chronologies for temperature and rainy day reconstructions, and 86 of these for the

reconstructions of circulation indices). In this paper, the relationships between the two
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sets of reconstructions are examined. It is necessary to consider how the use of the same

set of chronologies in these reconstructions will influence the relationships between the

two sets of reconstructed series. Because the reconstructed climate series and indices

contain some variance unrelated to climate but related to the trees that were used in all of

the reconstructions, the correlations between the two set of reconstructions may be

artificially enhanced. It is difficult to determine how much the correlations are being

enhanced because of this. To reduce the impact of enhanced correlations due to a

common tree-growth bias in both sets of reconstructions, I decided to focus my analyses

on just the most extreme values of reconstructed indices and climate variables. By

considering the spatial and temporal relationships between these values in the regional

climate and circulation index reconstructions, I hope to alleviate the impact of the

enhancement.

Climate Data and Reconstructions

Climate reconstructions were based on a set of climate stations within the study area that

were selected on the basis of length and completeness of record. Fifty precipitation

stations were chosen for the winter (November-March) rainy day series, and 40 stations

were chosen for the mean maximum winter temperature series (Figure 6.1a).



•
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Figure 6.1. Climate stations and regions. a) Locations of climate stations used in
reconstructions of climate series. Rainy day stations are marked by an R, temperature
station by a T, and stations with both rainy day and temperature records by a black dot.
b) Location of climate regions. CAC = California coast region, CACO =
California/lower Colorado River region, NAZNM = northern Arizona and New Mexico,
SCAZ = south and central Arizona, CAZNM = central Arizona and New Mexico,
SAZNM = southern Arizona and New Mexico.
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The climate variable, numbers of rainy days, was selected for analysis over the more

common variable of total precipitation for several reasons (see Woodhouse and Meko in

preparation, Chapter 4) Precipitation frequency as measured by number of rainy days in

a month or season has been found to be more normally distributed and spatially coherent

than precipitation totals, most notably in the southwestern U. S. (Englehart and Douglas

1985). The frequency of rainy days may also be a better regional measure of the actual

delivery of moisture by circulation patterns than precipitation totals in this region where

the spatial distribution of precipitation amounts varies greatly. Additionally, trees may

better reflect number of rainy days that total precipitation, especially in instances when

rainfall from heavy storms becomes runoff before much of it is absorbed into the soil.

Numbers of rainy days and total precipitation are not measures of the same climatic

variable, but the two have been shown to be well correlated (Woodhouse and Meko in

preparation, Chapter 3). The temperature variable of mean maximum temperature was

chosen as it does not reflect microsite conditions to the same degree as minimum or mean

temperature values in winter.

The temperature and rainy day stations were divided into six climate regions (Figure

6.1b), based on previous research (Woodhouse, in review, Chapter 3) that showed that

there are important sub-regional differences in the ways that atmospheric circulation

influences climate in this area. The stations in each region were averaged together to
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produce regional temperature and rainy day series which were then reconstructed using a

set of 88 tree-ring chronologies for the time period 1702-1983. The technique of

principal components regression was used for the reconstructions, as well as standard

methods of verification and validation (Fritts 1976, Cook and Kairiukstis 1990). Details

of these reconstructions can be found elsewhere (Woodhouse and Meko, in preparation,

Chapter 4).

Circulation Indices and Reconstructions

In Part I of this study (Woodhouse, in preparation, Chapter 5), circulation indices,

representing circulation features important to winter climate in the southwestern U.S.

were reconstructed from a set of 86 tree-ring chronologies, for the time period, 1702-

1983. These indices include the Southern Oscillation Index (SOI), an-equatorial Pacific

sea surface temperature (SST) index, a modified Pacific North American (PNA) index,

and two additional indices created for this study that feature a southwestern trough: the

Pacific High/Southwestern Low (PHSWL), and Southwestern Trough (TROF) indices

(for details on these indices see Table 5.1, Chapter 5). Regression models explained

between 26% (SST) and 78% (TROF-WINTER) of the variance in the indices.

Verification procedures (both statistical and comparisons with other proxy data) showed

these reconstructions to be of good quality.
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An investigation of the relationships between reconstructed indices showed that the set of

indices split up into three main groups, representing three main circulation features.

These groups consisted of 1) SOI-type indices (SOI for December-February and for

September-February, SST for December-February, and PNA for January-March), 2)

TROF indices (November-March and November, December, and March), and 3)

PHSWL indices (November-March and November, December, and March).

The SOI and the SST index are measures of El Milo/Southe rn Oscillation (ENSO)

events. The circulation pattern often associated with ENSO events is the PNA pattern, or

some variation of it (Yarnal and Diaz 1986, Keables 1992). This pattern is characterized

by a strong Aleutian Low, an upper level high over western Canada, and a deep low over

the southeastern United States (Yarnal and Diaz 1986). However, this is not the only

pattern found to be associated with ENSO events. Negative SOI values, positive SST,

and high positive PNA values (meridional flow) coincide with wet, cool conditions in the

desert Southwest. Opposite values coincide with warm, dry conditions in this area.

The TROF pattern features a southwestern low centered over southern Nevada, in

conjunction with highs over the Gulf of Alaska and the Great Lakes. This pattern

approximates what has been called by some a "reverse-PNA" pattern (Yarnal and Diaz

1986). A negative value of this index signifies an intensified low over the southwest, and
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heightened pressure over the Gulf of Alaska and the Great Lake. It is a configuration

that promotes cool, wet conditions in the Southwest. Positive values correspond to an

opposite pattern and to warm, dry conditions.

The PHSWL indices are characterized by the same southwestern low over southern

Nevada as featured in the TROF index, but are linked with the longitudinal position of a

Pacific Ocean high The position of this high influences the latitude at which storms

enter into the North American continent. A Pacific high in a more easterly position

causes storms to head north to the Pacific Northwest, while a more westerly position

allows storm to circle around the north and east sides of the high and cross the coast

further south (Sellers and Hill 1974). A negative value of this index coincides with an

intensified low, the Pacific High in a westerly position, and with cool, wet conditions in

the Southwest. Positive values indicate opposite conditions. A more in-depth discussion

of these indices is presented in Chapter 3 (Woodhouse, in review).

An analysis of reconstructed circulation indices show the three "index-types" to be

relatively independent of each other, in the long term. At times, two of the types may

vary together, and sometimes all three are synchronous, but relationships are

inconsistent, and there do not seem to be any regular patterns (Woodhouse in

preparation, Chapter 5).
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EXTREME VALUES IN RECONSTRUCTED CLIMATE SERIES AND

CIRCULATION INDICES

The highest and lowest ranking values are defined as the most extreme values in each

reconstructed regional temperature or rainy day series, and circulation index series. In

this part of the study, the spatial and temporal distributions of years of the values in

upper and lower quintiles are evaluated. The temporal distribution of years of extreme

values was determined by first ranking the reconstructed index and climate series,

identifying the upper and lower 20% of values and the years they occurred, and then

tabulating the occurrence of years of extreme values by century. The percent of years

that had extreme values per century was figured to accommodate the shorter record for

the 20th century.

Distribution of Years of Extreme Values in Temperature and Rainy Day Reconstructions

The distributions of years of extreme values in the reconstructed temperature and rainy

day series by century and region are shown in Figures 6.2a and 6.2b. In the rainy day

series, there is an increase in years of wet extreme values in the 20th century in the three

eastern and southern-most regions (SCAZ, CAZNM, SAZNM) (Figure 6.2a). This

increase is not reflected in the number of years of dry extremes in the 20th century,
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Figure 6.2. Frequency of years of extreme values (upper and lower 20 %). a) For rainy
day reconstructions by region and by century. b) For reconstructed temperature records
by region and by century. Values are percent of years per century.
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except for the CAZNM region. In contrast, years of both wet and dry extremes appear to

be much more prevalent in the two western regions (CAC, CACO), in the 18th and/or

19th centuries. For wet years, the NAZNM region appears to act as a transitional region,

with an even spread of years of extreme values throughout the three centuries. Years

with extreme dry values in the two central regions (NAZNM, SCAZ) were most frequent

in the 19th century, as well as in the southeastern-most region (SAZNM), though the

distribution of years of dry extremes for this region is relatively even.

For years of extreme temperature values, the 18th century showed the lowest frequency

of years of extreme values across almost all regions, with the exception of the SAZNIVI

region where years of warm extremes are more frequent in the 18th century than in the

19th century. Increases in years of extreme values in the 20th century are most

prevalent, though mixed among the regions. CAC, SCAZ, and CAZNM regions show

increases in years of warm extremes from the 18th to the 20th century, and the SAZNM

regions shows an increase from the 19th to 20th century. A similar increase in years of

cold extremes in seen in the NAZNM, SCAZ, and SAZNM regions. In the other

regions, the 19th century has the highest frequency of years of extreme values (warm

extremes - CACO, NAZNM; cold extreme - CAC, CACO, CAZNM).
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Figure 6.3. Rainy day region extremes analysis.
Regions are defined by years of rainy day extreme
values that are shared for five or more years by the
same set of regions, and are shaded.

When years of extreme

numbers of rainy days are

grouped according to regions,

some spatial patterns are more

clearly revealed The years in

which two or more regions

experienced the same years of

extreme values (for five years

or more) were tabulated (Table

6.1). The regional patterns in

which five or more of the same

years were shared by the same

group of regions are shown in

Figure 6.3. Common years of

rainy day extreme values

converge into seven main regional groupings. Most frequently, extreme values in the

same year occur across the entire region, with region-wide dry extremes being most

frequent (12 wet extremes, 16 dry extremes) (Figure 6.3a). Another common cluster

included all regions with wet or dry extremes, but CAZNM (Figure 6.3b). There were

two regional groupings that were the inverse of each other. At some times, all regions
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Table 6.1. Groups of regions sharing the same extreme rainy day years.

regions extreme wet years extreme dry years

All regions 12 years
1746, 1747, 1787,
1828, 1839, 1849,
1905, 1906, 1979,

1821,
1855,
1983

16 years
1728, 1729, 1748,
1822, 1829, 1842,
1851, 1864, 1899,
1925, 1934, 1950,

1773,
1847,
1923,
1951

All but CAZNM 8 years 7 years
1726, 1745, 1771, 1791, 1716, 1735, 1752, 1777,
1816, 1868, 1973, 1978 1782, 1841, 1871

All but CAZNM, SAZNM 7 years 8 years
1743, 1817, 1850, 1884, 1722, 1750, 1765, 1788,
1891, 1916, 1937 1820, 1843, 1845, 1857

CAZNM, SAZNM only 7 years 6 years
1706, 1710, 1869, 1908, 1757, 1796, 1863, 1880,
1912, 1958, 1960 1954, 1974

All but CAC, CACO none 8 years
1806, 1818, 1819, 1918,
1946, 1947, 1967, 1977

CAC, CACO only (4 years 10 years
1719, 1760, 1792, 1833) 1703, 1713, 1778, 1790,

1823, 1872, 1879, 1927,
1928, 1963

NAZNM, SCAZ only 6 years (2 years
1738, 1764, 1804, 1885, 1733, 1902)
1901, 1945

except CAZNM and SAZNM experienced years of wet or dry extremes, (Figure 6.3c),

while in a different set of years, CAZNM and SAZNM experienced years of wet or dry

extremes while the rest of the region did not (Figure 6.3d). There was a similar split for

the western regions, CAC and CACO, but this occurred primarily in years of dry extreme
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(Figures 3e and 3f). The two central regions, NAZNM and SCAZ grouped together in

six years of wet extremes, but in only two years of dry extremes (Figure 6.3g).

This east/west diagonal split across the region, with respect to years of rainy day extreme

values can be seen in individual years of the data. The winter of 1963 was a year with

extreme dry values in the two California regions, while the rest of the regions did not

experience a year with extreme values. This split can be seen in monthly maps of

percentage-of- normal precipitation, November 1962 to March 1953 (Figure 6.4a). The

region that included CAC and CACO is extremely dry for most winter months, while the

rest of the regions receive up to 200% of normal rainfall. In the winter of 1967, the two

California regions were extremely wet, which the rest of the regions had normal amounts

of rainfall. The east/west diagonal split across the regions can be seen in the monthly

percentage-of-normal precipitation maps for 1967 as well (Figure 6.4b)

Regional grouping of years of extremes in temperature were not as clearly defined,

suggesting temperature extreme values are less spatially coherent than numbers of rainy

day extreme values. There were three groupings that occurred in five or more years: all

regions (cold extremes only, six years), all regions but CAC (six cold years and nine

warm years), and CACO, NAZNM, and SCAZ (warm extremes only, seven years).
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Figure 6.4. a) Monthly maps of percentage-of-normal winter precipitation, 1963, from
Montly Weather Review.
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Figure 6.4. b) Monthly maps of percentage of normal winter precipitation, 1967, from
Monthly Weather Review.
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The results of these analyses suggest the presence of an east-west split in the region, with

the eastern region comprising SAZNM and CAZNM regions, and the western

characterized by CAC and CACO regions. The two middle regions act as a transitional

area. This split is most clearly seen in the rainy day data. The temperature extreme years

appear to be less spatially cohesive, which is somewhat unexpected. Temperature

distributions are usually thought to be more spatially coherent than distributions of

precipitation, especially in arid areas, but it is possible that spatial distributions of

extreme temperature values behave differently than those of non-extreme values.
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Figure 6.5. Frequency of extreme years (upper and lower 20%) for reconstructed
indices, by century. Values are percent of years per century.
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Distribution of Years of Extreme Values in Circulation Index Reconstructions

The distribution of years of extreme index values is discussed in Chapter 5. In general,

distributions of years of extreme values over three centuries were fairly even, especially

for the SST, TROF-NDM, and PHSWL-NDM indices (Figure 6.5). There was an

increase in years of both upper and lower extremes of SOI, as well as slight increases in

years of positive extreme values for TROF-WIN and PHSWL-WIN indices, in the 20th

century. Also of note is the greater predominance of years of PNA extreme values in the

18th and/or 19th centuries, over the 20th century. Years of extreme warm, dry TROF-

WIN values were also more prevalent in the 19th century.

RELATIONSHIPS BETWEEN YEARS OF EXTREME VALUES IN CIRCULATION

INDICES AND CLIMATE VARIABLES

Correspondence between Years of Climate Extremes and Index Extremes over the Time

Period, 1702-1983

An examination of the years of extreme values in the reconstructed rainy days showed

them to correspond well with years of extreme values in one or more of the reconstructed

circulation indices, implying that these circulation features may be influential in years
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when extremes in numbers of rainy days occur. The number of years of wet extremes

and the number of years of dry extremes were counted for all regions, to obtain the total

number of years of rainy day extremes, wet and dry, across all regions. Then, the

number of years of extreme rainy day values that did not coincide with a year with an

extreme value for one or more indices were counted. Fourteen percent of the rainy day

years with extreme dry values did not match with a year of an extreme dry value for any

index. Twenty-two percent of the wettest years did not coincide with a year of an

extreme wet index value.

The sets of years of extreme values for each regional temperature reconstructions seem to

display much more spatial variability than the years of rainy day extreme values. To

begin with, there was a much higher combined total of years of extremes for all regions

for temperature than for rainy days (138 years of cold extremes vs. 110 years of wet

extremes, and 143 years of warm extremes vs. 106 years of dry extremes), indicating that

the dissimilarity between regional sets of years of temperature extremes was greater that

for the rainy day regions. There were also a number of years in which extremes of one

sign occurred in one or more regions, while extremes of the opposite sign occurred in

another region or set of regions (40 years with regional splits in sign for temperature, 5

years for rainy days). The correspondence between years of extreme values in

circulation indices and temperature was not as great as for rainy days. Thirty percent of
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years of both warm and cold extremes did not correspond to a year with an extreme for

any circulation index About 40% of the years with no match to any index were years in

which the study area was split into areas with both positive and negative temperature

extremes

To summarize, it appears that years of rainy day dry extremes have the best

correspondence to years of dry extremes in circulation indices. This may be due to the

fact that trees in arid environments are more sensitive to dry extremes than wet extremes,

since the dry extremes limit growth, while wet extremes in this area seldom do (Fritts

1976). As a result, the reconstructions may be duplicating dry conditions better than wet

conditions. Years of temperature extremes do not correspond as well to years of extreme

values in the indices, although, as mentioned above, a reason for this is not clear.

Joint Occurrence of Years of Rainy Day and Index Extremes

The years of extreme values in each regional climate reconstruction were compared to

the years of extreme values in a set of the reconstructed circulation indices, by century,

counting the number of joint occurrences of a year of an extreme year in each region

with the same years of an extreme for each index. The set of circulation indices selected

for this analysis included the SOI, PNA, TROF-WIN, and PHSWL-WIN indices. These
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indices were selected on the basis of their reconstruction statistics, and because they

displayed more marked variations in the distribution of years of extreme values over the

past three centuries than did the other indices.

The overall distribution of numbers of joint occurrences of years of regional rainy day

extremes and years of index extremes by century (Figure 6.6) seems to reflect the

distribution of years of rainy day extreme values by century (Figure 6.2a). For example,

in the two western regions (CAC, CACO), there are more joint occurrence of years of

index and rainy day extremes in the 18th and 19th centuries than in the 20th century, and

this is also seen in the number of years of extreme rainy day values being less for the

current century, than for the 18th and 19th centuries. In contrast, 20th century years of

extreme values are most frequent in the eastern regions (SCAZ, CAZNM, SAZNM for

wet years, CAZNM for dry years) and this is reflected in the overall increase in numbers

of jointly occurring years of rainy day/index extremes in the 20th century, over the

previous two centuries.

As summarized in the section on years of circulation index extreme values, the most

notable changes in frequencies of occurrence of extremes: 1) the increase in frequency of

years of SOI extremes, both in years of wet and dry extremes in the 20th century, over

the previous two centuries; 2) the higher occurrence of years of extreme wet and dry
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Figure 6.6. Numbers of joint occurrences between index and rainy day extreme years,
tabulated for each region and circulation index, by century. Values are percent of years
per century.
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PNA values in the 18th and/or 19th centuries, relative to the 20th century; and 3) the

greater frequency of years of dry extremes in the TROF-WIN index in the 19th century

(Figure 6.5). These features are reflected to some extent in the joint occurrences of years

of rainy day/index extremes. In the 20th century, the increased number of years of

extreme SOI values (Figure 6.5), in conjunction with a greater frequency of years of

rainy day extremes (especially wet extremes) in the eastern regions (CAZNM, SAZNM)

(Figure 6.2), are also evident in the joint occurrences of years with extreme values in the

CAZNM (wet and dry extremes) and SAZNM (dry extremes), and SOI extremes (Figure

6.6, dotted arrows). In comparing distributions over three centuries, joint occurrences of

years of rainy day/ PNA extreme values (wet) for the western regions (CAC, CACO),

are most frequent in the 18th century, followed in number by wet and dry occurrences in

the 19th century (dark arrows, Figure 6.6). These two regions have a high frequency of

years of extreme values in the 18th and 19th centuries compared to the 20th century, and

these results suggest extreme rainy day values may be related, in part, to extremes in

PNA. Years of PNA extremes also coincide with a high frequency of years of NAZNM

and SCAZ extreme dry values in the 19th century (dark arrows, Figure 6.6). The

predominance of years of TROF-WIN dry extremes in the 19th century is manifested in

the joint occurrences of years of extremes of the TROF-WIN index and years of rainy

day extremes in the two central regions (NAZNM, SCAZ) (Figure 6.6, light arrows).

Although the bar graph values are not excessive, they are highest in comparison to those
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of other centuries. The occurrence of years of dry extremes is greatest in the 19th century

in these two central regions (Figure 6.2a), and these results suggest both PNA and

TROF-WIN indices may be associated with years of dry extremes in central as well as

western regions.

An overall assessment of the frequency of joint occurrences of years of rainy day and

index extremes shows that, in the 18th century, SOI and PNA indices tend to be

dominant indices for years of wet extremes for all regions, and for years of dry extremes

in eastern and western regions (Figure 6.6). The PHSWL index is the least important of

the indices, in this century. In the 19th century, the picture changes somewhat, with the

TROF index increasing in relative importance for years of wet and dry extremes in the

western and central parts of the region. Years of joint occurrences of SOI and/or PNA

index extremes with rainy day extremes are most frequent for dry extremes in almost all

regions in the 19th century, as well as for wet extremes in the eastern regions. In the

20th century, the PHSWL index appears to play a much more important part than in

previous centuries. There is an increased frequency of years of joint PHSWL/rainy day

extremes, both wet and dry, in many regions. Years of SOI/rainy day extremes also

show an increase in frequency, especially for dry extremes, across all regions.
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The results in Figure 6.6 suggest that the SOI has been relatively important, with regard

to joint occurrences of years of rainy day/index extremes, for most regions throughout

the three centuries. Joint occurrences coincide most markedly with years of dry extremes

in the 19th century in all regions, and with wet and dry extremes in the 20th century,

especially in the eastern part of the study area. Years of TROF index extremes appear to

coincide often with years of rainy day dry extremes in the 19th century in the west and

central parts of the study area, an area with an increased numbers of years of dry

extremes in the 19th century. The TROF index also seems to be very important to years

of wet extremes in the 19th century. The importance of the PHSVVL index in numbers of

years of joint rainy day/index extremes relative to the other indices has increased over the

three centuries, especially in central and eastern regions. Numbers of joint occurrence of

years of rainy day/ PHSWL index extremes come close to equaling or even exceeding

those for the SOI by the 20th century, across a number of regions. Although ENSO

events are considered to be a significant factor in influencing climate variability and

extremes in this area, according to research using modern climate records (Ropeleweski

and Halpert 1986, Andrade and Sellers 1988, Kiladis and Diaz 1989), these results

suggest additional factors are at work. ENSO's influence on extreme rainy days is

indeed more marked in the 20th centuries than the two previous centuries, but there have

been other circulation features throughout these three centuries that have been equally, if

not more, influential than the SOI in years with extreme winter rainy day values.
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Joint Occurrence of Years of Temperature and Index Extremes

In comparing the frequency of years of temperature extreme values with the frequency of

years of joint occurrences of temperature and index extremes, it is obvious that extreme

index values do not coincide with extreme temperature values in many years, especially

in the 18th century. Nevertheless, the counts of years of joint occurrences between

temperature and index extremes (Figure 6.7) are also confirmed by the distributions of

years of temperature extremes (Figure 6.2b) and index extremes (fig 6.5). In general, the

distribution of years of extreme temperature values by century and across regions, is

reflected in the relative numbers of years of joint occurrences of temperature/index

extremes, although this is not as clearly portrayed as in the rainy day data. For example,

increases in the number of years of warm extremes in the 20th century in SCAZ,

CAZNM, and SAZNM regions (Figure 6.2b) coincide with increased occurrences of

years of joint temperature/ SOI extremes in the 20th century (Figure 6.7, light arrows).

A higher relative frequency of years of warm extremes in the NAZNM region, in the

19th century, coincides with an increased number of years of joint temperature/PNA

warm extremes in the same century (Figure 6.7, dark arrow). An increased number of

years of cold extremes in NAZNM and SCAZ regions in the 20th century coincides with

an increased frequency of years of temperature/PHSWL extremes, and to a lesser degree,

with temperature/TROF extremes (Figure 6.7, dotted arrows).
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Figure 6.7. Numbers of joint occurrences between index and temperature extreme years,
tabulated for each region and circulation index, by century. Values are percent of years
per century.
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In assessing the relative importance of circulation indices as they relate to extremes in

temperature (Figure 6.7), several generalities can be made. The SOI becomes the most

important index with regard to frequency of years of joint index/temperature warm

extreme, in the 20th century in central and eastern regions (also for cold extremes in

SAZNM). In previous centuries, this importance has not been as dominant, (except for

SAZNM in the 18th century). In contrast, the PHSWL index is the most important index

in the 20th century for warm extremes in western regions and for cold extremes in

western and central regions. This relationship for cold extremes is shared with the TROF

index in CACO, SCAZ, and CAZNM regions. In previous centuries, years of joint

PHSWL/temperature extremes have not been as frequent, although the TROF index

appears to have been important in years of cold extremes in central regions in the 19th

century. The PNA index is not notable with regard to the frequency of years of joint

temperature/PNA extremes, except for years of warm extremes in the 19th century in the

NAZNM region.

The results from the analyses of years of joint temperature and index extremes suggest

that the SOI and PHSWL index are the most important indices that correspond to years

of extremes in temperature over most regions, especially 20th century. In the 20th

century, years of SOI extremes correspond more often with years of extreme warm

values in the eastern part of the study area, while years of PHSWL index extremes
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correspond more often with years of extreme temperatures in the western regions (both

warm and cold extremes) and central regions (cold extremes). The TROF index appears

to be of lesser importance, except for cold extremes in central regions in the 19th and

20th centuries

SUMMARY AND CONCLUSIONS

Temporal distributions of years of extreme rainy day values by century, and the way that

sets of the same years of extremes define sub-regions, suggest that the study area is

divided into two regions -- western and eastern portions -- with a transitional zone in

between the two. These regions have different temporal distributions of years of

extremes, over the past three centuries. A split like this is not seen in the years of

temperature extremes, which appear to have fragmented into clusters of regions,

suggesting extreme values of temperature are perhaps more driven by micro- or meso-

scale influences.

Years of extreme values for temperature and rainy days tend to coincide with years of

extreme circulation indices values, especially for the years of rainy day dry extremes.

Joint occurrences of years of rainy day/index extremes and temperature/index extremes

reflect the relationships that might be expected from examining and comparing the
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frequency distributions of years of rainy day/temperature extremes with the distribution

of years of index extremes over the past three centuries, but show other relationships as

well. The joint frequencies show the relative importance of climate/index extreme

relationships, comparing indices to each other, and over the three centuries.

Although the coincidence of years of rainy day and/or temperature extremes with years

of index extremes does not prove that a direct relationship exists, results do imply a

connection. The most important connections suggested by this study are:

For rainy days:

• In general, years of SOI extremes occur in conjunction with years of rainy day

extremes most often (compared to the other indices), through all centuries, but this index

is not always the most dominant index.

• Years of PHSWL index extremes occur almost as frequently if not more frequently

than SOI with years of rainy day extremes, in the 20th century, most notably in eastern

and central parts of the study area.
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• Years of TROF extremes coincide with years of rainy day extremes (wet and dry) with

the most frequency in the 19th century, in the west and central regions, and in years of

wet extremes in the 18th century in western regions

For temperature:

• Years of SOI and PHSWL index extremes coincide most frequently with years of

temperature extremes, especially in the 20th century, although the SOI appears to be

more important to warm extremes in eastern regions, and the PHSWL index appears to

be most important to cold extremes in central and western regions, and to warm extremes

in western regions.

• Years of TROF index extremes occur less frequently with years of temperature

extremes than do SOI/PHSWL extremes except in central regions, for cold extremes in

the 18th and 19th centuries.

As discussed in Part I (Chapter 5), and further exemplified in this part of the study,

ENSO-related circulation patterns (described by indices) are indeed important to climate

in the Southwest, but they are not the only factors that appear to be influential to winter

climate in this area. At times, the PHSWL index appears to be as important or more

important to climatic extremes than the SOI. The PHSWL index may be somewhat
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related to ENSO, as spectral characteristics are similar to those of SOI, SST, and PNA

indices (Woodhouse, in preparation, Chapter 5) and correlations signify a closer

association with ENSO-related indices, than with TROF-type indices. It is possible that

the circulation pattern defined by the PHSWL index is a different manifestation of

ENSO-related circulation, not the more typical PNA-type circulation pattern, but one of

the less often recognized patterns (Keables 1992). In contrast, the TROF index appears

to be more distinctly different from the other indices.

The analyses of the reconstructions of these indices and climate series suggest that the

roles the circulation patterns and indices play have not been constant over time. The

relationships between indices in the modern period of record are not entirely duplicated

in the reconstructions of the past 300 years (Woodhouse, in review, Chapter 3).

Analyses of modern records show the indices to split into two groups, the SOI indices

and the TROF/PHSWL indices, suggesting that the TROF and PHSWL indices were

more similar to each other in the past 50 years than in the past three centuries. This study

suggests that these circulation patterns have had spatially and temporally changing

impacts on winter climate in the Southwest. These changes imply low frequency

variations in atmospheric circulation have occurred in the past and may be responsible

for temporal and spatial variation in rainy day and temperature extremes in the

Southwest, now and in the future.
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Although the reconstructions are not perfect proxies of temperature, rainy day, or

circulation indices, and there are problems with biases introduced by calibrating the

climate and index series with the same set of tree-ring chronologies, they do provide

some sense of how these climate-related variables have varied in relationship to each

other, and over space and time. There is a good possibility that characteristics of climate

and climate change in the future may be quite different than in the past, given the

unprecedented anthropogenic impacts on the environment, but some of the underlying

mechanisms should be the same. The results of this and other similar paleoclimatic

studies can assist in increasing our understanding of these mechanisms
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7. CONCLUSION

SUMMARY OF RESULTS

The overall goal of this body of research was to investigate causes of winter climate

variability in the Southwest related to patterns of atmospheric circulation, and to

examine the spatial and temporal changes in the relationships between these patterns and

Southwestern climate for the past three centuries, using dendroclimatic reconstructions.

To answer the overarching question -- How have the relationships between circulation

patterns influential to climate in the Southwest varied over the past three centuries? --

a set of preliminary questions was defined.

To begin with, can patterns of atmospheric circulation that are important to

Southwestern climate in winter be described with circulation indices? If so, how well do

these indices explain variations in winter climate?

A review of the literature on climate in the Southwest revealed several circulation

features that appear to be influential to winter climate. These atmospheric circulation

features were described with a set of indices, using both pre-existing indices and ones

derived for this study. An analysis of the six indices suggested that two main circulation
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features were operating: an ENSO/PNA-type (positive PNA) pattern and a Southwestern

Low pattern. These two types of patterns do a good job at explaining variation in

maximum winter temperatures in the Sonoran Desert (up to 82%), and moderately good

job at explaining variations in numbers of rainy days in this region (up to 65%). The

better results for temperatures, when compared with rainy days, may be due to the

naturally more variable character of precipitation. It is also possible that other

circulation patterns important to precipitation were not identified.

The next task in the investigation of the long-term relationships between circulation

patterns, (as described by circulation indices), and winter climate was to develop good

reconstructions of both climate variables and circulation indices. Consequently, the next

question to be answered was, can good reconstructions of climatic variables (number of

rainy days, mean maximum temperatures, and total precipitation for the winter wet

season, November through March) and circulation indices be produced from a set of

Southwestern tree-ring chronologies?

Reconstructions of climate variables and circulation indices were produced. Calibration

and verification statistics for the reconstructions, as well as comparisons of reconstructed

series with long climate records and other types of proxy data (historical and other

dendroclimatic reconstructions) indicate that the reconstructions are of good quality.
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Specifically, the ability of the tree-ring chronologies to explain the variance in the

regional rainy day series ranged from 56% to 73%. In regional temperature series the

range was 49% to 79%, and in the precipitation series, from 42% to 64%. In this area,

the rainy day variable appears to be better explained by tree growth than the total

precipitation variable. These results imply that tree growth responds more to the

precipitation that occurs with more moderate intermittent rainfall than to the large

amounts of precipitation from a severe storm with much runoff. Rainfall variables have

been the focus of climatic reconstructions in arid areas, but results from this study

indicate that tree growth reflects temperature as well as or better than moisture-related

variables. This is not surprising since the two are related, and most trees in this area are

clearly limited in growth by winter drought conditions (dry and warm).

The reconstructions for the circulation indices explain between 26% and 78% of the

variance in the actual series. The variances explained for the SOI and SST indices are

the lowest (26% - 39%), but perhaps are reflecting the strength of the relationship of

ENSO events to the climate of this area. ENSO events are important to winter climate,

but the events themselves are variable, exhibit different patterns, and produce varying

impacts on the climate of this region, which may be why the explained variances are not

greater. The calibration and verification statistics are significant for all the reconstructed
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indices, and though some are based on a shorter-than-optimal calibration period, they are

validated by other proxy records

Once the reconstructions were generated, it now becomes possible to investigate long-

term relationships between circulation indices, and between indices and climate over the

past three centuries.

Some generalizations about relationships between circulation indices follow:

• Over the past 282 years, the set of reconstructed indices appear to describe three main

circulation features. The indices formed three groups; the SOI indices (SOI, SST, PNA),

the TROF indices (for two sets of months; (1) November, December, and March, and (2)

November-March inclusive), and the PHSWL indices (also for the two sets of months).

These three groups are in contrast to the two groups that resulted from an analysis of the

indices for the period of instrumental record.

• The fact that the PNA index is grouped with the SOI indices provides some insight on

the long-term relationship between PNA and ENSO events. Other research has shown

that the two tend to be associated in the period of instrumental record. The reconstructed
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records suggest that this relationship has been fairly consistent over the past three

centuries.

n Although the indices divide into three groups, the PHSWL indices appear to be more

similar to the SOI indices than to the TROF indices, both in terms of spectral properties,

and in relationships to climate extremes. Although a PNA circulation pattern most often

accompanies ENSO events, it is possible that this PHSWL pattern may at times be a

manifestation of another less common type of ENSO-related circulation.

n Frequency counts of extreme index values by century indicate an increase in extreme

SOI values in the 20th century, a result in agreement with other research.

In exploring relationships between reconstructed climate and circulation indices, the fact

that both sets of data have been reconstructed with the same set of proxy data must be

considered. To reduce the impact of enhanced relationships due to a common tree-

growth bias in both sets of reconstructions, my analysis focussed on years of extreme

values (i.e., years of values in upper and lower quantiles) of both reconstructed indices

and climate variables. Although the correspondence between years of extreme rainy day

and temperature values and years of extreme index values does not prove that a direct
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relationship exists, results do imply a connection. Some generalizations based on these

implications are as follows:

• The relationships between circulation indices and regional rainy days series, as well as

an analysis of the spatial distributions of extreme rainy day years, suggest that the study

region comprises two sub-regions, an eastern region and a western region, with a

transitional zone in between. This split is not clearly seen in the temperature data.

• Years of extreme rainy day and temperature values tend to coincide with extreme years

of circulation index values, most markedly for years of dry rainy day extremes.

• In the past three centuries, the SOI is commonly the predominant index, with regard to

the frequency of the correspondence between years of index extremes and years of rainy

day extremes, but not for all regions in all centuries. The PHSWL indices sometime

equal or exceed the SOI in frequency of occurrence of years of joint index/ rainy day

extremes, especially in the 20th century and in eastern and central regions, while years of

TROF index extremes appear most often with years of wet and dry rainy day extremes in

the 19th century in western regions. Years of SOI extremes occur less consistently with

years of temperature extremes, and most often in eastern regions. Years of

PHSWL/temperature extremes appear to occur as often or more often than years of
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SOI/temperature extremes, as with rainy day extremes, especially in western and central

regions. In general, the TROF indices seem to be of secondary importance, compared to

the SOI and PHSWL index, for both rainy day and temperature extremes, although there

are periods of time when years of TROF extremes coincide with years of climate

extremes with a higher frequency than the other indices (i.e., years of cold extremes in

central regions in the 18th and 19th centuries, and as mentioned above, years of wet and

dry extremes in the 19th century in western regions).

SIGNIFICANCE OF RESULTS

This study presents findings that have implications for the characterization of the long-

term relationships between Southwestern winter climate and circulation indices, and also

with for the applicability of this research approach to other geographic areas and/or other

types of proxy data.

If this set of circulation indices accurately depicts the major circulation features that

influence winter climate in the Southwest, then results imply that there are three types of

circulation features, which at times operate together reinforcing each other, and at other

times vary independently. Although these reconstructions account for only a portion of

the variance in the indices derived from observed data, (a limitation of any type of proxy
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data), and have some problems related to the use of the same set of tree-ring data to

reconstruct both climate variables and circulation indices, they present some intriguing

information about the way in which these circulation features have varied over the past

three centuries. They provide evidence that confirms that some of the relationships seen

in the shorter observed records (such as between PNA and ENSO circulation patterns)

have also existed fairly consistently in the past. Results also suggest that the behavior of

some circulation patterns in the 20th century may have been different in the past. For

example, there may have been periods in the past when ENSO events had less impact on

Southwestern climate, and when other circulation patterns may have been more

influential, implying this could also occur in the future.

This study suggests that these circulation patterns have had spatially and temporally

varying impacts on winter climate in the Southwest. Results imply that low frequency

variations in atmospheric circulation have occurred in the past and may also be

responsible for temporal and spatial variation in rainy day and temperature extremes in

the Southwest in the present and future.

The climate variable, number of rainy days, has not been reconstructed with tree rings,

prior to this study. Study results suggest that this variable, as a measure of moisture, may

be successfully reconstructed in other regions, especially in areas where rainy day



173

frequency may be more meaningful than precipitation totals. The rainy day variable may

prove to be better explained by tree growth than is total precipitation, and may yield

better reconstructions of rainfall, especially in areas where rainfall occurs sporadically,

with varying spatial distributions.

This study demonstrates a research approach in which reconstructions of both climate

variables and related circulation indices are developed and used to increase our

understanding of the long-term relationships between circulation patterns and climate.

Studies using this approach may reveal information about the variable nature of the

impacts of different circulation patterns on extremes in climate with respect to both space

and time, something not readily detectable in the modern climate records. The potential

exists to apply this research approach in a variety of geographic areas and at different

spatial scales, incorporating different types of proxy data. A possible solution to the

problem of the bias introduced by using the same set of proxy data to reconstruct both

climate and circulation indices may be to reconstruct the same variables with several

different sources of proxy data. The variability that is in common between the

reconstructions produced from different sets of proxy data may represent a more

accurate, less-biased reconstruction.
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The temporal and spatial scale of this study, especially with regard to the circulation

indices, is compatible with scales of general circulation models (GCMs). Long-term

variability in circulation patterns, as described by the circulation indices in this study,

could be compared to GCM simulations to determine if some of the features seen in the

reconstructions are matched in the GCM simulations. Some of these indices could be

applied to other geographical areas to determined whether variations in an index are

compatible with variations in long climate records or other proxy records. For example,

the Southwestern Trough influences climate in the western Great Plains and the

Intermountain West (Burnett 1994). The TROF index could be compared to long

climate records and climatically sensitive tree-ring chronologies in this region to

determine how well variations in climate are related to variations in this index.

It is well known that atmospheric circulation features have important impacts on regional

climates. What is not as well known is the impact of particular circulation features on

regional climates. It is becoming increasingly important to understand these links.

Increases in population are putting greater demands on natural resources that often are

already over-allocated, making populations more vulnerable to the effects of climate

changes. It is now widely acknowledged (though not undisputed) that anthropogenic

activities are having a discernable influence on global climate (IPCC 1995). It has been

difficult to unravel the relationships between circulation patterns and regional climate
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using the existing instrumental data records, which are inadequate for assessing decadal-

scale and longer variations in climate. The need for proxy records of climate is now

more urgent than ever. We need to understand how climate has varied naturally in order

to understand the extent of anthropogenic influences on climate. Continued and

innovative research utilizing proxy data, such as tree rings, in collaboration with other

types of proxy data and modeling techniques will provide needed perspectives on the

long-term relationships between regional climate and circulation patterns. Although it is

simplistic to think that the climates of the future have exact analogs in the past,

reconstructions of past climate can provide information on underlying mechanisms that

may be basic to global climatic processes.
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APPENDIX A

CONSTRUCTING A CIRCULATION INDEX

A circulation index is a times series that describes a climatic condition and the variations

in that condition. An index usually synthesizes some key aspect of circulation, often

over a large area. It may describe contrasting effects or teleconnections or mechanisms

that work together to produce an overall effect. An index may be used in a comparison

with a series of another type and in another location to learn about how a particular set of

conditions is related to another condition or set of conditions. It can be used to define

both spatial and temporal relationships.

In order to construct a meaningful index, it is necessary to have a thorough understanding

of the climate feature you wish to describe with the index. An index can be quite simple

or quite complex. An example of a simple but elegant index is the Southern Oscillation

Index (SOI) which is based upon, in its simplest form, the standardized pressure

difference between Tahiti and Darwin, Australia. Other indices that measure SO have

also included measures of precipitation and sea surface temperature (Michaelson 1989,

Wright 1989), but the pressure differences alone have proven to adequately describe this

oscillation.
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I have put together a worksheet to define and construct circulation indices. It is outlined

below.

1. Define the of focus of index

a. What will be the purpose of this index?

b. What variable do I want to describe/explain with this index?

2. Define and describe the circulation features that influence this variable

a. What are circulation features that influence this variable?

b. On what spatial scale do they operate?

c. What is the temporal resolution?

3. Define the way in which each circulation feature or group of features could be used as

an index to describe the variable of interest.

a. How could this feature be measured?

b. Is this measure described as a linear combination of values, a ratio, or a simple

count?

c. Does it involve spatially contrasting measures?

d. Does it involve contrasting numbers of incidents?

e. Could this feature be described with a compound index (involving several



different types are variable)?

f. What will be the format of the index and how will values be interpreted?

4. Compile and evaluate the index

a. Does the index reflect variations in the variable you wish to describe or

explain?

b. Can it be interpreted unambiguously?

c. Are opposite extremes of values equally interpretable?

d. Does it fulfill the purpose for which it was intended?

Using these steps as a guide, I have conceptualized three indices to help explain

variability in winter precipitation and tree-ring data in my proposed study area.

C. Examples of Indices

1. Define the of focus of index

a. What will be the purpose of this index? To explore/explain sources of

variation in climate and tree-ring data in the Sonoran Desert study area.

b. What variable do I want to describe/explain with this index? Winter

precipitation.
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2. Define and describe the circulation features that influence this variable

a. What are circulation features that influence this variable?

b. What spatial scale do they operate on?

c. What is the temporal resolution?

See table J.

Table 1.

feature spatial
scale

temporal
scale

Southern Oscillation global 2-8 yrs periodicity

position of the Aleutian low, east and/or south of mean
PNA position

Pacific/
North America

days-season

strength of subtropical jet global-
hemispheric

days -season

Pacific North American pattern circulation; Keables PNA-
type 3

Pacific/
North America

days-months

westward displacement of Pacific high Pacific/
North America

days-weeks

presence of low in southwestern/western United States western U.S. days-weeks

southward displacement of North American winter storm
track

coastal/
western U.S.

days-weeks

3. Define the way in which selected circulation features or group of features could be

described as an index.

#1 Feature/group of features: PNA pattern; Keables PNA-type 3

a. How could this feature be measured?

179
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Standardized 700mb height anomalies. Instead of the standard grid points, use the grid
points for areas that Keables identified as pressure anomalies related to increased
precipitation in the Southwest. The formula for this PNA -type would be:

PNA=1/3[-Z(133°W, 34°N)+Z(100°W, 78°N)-Z(70°W, 32°N)]

where Z is the standardized 700mb height anomaly at that grid point.

b. Is this measure described as a linear combination of values, a ratio, a simple

count? LINEAR COMBINA HON

c. Does it involve spatially contrasting measures? YES

d. Does it involve contrasting numbers of incidents? NO

e. Could this feature be described with a compound index (involving several

different types are variable)? NO

f. What will be the format of the index and how will values be interpreted?

The resulting index will be a series of negative and positive values reflecting the
meridional flow about these three grid points. The values will be averaged for the winter
months to provide a mean winter seasonal value for each year. A positive value should
indicate increase meridional flow and increased precipitation in the Southwest. A near-0
or negative value should indicate more zonal flow and drier conditions.

#2 Feature/group of features: Southward displacement of storm track

a. How could this feature be measured?

A southward displacement of the storm track could be indicated by an increased number
of cyclones that cross the coast south of San Francisco in relation to the number that
cross north of San Francisco. Or the number south of San Francisco could be compared
to the total number of storms that cross the coast anywhere each winter.

b. Is this measure described as a linear combination of values, a ratio, or a simple
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count? COUNT AND RATIO

c. Does it involve spatially contrasting measures? YES

d Does it involve contrasting numbers of incidents? YES

e. Could this feature be described with a compound index (involving several

different types are variable)? NO

f. What will be the format of the index and how will values be interpreted?

The index will be in the form of a series of ratios that reflect the number of storms per
winter that crossed the coast south of San Francisco in relation to the number that
crossed north of San Francisco. A number greater than one should indicate wetter
conditions in the Southwest, and a number less than one will indicate drier conditions.
Or i f a comparison of storms south of San Francisco is made to the total number of
storms crossing the coast in winter, the measure would be one of percentage; a high
percent indicating wetter winters in the Southwest.

#3 Feature/group of features: Westward displacement of Pacific high and presence of a

low centered over the south half of the western United States

a. How could this feature be measured?

For the Pacific high, a westward displacement would be indicated if the longitude was a
positive departure from the mean position. It would be necessary to decide how large a
departure was significant. The low pressure center could be measured simply by an
absence or presence. The condition would be fulfilled if the two conditions occurred
jointly.

b. Could this feature be described as a linear combination of values, a ratio, or a

simple count? COUNT

c. Does it involve spatially contrasting measures? YES

d. Does it involve contrasting numbers of incidents? NO
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e. Could this feature be described with a compound index (involving several

different types are variable)? YES, PACIFIC HIGH PRESSURE CELL LOCATION AND

ABSENCE OR PRESENCE OF WESTERN US. LOW

f. What will be the format of the index and how will values be interpreted?

The format of this index could be just the count of numbers of days per winter that fulfill
both conditions, or it could be expressed as a percent of total possible days. A high
number/percent would indicate a wet winter season and a lower number/percent would
be an indication of a drier season.

The generation of an index may take some iterations. Each suggested index should be

compiled and tested to see how well it performs, and then evaluated based on the

questions in step #4. If it does not do well, it may be possible to make some adjustments,

retest it, and re-evaluate it. This tuning process in itself may suggest other ways to

define the index, or combinations of indices that might better describe variability in the

climatic feature of interest. In the case of example #2, I found there were not enough

cyclones crossing the coast south of San Francisco to generate a meaningful index.

Instead, I counted the number of cyclones that were generated in, crossed through, or

dissipated in the study area during the winter months. This count was the basis of my

cyclone index.



APPENDIX B

NEW CIRCULATION INDICES GENERATED FOR THIS STUDY
OBSERVED DATA

CYC PNA TROF TROF PHSWL PHSWL
n-m jfm ndm n-m	 ndm n-m

1930 7
1931 15
1932 10
1933 7
1934 6
1935 6
1936 12
1937 12
1938 8
1939 8
1940 7
1941 7
1942 11
1943 4
1944 6
1945 4
1946 6
1947 4	 0.6527 -0.2478-0.18920.0978 0.5311
1948 18	 -0.5236 -0.7916 -0.6018 -1.8396 -0.9770
1949 13	 -0.3482 -0.3278 -0.8408 -1.1411 -1.9168
1950 1	 -0.18650.6210 0.3047 1.2573 0.6944
1951 3	 -0.13880.5829 0.1633 2.8725 1.6868
1952 5	 0.0887 -0.2435 -0.2022 -1.2693 -1.4018
1953 7	 -0.4888 -0.2399 -0.0501 -0.8782 0.1309
1954 9	 -0.29470.1936 0.2592 -0.66660.2212
1955 6	 -0.36020.4322 -0.06121.6897 0.4327
1956 13	 0.2950 0.5834 0.2739 0.9540 0.2583
1957 2	 -0.3570 -0.3271 -0.4114 1.2238 0.5884
1958 4	 1.3141 -0.00090.1265 -1.0707-0.4622
1959 3	 -0.32790.7092 0.4618 1.5499 0.5947
1960 10	 0.3223 0.5483 0.1215 1.2586 -0.0742
1961 8	 -0.21840.1741 0.3022 -0.29930.2134
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1962 11
1963 5

1964 4
1965 2

1966 2
1967 3
1968 2

1969 5
1970 2
1971 3
1972 3
1973 12

1974 7
1975 6
1976 1
1977 2
1978 3

1979 5
1980 4
1981 2
1982 4

1983 3
1984 1
1985 6

1986 4
1987 3
1988 4
1989 5
1990 10
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0.2796 -0.5922 -0.5564 -0.7002 -0.6081
-0.0581 0.0971 0.1686 0.4049 0.5706
-0.8987 0.3585 0,1515 -0.0009 -0.8821
-0.1469 -0.4816 -0.2489 -0.4845 -0.3123
0.2461 0.3890 0.0888 -0.3629 -1.1663
-0.5177 -0.0308 0.2382 -0.2588 0.1503
0.5570 -0.1353 0.0729 -0.7562 0.1605
1.1185 0.2655 0.1527 0.3587 -0.1741

0.4121 0.1792 0.3759 -0.1669 0.6021
-0.1003 0.6026 0.4637 0.9699 0.6763
-0.5414 -0.1612 0.1476 -0.1853 0.3894
0.1344 -0.8561 -0.6519 -1.6951 -1.9196

-0.4598 0.3465 0.1967 0.0038 -0.4379
-0.5295 -0.0725 -0.0066 -1.6943 -1.5490
-0.5391 -0.2014 0.0302 0.2308 0.2604

0.1230 0.3013 0.4556 -0.2948 -0.0535
1.1039 0.5306 0.4538 1.1538 1.0391

0.3732 -1.0405 -0.7151 -1.4447 -1.9959
0.6180 -0.3429 -0.1145 -0.7595 -0.0341
0.9540 0.5438 0.3890 0.8504 1.1735
-0.1094 0.4638 0.3064 0.1683 0.1493
0.7500 -0.3875 -0.1032 -0.8475 -0.0693
-0.3814 0.2636 0.1762 1.5863 1.3086
-0.3267 -0.5798 -0.3684 -1.6935 -1.0115
0.1175 -0.1177 0.2533 1.1623 1.7508
0.2318 -0.4798 -0.4011 0.5846 0.2134
-0.2897 -0.1119 0.0824 -0.4656 0.5729

-0.6599 0.1791 -0.0857 1.1051 0.6843
-0.7829 0.2128 -0.0925 0.7126 0.1245
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APPENDIX C

WINTER (NOVEMBER-MARCH) CLIMATE RECONSTRUCTIONS
(STANDARDIZED VALUES) AND CIRCULATION INDEX RECONSTRUCTIONS

A. REGIONAL WINTER RAINY DAY RECONSTRUCTIONS

RD CAC CACO NAZNM SCAZ CAZNM SAZNM
1702 1.254 1.548 1.024 1.121 1.772 0.842
1703 -0.908 -1.074 -0.466 -0.474 0.565 -0.227
1704 0.277 0.802 0.250 0.412 -0.311 0.221
1705 1.279 0.646 0.502 0.180 0.432 0.581
1706 0.029 0.267 0.126 -0.055 1.217 0.892
1707 -0.540 -0.556 -1.584 -1.533 0.076 -0.718
1708 -0.123 0.373 -0.185 -0.021 0.715 0.245
1709 0.288 -0.201 -0.009 -0.232 0.213 -0.212
1710 0.672 0.933 0.780 0.776 1.217 1.330
1711 -0.003 0.248 0.010 0.147 -0.253 0.154
1712 0.612 0.930 0.709 0.776 0.730 0.643
1713 -0.943 -0.950 -0.025 -0.027 0.169 0.063
1714 -0.732 -0.643 -0.341 -0.190 -0.223 0.030
1715 -0.727 -0.866 -0.676 -0.507 -0.427 -0.177
1716 -0.899 -1.125 -1.165 -1.257 -0.503 -1.230
1717 0.578 0.750 0.073 0.153 1.212 0.321
1718 1.538 1.616 0.853 0.759 0.782 -0.015
1719 1.487 1.875 0.524 0.495 0.270 0.037
1720 1.173 1.106 0.818 0.655 1.524 0.905
1721 -0.333 -0.028 -0.333 -0.279 0.947 0.425
1722 -1.924 -1.389 -1.049 -0.936 -0.141 -0.049
1723 0.673 0.800 0.245 0.264 0.655 0.510
1724 -0.346 -0.968 -0.838 -0.665 -1.328 -1.563
1725 0.088 0.159 1.264 1.186 -0.156 0.991
1726 0.887 1.144 1.212 1.105 0.338 1.745
1727 0.110 0.284 0.320 0.434 0.670 0.579
1728 -1.968 -2.303 -1.667 -1.443 -0.956 -2.202
1729 -2.267 -2.064 -2.433 -2.131 -1.428 -1.087
1730 -0.217 -0.387 -0.600 -0.815 -0.674 0.069
1731 1.391 0.669 0.669 0.615 -0.015 0.026
1732 0.137 0.324 0.807 0.872 -0.301 0.307
1733 -0.639 -0.661 -0.946 -1.220 0.289 0.076
1734 0.245 0.476 0.058 0.019 0.984 -0.612



1735 -1.778 -0.966 -1.788 -1.612 -0.108 -0.798
1736 0.608 -0.018 0.527 0.564 0.300 -0.188
1737 -0.649 -0.768 -0.049 0.131 -0.599 -0.056
1738 0.614 0.338 1.033 0.973 -0.299 0.344
1739 -0.617 -1.060 -0.593 -0.728 -0.467 -0.026
1740 0.428 0.607 0.201 0.176 0.476 0.157
1741 0.883 0.930 0.600 0.672 0.579 0.615
1742 -0.575 -0.475 -0.424 -0.587 0.070 0.579
1743 1.146 1.072 1.137 1.154 0.667 0.636
1744 0.264 0.541 -0.015 -0.069 -0.360 0.133
1745 0.896 1.018 1.183 1.133 0.380 0.878
1746 1.349 2.187 1.390 1.325 0.781 1.393
1747 1.618 2.308 1.998 2.244 1.120 1.271
1748 -1.862 -2.219 -2.871 -2.546 -2.745 -2.851
1749 0.190 0.016 0.851 0.773 1.083 0.737
1750 -0.919 -0.995 -1.156 -1.192 -0.391 -0.265
1751 -1.217 -0.804 -0.728 -0.768 -0.218 -0.489
1752 -2.096 -1.894 -1.597 -1.618 -0.489 -0.905
1753 -0.153 -0.298 -1.107 -1.358 0.329 -0.862
1754 -0.971 -1.348 -0.282 -0.526 1.373 0.682
1755 0.032 0.183 -0.192 -0.093 0.000 0.113
1756 0.664 0.207 -0.069 -0.005 -0.168 -0.726
1757 0.115 -0.609 -0.295 -0.525 -0.751 -1.219
1758 0.698 0.918 0.738 0.639 0.531 0.949
1759 0.649 1.250 0.867 0.950 0.744 1.542
1760 0.923 0.974 0.356 0.374 0.460 0.042
1761 -0.039 0.516 -0.472 -0.593 0.367 0.308
1762 0.938 1.011 1.288 1.364 0.805 1.068
1763 -1.477 -1.517 -0.740 -0.678 -1.463 -0.970
1764 0.441 0.425 0.840 0.915 0.616 1.039
1765 -1.248 -1.454 -1.672 -1.589 -0.426 -0.032
1766 1.327 1.584 0.979 0.863 0.947 0.817
1767 0.180 0.265 -0.003 -0.026 -0.353 -0.522
1768 0.620 0.941 1.120 1.230 0.815 0.731
1769 -0.005 -0.055 -0.605 -0.469 0.084 -0.617
1770 -0.516 -0.487 -0.785 -0.852 0.176 0.217
1771 1.082 1.238 1.195 1.260 0.778 1.256
1772 0.091 0.331 0.339 0.547 -0.190 -0.017
1773 -0.928 -1.201 -1.881 -1.545 -1.874 -2.467
1774 0.078 -0.294 0.029 0.073 -0.160 -0.887
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1775 0.379 0.124 0.142 0.138 0.091 -0.302
1776 -0.289 -0.411 -0.039 -0.084 0.500 0.115
1777 -1.905 -2.349 -2.119 -2.208 0.129 -0.798
1778 -1.422 -1.409 -0.676 -0.724 -0.354 -0.261
1779 -0.329 0.123 0.592 0.726 0.520 1.145
1780 -0.441 -0.834 -0.834 -0.835 -0.830 -0.906
1781 -0.190 0.408 0.031 0.064 0.473 0.416
1782 -1.357 -1.627 -1.961 -2.135 -0.418 -0.910
1783 1.215 1.387 0.806 0.655 1.836 1.568
1784 1.148 0.965 0.930 0.804 0.856 0.878
1785 -0.421 -0.660 0.272 0.535 -0.951 -0.614
1786 0.100 0.017 0.052 0.141 -1.342 -0.492
1787 0.950 1.076 1.319 1.224 1.054 1.378
1788 -1.043 -0.875 -1.202 -1.127 -0.436 -0.543
1789 0.043 -0.613 -0.570 -0.675 0.259 -0.382
1790 -1.044 -1.196 0.007 -0.198 -0.264 -0.204
1791 1.154 1.359 1.083 1.014 0.615 1.596
1792 1.317 1.218 0.815 0.699 0.296 0.574
1793 0.988 1.649 0.830 0.636 1.772 1.217
1794 -0.823 -0.519 -0.954 -0.888 -0.439 -1.032
1795 -0.570 -0.050 -0.669 -0.499 0.801 0.234
1796 -0.692 -0.768 -0.612 -0.541 -0.872 -1.424
1797 0.051 -0.157 0.081 -0.042 -0.850 -0.636
1798 -0.087 -0.117 0.063 0.212 0.288 0.075
1799 0.256 -0.146 0.264 0.154 0.225 0.038
1800 -0.251 0.065 -0.539 -0.287 0.212 0.623
1801 -0.635 -0.076 -0.525 -0.396 -0.520 -0.108
1802 0.715 0.746 0.060 -0.120 0.732 0.075
1803 -0.244 -0.167 -0.791 -0.817 0.229 -0.646
1804 0.759 0.867 0.990 1.019 0.730 0.468
1805 -0.648 -0.749 -0.008 0.185 -0.519 -0.505
1806 -0.528 -0.527 -1.262 -1.184 -1.521 -1.392
1807 -0.005 -0.416 0.115 0.054 0.738 0.498
1808 0.044 -0.391 0.311 0.333 -0.247 -0.411
1809 -1.896 -1.907 -1.073 -1.238 0.564 0.925
1810 -0.123 0.309 -0.460 -0.320 0.328 0.129
1811 0.728 0.657 0.705 0.782 -0.112 -0.425
1812 0.037 0.130 -0.136 -0.111 0.397 0.157
1813 -0.710 -0.699 -0.625 -0.337 -0.319 -0.755
1814 -0.212 -0.276 0.185 0.116 -0.221 0.069
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1815 0.222 0.863 0.447 0.409 0.478 1.465

1816 1.433 2.220 1.665 1.643 0.523 1.670

1817 1.465 1.946 1.443 1.674 0.382 0.378

1818 0.338 -0.210 -1.274 -1.202 -1.986 -3.307

1819 -0.532 -0.522 -0.919 -1.159 -0.616 -1.701

1820 -1.491 -1.505 -1.452 -1.565 -0.322 -0.460
1821 1.125 0.968 1.198 1.316 1.271 0.889

1822 -1.627 -2.087 -1.355 -1.199 -1.338 -1.646
1823 -1.292 -1.450 -0.792 -0.840 -0.216 -0.032
1824 0.234 0.159 -0.118 -0.146 0.374 0.763
1825 0.893 0.599 1.477 1.486 1.343 1.336

1826 0.924 0.550 0.490 0.418 0.987 0.681

1827 0.068 0.234 -0.661 -0.659 -0.305 0.157
1828 1.360 1.303 1.430 1.217 1.751 1.904
1829 -2.364 -2.395 -1.840 -1.862 -0.727 -0.771

1830 -0.724 0.154 0.158 0.001 0.169 1.202

1831 1.300 0.228 0.306 0.326 0.026 -0.248

1832 0.345 0.330 0.544 0.520 -0.669 -0.021

1833 1.332 1.538 0.761 0.739 0.443 0.741

1834 -0.406 0.197 -0.520 -0.382 0.237 0.290

1835 -0.169 -0.565 0.115 0.084 -0.001 -0.259

1836 -0.437 0.031 -0.353 -0.294 -0.750 -0.381

1837 0.748 1.025 0.293 0.228 0.010 0.510

1838 1.200 1.017 0.876 0.693 0.431 0.323

1839 1.160 1.543 1.082 0.988 1.178 1.027

1840 0.687 1.280 0.348 0.284 0.935 0.639

1841 -1.548 -1.703 -1.360 -1.231 0.107 -0.838

1842 -1.546 -1.422 -1.502 -1.343 -0.934 -1.287

1843 -1.553 -2.023 -1.206 -1.365 -0.309 -0.683

1844 0.288 0.042 0.372 0.356 0.861 0.358

1845 -2.323 -1.725 -1.618 -1.478 -0.245 -0.206

1846 0.668 1.267 0.594 0.893 0.196 -0.159

1847 -1.084 -0.963 -1.327 -1.160 -1.537 -1.935

1848 1.012 0.541 0.692 0.614 0.367 0.232

1849 1.167 1.177 1.277 1.215 0.956 1.429

1850 1.257 1.169 1.417 1.482 0.524 0.422

1851 -0.979 -0.843 -1.167 -1.157 -0.840 -0.798

1852 0.214 0.044 0.971 0.854 0.788 0.594

1853 0.603 0.823 0.646 0.547 0.747 0.925
1854 -0.073 -0.438 -0.840 -0.872 -1.026 -1.004
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1855 1.015 1.066 0.890 0.858 1.022 1.623
1856 -0.740 -0.744 -0.948 -0.804 0.608 0.083
1857 -3.012 -2.367 -2.126 -1.917 -0.122 0.100
1858 0.476 1.085 0.894 0.983 0.745 1.053
1859 -0.645 -0.858 -0.795 -0.731 -0.747 -0.699
1860 -0.247 -0.030 0.377 0.340 0.509 -0.036
1861 -0.223 -0.113 -1.007 -0.729 -1.935 -1.638
1862 1.655 0.761 0.802 0.563 -0.261 -0.288
1863 0.029 -0.390 -0.330 -0.471 -0.689 -1.344
1864 -1.369 -1.592 -1.568 -1.540 -1.011 -1.191
1865 0.361 0.345 0.856 0.812 0.386 0.780
1866 1.077 0.825 0.810 0.573 0.249 0.775
1867 0.937 0.718 1.312 1.367 0.606 1.462
1868 1.554 1.703 2.013 1.785 0.721 1.460
1869 0.339 0.744 0.596 0.760 1.334 1.104
1870 -1.277 -0.737 -1.752 -1.726 -0.140 -0.467
1871 -1.083 -1.219 -1.941 -1.878 0.104 -1.522
1872 -1.118 -1.167 -0.835 -0.833 -0.335 -1.758
1873 -0.855 -0.435 -0.754 -0.631 -0.407 -0.110
1874 0.851 0.209 0.603 0.654 0.624 0.473
1875 -0.744 -0.693 -0.274 -0.225 0.106 -0.033
1876 -0.240 0.059 -0.800 -0.825 -0.388 -0.331
1877 -0.844 -0.966 -0.138 -0.179 1.512 1.241
1878 -0.062 -0.199 0.164 0.211 -0.589 -0.654
1879 -1.819 -1.592 -0.619 -0.388 -0.510 -0.018
1880 0.062 0.063 -0.690 -0.572 -0.838 -1.203
1881 -0.310 0.005 -0.667 -0.861 0.150 -0.628
1882 -0.092 0.217 0.124 0.059 1.231 0.804
1883 -0.577 -0.561 -0.574 -0.604 -0.435 -0.526
1884 1.271 1.145 1.100 1.097 0.490 0.466
1885 0.762 0.651 1.179 1.092 0.183 0.625
1886 0.727 0.902 0.146 0.172 0.411 0.456
1887 -0.063 0.662 -0.519 -0.446 0.134 0.299
1888 1.106 0.877 0.936 0.838 1.113 1.149
1889 0.656 0.592 0.665 0.688 0.305 0.128
1890 0.858 0.401 0.095 -0.051 -0.880 -0.501
1891 1.623 1.906 1.547 1.561 -0.006 0.707
1892 0.633 0.396 0.542 0.596 -0.083 -0.528
1893 -1.080 -0.613 -1.173 -1.021 -0.602 -0.869
1894 -0.543 -0.957 -1.583 -1.805 -0.297 -1.268
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1895 0.243 -0.760 0.641 0.679 1.019 -0.325

1896 -2.448 -1.896 -1.877 -1.753 -0.761 -0.427

1897 1.028 0.934 0.632 0.544 2.243 1.129

1898 -1.785 -2.137 -0.844 -0.871 1.794 0.339

1899 -2.895 -2.537 -2.292 -2.001 -1.745 -1.204

1900 -0.568 -0.673 -0.640 -0.702 -0.374 -0.531

1901 0.741 0.660 0.959 0.962 0.113 -0.386

1902 -0.712 -0.623 -1.008 -0.926 -0.102 -0.015

1903 0.665 0.790 0.780 0.698 0.099 0.170

1904 -0.454 -0.662 -0.892 -0.818 -1.230 -0.618

1905 1.197 1.160 1.106 0.976 0.841 1.258
1906 1.442 1.056 1.073 0.846 1.074 1.203

1907 0.655 0.665 0.973 0.786 2.190 2.060

1908 -0.173 -0.126 0.093 0.103 0.790 1.621
1909 0.604 0.858 0.807 0.902 -1.436 -0.475
1910 0.709 0.234 -0.289 -0.297 -0.524 -0.514

1911 0.208 0.195 0.375 0.295 0.077 -0.227

1912 -0.108 0.487 -0.011 0.196 1.624 1.535

1913 -0.594 -0.367 -1.284 -1.180 -0.424 -1.407

1914 0.469 0.298 0.655 0.607 -0.141 -0.077

1915 0.657 1.086 0.767 0.744 0.646 1.563

1916 1.114 1.276 1.089 0.980 0.384 0.652

1917 0.113 0.417 0.055 0.108 0.544 0.212

1918 -0.494 -0.661 -1.748 -1.582 -0.816 -1.289

1919 -0.025 0.292 0.411 0.470 0.694 1.052

1920 0.647 1.109 0.641 0.644 0.592 0.743

1921 -0.553 0.258 0.364 0.239 -1.021 -0.685

1922 0.645 0.109 0.226 0.478 -0.552 -0.920

1923 -1.086 -0.995 -1.134 -1.301 -1.393 -1.495

1924 -0.164 0.148 0.779 0.927 0.504 1.062

1925 -1.002 -2.031 -1.651 -2.009 -1.964 -1.999

1926 0.477 0.363 0.714 0.864 1.289 1.338

1927 -0.770 -0.850 -0.595 -0.493 -0.048 -0.248

1928 -1.039 -1.113 -0.771 -0.815 0.134 -0.370

1929 -0.471 -0.018 -0.352 -0.531 0.867 0.089

1930 0.319 0.289 -0.867 -0.807 1.262 0.472

1931 -0.310 0.690 -0.180 -0.001 0.060 -0.132
1932 0.474 0.316 0.643 0.646 0.731 0.669
1933 -0.692 0.174 -0.121 0.074 -0.634 -0.332

1934 -0.782 -1.388 -1.358 -1.685 -1.292 -0.914
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1935 1.001 0.645 0.750 0.879 0.464 0.390
1936 -0.625 -0.489 -0.174 -0.092 -0.686 -0.617
1937 1.459 1.292 1.219 1.269 0.268 0.247
1938 0.099 0.204 0.082 0.167 -0.674 -0.228
1939 0.395 0.087 0.004 0.043 -0.340 -0.266
1940 -0.470 -0.268 -0.765 -0.739 -0.129 -0.418
1941 0.629 0.978 0.942 0.880 1.164 1.569
1942 0.062 -0.160 0.292 0.186 0.163 0.284
1943 -0.543 -0.166 -0.388 -0.331 -0.544 -0.350
1944 0.264 0.249 -0.018 0.017 0.125 -0.098
1945 -0.210 0.640 0.931 1.094 -0.071 0.493
1946 -0.176 -0.172 -1.076 -1.025 -0.997 -0.879
1947 -0.502 -0.552 -0.910 -1.036 -0.697 -1.296
1948 -0.451 -0.764 0.288 0.074 0.735 0.639
1949 0.289 -0.223 0.290 0.267 1.050 0.749
1950 -1.520 -1.686 -1.386 -1.278 -1.140 -1.328
1951 -1.531 -1.634 -1.800 -1.475 -1.400 -1.546
1952 1.076 0.717 1.241 1.108 0.816 0.333
1953 -0.345 -0.433 -0.422 -0.287 -0.178 -0.260
1954 0.208 -0.340 -0.356 -0.364 -0.864 -1.000
1955 -0.208 0.123 -0.477 -0.506 -1.108 -0.577
1956 -0.227 -0.726 -0.149 -0.292 -0.419 -0.860
1957 0.384 -0.054 -0.045 -0.063 0.311 -0.191
1958 0.585 0.883 0.643 0.731 1.463 1.159
1959 -0.815 -0.432 -1.333 -1.189 -0.204 -0.686
1960 -0.162 0.212 0.151 0.025 1.367 0.965
1961 -1.228 -1.460 -0.781 -0.887 -0.005 -0.507
1962 0.644 0.525 1.232 1.283 0.691 1.040
1963 -1.380 -1.088 -0.227 0.021 -0.251 0.500
1964 -0.008 -0.184 -0.434 -0.685 -0.583 -0.304
1965 1.235 0.812 1.260 1.230 1.392 0.860
1966 0.431 0.568 0.737 0.945 0.840 0.857
1967 -0.062 -0.434 -0.995 -0.975 -1.201 -1.207
1968 -0.134 1.004 0.448 0.515 1.299 1.754
1969 1.348 0.802 0.703 0.561 0.584 -0.425
1970 -0.125 0.372 -0.297 -0.207 0.546 -0.104
1971 -0.702 -1.088 -1.532 -1.587 -1.131 -1.692
1972 -0.265 -0.097 -0.685 -0.734 -0.271 -0.331
1973 1.188 1.008 1.536 1.550 0.559 1.109
1974 -0.398 -0.768 -0.622 -0.658 -1.040 -1.187
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1975 0.243 0.011 0.768 0.665 0.755 0.568
1976 -0.695 -0.162 -0.126 -0.026 0.302 0.112
1977 -0.611 -0.165 -1.032 -0.934 -1.384 -0.884
1978 0.984 1.048 0.888 0.893 0.550 1.080
1979 0.985 1.148 1.204 1.187 0.849 1.273
1980 0.902 0.732 1.120 1.006 0.817 0.471
1981 -1.084 -0.859 -1.180 -1.050 -0.638 -0.458
1982 0.729 0.542 0.650 0.559 0.082 1.029
1983 1.447 1.920 1.487 1.426 1.432 1.360

B. REGIONAL WINTER MEAN MAXIMUM TEMPERATURE
RECONSTRUCTIONS

IMP CAC CACO NAZNM SCAZ CAZNM SAZNM
1702 0.620 -1.729 0.436 -1.115 -1.936 -1.139
1703 -0.168 0.769 0.535 1.052 1.540 0.492
1704 -0.144 -0.131 0.140 0.764 0.545 1.442
1705 0.413 0.164 0.053 0.062 0.293 1.714
1706 0.842 2.050 -0.030 0.617 1.361 1.049
1707 0.065 1.072 0.892 1.059 -0.274 0.136
1708 -0.205 -0.449 0.152 -0.525 -1.288 -0.626
1709 0.012 0.682 0.019 -0.194 0.378 0.794
1710 0.674 -0.616 -0.669 -0.482 0.264 -0.871
1711 -0.478 -0.234 -0.614 0.115 0.194 0.258
1712 -0.330 -1.767 -0.395 -1.050 -1.129 -1.435
1713 0.642 0.409 0.054 -0.050 -0.163 -0.395
1714 -0.219 0.322 -0.185 0.084 -0.638 -0.129
1715 -0.537 -0.012 0.565 -0.059 -0.557 -0.234
1716 -0.695 0.997 0.787 0.739 0.401 0.479
1717 0.317 0.535 -0.132 -0.076 0.145 0.454
1718 1.140 -0.061 -0.357 -0.464 -0.102 -0.184
1719 1.026 -0.294 0.640 0.370 -0.037 1.066
1720 0.788 -0.116 -0.635 -0.205 0.486 0.148
1721 0.076 -0.285 0.106 0.272 -0.699 -0.725
1722 -0.458 1.847 1.082 0.919 0.572 0.249
1723 -0.932 -0.061 -0.596 -0.031 -0.204 0.270
1724 1.107 -0.859 0.011 -0.455 -1.070 -0.927
1725 0.134 0.492 0.194 0.780 1.775 1.481
1726 -0.631 -1.629 -0.663 -1.267 -0.287 -1.355
1727 0.248 -0.752 -0.191 -0.176 -0.186 0.108
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1728 -0.851 0.781 -0.650 0.653 1.639 -0.317
1729 -0.409 1.307 0.860 1.348 0.267 0.752
1730 -0.291 1.504 1.418 0.007 0.027 0.964
1731 -0.517 -1.213 -0.609 -0.666 -0.254 -0.358
1732 0.557 -0.230 -0.274 -0.404 -0.229 0.580
1733 -0.330 0.890 0.829 0.638 -0.017 0.496
1734 0.273 -0.619 -0.770 -1.562 -1.284 -1.919
1735 0.315 1.005 1.133 0.960 -0.502 -0.195
1736 -0.214 -1.161 -1.934 -1.163 -0.553 -0.937
1737 0.604 0.288 0.534 0.578 0.310 0.885
1738 -0.427 -0.813 0.034 -0.513 0.561 0.251
1739 0.010 0.943 1.264 1.282 1.631 1.828
1740 -0.516 0.164 0.145 0.379 0.698 0.835
1741 1.627 -0.294 -0.314 -0.634 -0.693 -0.276
1742 0.593 1.658 1.196 1.067 0.273 0.827
1743 -1.326 -1.494 -1.318 -1.726 -0.885 -1.407
1744 0.669 -0.083 0.130 0.569 0.201 0.037
1745 -0.244 -0.652 -1.085 -0.864 -0.287 -0.444
1746 -0.773 -1.087 -0.708 -0.910 -0.841 -1.506
1747 0.275 -2.100 -1.511 -1.935 -1.425 -2.117
1748 -0.525 0.553 1.099 2.327 1.394 1.212
1749 -0.911 -0.436 -1.071 -0.554 -0.241 -0.391
1750 -0.108 0.730 1.751 0.393 -0.806 0.666
1751 1.631 0.858 0.262 0.257 0.230 -0.356
1752 -1.180 1.219 0.542 0.555 0.259 0.746
1753 -0.959 -0.765 0.371 -0.334 -1.493 -0.641
1754 0.917 1.810 0.145 -0.454 -0.523 0.685
1755 -1.550 0.174 0.434 -0.132 0.589 -0.298
1756 1.021 -1.097 -1.879 -0.809 -0.280 0.193
1757 0.721 1.248 1.545 0.438 0.716 1.641
1758 0.624 0.193 0.169 -0.111 0.520 -0.012
1759 0.180 -0.170 -0.058 -0.019 -0.427 -0.248
1760 -1.002 -0.914 -0.074 -0.744 -1.068 -0.171
1761 0.644 0.279 0.911 0.404 0.535 -0.666
1762 1.460 -1.484 -1.009 -1.332 -1.543 -0.895
1763 0.000 1.019 0.637 1.099 1.165 0.847
1764 -1.195 -0.980 -1.613 -0.625 -0.158 -0.588
1765 -0.508 1.665 1.793 1.503 1.047 1.197
1766 -1.511 -0.839 -0.344 -1.223 -1.549 -0.791
1767 1.639 -0.137 0.134 -0.251 -0.432 -0.451
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1768 0.272 -0.029 -0.815 0.113 0.554 0.585
1769 -0.526 -0.438 -0.140 0.138 -0.278 -0.384
1770 -0.557 0.708 0.486 0.675 0.409 0.048
1771 0.180 -0.701 -1.392 -0.967 -0.424 -0.614
1772 0.590 0.363 -0.209 0.144 0.689 0.445
1773 -0.779 -0.195 0.599 0.749 0.662 -0.013
1774 -0.460 -0.143 -0.492 0.210 0.833 0.375
1775 -0.021 -0.032 0.408 0.264 0.409 0.899
1776 0.582 0.629 0.187 0.228 0.424 0.836
1777 0.081 1.198 0.998 1.082 -0.445 0.951
1778 -0.236 1.419 1.151 0.229 -0.073 -0.288
1779 0.334 -0.409 -1.019 -0.338 0.006 -0.166
1780 -0.543 -0.149 -0.375 0.107 0.138 -0.334
1781 0.978 0.718 0.143 0.030 -0.150 0.196
1782 -1.009 0.969 0.412 0.441 -0.291 -0.208
1783 -0.967 -0.518 -0.261 -1.184 -1.501 -0.789
1784 1.602 0.011 0.481 -0.621 -1.143 -0.016
1785 -0.470 -0.064 -0.670 0.287 1.805 0.050
1786 0.537 -0.391 0.402 0.835 0.605 0.880
1787 -0.596 -0.488 -0.285 -0.937 -0.029 0.049
1788 0.311 0.002 0.008 0.050 -0.207 -0.537
1789 0.108 -0.332 1.778 0.108 -1.867 0.894
1790 -0.965 1.407 -0.096 0.165 1.682 0.307
1791 0.776 -0.533 -0.971 -0.183 -0.066 -0.125
1792 -0.065 -0.910 -0.398-1.080 -0.380 -0.079
1793 0.290 -0.018 0.542 -0.600 -1.162 -0.257
1794 -0.461 0.363 -1.194 -0.088 0.179 -0.477
1795 0.292 -0.109 -0.390 -0.082 -1.348 -0.632
1796 -0.946 -0.340 0.542 -0.900 -1.440 -1.158
1797 -0.312 -0.309 -0.465 -0.105 0.582 -0.284
1798 0.868 -0.593 0.499 0.129 0.208 -0.061
1799 -0.657 0.226 0.243 -0.225 0.684 0.381
1800 0.789 0.562 0.669 1.302 1.730 0.914
1801 -0.292 -0.053 -0.233 -0.472 -0.497 -0.287
1802 -0.161 -0.456 -0.150 -1.017 -1.612 -0.561
1803 0.620 0.764 0.929 0.593 0.505 0.095
1804 0.247 -1.065 -1.299 -1.139 -1.368 -0.955
1805 0.311 0.022 -0.231 -0.142 0.101 -0.061
1806 0.980 1.304 0.796 1.905 1.121 1.907
1807 -0.019 0.660 -0.791 0.058 0.122 0.159
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1808 -1.024 -0.770 -0.010 -0.059 -0.142 -0.386
1809 -0.199 1.841 1.857 0.593 -0.145 0.658
1810 -2.301 -0.560 1.427 -0.105 -0.960 -0.791
1811 -0.129 -0.543 -1.262 -0.263 0.438 0.222
1812 1.165 0.774 0.040 1.452 1.269 1.734
1813 -0.884 0.015 0.984 0.636 0.820 -0.227
1814 -0.690 -0.198 -0.339 -0.003 0.034 -0.033
1815 -0.105 0.141 -0.053 0.001 0.180 -0.235
1816 -0.727 -1.431 -1.860 -1.666 -1.122 -1.876
1817 -0.289 -2.102 -2.049 -1.855 -0.620 -1.268
1818 -0.483 -1.779 0.519 -0.539 -1.163 -0.635
1819 1.754 1.445 1.363 1.208 1.117 2.056
1820 1.219 2.448 0.261 1.168 1.429 0.831
1821 -0.220 -1.490 -1.665 -1.026 -1.059 -0.951
1822 -0.858 0.204 1.135 0.217 -0.147 0.205
1823 -0.755 1.097 -0.498 0.840 1.657 0.757
1824 0.236 0.143 0.926 0.339 -1.029 0.330
1825 -1.015 -0.763 -0.647 -1.258 -0.171 -0.388
1826 0.684 0.324 0.551 0.253 0.371 0.950
1827 1.749 1.262 1.336 0.784 0.674 0.976
1828 0.710 -1.089 -0.331 -1.034 -0.913 -0.334
1829 -0.529 0.343 1.102 -0.065 -0.681 -0.455
1830 -0.476 1.619 -0.449 0.133 0.163 0.345
1831 0.271 -1.360 -0.854 -1.004 -1.391 -0.909
1832 -0.243 0.899 1.108 0.396 1.070 0.830
1833 0.847 -0.365 -0.898 0.243 0.958 0.536
1834 0.502 0.437 -0.158 0.606 -0.268 -0.017
1835 -0.852 -0.385 -0.955 -0.835 -1.381 -0.942
1836 -1.594 0.355 1.047 0.404 0.342 -0.022
1837 -0.559 -1.948 -0.919 -1.879 -1.660 -2.169
1838 -0.376 -1.298 -1.429 -1.030 -0.541 -0.280
1839 -0.160 -0.671 0.385 -1.015 -1.118 -0.657
1840 -0.141 -0.304 -0.231 -0.346 -0.662 -0.477
1841 0.497 0.534 -0.613 0.767 0.782 -0.113
1842 -1.216 0.238 0.618 0.479 -0.972 0.126
1843 0.478 1.367 0.338 0.099 0.457 0.156
1844 0.169 -0.327 0.245 0.147 0.256 0.325
1845 -0.359 2.009 1.888 1.185 1.105 0.647
1846 -0.211 -1.059 -1.081 -0.610 -0.426 -1.096
1847 0.956 0.755 0.152 1.196 0.443 0.657
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1848 0.961 0.376 -0.265 -0.027 0.522 0.824
1849 -0.209 -0.746 -0.372 -0.423 0.580 -0.262
1850 -0.425 -1.681 -1.232 -0.919 0.012 -0.092
1851 0.350 0.130 1.828 0.767 -0.651 0.720
1852 0.527 0.062 -0.346 -0.871 -0.582 -0.556
1853 0.278 0.348 0.236 -0.031 -0.823 0.434
1854 1.535 1.106 0.621 0.755 1.301 0.636
1855 -0.219 -0.277 -0.755 -0.061 0.985 0.403
1856 -0.054 -0.475 1.069 0.231 -0.585 -0.331
1857 -2.520 1.592 1.045 1.273 0.238 0.307
1858 -0.793 -1.173 -1.905 -1.623 -1.501 -1.914
1859 0.714 -0.379 -0.412 -0.631 -1.240 -1.048
1860 -0.137 -0.156 0.191 -0.835 0.052 -0.856
1861 -0.074 -0.319 0.153 0.265 0.208 0.251
1862 0.536 0.185 -0.279 0.205 0.921 2.110
1863 -0.744 0.218 0.425 0.635 1.580 0.973
1864 1.023 1.701 0.191 1.571 1.190 1.289
1865 -1.475 -0.333 -0.745 -0.702 -1.049 -0.236
1866 0.882 0.122 0.479 -0.522 -0.610 -0.032
1867 0.565 -1.040 -0.199 -0.546 -0.153 -0.464
1868 -0.694 -0.899 -0.243 -0.630 -0.113 0.007
1869 0.048 -0.991 -0.256 -0.573 -0.041 -0.817
1870 0.320 1.277 0.731 0.657 -0.395 0.377
1871 0.318 0.793 0.521 0.299 -0.954 -0.497
1872 -0.531 0.901 0.177 0.441 0.748 -0.097
1873 0.355 0.876 0.027 0.826 0.616 0.681
1874 -0.580 -1.485 -0.769 -1.027 -0.648 -0.500
1875 -0.860 0.436 0.666 0.507 0.829 0.557
1876 0.581 0.364 0.992 0.396 -0.193 0.697
1877 0.421 0.911 -0.188 0.010 0.059 -0.415
1878 -0.820 -1.003 -0.354 -0.655 -1.431 -1.003
1879 0.112 1.225 0.040 0.882 1.768 0.602
1880 -1.629 -1.279 0.279 -0.249 -1.265 -0.505
1881 0.664 1.073 1.481 0.449 0.658 0.514
1882 1.360 0.124 -1.083 -0.908 -1.059 -1.059
1883 -0.401 0.478 -0.180 0.059 -0.957 -0.458
1884 -0.801 -1.344 0.551 -0.849 -1.358 -0.644
1885 -0.411 -0.620 -0.915 -0.389 0.407 0.042
1886 1.002 1.023 0.791 1.211 1.010 1.995
1887 0.920 0.236 0.708 0.056 -0.033 -0.921
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1888 -0.141 -0.979 -2.220 -1.449 -0.956 -0.564
1889 0.069 -1.040 -1.029 -1.130 -0.420 -0.356
1890 0.470 0.395 0.628 0.355 0.797 1.390
1891 0.470 -0.816 -0.529 -0.829 0.655 -0.230
1892 0.883 -0.969 -0.351 -0.150 0.013 -0.010
1893 -0.660 0.402 1.398 0.074 -0.625 0.400
1894 0.505 1.232 0.712 0.973 0.162 0.977
1895 0.842 0.242 -1.232 0.357 1.518 0.542
1896 -1.121 2.120 2.373 1.338 -0.207 0.808
1897 -1.151 -1.763 -0.459 -1.368 -1.165 -1.380
1898 0.436 0.871 -0.536 -0.468 -0.859 -0.691
1899 -0.637 1.546 1.140 0.925 -0.466 0.154
1900 -0.387 -0.220 -0.253 0.035 0.046 -0.392
1901 0.041 -0.621 0.015 -0.894 -0.300 -0.634
1902 0.621 0.978 0.928 1.637 1.493 1.399
1903 0.678 -0.333 -1.480 -0.807 -0.658 -0.453
1904 0.271 1.073 0.935 1.657 1.896 2.047
1905 -0.540 -0.740 -0.906 -1.053 -0.509 -0.729
1906 0.013 -0.621 -0.169 -0.840 -1.437 -0.035
1907 0.811 0.338 0.925 -0.956 -0.743 -0.083
1908 0.706 0.416 0.918 -0.432 -0.766 -0.609
1909 -0.335 -0.218 -0.680 -0.697 -0.565 0.369
1910 -0.318 -0.478 -0.060 0.988 1.073 1.099
1911 0.090 0.658 0.649 -0.104 0.631 0.127
1912 -1.616 -0.504 0.720 -0.103 -0.687 -1.159
1913 -1.813 -1.476 0.472 -0.607 -2.094 -1.357
1914 0.918 0.505 -1.587 0.025 1.229 0.725
1915 0.354 -0.304 -0.454 0.039 0.220 -0.148
1916 -0.615 -1.482 -0.659 -1.360 -0.825 -1.291
1917 0.976 1.003 0.018 0.301 0.142 1.119
1918 1.338 1.718 1.873 2.431 1.608 1.683
1919 -1.137 0.271 -1.294 -0.357 0.353 -0.572
1920 -1.038 -1.764 -0.333 -1.280 -2.232 -1.497
1921 0.456 -0.494 -1.093 -1.093 -0.093 -1.659
1922 1.019 -1.522 -1.596 -0.637 -0.174 0.135
1923 -0.096 0.194 1.482 0.928 0.964 0.590
1924 -0.476 -0.922 -0.713 -1.318 -1.134 -0.455
1925 0.319 2.030 0.973 1.850 1.799 2.309
1926 -0.426 -0.402 -0.069 -0.352 0.588 -0.424
1927 -0.401 0.033 -0.059 0.097 -0.342 -0.113
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1928 -0.786 0.058 0.512 -0.132 -0.616 -0.159
1929 -0.311 1.368 -0.119 0.479 1.090 0.652
1930 1.742 1,038 0.461 0.344 -0.722 -0.046
1931 0.106 -0.099 -0.115 -0.303 -0.696 -1.318
1932 -0.658 -1.246 -1.715 -1.059 -0.979 -1.517
1933 -0.610 -0.670 -0.744 -0.612 -1.047 -1.091
1934 0.613 2.131 1.740 2.198 2.235 2.376
1935 -0.567 -0.542 0.198 -0.484 -0.627 -0.207
1936 -0.843 0.948 0.349 0.894 1.023 0.618
1937 0.219 -1.352 -1.756 -0.680 0.031 -0.600
1938 0.719 0.315 0.588 0.529 0.578 0.463
1939 -0.705 -0.652 0.392 0.174 0.646 0.256
1940 0.502 0.962 0.433 0.852 0.722 0.665
1941 0.152 -0.625 -0.432 -0.837 -0.964 -0.760
1942 -0.036 -0.340 -0.407 -0.579 -0.484 -0.014
1943 0.409 1.030 1.356 0.891 1.478 1.146
1944 0.238 -0.783 -0.628 -0.022 -0.174 -0.222
1945 -0.381 -0.628 -0.715 -0.990 -0.424 -0.795
1946 0.728 -0.254 0.348 0.127 -0.540 0.320
1947 0.373 0.479 0.700 0.348 -0.037 -0.256
1948 -1.511 -0.264 -0.999 -1.390 -1.015 -0.746
1949 -1.527 -1.470 -1.127 -1.269 -1.119 -0.855
1950 0.396 1.333 0.508 0.703 0.902 0.950
1951 0.375 1.449 1.311 1.604 1.484 1.124
1952 -1.554 -1.340 -0.888 -1.345 0.770 -0.965
1953 0.312 0.999 0.863 0.766 0.716 1.423
1954 0.501 0.841 0.259 0.603 0.887 1.026
1955 0.926 -0.361 0.074 -0.361 -0.600 -0.079
1956 -0.241 0.373 0.390 0.150 0.466 0.495
1957 0.039 0.495 0.262 0.534 0.483 0.632
1958 -0.235 0.071 -0.230 -0.069 -0.017 -0.196
1959 1.373 1.201 1.654 1.685 0.667 1.021
1960 -0.470 0.683 -0.724 -0.079 -1.089 0.003
1961 -0.228 0.697 -0.509 0.822 0.133 0.089
1962 -0.830 -1.618 -0.658 -0.905 -1.485 -1.321
1963 -0.189 0.584 0.399 0.467 1.161 0.569
1964 -0.136 -0.099 -0.028 -0.173 -0.777 -0.887
1965 0.037 -0.360 -0.158 -0.667 -0.331 -0.194
1966 -1.139 -1.667 -1.185 -1.110 -0.825 -0.845
1967 1.349 0.933 0.644 1,379 0.947 1.543
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1968 1.236 0.777 0.730 0.055 -0.620 -0.666
1969 -0.944 -0.590 -0.978 -1.143 -0.913 -0.812
1970 -0.056 0.025 -0.331 0.248 0.498 -0.306
1971 -0.647 0.718 0.541 0.715 0.184 0.871
1972 -0.161 0.456 0.765 0.684 0.658 0.863
1973 -0.859 -1.276 -1.293 -1.576 -0.817 -0.532
1974 -0.466 0.227 0.398 0.959 1.372 1.379
1975 0.568 -0.776 -0.959 -1.457 -0.679 -1.386
1976 0.680 0.608 0.588 0.565 0.224 0.509
1977 0.883 0.669 1.426 0.295 -0.238 -0.213
1978 0.872 -0.209 -0.522 -0.031 0.638 0.023
1979 -1.126 -1.931 -1.297 -1.252 -1.609 -1.542
1980 0.088 -0.556 -0.592 -0.692 -0.529 0.061
1981 1.410 0.999 1.629 1.207 0.684 0.144
1982 -0.210 0.224 0.214 0.245 0.840 1.016
1983 -0.115 -1.365 -0.513 -1.208 -0.929 -1.389

C. REGIONAL TOTAL WINTER PRECIPITATION RECONSTRUCTIONS

PPT CAC CACO NAZNM SCAZ CAZNM SAZNM
1702 0.193 0.764 1.272 0.612 1.066 -0.284
1703 0.049 -0.581 -0.152 0.131 -0.132 -0.183
1704 -0.317 0.079 0.493 0.100 -0.073 -0.377
1705 -0.430 0.982 1.639 0.428 0.449 0.324
1706 0.619 0.078 0.494 0.564 0.304 1.048
1707 -0.607 -1.042 -1.332 -0.811 -1.109 -0.387
1708 -0.299 -0.436 -0.596 -0.048 -0.225 0.092
1709 -0.416 0.647 0.715 -0.250 0.044 -1.429
1710 0.586 0.420 0.793 0.883 0.737 0.785
1711 -0.428 -0.163 -0.008 0.086 -0.036 0.152
1712 0.744 0.238 0.504 0.465 0.831 1.048
1713 0.419 -0.326 -0.439 -0.575 -0.187 -0.433
1714 -0.073 -0.391 -0.782 -0.534 -0.401 -0.389
1715 0.001 -0.567 -0.863 -0.247 -0.652 -0.364
1716 -0.488 -0.589 -0.776 -0.355 -0.948 -0.893
1717 -0.188 0.015 0.338 0.054 -0.139 -0.448
1718 0.808 0.843 1.433 0.650 0.271 -0.419
1719 0.159 0.893 1.450 0.690 0.427 -0.072
1720 0.363 0.526 0.960 0.947 1.115 1.192
1721 -0.210 -0.459 -0.751 0.083 0.452 1.262
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1722 -0.747 -1.273 -1.760 -1.317 -0.529 -0.508
1723 0.373 0.322 0.603 0.512 -0.093 -0.318
1724 -0.510 -0.762 -0.992 -0.841 -0.899 -0.790
1725 0.467 0.896 1.675 0.619 0.981 -0.820
1726 -0.005 0.866 0.623 0.354 1.080 1.388
1727 0.289 0.123 0.384 0.328 0.282 0.953
1728 -0.848 -1.741 -2.534 -1.967 -1.742 -1.934
1729 -1.548 -1.850 -2.684 -1.829 -2.241 -1.677
1730 -0.483 0.034 -0.039 -0.226 -0.697 -1.185
1731 0.639 0.871 1,171 1.112 0.247 0.541
1732 0.411 0.362 0.596 0.289 0.535 -0.076
1733 0.120 -0.082 0.079 -0.188 -0.616 0.193
1734 0.370 -0.064 -0.610 -0.168 0.312 -0.263
1735 -0.811 -1.658 -2.194 -1.045 -1.208 -0.466
1736 0.348 0.143 0.073 0.186 -0.091 -0.684
1737 -0.456 -0.336 0.072 -0.526 -0.324 -0.725
1738 0.362 1.142 1.235 0.423 0.515 -0.328
1739 -0.180 -0.175 0.328 -0.631 -0.450 -0.425
1740 0.213 0.392 0.575 0.775 0.279 0.695
1741 -0.064 0.473 0.083 0.125 0.389 0.244
1742 -0.006 -0.076 0.294 0.376 -0.062 0.250
1743 0.318 0.622 0.600 0.917 0.890 0.799
1744 -0.102 0.222 0.024 0.486 -0.011 1.088
1745 0.217 0.800 1.117 0.613 1.164 0.975
1746 1.001 1.148 1.240 1.496 1.815 2.318
1747 1.006 0.908 0.919 1.052 1.408 1.642
1748 -1.452 -2.206 -2.441 -2.890 -2.234 -2.522
1749 0.952 0.363 0.461 0.405 0.692 0.152
1750 -0.942 -0.465 -0.972 -0.478 -0.684 -0.074
1751 -0.026 -0.688 -0.944 -0.208 -0.406 -0.162
1752 -1.076 -1.488 -1.246 -2.249 -1.211 -2.307
1753 0.095 -0.328 -0.169 -0.350 -0.768 -0.501
1754 -0.461 -0.578 -0.480 -0.360 -0.118 -0.804
1755 -0.312 0.025 -0.543 0.047 -0.514 -0.383
1756 -0.253 0.127 0.276 0.138 -0.865 -0.604
1757 0.155 0.551 1.044 0.286 -0.514 -0.584
1758 0.267 0.569 0.790 0.831 0.888 0.781
1759 0.745 0.413 0.729 0.868 0.810 1.741
1760 0.148 0.544 0.894 0.145 0.463 0.052
1761 0.287 -0.015 -0.481 0.174 0.144 0.409
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1762 0.350 0.773 0.664 0.565 0.858 0.367
1763 -0.010 -0.623 -0.630 -0.936 -0.563 -0.796
1764 0.019 0.423 0.204 0.402 0.704 0.348
1765 -1.658 -1.431 -1.819 -1.226 -1.459 0.056
1766 1.192 1.127 1.385 1.601 0.974 1.359
1767 0.020 0.091 -0.132 0.025 0.029 -0.262
1768 0.324 0.460 1.051 0.353 0.846 -0.199
1769 0.084 -0.496 -0.339 -0.871 -0.420 -0.856
1770 -0.494 -0.524 -0.858 0.092 -0.352 -0.265
1771 0.554 0.742 0.632 1.035 0.892 0.949
1772 -0.328 -0.144 0.137 -0.531 -0.620 -0.578
1773 -1.098 -1.653 -1.917 -2.118 -1.804 -1.989
1774 -0.094 0.010 0.092 -0.096 -0.299 -1.235
1775 0.051 0.387 0.672 0.101 -0.125 -0.175
1776 0.609 -0.039 0.488 0.040 -0.153 -0.159
1777 -1.353 -1.562 -1.697 -1.238 -1.766 -0.783
1778 0.154 -0.543 -1.084 -0.070 -0.394 0.156
1779 0.024 0.005 0.288 -0.257 0.221 -1.047
1780 -0.686 -0.327 -0.924 -0.750 -0.636 -0.576
1781 0.358 0.040 0.053 0.279 0.057 -0.107
1782 -1.132 -1.446 -1.698 -1.012 -1.216 -0.710
1783 0.687 0.895 0.793 1.340 0.955 1.479
1784 -0.009 0.930 0.910 1.270 0.703 0.922
1785 0.089 -0.117 -0.603 0.317 0.036 0.494
1786 -0.184 0.329 0.507 -0.638 -0.242 -0.969
1787 1.011 1.189 1.769 0.922 1.050 0.725
1788 -0.578 -1.153 -1.513 -0.967 -1.022 -0.200
1789 -0.318 0.039 0.711 -0.361 -0.420 -0.979
1790 0.220 -0.100 -0.430 0.368 0.461 -0.231
1791 0.754 0.947 1.075 0.899 0.857 0.607
1792 -0.397 0.975 1.210 0.372 0.675 0.341
1793 1.222 0.807 1.808 1.454 0.980 2.320
1794 -0.652 -1.046 -1.637 -0.405 -0.929 0.270
1795 -0.426 -0.942 -0.815 -1.021 -0.675 0.085
1796 -0.140 -0.470 -0.860 -0.646 -0.635 -0.738
1797 0.095 0.344 -0.048 0.436 0.179 -0.569
1798 0.061 -0.290 -0.024 -0.403 -0.027 -0.475
1799 -0.601 0.594 0.194 -0.320 0.183 -1.157
1800 -0.534 -0.474 -0.618 -0.006 -0.720 0.103
1801 -0.153 -0.575 -0.576 -0.526 -0.351 -0.878
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1802 0.159 0.542 0.829 0.309 0.074 -0.312

1803 0.261 -0.489 -0.629 0.084 -0.525 -0.086

1804 0.848 0.690 0.529 0.731 0.783 0.243

1805 0.429 -0.298 -0.344 -0.371 -0.344 -0.400

1806 -1.059 -0.568 -0.555 -1.028 -1.405 -1.561

1807 0.038 -0.389 -0.065 0.277 0.394 0.821

1808 0.596 0.180 -0.007 0.396 0.106 0.392

1809 -0.996 -1.003 -0.778 -2.003 -0.762 -1.124

1810 0.349 -0.277 -0.409 0.059 -0.044 0.228

1811 0.446 0.573 0.372 0.818 0.489 -0.380

1812 -0.810 -0.214 0.172 -0.414 -0.204 -0.084

1813 -0.376 -1.058 -1.448 -1.203 -0.401 -0.129

1814 -0.671 0.212 -0.096 -0.252 0.328 -0.725

1815 0.005 0.455 0.422 0.657 0.936 1.082

1816 0.911 1.145 1.138 1.977 1.639 2.303

1817 0.611 0.550 1.021 0.076 0.433 0.103

1818 -0.152 -0.445 -0.294 -1.684 -1.633 -1.968

1819 -0.139 0.078 -0.081 0.182 -0.634 -0.886

1820 -0.909 -1.396 -1.848 -1.360 -0.850 -0.614

1821 0.827 0.588 0.890 0.607 0.398 0.318

1822 -1.405 -1.250 -1.528 -1.759 -1.428 -1.517

1823 -0.106 -0.733 -0.546 -0.391 -0.686 -0.872

1824 0.048 0.101 0.598 0.131 -0.241 0.049

1825 0.857 0.859 1.148 1.049 1.156 0.503

1826 0.129 0.889 1.184 0.620 0.105 -0.105

1827 -0.298 0.057 -0.096 0.360 -0.481 -0.020

1828 1.017 1.313 1.731 1.639 1.230 1.170

1829 -1.638 -1.618 -2.187 -1.603 -1.008 0.108

1830 0.335 0.095 -0.077 0.901 0.518 0.868

1831 0.192 0.516 0.276 0.406 -0.171 0.254

1832 -0.067 0.901 0.785 0.572 0.266 -0.008

1833 0.065 0.784 1.150 0.958 0.847 0.613

1834 -0.161 -0.765 -0.696 -0.137 -0.211 1.014

1835 0.391 -0.259 -0.232 -0.407 0.049 -0.281

1836 -0.071 -0.171 -0.710 -0.484 -0.276 -0.649

1837 -0.056 0.190 -0.295 -0.023 0.418 0.163

1838 0.368 0.934 1.529 1.125 0.917 0.596

1839 0.503 0.851 1.408 0.841 1.346 1.304

1840 0.207 0.208 0.601 0.649 0.593 0.681

1841 -0.351 -2.071 -1.903 -1.482 -1.216 -0.757
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1842 -0.503 -1.005 -1.529 -1.690 -1.578 -1.610

1843 -0.657 -0.901 -1.344 -1.304 -1.029 -1.487

1844 0.054 0.473 0.472 0.598 0.079 0.004

1845 -1.528 -1.683 -2.217 -1.270 -0.930 -0.012

1846 0.711 0.276 0.028 0.395 0.281 -0.226

1847 -0.497 -0.862 -0.952 -0.747 -1.279 -1.197

1848 0.077 0.774 1.164 0.112 0.290 -0.998

1849 0.263 0.992 1.313 0.845 0.840 0.842

1850 1.147 1.112 1.761 0.744 0.710 0.850

1851 0.015 -0.633 -0.335 -0.551 -0.507 -0.119

1852 0.849 0.507 0.559 0.688 0.884 0.426

1853 0.832 0.857 1.027 0.875 0.615 0.626

1854 -0.790 -0.277 -1.007 -0.540 -0.811 -0.902

1855 0.072 0.782 0.882 0.529 0.722 0.466

1856 -0.738 -1.178 -0.832 -1.569 -0.684 -0.394

1857 -1.382 -2.359 -2.645 -1.341 -1.250 -0.569

1858 0.710 0.377 -0.211 0.976 0.627 0.498

1859 -0.207 -0.362 -0.624 -0.456 -0.792 -0.548

1860 0.460 0.038 0.431 -0.094 0.063 -0.883

1861 -1.268 -0.682 -1.141 -1.429 -1.433 -1.955

1862 0.493 1.380 2.069 0.895 0.374 -0.574

1863 -0.414 -0.100 -0.280 0.597 -0.277 0.997

1864 -0.674 -1.376 -1.532 -1.747 -1.433 -0.510

1865 0.497 0.687 0.859 0.854 0.780 0.894

1866 0.197 1.089 1.070 1.121 0.538 1.105

1867 0.666 0.727 1.393 0.908 1.112 1.003

1868 0.881 1.953 2.401 1.439 2.060 0.819

1869 0.236 -0.046 -0.081 0.464 0.669 1.582

1870 -0.915 -1.192 -1.545 -0.974 -1.318 -0.781

1871 -0.589 -1.402 -1.644 -1.224 -1.416 -1.401

1872 -0.222 -0.697 -1.197 -0.612 -0.703 -1.702

1873 -0.548 -0.752 -0.879 -0.904 -0.747 -1.136

1874 0.356 0.380 0.744 -0.147 0.215 -0.581

1875 -0.392 -0.293 -0.189 -0,254 -0.489 -0.110

1876 -1.290 -0.272 -0.796 -0.132 -0.244 -0.164

1877 1.007 -0.523 -0.023 0.104 0.161 0.636

1878 0.160 0.218 -0.146 -0.078 -0.123 -0.978

1879 -0.618 -1.437 -1.662 -1.198 -0.736 -0.822

1880 -0.451 0.016 -0.354 -0.540 -0.707 -0.499

1881 -0.264 0.011 -0.258 0.343 -0.249 0.172
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1882 0.371 -0.308 -0.336 0.018 0.412 0.169

1883 0.162 -0.311 -0.307 -0.199 -0.384 -0.425

1884 1.170 1.031 1.383 0.884 1.076 0.199

1885 0.293 0.810 0.771 1.095 0.890 0.937
1886 0.237 0.614 1.078 0.386 0.128 0.554
1887 -0.019 -0.552 -0.768 -0.562 -0.348 -0.022
1888 0.224 0.674 1.084 0.390 0.461 -0.353
1889 0.317 0.349 0.993 0.267 -0.086 0.019
1890 -0.330 0.733 0.984 0.294 -0.300 -0.366
1891 0.855 1.240 1.202 1.461 1.279 1.652
1892 0.822 0.321 0.963 0.032 -0.042 0.190
1893 -0.742 -0.822 -0.876 -1.799 -1.147 -1.484
1894 -0.874 -0.694 -1.026 -0.247 -0.980 -0.733
1895 0.772 0.106 0.172 0.649 -0.027 0.007
1896 -1.776 -1.649 -1.788 -2.260 -1.034 -1.359
1897 0.011 0.463 0.569 1.299 0.631 0.396
1898 0.136 -1.096 -1.054 -0.719 -0.795 -0.343
1899 -1.339 -1.996 -2.612 -1.416 -2.105 -2.125
1900 -0.081 -0.403 -0.467 -0.110 -0.454 -1.063
1901 0.042 0.755 0.410 0.169 0.815 -0.399
1902 -0.038 -0.558 -0.333 -0.479 -0.643 -0.589
1903 0.510 0.577 0.493 0.411 0.382 0.021
1904 -1.109 -0.516 -0.723 -0.664 -0.694 -0.566
1905 0.763 0.912 1.174 0.786 1.177 1.394
1906 1.082 1.480 1.831 2.005 1.125 1.937
1907 0.489 0.883 1.183 1.050 0.839 1.292
1908 0.883 -0.128 0.172 0.389 -0.057 0.669
1909 -0.107 0.685 0.546 0.615 0.163 -0.453
1910 -0.054 0.087 0.788 0.351 -0.505 0.806

1911 -0.692 -0.113 -0.314 -0.684 0.422 -0.147
1912 0.435 -0.236 -0.108 -0.570 0.078 0.465
1913 -0.492 -0.781 -1.275 -0.654 -0.752 -0.941
1914 -0.168 0.361 0.116 1.031 0.758 -0.566
1915 0.605 0.540 0.917 0.766 1.024 1.152
1916 0.894 1.101 1.177 0.634 0.801 0.992
1917 0.457 0.015 0.496 -0.177 -0.007 0.332
1918 -1.359 -1.234 -1.576 -1.148 -1.801 -1.310
1919 -0.750 -0.203 -0.556 0.163 0.706 0.719
1920 0.965 0.459 1.130 0.840 0.737 1.365
1921 0.720 0.089 -0.484 0.068 0.107 -0.073
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1922 0.052 0.108 0.353 -1.630 -0.638 -1.811
1923 -0.785 -0.557 -0.615 -0.843 -0.715 -0.548
1924 0.390 -0.071 0.040 0.143 0.582 0.956
1925 -1.307 -0.448 -0.889 -1.073 -1.581 -1.602
1926 -0.384 0.243 -0.187 0.327 0.685 1.120
1927 -0.389 -0.552 -0.378 -0.390 -0.621 -0.583
1928 -0.264 -0.633 -0.142 -0.395 -0.385 -1.204
1929 -0.196 -0.021 -0.298 0.332 -0.010 -0.443
1930 -0.274 -0.462 -0.564 -0.469 -0.805 -0.203
1931 -0.022 -0.434 -0.768 0.546 0.120 0.096
1932 0.277 0.204 0.313 0.459 0.775 0.394
1933 -0.075 -0.540 -0.795 -0.191 0.056 0.660
1934 -1.275 -0.503 -0.768 -0.687 -1.193 -0.854
1935 0.477 0.601 0.479 -0.113 0.724 0.719
1936 -0.183 -0.089 -0.091 0.365 -0.069 -0.270
1937 0.660 0.774 0.954 0.946 0.822 0.219
1938 0.155 0.138 0.144 -0.483 -0.146 -0.300
1939 -0.446 0.229 -0.045 0.022 -0.037 -0.048
1940 -0.280 -0.337 -0.518 -0.467 -0.297 0.057
1941 0.830 0.683 0.923 1.235 0.996 1.201
1942 0.106 0.322 0.383 0.264 0.193 0.465
1943 -0.589 -0.304 -0.301 -0.940 -0.511 -0.776
1944 0.622 0.015 0.478 -0.330 -0.094 -0.079
1945 0.890 0.242 0.224 0.426 0.477 0.484
1946 -0.987 -0.479 -0.602 -1.603 -1.060 -1.699
1947 -0.256 -0.713 -0.922 -0.255 -0.415 -0.087
1948 0.021 -0.103 -0.058 -0.079 0.439 -0.190
1949 0.317 0.080 0.479 -0.071 -0.658 0.112
1950 -0.950 -0.982 -1.709 -0.690 -1.718 -0.639
1951 -1.404 -1.559 -1.800 -1.774 -1.740 -1.861
1952 0.680 1.139 1.539 1.157 0.878 0.336
1953 0.063 -0.151 -0.343 -0.088 -0.419 -0.130
1954 0.073 0.233 0.009 0.080 -0.941 -0.823
1955 -0.095 -0.067 -0.086 -0.387 -0.326 -0.566
1956 0.096 0.064 -0.096 -0.087 0.097 -0.194
1957 -0.136 0.160 0.195 -0.037 -0.169 -0.001
1958 0.597 0.386 0.771 1.008 0.745 0.997
1959 -1.384 -1.168 -1.158 -1.046 -0.834 -1.243
1960 0.532 -0.069 0.822 0.360 0.429 0.692
1961 0.004 -1.301 -0.858 -0.454 -0.523 -0.255
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1962 -0.025 0.809 0.324 0.116 0.750 0.659
1963 -0.757 -0.877 -0.724 -0.816 0.019 -0.432
1964 0.157 0.330 -0.113 0.234 -0.063 -0.544
1965 1.088 1.115 1.520 0.806 0.787 0.017
1966 0.779 0.291 0.631 0.696 0.184 0.427
1967 -0.748 -0.249 -0.509 -0.252 -0.806 -1.147
1968 0.462 -0.017 0.230 1.104 0.937 1.769
1969 -0.249 0.745 0.793 0.204 0.528 -0.718
1970 0.368 -0.551 -0.313 -0.229 -0.272 0.060
1971 -0.591 -0.914 -1.021 -1.567 -1.389 -1.772
1972 -1.111 -0.688 -0.775 -0.623 -0.304 -0.243
1973 0.178 1.094 0.700 0.828 1.046 1.564
1974 -0.300 -0.024 0.245 -0.087 -0.469 -0.216
1975 0.835 0.560 0.532 0.511 0.745 0.664
1976 0.086 -0.048 -0.078 0.073 -0.407 0.151
1977 -0.817 -0.583 -1.372 -0.766 -0.490 -0.622
1978 -0.028 0.566 0.827 0.658 0.773 -0.364
1979 1.132 0.764 1.424 1.328 1.128 1.870
1980 1.112 1.033 1.548 0.993 1.054 0.195
1981 -1.167 -1.137 -1.588 -1.287 -0.936 -0.790
1982 -0.176 0.791 0.708 0.618 0.504 -0.024
1983 1.739 1.516 1.280 1.508 1.537 2.076

D. RECONSTRUCTIONS OF CIRCULATION INDICES

YR Sol
son

SOI
djf

SOI
s-f

SST

djf
PNA
jfm

TROF
ndm

TROF
n-m

PHSWL PHSWL
ndm	 n-m

1702 -0.542 -0.189 -0.423 0.676 1.049 -0.329 -0.095 0.514 0.645
1703 -0.980 -0.324 -0.812 0.172 1.171 0.003 0.029 -0.561 -0.548
1704 -0.067 0.339 0.148 -0.103 0.526 0.577 -0.173 0.496 0.096
1705 0.110 -0.135 0.484 0.012 0.609 -0.755 -0.437 0.651 -0.918
1706 -0.579 -0.759 -0.719 0.306 0.333 -0.628 -0.126 -0.833 -0.138
1707 0.117 0.197 0.119 -0.642 -0.094 0.053 0.359 0.517 0.802
1708 0.188 -0.304 -0.003 0.184 0.465 0.576 0.619 -0.458 -0.863
1709 0.288 0.748 0.498 0.219 0.236 0.513 0.564 0.769 -0.131
1710 -0.847 -0.889 -0.973 0.425 0.414 -0.212 -0.307 -0.721 -0.461
1711 0.419 -0.289 0.199 -0.147 -0.164 -0.136 -0.288 1.046 0.312
1712 -0.723 -0.722 -0.680 0.344 0.074 -0.348 -0.293 -1.333 -0.776
1713 0.208 0.650 0.370 -0.732 -0.459 0.203 0.140 -0.962 -0.398

206



1714 0.001 0.464 0.339 -0.812 -0.784 0.018 -0.069 0.386 0.940

1715 -0.113 0.125 -0.105 -0.319 -0.124 0.021 0.008 0.149 0.520

1716 0.244 0.451 0.288 -0.283 -0.055 0.630 0.490 0.672 -0.491

1717 -0.150 -0.431 -0.091 0.003 0.298 0.424 0.138 0.324 -0.275

1718 -0.833 -0.495 -0.630 0.680 0.766 0.303 0.070 -0.371 0.324

1719 0.299 0.460 0.531 -0.300 0.140 0.178 0.064 1.164 1.124

1720 -0.579 -0.938 -0.430 -0.203 0.534 -0.718 0.070 -0.137 -0.005
1721 -0.823 -0.229 -0.725 0.126 0.532 -0.711 0.076 -0.904 -0.439
1722 -0.112 0.172 -0.309 -0.090 0.297 0.476 0.336 -0.570 -0.713
1723 0.087 -0.753 0.124 -0.025 -0.208 0.673 0.586 0.316 0.337

1724 0.236 1.005 0.129 -0.252 -0.155 0.215 -0.296 -0.845 -1.855

1725 0.449 0.655 0.619 -0.333 -0.027 0.591 0.281 0.796 0.654
1726 -1.095 -0.778 -0.796 0.254 0.180 -0.939 -0.921 0.246 -0.258

1727 -0.277 -0.300 -0.273 0.219 0.495 -0.491 -0.306 -0.487 -0.365

1728 0.376 0.431 0.248 -0.774 -0.626 0.969 0.672 -0.801 -0.477

1729 0.279 1.190 0.696 -0.955 -0.494 0.858 0.474 0.501 0.551
1730 0.695 0.409 0.329 -0.102 -0.426 0.271 0.032 1.025 0.392

1731 0.221 -0.494 -0.098 0.253 -0.078 -0.282 -0.533 -0.982 -1.372

1732 -0.122 0.290 0.021 -0.597 -0.340 0.217 0.101 -0.283 0.600

1733 -0.327 0.587 0.166 -0.556 -0.182 -0.175 0.183 0.850 0.272

1734 -0.498 -0.400 -0.604 0.124 -0.063 0.145 0.379 -0.881 -0.009

1735 -0.030 0.781 0.099 -0.520 -0.059 0.687 0.660 0.519 0.555

1736 0.263 -0.675 0.075 0.152 0.137 0.550 0.080 -1.117 -1.568

1737 0.472 0.751 0.664 -0.673 -0.300 0.018 -0.320 0.303 0.180

1738 -0.349 0.471 -0.191 0.145 0.195 0.015 -0.408 -0.305 -0.330

1739 -0.048 0.740 0.290 -0.596 0.111 -0.411 -0.447 0.340 0.018

1740 0.171 -0.586 0.067 -0.147 -0.309 0.103 0.072 -0.055 -0.669

1741 -0.597 -0.311 -0.384 0.147 0.396 -0.136 0.104 -0.763 -0.143

1742 -0.064 -0.129 0.007 -0.110 0.276 -0.050 0.328 0.807 0.709

1743 -0.187 -0.988 -0.597 0.208 -0.203 -0.177 -0.304 -0.275 -0.510

1744 -0.766 -0.555 -0.438 0.245 0.656 -0.497 -0.297 0.292 0.434

1745 0.352 -0.678 0.125 0.108 -0.137 -0.673 -0.459 0.436 -0.016
1746 -1.263 -1.544 -1.363 0.573 -0.237 -0.910 -0.592 0.048 0.754

1747 -0.764 -1.081 -0.982 0.272 0.849 -0.124 -0.271 -0.938 -0.362
1748 0.876 2.285 1.131 -1.422 -1.147 0.937 0.484 0.725 0.714

1749 -0.528 -0.354 -0.236 -0.370 -0.173 0.171 0.387 -1.497 -0.645
1750 0.078 0.513 0.270 -0.374 -0.174 -0.302 0.008 0.837 -0.215
1751 -0.486 -0.149 -0.802 0.317 0.701 0.787 0.511 -0.877 -1.000
1752 0.907 1.821 0.954 -0.979 -0.279 0.945 0.390 1.180 0.306
1753 -0.386 -0.245 -0.149 -0.090 0.053 0.222 -0.092 -0.387 -0.765
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1754 0.544 0.848 0.516 -0.582 0.075 -0.296 0.226 -0.106 -0.471
1755 -0.459 0.173 -0.350 0.460 0.327 0.319 -0.165 0.061 -0.081
1756 0.419 -0.005 0.433 -0.288 -0.122 0.437 -0.078 -0.536 -1.162
1757 0.676 0.726 0.740 -0.190 -0.546 -0.356 -0.383 0.605 -0.110
1758 -0.125 -0.581 -0.448 -0.050 -0.187 -0.647 -0.550 -0.117 0.079
1759 -0.497 -1.176 -0.473 0.101 0.503 -0.449 -0.216 -0.171 0.447
1760 0.031 0.005 0.071 -0.255 -0.373 -0.173 0.017 0.826 0.495
1761 -1.237 -0.264 -0.993 0.400 0.677 0.149 0.523 -0.925 -0.300
1762 -0.138 -0.311 -0.062 -0.042 0.417 0.337 0.198 -1.056 -0.961
1763 0.412 1.273 0.440 -0.524 -0.776 0.436 0.041 0.264 0.259
1764 -0.157 -0.766 -0.034 -0.599 -0.020 -0.153 -0.139 0.138 0.432
1765 -0.095 -0.095 -0.044 -0.281 0.103 -0.884 -0.380 0.868 0.474
1766 -0.423 -1.465 -0.788 1.278 0.092 -0.218 0.105 -0.602 -0.400
1767 -0.045 0.046 -0.326 -0.078 0.172 0.323 -0.034 -0.388 -0.774
1768 -0.017 0.069 0.239 -0.304 0.348 0.549 0.315 0.370 0.392
1769 -0.489 0.538 -0.190 -0.565 -0.480 0.168 0.144 0.132 1.063
1770 -0.463 0.107 -0.233 -0.284 0.326 -0.026 0.303 0.253 -0.101
1771 -0.508 -0.892 -0.589 0.471 0.512 -0.168 -0.280 -1.242 -0.915
1772 0.713 0.494 0.654 -0.682 -0.266 0.520 0.073 0.809 0.414
1773 0.674 1.777 0.851 -0.805 -0.877 0.845 0.311 0.926 0.421
1774 0.069 0.587 0.267 -0.418 -0.000 0.733 0.327 -0.061 -0.167
1775 -0.289 0.051 -0.014 -0.017 0.191 -0.051 -0.248 -0.151 -0.412
1776 -0.074 -0.280 0.038 -0.224 0.365 -0.088 0.040 -0.742 0.055
1777 0.773 0.668 0.875 -1.198 -0.579 -0.407 0.164 0.625 -0.188
1778 -0.461 0.020 -0.443 0.768 0.589 0.192 0.216 -0.927 -1.125
1779 0.425 0.357 0.314 -0.500 -0.467 0.955 0.305 0.138 -0.056
1780 -0.511 0.014 -0.001 -0.101 -0.010 0.087 0.091 0.104 0.005
1781 -0.528 0.165 -0.527 -0.182 0.046 0.487 0.343 0.010 0.989
1782 0.522 0.275 0.381 -0.860 -0.461 -0.053 0.312 1.021 0.184
1783 -0.649 -1.117 -0.754 0.900 0.507 -0.718 -0.369 -1.003 -1.032
1784 -0.031 -1.365 -0.355 0.418 0.369 -0.573 -0.020 -0.060 -0.191
1785 -0.278 -0.030 -0.433 0.529 0.272 0.233 0.143 -1.361 -1.086
1786 -0.095 0.336 0.206 -0.567 -0.372 0.669 -0.091 0.331 0.237
1787 -0.131 -0.812 -0.220 -0.047 -0.094 -0.317 -0.122 0.055 0.290
1788 -0.173 0.438 -0.103 -0.488 0.145 -0.021 -0.170 -0.228 -0.358
1789 0.526 1.020 0.669 -0.423 -0.228 -0.182 -0.226 0.715 -0.205
1790 -0.435 -0.282 -0.664 0.423 0.089 0.300 0.285 -1.042 -1.202
1791 -1.317 -0.395 -0.665 -0.133 0.465 -0.055 -0.360 -0.321 0.512
1792 0.615 0.073 0.368 -0.275 -0.127 -0.767 -0.807 0.616 -0.422
1793 -0.684 -1.410 -0.888 0.304 0.178 -1.065 -0.439 -0.179 0.557
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1794 1.057 0.295 0.653 -0.441 -0.007 0.176 0.310 0.575 -0.258
1795 0.040 -0.082 0.412 -0.460 -0.054 -0.050 0.155 0.439 0.668

1796 0.320 0.259 0.106 0.181 -0.493 0.302 0.060 0.336 0.098
1797 -0.602 0.303 -0.345 0.021 0.092 0.493 0.124 0.035 -0.224
1798 -0.118 0.372 0.082 -0.550 0.185 0.317 0.137 -0.726 -0.621
1799 -0.039 0.640 0.065 -0.013 -0.236 0.312 0.358 0.249 -0.429
1800 -0.638 -0.745 -0.622 0.485 0.786 0.202 0.287 -0.183 -0.080
1801 0.500 0.033 0.197 0.114 -0.375 1.116 0.772 0.244 -0.026
1802 -0.247 -0.052 -0.255 -0.160 -0.299 -0.005 -0.210 0.711 0.096
1803 -0.289 -0.452 -0.399 0.147 0.288 0.003 0.257 -0.666 0.156
1804 -0.459 -0.143 -0.169 -0.079 0.083 0.252 0.302 -1.053 -0.426
1805 0.069 0.692 0.226 -0.582 -0.260 0.449 -0.100 -0.852 -0.740
1806 0.736 0.993 0.964 -1.280 -0.724 0.759 0.085 2.037 1.406
1807 -0.386 -0.672 -0.201 -0.184 0.583 -0.806 -0.120 -0.607 -0.216
1808 -0.253 0.004 -0.105 -0.001 0.164 -0.275 -0.174 -1.162 -0.546
1809 0.605 1.504 0.749 -0.910 -0.538 -0.529 -0.013 1.238 0.724
1810 -0.639 -0.775 -0.940 0.996 -0.084 -0.104 -0.134 -0.206 0.358

1811 -0.579 -0.988 -0.599 0.362 0.949 0.653 0.272 -0.607 -0.234
1812 0.092 0.155 0.335 -0.856 0.247 -0.154 -0.025 0.862 0.468
1813 0.065 0.211 0.065 -0.042 -0.043 0.022 0.273 -1.022 -0.116

1814 0.080 0.949 0.311 -0.360 -0.259 0.489 0.468 0.583 -0.256

1815 -0.710 -0.682 -0.882 0.407 -0.181 -0.349 -0.122 0.385 0.632

1816 -1.188 -2.080 -1.519 0.821 0.603 -0.275 -0.446 -0.193 -0.176

1817 0.165 0.101 0.038 -0.375 0.005 0.432 -0.342 -0.076 -0.121

1818 0.131 1.968 0.701 -1.038 -1.235 0.753 -0.158 0.373 0.280

1819 0.300 1.456 0.670 -0.949 -0.077 0.832 0.815 0.578 0.196

1820 0.031 0.476 0.311 -0.751 0.481 0.342 0.521 0.047 -0.260

1821 -0.088 -0.410 -0.073 -0.063 0.035 0.091 -0.183 -0.903 -0.409

1822 0.904 1.179 0.986 -0.596 -0.280 0.119 -0.062 0.887 -0.222

1823 -0.046 0.476 0.009 -0.267 -0.262 0.372 -0.004 -0.110 -0.309

1824 0.020 -0.417 0.107 -0.278 -0.066 -0.553 -0.591 0.552 0.389

1825 -0.061 -0.560 -0.194 0.544 0.254 -0.407 -0.189 -1.424 -1.429

1826 -0.777 -0.352 -0.234 -0.115 0.223 -0.229 -0.112 0.010 -0.019

1827 -0.338 -0.155 -0.456 0.213 0.176 -0.049 0.022 -0.041 0.241

1828 -0.045 -0.990 -0.168 0.363 0.774 -0.453 0.292 -0.608 -0.268

1829 0.582 0.637 0.275 -0.399 -0.353 -0.624 -0.414 0.192 -1.596
1830 -0.657 -0.939 -0.799 0.675 0.103 0.358 0.099 0.011 0.113
1831 0.153 -0.858 -0.039 -0.168 -0.374 -0.441 -0.364 -0.822 -0.565
1832 -0.289 0.048 -0.275 0.409 0.352 0.152 0.046 0.390 -0.130
1833 -0.491 -1.013 -0.566 0.057 0.388 0.163 0.185 0.396 0.291
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1834 -0.234 -0.640 -0.271 -0.189 0.450 -0.156 0.154 0.030 0.426
1835 0.074 0.160 0.049 -0.224 -0.366 -0.111 -0.084 -0.561 -0.122
1836 -0.227 0.545 0.048 -0.400 -0.523 0.087 0.058 1.125 2.194
1837 -0.719 0.154 -0.582 -0.136 0.226 -0.091 -0.396 -0.065 -0.168
1838 0.341 0.126 0.130 -0.374 -0.493 -0.504 -0.764 0.302 -0.671
1839 -0.512 -0.310 -0.676 0.113 -0.044 -0.950 -0.781 0.101 -0.147
1840 -0.677 -0.404 -0.808 0.103 0.625 0.047 -0.038 0.155 -0.110
1841 0.223 0.869 0.369 -1.033 0.084 0.626 0.696 -1.201 -0.865
1842 0.605 1.747 1.205 -0.906 -0.953 0.893 0.534 0.500 0.477
1843 0.192 0.726 0.386 -0.445 -0.031 0.225 0.167 -0.295 -0.734
1844 0.190 -0.459 0.145 0.027 0.129 -0.298 -0.080 -0.111 0.024
1845 0.441 0.258 0.197 -0.028 -0.125 0.073 0.505 0.790 -0.491
1846 -0.838 -0.938 -0.988 0.943 0.223 1.228 0.674 -0.958 -0.129
1847 0.425 0.335 0.632 -0.690 -0.089 1.476 0.918 0.539 -0.038
1848 0.039 -0.011 0.297 -0.399 0.212 0.345 0.156 0.627 0.610
1849 -0.648 -0.454 -0.472 0.413 0.833 -0.754 -0.572 -0.316 -0.092
1850 -0.413 -0.549 -0.281 0.305 0.098 -0.528 -0.712 -0.778 -0.344
1851 0.255 0.663 0.428 -0.826 -0.925 -0.257 -0.252 0.257 0.176
1852 -0.446 -0.393 -0.462 -0.305 -0.091 -0.117 -0.195 -1.323 -1.028
1853 -0.838 -0.008 -0.283 -0.111 0.070 -0.143 -0.007 -0.148 0.422
1854 -0.171 0.203 -0.083 -0.516 0.218 0.263 0.219 0.214 0.288
1855 -0.049 0.175 0.104 0.148 0.742 -0.189 0.064 -0.084 -0.192
1856 0.726 0.221 0.266 -0.448 -0.336 -0.441 -0.081 0.105 0.065
1857 0.690 0.283 0.300 -0.141 -0.489 0.345 0.653 0.707 -0.181
1858 -1.038 -1.546 -0.933 0.912 0.342 0.755 0.598 -0.833 -0.185
1859 0.017 0.494 0.199 -0.479 -0.367 0.021 -0.257 0.368 -0.047
1860 0.142 0.501 -0.099 -0.121 0.024 0.494 -0.051 -0.145 -0.711
1861 0.607 1.267 0.785 -0.649 -0.534 1.123 -0.059 0.967 0.450
1862 -0.432 0.551 0.023 -0.242 0.260 -0.207 -0.255 0.616 1.148
1863 0.159 -0.450 0.016 -0.347 0.438 -0.463 -0.165 -0.168 -0.982
1864 0.293 1.021 0.405 -0.778 -0.480 0.136 0.028 -0.428 -0.372
1865 0.346 -1.015 0.362 -0.161 -0.319 -0.317 -0.183 -0.187 -0.217
1866 -0.466 -0.799 -0.492 0.234 0.181 -0.874 -0.666 0.337 -0.245
1867 -0.224 -0.469 -0.398 0.358 0.368 -0.762 -0.712 -0.957 -0.980
1868 -0.937 -0.677 -0.743 0.403 0.145 -0.552 -0.411 0.258 0.326
1869 -0.854 -0.953 -0.811 0.035 0.611 -0.528 -0.152 -0.991 -0.723
1870 0.023 0.598 0.061 -0.401 -0.267 0.655 0.616 1.210 0.159
1871 0.163 0.410 -0.040 0.040 0.025 0.658 0.731 -0.303 -0.064
1872 -0.123 0.539 -0.145 -0.054 0.213 1.355 1.042 -0.743 -0.401
1873 0.158 0.693 0.495 -0.701 -0.004 0.963 0.492 0.621 0.593
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1874 0.325 0.371 0.340 -0.306 -0.324 -0.184 -0.274 -0.648 -0.334
1875 0.090 0.047 0.163 -0.298 -0.050 -0.253 -0.203 0.407 -0.209
1876 0.003 0.133 0.083 0.186 0.129 0.132 0.387 0.994 0.212
1877 -0.549 -0.689 -0.829 0.292 0.301 -0.294 0.078 -1.876 -1.184
1878 0.160 -0.270 0.012 -0.059 -0.267 0.528 -0.075 -0.243 -0.309
1879 0.432 1.104 0.691 -1.028 -0.349 0.509 0.508 0.241 0.879
1880 -0.184 0.798 0.180 -0.407 -0.844 0.265 -0.072 1.108 0.752
1881 -0.405 -0.832 -0.470 0.417 0.565 0.325 0.690 0.178 -0.333
1882 -0.448 -0.675 -0.502 0.153 0.453 0.233 0.467 -1.049 -0.440
1883 -0.074 0.211 -0.144 -0.372 -0.701 0.006 -0.361 0.302 0.534
1884 -0.476 -0.309 -0.451 0.024 0.008 -0.376 -0.369 -0.601 0.717
1885 -0.630 -0.394 -0.421 -0.305 0.326 -0.154 -0.232 -0.659 -1.112
1886 -0.421 0.216 0.071 -0.409 0.055 -0.108 0.151 0.733 0.991
1887 -0.348 -0.195 -0.409 -0.087 0.325 0.586 0.527 -0.305 -0.023
1888 0.171 -0.002 0.378 -0.222 0.457 0.036 -0.197 0.172 -0.647
1889 0.245 0.285 0.212 -0.139 -0.110 -0.327 -0.963 -0.447 -0.890
1890 0.546 0.795 0.767 -0.537 -0.780 -0.397 -0.608 1.503 0.721
1891 -0.721 -0.624 -0.692 0.536 0.492 -0.625 -0.595 -0.835 -0.249
1892 0.250 0.180 0.321 -0.806 -0.237 0.086 -0.140 -0.583 -0.379
1893 0.730 1.613 0.873 -1.033 -0.783 0.595 0.186 1.460 0.798
1894 -0.462 0.113 -0.078 -0.118 0.655 0.317 0.422 0.451 -0.086
1895 0.078 -0.514 0.063 0.054 0.617 0.002 0.292 -2.043 -1.325
1896 0.301 1.154 0.558 -0.867 -0.612 -0.132 -0.044 2.211 1.475
1897 -0.260 -1.196 -0.688 0.998 0.960 -0.004 0.356 -0.894 -1.679
1898 -0.201 -0.044 -0.254 0.233 0.020 -0.166 0.400 -1.659 -1.598
1899 0.433 0.566 0.264 -0.214 -0.531 0.935 0.173 1.456 0.936
1900 0.026 0.345 -0.033 0.041 -0.224 0.777 0.395 -0.088 -0.418
1901 -0.540 0.147 -0.284 0.016 0.259 0.359 0.130 -0.403 -0.448
1902 -0.316 0.767 -0.107 -0.412 -0.146 0.597 0.436 -0.258 0.080
1903 -0.499 -0.867 -0.487 -0.059 0.321 0.528 0.169 -0.468 -0.248
1904 0.806 1.224 1.128 -0.718 -0.023 0.048 0.138 1.108 0.717
1905 -0.770 -1.178 -0.766 0.170 -0.278 -0.717 -0.572 -0.888 -0.718
1906 -0.329 -1.424 -0.478 0.422 0.109 -1.288 -0.700 -0.819 -0.615
1907 -0.083 -1.125 -0.374 0.217 0.485 -1.100 -0.405 -0.868 -1.262
1908 -0.453 -0.956 -0.585 0.427 0.155 -0.729 -0.677 -1.117 -0.494
1909 0.726 0.453 0.498 -0.343 -0.402 0.033 -0.778 1.532 1.410
1910 0.216 0.082 0.437 -0.771 0.021 -0.671 -0.742 0.691 -0.008
1911 0.585 0.593 0.618 -0.548 -0.100 -0.215 0.400 0.576 0.632
1912 -0.900 0.532 -0.685 0.247 -0.120 -0.495 0.083 0.214 1.428
1913 -0.206 -0.699 -0.493 0.603 0.104 0.742 0.450 0.020 -0.681
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1914 -0_691 -0.794 -0.585 0.197 0.663 0.674 0.437 -0.228 -0.384
1915 -0.948 -0.140 -0.803 -0.078 0.027 -0.574 -0.513 -0.442 0.280
1916 -0.005 -0.430 -0.223 0.065 -0.062 -0.178 -0.481 -1.044 -1.530
1917 0.204 0.227 0.353 -0.866 -0.476 -0.007 -0.137 0.013 0.294
1918 0.906 0.693 0.988 -1.058 0.045 0.278 0.499 1.320 1.378
1919 -0.105 -0.408 -0.033 0.129 0.342 -0.200 0.468 0.189 -0.193
1920 -1.175 -0.832 -1.249 0.622 -0.026 -0.462 -0.500 -0.458 -0.080
1921 0.113 0.454 -0.056 0.014 -0.050 1.458 0.638 -1.039 -1.380
1922 0.478 1.567 1.327 -1.614 -0.780 0.444 -0.423 0.834 1.284
1923 0.224 1.065 0.386 -0.602 -0.280 -0.244 -0.336 0.835 0.436
1924 0.017 -0.504 -0.055 -0.288 0.247 -0.115 -0.419 -1.140 -1.058
1925 0.820 1.676 1.123 -0.974 -0.687 0.164 0.172 1.610 0.586
1926 -0.219 -0.501 -0.222 0.324 0.571 -0.614 -0.038 -0.754 -1.029
1927 -0.362 -0.629 -0.681 0.445 0.037 0.341 0.186 -0.082 -0.604
1928 -0.217 0.141 -0.497 0.216 0.179 0.437 0.034 -0.176 -1.083
1929 0.026 -0.141 0.130 -0.032 0.215 0.836 0.912 -0.050 -0.365
1930 -0.417 0.023 -0.139 -0.211 -0.015 -0.194 0.247 0.423 0.693
1931 0.228 -0.585 -0.341 0.589 0.107 0.696 0.737 0.244 0.371
1932 -0.389 -0.735 -0.283 -0.037 0.114 -0.116 0.094 -0.109 -0.150
1933 -1.019 -0.371 -1.095 -0.059 0.159 -0.050 -0.647 -0.600 0.113
1934 0.845 1.021 1.083 -0.973 0.144 0.126 0.305 1.041 -0.070
1935 -0.009 0.017 -0.043 0.118 -0.502 -0.566 -0.169 -1.041 -0.253
1936 -0.567 -0.298 -0.704 -0.092 -0.056 0.670 0.370 0.235 -0.201
1937 -0.892 -0.951 -0.682 0.197 0.426 0.577 0.307 -0.963 -0.566
1938 -0.330 0.791 0.006 -0.584 -0.383 0.091 -0.078 0.219 0.961
1939 0.226 0.010 0.384 -0.259 0.132 0.121 0.331 0.244 -0.403
1940 -0.367 -0.097 -0.366 -0.024 -0.243 0.134 0.293 -0.098 0.031
1941 -0.651 -1.649 -0.852 0.517 0.634 -0.259 -0.024 -0.876 -0.517
1942 0.042 -0.514 -0.100 0.090 0.307 -0.528 -0.470 -0.611 -1.092
1943 0.421 0.978 0.449 -0.361 -0.023 0.442 -0.003 0.368 0.007
1944 0.112 0.221 0.220 -0.503 -0.655 0.214 0.108 -0.367 0.208
1945 -0.028 0.114 0.111 -0.258 -0.065 0.623 0.142 -0.109 0.020
1946 0.197 1.386 0.739 -1.170 -0.674 0.415 -0.075 1.517 1.283
1947 -0.444 0.059 -0.278 -0.341 0.393 -0.098 0.069 0.138 0.618
1948 0.538 1.086 0.386 -0.542 -0.028 -0.209 -0.267 -0.359 -1.024
1949 0.229 -0.186 0.234 -0.353 -0.412 -0.491 -0.842 -0.324 -0.914
1950 0.812 0.762 0.938 -0.156 -0.330 0.191 0.213 0.652 0.051
1951 0.661 0.827 0.745 -0.614 -0.288 0.426 0.181 1.220 1.424
1952 -0.291 -0.940 -0.531 0.595 0.189 -0.005 -0.178 -0.729 -1.399
1953 -0.258 -0.123 -0.164 -0.120 -0.261 -0.045 0.049 -0.792 0.150
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1954 -0.158 -0.030 0.124 -0.269 0.336 0.502 0.391 0.195 0.373
1955 0.239 1.131 0.124 -0.439 -0.690 0.571 0.042 0.310 -0.051
1956 0.297 0.415 0.507 -0.505 -0.033 0.110 0.215 -0.403 -0.450
1957 -0.182 -0.139 -0.113 -0.471 -0.468 -0.279 -0.214 0.276 -0.060
1958 -0.862 -1.304 -0.960 0.765 0.919 -0.201 0.144 -0.744 -0.701
1959 0.243 0.007 0.167 -0.400 0.565 0.789 0.784 0.823 0.599
1960 -0.720 -0.560 -0.618 0.288 0.765 -0.053 0.008 -0.043 -0.179
1961 0.448 -0.073 0.400 -0.772 -0.053 -0.045 0.223 -0.140 0.334
1962 -0.487 0.692 0.157 0.031 0.285 -0.415 -0.468 -0.262 -0.913
1963 -0.313 -0.129 -0.055 -0.267 0.043 0.207 0.170 0.570 0.394
1964 -1.212 0.407 -0.940 0.368 -0.167 0.399 0.127 -0.372 -0.014
1965 -0.286 -0.385 -0.414 -0.051 0.137 -0.232 -0.211 -0.429 0.430
1966 -0.301 -0.860 -0.305 0.159 0.144 0.195 -0.085 -0.817 -0.973
1967 -0.021 0.573 0.484 -0.532 -0.429 0.279 0.314 1.347 1.256
1968 -0.831 -0.959 -0.933 0.063 0.526 -0.266 0.096 -0.097 0.242
1969 -0.280 -0.254 -0.319 0.271 0.681 0.114 0.041 0.374 -0.401
1970 -1.057 0.103 -0.901 -0.135 0.140 0.312 0.136 -0.783 0.289
1971 0.689 1.578 0.947 -0.709 0.050 0.445 0.219 0.676 0.527
1972 0.930 0.354 0.732 -0.827 -0.496 -0.139 0.036 0.942 0.382
1973 -0.319 -0.478 -0.475 0.881 0.541 -0.842 -0.710 -1.100 -1.434
1974 0.457 -0.041 0.390 -0.257 -0.445 0.085 -0.035 0.335 -0.550
1975 -0.452 -0.452 -0.582 0.055 -0.199 -0.121 -0.105 -1.785 -1.804
1976 0.144 0.126 0.157 -0.255 -0.510 0.107 0.027 0.221 -0.059
1977 0.083 -0.078 0.143 0.163 0.148 0.624 0.483 0.841 0.451
1978 -0.106 -0.150 -0.253 -0.134 0.176 0.432 0.319 0.562 0.724
1979 -1.196 -1.564 -1.185 0.587 0.295 -0.628 -0.666 -0.883 -1.194
1980 -0.465 -0.434 -0.321 0.097 0.261 -0.134 -0.036 -0.566 -0.249
1981 -0.220 0.794 0.108 -0.815 0.254 0.416 0.265 0.193 0.157
1982 -0.090 0.233 0.142 0.161 -0.222 0.088 0.289 0.586 0.422
1983 -1.345 -1.590 -1.291 1.086 0.374 -0.645 -0.062 -1.401 0.035
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APPENDIX D

CALIBRATION AND VERIFICATION STATISTICS FOR RECONSTRUCTED
RAINY DAY, TEMPERATURE, AND PRECIPITATION SERIES

A. Regional rainy day reconstructions

regions # pred. adj R2 F cal/ver r cal/ver RE cal/ver
sign test

CAC 6 0.56 11.6 .780/.699 .608/.481 40/12 37/15

CACO 8 0.56 9.2 .7951.699 .632/.475 47/5	 45/5

NAZNM 8 0.73 18.0 .878/.815 .7701.660 46/6	 43/9

SCAZ 8 0.73 17.8 .877/.810 .7681.651 45/7	 42/10

CAZNM 8 0.67 13.7 .848/.760 .7191.567 45/7	 45/7

SAZNM 7 0.71 18.5 .864/.802 .7461.637 45/7	 45/7

B. Regional temperature reconstructions, mean maximum

regions # pred. adj R2 F cal/ver r cal/ver RE cal/ver
sign test

CAC 7 0.49 8.2 .749/.641 .561 1.399 39/14	 36/17

CACO 15 0.79 14.1 .922/.824 .851/.663 47/6	 44/9

NAZNM 9 0.69 14.0 .864/.791 .746/.619 47/6	 46/7

SCAZ 14 0.76 12.9 .909/.808 .827/.642 51/2	 46/7

CAZNM 12 0.69 10.6 .872/.778 .760/.594 47/6	 45/8

SAZNM 12 0.75 14.0 .899/.813 .808/.651 47/6	 46/7
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C. Regional precipitation reconstructions, winter total

regions # pred. adj R2 F cal/ver r cal/ver RE cal/ver
sign test

CAC 4 0.42 10.0 .6921.610 .478/.362 42/10	 41/11

CACO 5 0.42 8.4 .679/.612 .461 1.365 42/10	 42/10

NAZNM 6 0.64 16.2 .827/.769 .683/.587 46/6	 46/6

SCAZ 6 0.52 10.0 .7571.653 .572/.412 41/11	 41/11

CAZNM 6 0.51 9.9 .7541.663 .5691.429 42/10	 41/11

SAZNM 7 0.66 15.0 .8391.756 .7041.564 44/8	 40/12
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APPENDIX E

RECONSTRUCTED REGIONAL RAINY DAY SERIES, 1704-1981
Smoothed with a 5-weight binomial filter
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RECONSTRUCTED REGIONAL TEMPERATURES, 1704-1981
Smoothed with a 5-weight binomial filter
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APPENDIX F

SAMPLE SPECTRA FOR RECONSTRUCTED CIRCULATION INDICES, 1702-1983

Each spectrum was generated by smoothing the periodograms, after tapering 5% on each
end of the series and padding to the next highest power of two (512). Spectrum estimates
were computed using a medium bandwidth, 0.0215, and a rectangular filter. In each
figure, the spectrum is shown as a solid line, and dotted lines show the 95% confidence
intervals.
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