
Spatial patterns of multi-decadal climate
variability in the Western United States

Item Type text; Dissertation-Reproduction (electronic)

Authors Brown, David Patrick

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:16:34

Link to Item http://hdl.handle.net/10150/280677

http://hdl.handle.net/10150/280677


NOTE TO USERS 

This reproduction is the best copy available. 

UMI 





SPATIAL PATTERNS OF MULTI-DECADAL CLIMATE VARIABILITY IN THE 

WESTERN UNITED STATES 

by 

David Patrick Brown 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF GEOGRAPHY AND REGIONAL DEVELOPMENT 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN GEOGRAPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 4  



UMI Number: 3158073 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

UMI 
UMI Microform 3158073 

Copyright 2005 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



The University of Arizona ® 
Graduate College 

As members of the Final Examination Committee, we certify that we have read the 

dissertation prepared by David Patrick Brown entitled Spatial Patterns of Multi-decadal 

Climate Variability in the Western United States and recommend that it be accepted as 

fulfilling the dissertation requirement for the Degree of Doctor of Philosophy. 

j lUlh' f  
Andr^ C. Comrier^ 

Katherine K. Hirschboeck 

date 

k ^ Ay 
date 

If 
date 

JuUa E. Cole date 

jmM-
datfe 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copies of the dissertation to the Graduate College. 

I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 

Jonathan T. 

Dissertation Director: 
(I 

date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship. In 
all other instances, however, permission must be obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGEMENTS 

I wish to thank Dr. Andrew Comrie for his wisdom, encouragement, and skill as 
an advisor and mentor. In addition, I thank Drs. Julia Cole, Katharine Hirshboeck, 
Jonathan Overpeck, and Stephen Yool for their valuable feedback and suggestions as 
members of my dissertation committee. I would also like to acknowledge Drs. Jeremy 
Diem (Georgia State University) and Kurt Kipfinueller (University of Miimesota) for 
their always insightfiil comments concerning my research. 

The staff of the Department of Geography and Regional Development at the 
University of Arizona, especially Linda Koski and Cathy Weppler, provided invaluable 
assistance with all manner of logistical issues encountered along the way. Peter Johnson 
and the staif of CASA saw to it that my cartographic and GIS endeavors came to fruition. 
Drs. Sallie Marston and John Paul Jones always advocated on my behalf during their 
respective tenures as department head. Drs. John Kupfer and Gordon Mulligan became 
good fnends and surrogate advisors during many discussions, and many pints of beer, at 
Gentle Ben's. 

It was a pleasure living in Arizona during my years as a graduate student, and I 
acknowledge the fnendships and support of many Tucsonans past and present. I 
especially tiiank Joe Abraham, Jeff Balmat, Chris Black, Yves Bourgeois, Rick Brandt, 
Lydia Breunig, Mike and Theresa Crirrmiins, Angie and Roy Donelson, Kerry Farris, 
Korine Kolivras and Sean Shannon, Jetma McPhee, Michael and Andrea Sharp, Miguel 
Villarreal, and Erika Wise for their friendship. Erik Glenn tolerated me as a roommate 
for three years, for which some kind of medal is deserved. Calvin Farris forever altered 
my life path when he included me in the revival of the Lassen pool. Dr. Chris Henrie 
introduced me to steak fingers at the Lucky Wishbone, and was a great friend for all five 
of my years in Tucson. 

Finally, I thank my family - my brother Stephen, my sister Kristin, and especially 
my parents Victor and Denise - for love, support (both financial and emotional), 
encouragement, and good humor throughout my many years as a student. 



5 

TABLE OF CONTENTS 

ABSTRACT 7 

CHAPTER 1: INTRODUCTION 9 
1.1 BACKGROUND AND LITERATURE REVIEW 9 

1.1.1 Precipitation regime of the western United States 9 
1.1.2 Modulators of precipitation in the western United States 11 

1.1.2.1 Teleconnections 11 
1.1.2.2 Terrain influences 14 
1.1.2.3 Land surface modification 14 

1.1.3 Other impacts of multi-decadal climate variability in the western United 
States 15 

1.1.4 Significance of multi-decadal climate variability in the western United 
States 17 

1.2 RESEARCH QUESTIONS 18 
1.3 SECTIONS OF DISSERTATION 20 

CHAPTER 2: PRESENT STUDY 22 
2.1 A WINTER PRECIPITATION 'DIPOLE' IN THE WESTERN UNITED STATES 

ASSOCIATED WITH MULTI-DECADAL ENSO VARIABILITY 22 
2.2 WINTER CIRCULATION ANOMALIES IN THE WESTERN UNITED STATES 

ASSOCL\TED WITH ANTECEDENT SEASON AND INTERDECADAL 
ENSO VARIABILITY, 1948-1998 22 

2.3 PACIFIC CLIMATE FORCING OF MULTI-DECADAL SPRINGTIME 
MINIMUM TEMPERATURE VARIABILITY IN THE WESTERN UNITED 
STATES 23 

2.4 FUTUTE DIRECTIONS 24 

REFERENCES 25 

APPENDIX A: A WINTER PRECIPITATION 'DIPOLE' IN THE WESTERN UNITED 
STATES ASSOCIATED WITH MULTI-DECADAL ENSO VARL\BILITY.. 34 

A.1 ABSTRACT 34 
A.2 INTRODUCTION 35 
A.3 OBJECTIVE 36 
A.4 DATA AND METHODS 37 
A.5 RESULTS 40 
A.6 CONCLUSIONS 42 
A.7 ACKNOWLEDGEMENTS 43 
A.8 REFERENCES 44 
TABLES 47 
FIGURES 48 



6 

TABLE OF CONTENTS - Continued 

APPENDIX B: WINTER CIRCULATION ANOMALIES IN THE WESTERN UNITED 
STATES ASSOCIATED WITH ANTECEDENT SEASON AND 
INTERDECADAL ENSO VARIABILITY, 1948-1998 52 

B. I ABSTRACT 52 
B.2 INTRODUCTION 53 
B.3 OBJECTIVE 54 
B.4 DATA AND METHODS 55 
B.5 RESULTS 57 

B.5.1 PDO Cold Phase (1948-1976) 57 
B.5.2 PDO Warm Phase (1977-1998) 59 

B.6 CONCLUSIONS 60 
B.7 ACKNOWLEDGEMENTS 62 
B.8 REFERENCES 63 
TABLES 65 
FIGURES 66 

APPENDIX C: PACIFIC CLIMATE FORCING OF MULTI-DECADAL SPRINGTIME 
MINIMUM TEMPERATURE VARIABILITY IN THE WESTERN UNITED 
STATES 79 

C.l ABSTRACT 79 
C.2 INTRODUCTION 80 
C.3 OBJECTIVE 82 
C.4DATA 83 
C.5 METHODS 84 

C.5.1 Principal components-based regionalization 84 
C.5.2 Component score time series 85 

C.6 RESULTS AND DISCUSSION 86 
C.6.1 Regionalizations 86 
C.6.2 Component score time series 89 

C.l CONCLUSIONS 90 
C.8 ACKNOWLEDGEMENTS 92 
C.9 REFERENCES 93 
TABLES 95 
FIGURES 97 



7 

ABSTRACT 

Advances in the understanding of the nature and causes of muUi-decadal 

precipitation and temperature variability in the western United States could assist 

stakeholder groups in their management and distribution of resources and personnel. The 

three studies undertaken in this dissertation address this issue of multi-decadal climate 

variability and its potential implications for user groups. In the first study, the 

relationship between ENSO conditions and winter precipitation in the Western U.S. is 

examined within the context of decadal-scale variability, as represented by phasing of the 

Pacific Decadal Oscillation (PDO). Spatial inconsistencies in the ENSO-precipitation 

relationship, commensurate with PDO phase shifts, are identified, taking the form of a 

'dipole' signature across the Western U.S. This finding has implications for the 

knowledge of uncertainty of ENSO teleconnections, and may prove meaningful for users 

of climate information throughout the region. In the second study, the reliability of fall 

season ENSO conditions as a predictor of Western U.S. winter circulation anomalies is 

shown to vary depending on the phase of the PDO pattern. During the PDO cold phase 

of 1948-1976, fall season El Nino events tended not to precede the expected winter 

troughing pattern over the West, while during the PDO warm phase of 1977-1998, fall 

season El Nino conditions were a more reliable predictor of winter circulation anomalies 

over the Western U.S. Fall season La Nina conditions during both the cold and warm 

phases of the PDO generally correlated well with the occurrence of wintertime high-

pressure ridging centered off the Pacific coast. These results highlight uncertainty on 

multi-decadal time scales surrounding the use of ENSO conditions as a seasonal climate 
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forecast tool. In the third study, the spatio-temporal variability of spring season 

minimum temperatures in the western United States is examined as a fimction of multi-

decadal Pacific climate variability for the period 1925-1994. Variations in minimum 

temperature patterns, as determined by a principal components-based regionalization 

analysis, indicate a significant statistical relationship between March and April minimum 

temperatures and an index of the PDO. These results have implications for an improved 

understanding of multi-decadal climate dynamics across the West, including growing 

season length and intensity. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND AND LITERATURE REVIEW 

1.1.1 Precipitation regime of the western United States 

The importance of precipitation in the western United States has been well 

documented for many decades (MacDonald, 1956; Grreen and Sellers, 1964; Tuan, 1973; 

Sellers and Hill, 1974; Horel and Wallace, 1981; Carleton, 1987; Redmond and Koch, 

1991; Merideth et al, 1998; Sheppard et al., 2002). Depending on the season, 

precipitation patterns in this region can be either largely convective or synoptic in nature 

(Sheppard et al., 2002). A wet winter season, lasting from early November to early April 

and constituting the majority of the annual precipitation in most areas of the West (e.g.. 

Sellers and Hill, 1974), is generally characterized by synoptic-scale weather systems 

arriving from the Pacific Ocean (Burnett, 1994; Woodhouse, 1997; Woodhouse and 

Meko, 1997). The spatially widespread rainfall and snowfall associated with these 

systems are crucial for maintaining water resources in dams, aquifers, and reservoirs, 

controlling spring season runoff, and modulating snowpack depth and snowline elevation 

(Ffolliott et al., 1989; Serreze et ah, 1999). A lack of winter precipitation, particularly on 

a multi-year basis, is arguably the leading cause of drought incidence across the West. 

Paleoclimatic evidence suggests that extreme dry events have occurred with regularity in 

the western United States for at least the past several centuries (Sheppard et al, 2002), 

with the most severe drought of the last 1000 years focused in the southwestern states and 

lasting for several decades during the 16* century (Stable et al, 2000). Because winter 
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rainfall and snowfall comprise the bulk of the region's annual precipitation, variability in 

the winter precipitation regime is often key in both triggering sustained drought events 

and mitigating existing droughts, with implications for policy decisions regarding water 

resource management (Morehouse et ah, 2000). Occasional sustained periods of wet 

conditions and resultant floods are also possible during winter, particularly in high 

elevation locales where rain-on-snow situations can occur (House and Hirschboeck, 

1997). 

Precipitation events during the fall and spring seasons are less frequent than in 

winter in most Western locations; consequently, their importance has been somewhat 

xmderestimated in terms of climatic impacts. In reality, the interplay between occasional 

rainfall episodes and long dry spells during these transitional seasons is a crucial 

determinant in the occurrence of natural hazards that can adversely affect the physical 

environment of the western United States, such as wildfire (Pyne et al. 1996) and dry 

lightning (Rorig and Ferguson, 1999). Furthermore, the incidence of certain diseases, 

such as coccidioidomycosis (valley fever) in the Southwest (Kolivras et al, 2000), has 

been linked to extended dry periods during the fall and spring seasons. 

The dominant regional circulation pattern across much of the West during the 

summer season is the North American monsoon system (NAMS). The moisture 

advection and associated rainfall activity that result fi:om this monsoonal circulation are 

oft-studied climatic features of the region (Bryson and Lowry, 1955; Reitan, 1957; Tang 

and Reiter, 1984; Carleton, 1985; Maddox et ah, 1991; Douglas et al., 1993; Adams and 

Comrie, 1997). These storms tend to develop due to strong diurnal heating and 
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orographic forcing in areas stretching from the Mexico border as far north as Montana; 

however, their occurrence is also modulated by the regional transport of moisture from 

the Gulfs of California and Mexico (Hales, 1972; Brenner, 1974; Carleton, 1986; Badan-

Dangon et ah, 1991; Douglas, 1995; Wright et ai, 2001). Widespread thunderstorm 

outbreaks, especially in Arizona, often occur in concert with the development of a low-

level jet stream over the Gulf of California, leading to northward-moving "surges" of 

moisture (e.g., Stensrud et ah, 1997; Douglas et al., 1998). Exceptional small basin and 

flash flood events in the arid Southwest are most likely to occur during the monsoon 

season (Michaud et al., 2001). 

1.1.2 Modulators of precipitation in the western United States 

1.1.2.1 Teleconnections 

Precipitation in the western United States is modulated spatially due to both 

atmospheric and physiographic forcing mechanisms. Perhaps the largest known drivers 

of interannual to decadal precipitation variability across the West are variations in Pacific 

Ocean sea surface temperature (SST) patterns. Chief among Pacific SST signatures with 

impacts in this region is the El Nino-Southem Oscillation (ENSO), a 2-7 year cycle of 

equatorial SST anomalies in the eastern Pacific (Morel and Wallace, 1981; Trenberth, 

1997; Gershunov and Bamett, 1998). During the winter, ENSO variations are often well 

correlated with the Pacific/North American (PNA) pattern (Leathers and Palecki, 1992; 

Keables, 1992), which captures the position and strength of geopotential height 

anomalies fi-om the Gulf of Alaska to the Southeast U.S. Together, ENSO and PNA play 
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a significant role in determining the location of the wintertime jet stream and thus the 

dominant delivery path of synoptic-scale weather events into the western states. As a 

result, anomalously wet winters in southern California, Arizona, and New Mexico often 

occur xmder warm ENSO/positive PNA regimes, and dry winters during cool 

ENSO/reverse PNA conditions (Kiladis and Diaz, 1989; Leathers and Palecki, 1992). 

Approximately opposite conditions hold true in the Pacific Northwest (Redmond and 

Koch, 1991), with somewhat more muted impacts in the interior West. Precipitation in 

both the Southwest and Pacific Northwest is typically well correlated with ENSO 

conditions during the preceding months (Redmond and Koch, 1991), making antecedent 

ENSO variability a useful seasonal forecast tool. 

The modulation of winter precipitation by ENSO has important ramifications for 

drought occurrence; for example, prolonged periods of drought in the Southwest have 

been linked to the persistence of cool ENSO (La Nina) events (Cole and Cook, 1998; 

Cole et al., 2002). The influence of Pacific-based climate telecormections and associated 

drought persistence can also extend into the spring and affect the occurrence of wildfires 

in many areas (Swetnam and Betancourt, 1992; Kitzberger et al., 2001). Although the 

role of the ENSO in the summer precipitation regime of the western United States is less 

pronounced than during the winter, equatorial SST variability may affect certain 

components of the NAMS circulation, including the positioning of the sub-tropical 

monsoon ridge, the onset date of summer rainfall, and the occurrence of summer drought 

(Harrington et al., 1992; Higgins et al., 1999; Rajagopalan et al., 2000, Castro et al., 

2001, Barlow et al., 2001). 
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The interannual climate signals associated with ENSO and PNA may be 

modulated by decadal-scale variability in other sectors of the Pacific Ocean. ENSO-like 

behavior in the northern and central Pacific has been shown to occur at both 20-30 year 

(Zhang et ah, 1997) and 50-70 year (Minobe, 1997) intervals, and may constitute a 

unique ocean-atmosphere coupling known as the Pacific Decadal Oscillation (PDO) 

(Mantua et ah, 1997) or North Pacific Oscillation (Gershunov and Bamett, 1998). The 

exact nature of the PDO pattern, and its relation to ENSO, are still uncertain (Mantua and 

Hare, 2002; Newman et al., 2003); in particular, the stationarity of the PDO pattern on 

century-scale time periods remains unclear, and is dependent in part on the choice of 

paleoclimatic reconstruction (Gedalof et al., 2002). Regardless, the influence of decadal-

scale SST anomalies in the north and central Pacific on the precipitation regime of the 

western United States is likely important, particularly during the winter season when in-

phase alignment of PDO, ENSO, and/or PNA may produce strong precipitation anomaly 

patterns (Gershunov and Bamett, 1999). However, the "canonical", or typical, 

relationship between winter season precipitation and antecedent fall ENSO conditions, 

and thus seasonal forecast skill, may be compromised by PDO phase shifts. The role of 

the multi-decadal SST forcing during the spring and summer seasons is somewhat less 

clear than for winter, although it has been correlated with spring precipitation in New 

Mexico (Brown and Comrie, 2002a) and summer streamflow in the Gulf of California 

watershed (Brito-Castillo et ah, 2002). 
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1.1.2.2 Terrain influences 

The mountainous topography of the western United States can exert a marked 

influence on spatial precipitation patterns across the region. During the winter, steep 

elevation gradients over large areas, such as the Cascade Mountains in the Pacific 

Northwest, the Sierra Nevada mountains in California, and the Mogollon Rim in central 

and eastern Arizona, can serve to slow the movement of synoptic-scale low pressure 

systems and generate rain shadows. The widespread nature of synoptic storm events 

during the winter season permits spatial modeling of precipitation wherein terrain 

influences are isolated and the resulting climatic "residuals" analyzed for independent 

variability (Brown and Comrie, 2002b). The convective nature of precipitation during 

the late spring and summer is more difficult to quantify through statistical modeling, as 

local-scale terrain influences, such as orographic lifting (e.g., Wallace et al., 1999) and 

the "seeder-feeder" mechanism (Bergeron, 1968), tend to dominate. The localized nature 

of spring and summer precipitation, coupled with topographic influences, can result in 

environmental impacts ranging from lightning-induced wildfire ignitions in isolated and 

rugged terrain to flash flood events in shallow washes and narrow canyons. 

1.1.2.3 Land surface modification 

Anthropogenic impacts on land use can influence local-scale precipitation 

pattems, especially in arid regions where evapotranspiration rates are high and surface 

moisture availability can contribute strongly to convective precipitation formation. 

Urbanization has been shown to affect precipitation formation and amount through such 
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land surface modifications as increased surface roughness (Cotton and Pielke, 1995), 

heightened levels of cloud condensation nuclei (Hudson and Frisbie, 1991), and the 

development of urban heat islands (Oke, 1987). Agricultural influences, in the form of 

large-scale irrigation, can also enhance convective precipitation via increased low-level 

moist static energy, mesoscale vertical circulation resulting fi-om differential heating and 

heterogeneous surface properties, and increased atmospheric water vapor associated with 

high rates of evapotranspiration (Anthes, 1984). The rapid growth of a number of 

western cities during the last several decades, coupled with widespread irrigation and 

agricultural production in many areas, make these types of anthropogenic forcings critical 

to understanding localized patterns of precipitation. Evidence of the spatial and temporal 

impacts of such forcings may be found in the summertime precipitation patterns 

downwind of Phoenix (Diem and Brown, 2003) and the movement of summer season 

thunderstorms in central Arizona (Balling and Brazel, 1987). 

1.1.3 Other impacts of multi-decadal climate variability in the western United States 

While precipitation variability across the western United States is of great 

importance for many physical and socioeconomic systems, other multi-decadal climate 

impacts in this region are of interest to varying stakeholder groups. Among these is a 

recent trend toward earlier spring onset dates in the western United States. Within the 

context of global-scale 20^ century warming (Mann et al, 1999), studies have shown that 

the onset of spring has occurred progressively earlier in the West during recent decades 

as minimum temperatures have increased (Cayan et al, 2001). The melting of snowpack 
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in the Sierra Nevada mountains, as evidenced by the timing of peak streamflow due to 

runoff, occurs approximately three weeks earlier today as compared to 1948 (Stewart et 

al, 2004). In the Pacific Northwest, April 1^' snow water equivalent (SWE) 

measurements, an indicator of snowpack depth, show a negative trend since 1950 (Mote, 

2003), which may be indicative of an increase the altitude of freezing levels in 

mountainous regions (Diaz et ah, 2003). These findings are consistent with studies that 

have indicated increasing frost-fi-ee periods across the United States (Kunkel et al., 2004) 

and earlier spring onset in other regions (e.g., Zhao and Schwartz, 2003). 

Previous studies have identified multi-decadal temperature (e.g., Mauget(a), 2003; 

Mauget(b), 2003) and drought (e.g.. Cole and Cook, 1998; Barlow et al., 2001) 

variability across the western United States. Because the PDO pattern is driven to a large 

extent by interannual ENSO variations, and because ENSO impacts on temperature 

across the western United States can be quite marked (Redmond and Koch, 1991), it is 

possible that multi-decadal temperature variations exist across the West as a result of 

Pacific climate forcing. Importantly, the distinction between possible multi-decadal 

spring season temperature variations, and the underlying trend towards earlier spring 

onset described in previous studies, has not yet been made. A better understanding of 

this relationship is needed to address important decision-making processes that take place 

during the spring season for water and wildfire management, agricultural and ranching 

interests, tourism, and energy production. In particular, implications for growing season 

length and intensity in many areas of the West are inherently tied to spring temperature 

variations. 
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1.1.4 Significance of multi-decadal climate variability in the western United States 

The general spatial patterns of precipitation, and the regional-scale role of the 

modulators discussed above, have been explored in some detail for the western U.S. In 

addition, recent temperature trends in many areas of the West, especially during the 

spring season, have been documented in previous studies. However, the identification 

and analysis of multi-decadal variability on the climate of the western United States 

remains under-studied. In the past, many climate analyses in the West were limited by 

poor availability of historical meteorological data, computationally modest hardware and 

software capabilities, and coarse resolution approximations of SST variability, allowing 

researchers to draw only limited conclusions about multi-decadal precipitation and 

temperature patterns across the West. Today, the assemblage of a comprehensive 

network of first-order and cooperative weather stations available via the Internet and 

ready access to historical databases, the advent of analytically robust geographic 

information systems (GIS), and the regular monitoring of Pacific Ocean SST anomalies 

facilitate much improved analyses that better approximate the reality of varying climate 

patterns in the western United States. As a result, the mechanisms by which precipitation 

is modulated on multi-decadal time scales, such as through teleconnection impacts, can 

be explored diagnostically to provide explanation for observed precipitation and 

temperature patterns on the ground. 

The potential benefits of multi-decadal precipitation and temperature analyses in 

the western United States are numerous for users of climate information and those 

interested in climatic impact assessment. These stakeholders can include natural resource 



18 

managers, fanners, ranchers, and those whose livelihoods and decision-making processes 

are directly affected by climate variability, in many instances on interannual and decadal 

time scales. Many other groups, including legislatures, chambers of commerce, and 

recreation industry officials, utilize climate information more implicitly for decisions 

regarding resource allocation, infrastructure development, and public relations. 

Advances in the understanding of the nature and causes of multi-decadal precipitation 

and temperature variability in the western United States could therefore assist these and 

other stakeholder groups in their management and distribution of resources and 

personnel. 

1.2 RESEARCH QUESTIONS 

From a review of the literature on the winter precipitation and spring season 

temperature regimes of the western United States and their associated driving 

mechanisms, and consideration of the environmental and socioeconomic importance of 

climate variability in this region, it is clear that an examination of multi-decadal climate 

variability in the western United States is vital for informing both climate science and 

stakeholder impact assessment. Precipitation variability during the winter season, and 

temperature variations associated with the onset of spring, are directly linked to many of 

the climate impacts that are of primary concern to stakeholders in the region, such as 

droughts and floods, fire risk, water supply, and the skill of seasonal climate forecasts. 

Given these considerations, an investigation to characterize multi-decadal climate 



19 

variability across the West is essential for both climatologists and users of climate 

information. 

A basic research question thus emerges, one that will serve as the theoretical 

underpinning and rationale of the dissertation: 

• What is the characterization of multi-decadal climate variability in the western 

United States during the winter and spring seasons? 

The major hypothesized forcing mechanism on multi-decadal climate variability 

is Pacific climate teleconnections, specifically ENSO and its longer-term manifestation as 

the PDO. The "footprints" generated by these two modulators, and the variability of 

those footprints on decadal times scales, need to be investigated diagnostically using 

analytical and statistical approaches. Several topical research questions will guide this 

investigation: 

• How does decadal-scale climate variability in the Pacific Ocean correspond to 

winter precipitation in the western United States? Does the PDO "stratify" the 

influence of ENSO on precipitation in the region? How do precipitation 

signatures vary with PDO phase changes? 

• How do the spatial and temporal patterns of spring season temperatures vary 

on multi-decadal time scales across the western United States? Do the 

characteristics differ fi-om northern to southern locations, and coastal to 

interior locations? How do ENSO and PDO conditions correspond to spring 

temperature variability? 
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Addressing these questions in a series of diagnostic analyses necessitates the use 

of a variety of methodological techniques. For example, both environment-to-circulation 

(e.g., linking observed precipitation patterns to ENSO and PDO variations) and 

circulation-to-environment (e.g., examining spatio-temporal temperature pattern 

variability during distinct ENSO-PDO phase combinations) approaches may be useful in 

analyzing telecoimection influences on multi-decadal variability. Several methodological 

questions will be addressed throughout the course of the dissertation in order to identify 

appropriate analysis techniques and rationales: 

• Can synoptic climatology analysis techniques, such as compositing, indexing, 

and regionalization, provide useful information concerning multi-decadal 

climate variability in the western United States? 

• How can Reanalysis data aid in a study of ENSO-PDO-precipitation 

relationships? What are the limits of using Reanalysis data in this regard? 

1.3 SECTIONS OF DISSERTATION 

This dissertation was written using the "journal publication" format approved by 

the University of Arizona Graduate College and Department of Geography and Regional 

Development. A series of three separate, but thematically linked, analyses was 

conducted, and the results prepared in a format suitable for individual submission to 

scientific journals as peer-reviewed manuscripts. These three studies are included in this 

dissertation as Appendices A, B, and C, respectively. Appendix A will be a jointly 

authored publication between myself and Andrew Comrie, and submitted for peer-
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reviewed publication to Geophysical Research Letters. Appendix B will be a single 

authored publication, submitted to the Journal of Climate. Appendix C will again be 

jointly authored with Andrew Comrie, and submitted for publication to Climatic Change. 

This concludes Section I of the dissertation, encompassing background and 

introductory material and preceded by the Table of Contents. Section II briefly outlines 

the three individual research projects and suggests future research directions. A complete 

list of cited works found in this dissertation is provided in the References section. The 

main body of the dissertation, in the form of the three individual research projects, is 

found in Appendices A, B, and C. 
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CHAPTER 2: PRESENT STUDY 

2.1 A WINTER PRECIPITATION 'DIPOLE' IN THE WESTERN UNITED 
STATES ASSOCIATED WITH MULTI-DECADAL ENSO VARIABILITY 

The variability of winter precipitation across the Western United States has 

important implications for a wide range of physical and socioeconomic systems. While 

El Nino-Southern Oscillation (ENSO) teleconnections explain a high degree of 

interannxjal variance in Western U.S. winter precipitation, their influence on decadal time 

scales is less well understood. In this study, the relationship between ENSO conditions 

and winter precipitation in the Western U.S. is examined within the context of decadal-

scale variability, as represented by phasing of the Pacific Decadal Oscillation (PDO). 

Spatial inconsistencies in the ENSO-precipitation relationship, commensurate with PDO 

phase shifts, are identified, taking the form of a 'dipole' signature across the Western 

U.S. This finding has implications for the knowledge of uncertainty of ENSO 

telecormections, and may prove meaningfiil for users of climate information throughout 

the region. 

2.2 WINTER CIRCULATION ANOMALIES IN THE WESTERN UNITED STATES 
ASSOCIATED WITH ANTECEDENT SEASON AND INTERDECADAL ENSO 
VARIABILITY, 1948-1998 

In this study, the reliability of fall season ENSO conditions as a predictor of 

Western U.S. winter circulation anomalies associated with canonical precipitation 

impacts is shown to vary depending on the phase of the PDO pattern. During the PDO 

cold phase of 1948-1976, fall season El Nino events tended not to precede the expected 

winter troughing pattern over the West associated with above-normal precipitation in 
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many areas, particularly the southwestern states. During the PDO warm phase of 1977-

1998, fall season El Niflo conditions were a reliable predictor of winter circulation 

anomalies over the Western U.S. during this PDO warm phase, but typically only during 

moderate-to-strong El Nifto events. Fall season La Nifta conditions during both the cold 

and warm phases of the PDO generally correlated well with the occurrence of wintertime 

high-pressure ridging centered off the Pacific coast. The results presented here highlight 

uncertainty on interdecadal time scales surrounding the use of ENSO conditions, 

particularly El Nino events, as a seasonal climate forecast tool. 

2.3 PACIFIC CLIMATE FORCING OF MULTI-DECADAL SPRINGTIME 
MINIMUM TEMPERATURE VARIABILITY IN THE WESTERN UNITED STATES 

Recent trends toward an earlier spring season onset in the western United States 

have recently been documented and are of interest to many different users of climate 

information throughout the region. The variability of spring season temperatures on 

multi-decadal timescales, however, has been less well quantified. In this study, the 

spatio-temporal variability of spring season minimum temperatures in the western United 

States is examined as a fimction of multi-decadal Pacific climate variability for the period 

1925-1994. Spatio-temporal variations in minimum temperature patterns, as determined 

by a principal components-based regionalization analysis, indicate a significant statistical 

relationship between March and April minimum temperatures and multi-decadal Pacific 

climate variability, measured diagnostically using an index of the Pacific Decadal 

Oscillation (PDO). Anomalous temperature patterns associated with cool (warm) phases 

of the PDO are evident in the Pacific Northwest (Southern Coast) region during March 
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(April), suggesting a possible association with canonical interannual ENSO impacts. 

These results have implications for an improved understanding of multi-decadal climate 

dynamics across the West as well as climate-driven environmental impacts including 

growing season length and intensity. 

2.4 FUTURE DIRECTIONS 

Future investigation of multi-decadal climate variability in the western United 

States is required to build on the analyses and findings discussed in these three studies. 

Among the possible avenues for future exploration are: 

• Analysis of the combined influence of Pacific-based forcing (e.g., PDO) and 

Atlantic-based forcing (e.g., Atlantic Multi-decadal Oscillation, AMO) on multi-

decadal climate impacts in the West 

• Examination of the regional robustness and predictive value of ENSO-based 

forecasts on multi-decadal time scales 

• Isolation and statistical removal of multi-decadal sources of variability in 

temperature time series in order to examine underlying warming trends 

• Analysis of the preferred modes of springtime atmospheric circulation during 

warm and cool phases of the PDO pattern 

• Regional study of cooling degree day variability with implications for growing 

season length and intensity 
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APPENDIX A: A WINTER PRECIPITATION 'DIPOLE' IN THE WESTERN UNITED 
STATES ASSOCIATED WITH MULTIDECADAL ENSO VARIABILITY 

A.1 ABSTRACT 

The variability of winter precipitation across the Western United States has 

important implications for a wide range of physical and socioeconomic systems. While 

El Nino-Southem Oscillation (ENSO) teleconnections explain a high degree of 

interannual variance in Western U.S. winter precipitation, their influence on decadal time 

scales is less well xmderstood. In this study, the relationship between ENSO conditions 

and winter precipitation in the Western U.S. is examined within the context of decadal-

scale variability, as represented by phasing of the Pacific Decadal Oscillation (PDO). 

Spatial inconsistencies in the ENSO-precipitation relationship, commensurate with PDO 

phase shifts, are identified, taking the form of a 'dipole' signature across the Western 

U.S. This finding has implications for the knowledge of uncertainty of ENSO 

teleconnections, and may prove meaningful for users of climate information throughout 

the region. 
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A.2 INTRODUCTION 

Winter precipitation variability in the Western United States impacts a wide range 

of physical and socioeconomic systems, with associated costs and damages that can total 

$3 billion annually (Lott et al., 1997; Dettinger et ah, 1999). Users of climate 

information throughout the region therefore desire advance forecasts of winter 

precipitation in order to address the impacts of its variability and augment their decisions 

regarding resource management. The bulk of the skill and confidence in these forecasts 

is provided by the El Niiio-Southem Oscillation (ENSO), a 2-7 year cycle of equatorial 

sea surface temperature (SST) anomalies in the eastern Pacific Ocean that comprises the 

leading mode of interannual precipitation variability in the Western U.S. (Horel and 

Wallace, 1981; Trenberth, 1997; Gershunov and Bamett, 1998). During the winter 

season, cool ENSO conditions (La Nina) are typically linked to above-normal 

precipitation in the Pacific Northwest and below-normal precipitation in the Southwest 

(Kiladis and Diaz, 1989), while approximately opposite conditions hold true when ENSO 

is in its warm state (El Nino). Current NOAA measurements and analyses permit the 

forecasting of winter precipitation anomalies in the Western U.S., based on interannual 

ENSO conditions, as many as 6-9 months ahead of time (Bamston et al, 1994; Latif et 

al., 1994; Hamlet and Lettenmaier, 1999). 

Recently, a decadal mode of SST variability in the Pacific has also been 

identified, one that is characterized by a spatial structure similar to ENSO (Zhang et al., 

1997) but with greater amplitude at high latitudes and a reduced tropical expression 

(Gedalof et al., 2002). The dynamics of this Pacific Decadal Oscillation, or PDO 
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(Mantua et al, 1997), are not yet fully understood, but it may represent the integration of 

interannual ENSO variability into the decadal SST signature (Livezey and Smith, 1999; 

Newman et al., 2003). The impacts of persistent, multi-year winter precipitation 

anomalies in the Western U.S. associated with this decadal mode of Pacific variability are 

crucial for water supply issues, biota health, and high-frequency flood and drought 

occxirrence throughout the region (Cayan et al., 1999). 

Because the PDO exhibits pronounced "phase shifts" at 20-to-30 year intervals 

(Mantua et al., 1997), an index of the PDO may be diagnostically useful for 

characterizing the degree of interannual ENSO variability within these 20-to-30 year time 

periods, and in identifying decadal-scale ENSO impacts on the Western U.S. (Cole and 

Cook, 1998). The pronounced difference in ENSO-based predictability of winter 

precipitation in the Southwest US before and after the 1977 PDO phase shift (Gutzler et 

al., 2002), and the spatial variability of precipitation anomalies in the Western U.S. on 

decadal time scales (Cayan et al., 1998; Dettinger et al., 1998), for example, suggest that 

it may be necessary to analyze interannual ENSO teleconnections while also considering 

decadal-scale variability (Gershunov & Bamett, 1998; McCabe & Dettinger, 1999; 

Higgins et al., 2000). 

A.3 OBJECTIVE 

In this study, the relationship between ENSO conditions and winter precipitation 

in the Western U.S. is examined within the context of decadal-scale variability. 

Inconsistencies in the ENSO-precipitation relationship that vary spatially commensurate 
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with PDO phase shifts are identified, including a teleconnection 'dipole', distinct from 

the findings of earlier studies, wherein El Nino (La Nina) events during the fall season 

precede atypical winter precipitation anomalies in the Southwest (Northwest) during cool 

(warm) phases of the PDO. The findings presented here have implications for the 

knowledge of uncertainty of decadal-scale ENSO impacts in the Western U.S., and may 

prove useful to stakeholders throughout the region who utilize climate information in 

their decision-making processes. 

A.4 DATA AND METHODS 

Monthly precipitation data for 84 climate divisions in the Western U.S. were 

obtained from the National Climate Data Center (http://www.ncdc.noaa.gov). Time 

series of total winter season precipitation were calculated for each climate division for the 

period 1925-1995, with the winter season defined as December-February. Since the 

choice of winter season length did not significantly affect the results of previous studies 

(e.g., Gutzler et al, 2002), the December-February period was selected because ENSO 

impacts in the Western U.S. are strongest during these months (Diaz et al., 2001). 

The Southern Oscillation Index (SOI), a measure of the difference in normalized 

pressure anomalies between Tahiti and Darwin, Australia, was utilized to capture ENSO 

variability. In some cases, SST time series may be more desirable than the 

atmospherically-based SOI for representing ENSO. In this instance, however, the 

continuous observational record of the SOI since 1925, the successful use of the index in 

previous Western U.S. climate analyses (e.g., Redmond and Koch, 1991; Piechota and 

http://www.ncdc.noaa.gov


38 

Dracup, 1996; Piechota et ah, 1997; Garen, 1998; Harshburger, 2002), and recent studies 

suggesting that the SOI compares favorably with major SST indices (e.g., Hanley et al., 

2003), made it an appropriate measure of ENSO variability. Monthly SOI data were 

obtained from the Climate Prediction Center (http://www.cpc.noaa.gov), and a three-

month average for the fall season (September-November) was calculated for the period 

1925-1995. The state of ENSO during the fall season is of particular utility in forecasting 

winter precipitation in the Western U.S., when the lagged relationship between SST 

anomalies and precipitation is strongest (Harshburger et al., 2002). This relationship has 

been useful in identifying increases (decreases) in winter precipitation in the Pacific 

Northwest following fall season El Nino (La Nifia) events (Redmond and Koch, 1991), 

and has contributed skill to streamflow forecasts in the same region (Hamlet and 

Lettenmaier, 1999). Individual fall seasons with normalized SOI anomalies of -0.4 (+0.4) 

were classified as El Nino (La Nina). 

Previous analyses have shown that interannual values of the PDO index do not 

improve ENSO-based predictability of winter precipitation in the Western U.S. (e.g., 

Gutzler et al., 2002; Livezey, 2003, personal communication), likely because of the 

index's integration of overall conditions in the North Pacific on monthly-to-annual time 

scales (Hamlet and Lettenmaier, 1999). Therefore, rather than employ the PDO index 

itself, the variability of interannual ENSO-precipitation relationships were examined 

within discrete PDO "phases", characterized by persistent, multidecadal warm (positive) 

or cool (negative) SST anomalies in the North Pacific. Three major 20^ century PDO 

"phase shifts" occurred during the years 1925, 1947, and 1977 (Minobe, 1997; Hamlet 

http://www.cpc.noaa.gov
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and Lettenmaier, 1999; Gedalof et al., 2002). Poor quality of Western U.S. climate 

division precipitation data limits the investigation of pre-1925 conditions, and although 

evidence suggests that the PDO shifted into a cool phase during the mid-to-late 1990's 

(Mantua and Hare, 2002), it may take several years to identify the exact timing of the 

shift (Chavez et al., 2003; Newman et al., 2003). As a result, the analyses were boimd at 

1925 and 1995, considered ENSO-precipitation relationships considered during three 

distinct PDO phases: 1925-1946 (warm), 1947-1976 (cool), and 1977-1995 (warm). 

Pearson correlation coefficients were calculated for each PDO phase using the fall 

SOI and winter climate division precipitation time series. This type of covariate analysis, 

using seasonal lags, has been previously shown to have predictive value in Western U.S. 

climate analyses (e.g., Redmond and Koch, 1991). Statistically significant correlations (a 

= 0.10 and a = 0.05 levels) were mapped to show spatial variability in the ENSO-

precipitation relationship between differing PDO phases. Winter precipitation anomalies 

(percent-of-normal precipitation) were also calculated, first for all winters in the 1925-

1995 study period, then for each of the three PDO phases. These precipitation anomalies 

were calculated for winters following fall season El Nino and La Nifta conditions, 

respectively. The 1925-1995 precipitation anomEdies were used to highlight the 

"canonical" winter precipitation patterns in the Western U.S. following warm and cool 

ENSO anomalies during the fall season, while the precipitation anomalies for the 1925-

1946, 1947-1976, and 1977-1995 periods were used to augment the correlation analyses 

and further illustrate spatial variability in the ENSO-precipitation relationship over time. 
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A.5 RESULTS 

The spatial inconsistency of fall ENSO-winter precipitation relationships in the 

Western U.S. is clearly revealed by the Pearson correlation analysis (Table 1 and Figure 

1). Diiring the most recent (1977-1995) warm period, highly significant correlations 

between fall (SON) ENSO and winter (DJF) precipitation dominate the Southwest, 

including southern Arizona, parts of New Mexico and Nevada, and all of California 

(Figure Ic). At the same time, no significant relationships are seen in the Pacific 

Northwest or northern Rockies, with a single exception of an isolated area along the 

interior Columbia River Basin in eastern Washington. The cool PDO phase of 1947-

1976 reveals spatial relationships in stark contrast to those of the 1977-1995 warm 

period, with statistically significant correlations in parts of Washington, Idaho, Montana, 

Oregon, Wyoming, and Colorado, but no significant correlations anywhere in the 

Southwest (Figure lb). The 1925-1946 warm period correlations mirror those of the 

1977-1995 period, albeit more weakly (Figure la), a fact that may be due to fewer 

individual station inputs into the climate division record during this period. 

Figure 2 shows percent-of-normal winter (DJF) precipitation in the Western U.S. 

following fall El Nino (Figure 2a) and fall La Nina (Figure 2b) episodes for the entire 

1925-1995 period. As expected, these anomalies reveal the canonical, or typical, patterns 

of winter precipitation associated with fall ENSO conditions. In the Southwest, wet 

winters tend to follow fall El Nino events, while dry winters follow La Nina. In the 

Northwest, the anomalies are somewhat less robust, but drier-than-average winter 
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conditions tend to prevail following El Nino, with wet winters being preceded by La Nina 

conditions. 

When winter precipitation anomalies are examined for each of the three PDO 

phases separately, however, the source of the marked spatial variability in the Pearson 

correlation analysis becomes clearer. For winters following fall El Nino episodes (Figure 

3), it is evident that the Southwest does not always experience predominantly wet 

conditions. During the cool PDO phase from 1947-1976 (Figure 3b), drier-than-normal 

winters prevailed across the entirety of the interior Southwest, with dry anomalies 

extending northward into Utah, Colorado, and Wyoming as well as westward into 

Nevada. This cool PDO phase coincided with a period of severe drought in the 

Southwest that peaked in the mid-1950's (Sheppard et al., 2002). In contrast, winter 

precipitation anomalies following fall El Nino events were much more typical in the 

Southwest during the 1925-1946 and 1977-1995 warm PDO periods (Figures 3a and 3c), 

with wetter-than-average conditions evident in both periods across large portions of 

Arizona, New Mexico, and California. 

Shifts between warm and cool PDO phases did not appear to have a major impact 

on the relationship between fall season El Nino events and winter precipitation anomalies 

in the Northwest. However, this was not the case when fall La Nina episodes were 

examined (Figure 4). Only during the cool PDO phase of 1947-1976 (Figure 4b) did the 

Northwest experience canonical wet winters following fall La Nina conditions. During 

the two PDO warm phases (Figures 4a and 4c), drier-than-average or near-normal winter 

conditions persisted across both the coastal and interior regions of the Northwest 
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following fall season La Nina events, including large portions of Washington, Oregon, 

Idaho, and Montana. In the Southwest, dry winters tended to consistently follow fall La 

Nina episodes regardless of PDO phase. 

A.6 CONCLUSIONS 

The findings presented here highlight spatial inconsistencies in the relationship 

between ENSO and winter precipitation in the Western U.S. Correlations between fall 

ENSO and winter precipitation vary spatially commensurate with PDO phase shifts, 

wherein a strong ENSO signal is evident in the Southwest (Northwest) only during warm 

(cool) phases of the PDO. More specifically, the results suggest that when PDO is in its 

cool (warm) phase, fall season El Nino (La Nina) events often precede non-canonical 

winter precipitation anomalies in the Southwest (Northwest). The identification of this 

'dipole' signature, by which the predictable ENSO signal essentially "switches off' in 

either the Northwest or Southwest, highlights the uncertainty surrounding ENSO impacts 

on decadal time scales, and complements the findings of previous studies such as 

Gershunov and Bamett (1998). By showing that ENSO-based predictability of winter 

precipitation in the Western U.S. varies both spatially and temporally concomitant with 

PDO phasing, we demonstrate the need for cautious and informed use of ENSO-based 

seasonal forecasts as well as the necessity to ftirther articulate the physical underpinnings 

of the PDO pattern. These analyses contribute to a broad understanding of ENSO-PDO 

impacts, and provide a mechanism for improved operational understanding in the sense 

of recognizing new limitations in ENSO-based forecasting. 
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Recent patterns of Pacific-wide SST anomalies (Hoerling and Kumar, 2003) are 

consistent with a growing body of evidence suggesting that La Nina-like conditions may 

dominate the tropical Pacific basin for the next -15-20 years, assuming continued 

consistency in teleconnection dynamics and PDO pattern behavior. If true, the next two 

decades could be marked by a decrease in the reliability of fall season El Nino conditions 

as a predictor of above-average winter precipitation in the Southwest, and vice versa for 

La Nina in the Northwest. Further, the repeated occurrence of anomalously dry winters 

in the Southwest during the coming IO-to-20 years could exacerbate drought conditions 

throughout the region, where winter season precipitation constitutes a large portion of the 

annual water budget. Additional analyses, including pre-1925 studies using early 

instrumental and reconstructed indices of PDO and ENSO, would further elucidate 

decadal-scale impacts of ENSO anomalies on winter precipitation throughout the 

Western United States. 
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TABLE A.l - Correlations between SON SOI and DJF precipitation during three PDO 
phases, highlighted at the a = 0.10 (*), a = 0.05 (**), and a = 0.01 (***) levels. 

Warm PDO Cool PDO Warm PDO Warm PDO Cool PDO Warm 1 

192S-1946 1947-1976 1977-1995 1925-1946 1947-1976 1977-1 

AZ1 -0.13 -0.18 -0.35 NV1 -0.27 0.13 -0.21 

AZ2 -0.19 -0.01 -0.35 NV2 -0.07 0.09 -0.13 

AZ3 -0.12 -0.12 -0.40 * NV3 -0.30 -0.14 -0.51 

AZ4 -0.25 -0.11 -0.41 * NV4 -0.17 -0.12 -0.47 

AZS -0.19 -0.25 -0.45 * 0R1 -0.22 0.21 -0.12 

AZ6 -0.25 -0.15 -0.48 ** 0R2 -0.15 0.23 0.07 

AZ7 -0.42 * -0.16 -0.57 ** 0R3 -0.18 0.26 0.05 

CA1 -0.40 * -0.04 -0.52 ** OR4 0.01 0.34 * 0.28 

CA2 -0.43 ** -0.07 -0.49 ** ORS -0.08 0.18 -0.16 

CAS -0.28 0.00 -0.28 ORB -0.13 0.17 0,03 

CA4 -0.52 ** -0.18 -0.56 ** 0R7 -0.10 0.20 -0.09 

CAS -0.37 * -0.11 -0.48 ** ORS -0.05 0.32 * -0,08 

CA6 -0.12 -0.22 -0.49 ** 0R9 -0.16 0.22 -0.10 

CA7 -0.10 -0.26 -0.53 ** UT1 -0.19 -0.06 -0.31 

C01 0.16 0.17 0.10 UT2 -0.30 * -0.25 -0.19 

C02 0.03 0.19 -0.05 UTS -0.19 0.02 -0.24 

C03 -0.21 0.14 -0.16 UT4 -0.17 -0.16 -0.05 

C04 0.16 0.40 ** 0.00 UTS 0.00 0.12 0.01 

COS -0.06 0.09 -0.18 UTS -0.05 -0.11 0.02 

ID1 -0.01 0.32 * 0.19 UT7 -0.28 • -0.01 -0.17 
ID2 0.08 0.29 0.24 WA1 -0.11 0.25 0.01 

IDS 0.09 0.46 •** 0.16 WA2 0.13 0.48 *** 0.24 

ID4 0.06 0.28 0.11 WAS -0.04 0.37 ** 0.10 

IDS -0.20 0.23 -0.13 WA4 -0.05 0.40 •* 0.19 
ID6 0.00 0.39 ** -0.02 WAS -0.01 0.46 ** 0.21 

ID7 -0.12 0.42 ** -0.03 WAS -0.06 0.40 ** 0.19 
IDS -0.10 0.30 -0.06 WA7 .0.44 ••• 0.11 -0.46 
ID9 -0.18 0.19 -0.30 WAS -0.38 " 0.23 -0.30 

ID10 0.01 0.34 * 0.01 WA9 -0.33 ** 0.17 -0.18 
MT1 0.13 0.33 * 0.31 WA10 -0.03 0.18 0.00 
MT2 0.01 0.32 * -0.06 WY1 0.13 0.23 0.16 
MT3 0.19 0.03 0.09 WY2 0.02 0.33 * 0.01 
MT4 0.19 -0.01 0.14 WYS 0.14 0.18 0.17 
MTS 0.09 0.41 ** 0.04 WY4 -0.05 0.30 0.07 
MT6 0.28 * 0.15 0.42 * WYS 0.10 0.31 * 0.33 
MT7 0.16 0.12 0.21 WY6 0.10 0.10 0.24 
NM1 -0.28 0.04 -0.26 WY7 -0.14 0.17 0.16 
NM2 -0.24 0.14 -0.08 WYS 0.02 0.27 0.13 
NM3 0.01 -0.03 -0.28 WY9 -0.17 0.17 -0,11 
NM4 -0.36 * -0.11 -0.46 " WY10 0,08 0.23 0,05 
NMS -0.23 -0.02 -0.54 ** 

NM6 -0.16 -0.09 -0.36 
NM7 -0.11 -0.18 -0.32 

NMS -0.34 -0.17 -0.53 " 
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FIGURE A.l - Pearson correlation coefficients calculated for fall (SON) SOI and winter 
(DJF) precipitation for three PDO phases: (a) warm phase PDO, 1925-1946; (b) cool 
phase PDO, 1947-1976; (c) warm phase PDO, 1977-1995. Statistically significant 
correlations are shown at the a = 0.10 (light shading), a = 0.05 (medium shading), and a 
= 0.01 (dark shading) levels. Significantly positive (negative) correlations are 
highlighted in red (blue). Note that significant correlations are only evident in the 
Southwest during warm phases of the PDO, and in the Northwest during cool PDO. 
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FIGURE A.2 - Winter (DJF) precipitation anomalies for the period 1925-1995 following 
(a) El Nifto and (b) La Nifia events during the fall (SON) season. Dry (wet) anomalies 
are highlighted in brown (green), with progressively greater anomalies indicated by the 
darker hues. El Nino episodes during the fall typically correlate with enhanced winter 
precipitation in the Southwest and average-to-dry winter conditions in the Northwest. La 
Nifia episodes during the fall are generally associated with dry winters in the Southwest 
and above average winter precipitation in the Northwest. 
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FIGURE A.3 - Winter (DJF) precipitation anomalies following El Nino conditions 
during the fall (SON) season, stratified by PDO phases: (a) warm phase PDO, 1925-
1946; (b) cool phase PDO, 1947-1976; (c) warm phase PDO, 1977-1995. Dry (wet) 
anomalies are highlighted in brown (green), with progressively greater anomalies 
indicated by the darker hues. The 1947-1976 PDO cool phase was characterized by 
drier-than-average winters in the Southwest following fall season El Nino conditions, 
contrast to the canonical relationship shown in Figure 2. 
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FIGURE A.4 - Winter (DJF) precipitation anomalies following La Nina conditions 
during the fall (SON) season, stratified by PDO phases: (a) warm phase PDO, 1925-
1946; (b) cool phase PDO, 1947-1976; (c) warm phase PDO, 1977-1995. Dry (wet) 
anomalies are highlighted in brown (green), with progressively greater anomalies 
indicated by the darker hues. The 1925-1946 and 1977-1995 warm PDO phases were 
characterized by drier-than-average winters in the Northwest following fall season La 
Nina conditions, in contrast to the canonical relationship shown in Figure 2. 
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APPENDIX B: WINTER CIRCULATION ANOMALIES IN THE WESTERN UNITED 
STATES ASSOCIATED WITH ANTECEDENT SEASON AND INTERDECADAL 
ENSO VARIABILITY, 1948-1998 

B.l ABSTRACT 

In this study, the reliability of fall season ENSO conditions as a predictor of 

Western U.S. winter circulation anomalies associated with canonical precipitation 

impacts is shown to vary depending on the phase of the PDO pattern. During the PDO 

cold phase of 1948-1976, fall season El Nino events tended not to precede the expected 

winter troughing pattern over the West associated with above-normal precipitation in 

many areas, particularly the southwestern states. During the PDO warm phase of 1977-

1998, fall season El Nifto conditions were a reliable predictor of winter circulation 

anomalies over the Western U.S. during this PDO warm phase, but typically only during 

moderate-to-strong El Nifio events. Fall season La Nina conditions during both the cold 

and warm phases of the PDO generally correlated well with the occurrence of wintertime 

high-pressure ridging centered off the Pacific coast. The results presented here highlight 

uncertainty on interdecadal time scales surrounding the use of ENSO conditions, 

particularly El Nino events, as a seasonal climate forecast tool. 
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B.2 INTRODUCTION 

In the Western United States, seasonal forecasts of winter precipitation are 

essential to a wide range of user groups who utilize predictive climate information in 

their decision-making processes (Pagano et al., 2002). The El Niflo-Southem Oscillation 

(ENSO), the leading mode of interannual variability in the tropical Pacific Ocean 

(Trenberth, 1997), comprises the majority of the skill of these seasonal precipitation 

forecasts. The forecasting of winter precipitation anomalies for the Western U.S., based 

largely on ENSO conditions, can be done effectively with a lead time of as many as 6-9 

months (Hamlet and Lettenmaier, 1999). The strongest lagged relationship between 

ENSO conditions and Western U.S. winter precipitation occurs during the fall season 

(Harshburger et al., 2002), and this 3-month lead time on which winter precipitation 

forecasts can be based is operationally useful to many stakeholders. 

Typically, cold ENSO events (La Nifia) during the fall season precede below-

average winter precipitation in the Southwestern states and above-average precipitation in 

the Pacific Northwest (Kiladis and Diaz, 1989), with ridging anomalies evident in the 

winter circulation patterns over much of the Pacific coast (Woodhouse, 1997). 

Approximately opposite conditions hold true during warm phases of ENSO, with below-

average winter precipitation in the Pacific Northwest and above-average precipitation in 

the Southwest following a fall season El Nifio event, and large-scale winter troughing 

centered over the southwestern states (Burnett, 1994). However, these "canonical", or 

typical, ENSO teleconnections and impacts may be constrained on interdecadal time 

scales due to internal ocean-atmosphere dynamics and white noise in the Pacific basin 
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(Newman et al., 2003), dramatically affecting the skill of winter precipitation (e.g., 

Gutzler et al., 2002) and streamflow (e.g., Hamlet and Lettenmaier, 1999) forecasts 

across the Western U.S. 

The Pacific Decadal Oscillation (PDO), a pattem of sea surface temperature 

(SST) anomalies in the North Pacific with 20-30 year phasing (Mantua et al., 1997), may 

be a useful diagnostic tool for characterizing decadal-scale ENSO variability, in large 

part because of its integration of the interannual ENSO signal into the decadal SST 

pattem of the north Pacific (Newman et al., 2003). The strength of El Nino and La Nina 

teleconnections to Western U.S. winter climate tends to vary with phasing of the PDO 

pattem, resulting in episodes of "constmctive" and "destmctive" interference (Gershunov 

and Bamett, 1998). Recently, Brown and Comrie (2004) identified a spatial anomaly, or 

'dipole', whereby fall season El Nino (La Nina) events occurring during cold (warm) 

phases of the PDO pattem did not have a significant correlation with winter season 

precipitation anomalies in the Southwest (Pacific Northwest). These findings suggest 

that the predictable relationship between ENSO and Westem U.S. climate, specifically 

the three-month lagged relationship between fall ENSO conditions and winter 

precipitation, may not be spatio-temporally consistent, but rather may vary in a fashion 

commensurate with PDO phasing. 

B.3 OBJECTIVE 

The goal of this study is an improved understanding of winter season atmospheric 

dynamics across the Westem U.S. within the context of both interannual ENSO 
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variability and interdecadal phasing of the PDO pattern. Specifically, analyses of the 

relationship between fall ENSO conditions and winter circulation anomalies during 

distinct interdecadal climate regimes are needed to better understand the behavior of the 

ENSO system on decadal time scales, to identify climatic impacts in the Western U.S. 

associated with decadal-scale ENSO variability, and to enhance the skill of seasonal 

climate outlooks for the Western U.S. To these ends, the following research questions 

are addressed in this study: 

• How do winter atmospheric circulation anomalies across the Western U.S. 

associated with antecedent fall season ENSO events differ during warm and 

cold phases of the PDO pattern? 

• Do winter atmospheric circulation anomalies preceded by fall El Nino and La 

Nina conditions conform to the expected "canonical" patterns during both 

phases of the PDO pattern? 

B.4 DATA AND METHODS 

To identify winter season (DJF) circulation anomalies across the Western U.S., 

the NCEP/NCAR Reanalysis dataset (Kalnay et al., 1996) was employed. This dataset is 

a 50+ year record of global analyses of atmospheric fields designed for climate research 

and monitoring. A comprehensive data assimilation system is used to ensure data 

homogeneity by removing false "climate jumps" from the dataset. The Reanalysis 

dataset is ideally suited to a study of circulation variability because of its continuous 

temporal coverage (1948 - present), the availability of a wide range of atmospheric 
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variables at multiple atmospheric levels, and the on-line data interface and mapping 

capabilities provided via the NOAA Climate Diagnostics Center 

(http://www.cdc.noaa.gov). The Reanalysis dataset does have important limitations, 

especially given that it is model-driven more than observation-driven over many parts of 

the globe. This makes its utility and reliability less robust in certain areas, particularly 

over oceans. The use of Reanalysis data in this study is thus undertaken within the 

context of these underlying assumptions and limitations. 

The time period of the study was chosen as a function of PDO phasing during the 

20^ century. Armual values of the PDO index, obtained from the University of 

Washington's Joint Institute for the Study of the Atmosphere and Ocean (JISAO; 

http://tao.atmos.washington.edu), are shown in Figure 1. This index of the PDO 

represents a time series of the first rotated component from an empirical orthogonal 

fiuiction (EOF) analysis of north Pacific sea surface temperatures. Because the 

Reanalysis dataset begins in 1948, circulation anomalies prior to this date could not be 

analyzed. However, the beginning of the dataset in 1948 closely corresponds to a phase 

shift in the PDO index that occurred around 1947 (Figure 1), and the temporal coverage 

of the Reanalysis dataset to the present time allowed for circulation variability analysis 

during two discrete PDO phases: cool (1948-1976) and warm (1977-1998). 

The individual winter seasons selected for circulation analysis were chosen based 

upon antecedent fall season (SON) ENSO conditions. The Southern Oscillation Index 

(SOI), an atmospherically-based measure of tropical Pacific climate conditions that has 

been used successfully in other Western U.S. climate analyses (e.g., Redmond and Koch, 

http://www.cdc.noaa.gov
http://tao.atmos.washington.edu
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1991), was used to capture variability in the ENSO system. A three-month normalized 

SOI anomaly threshold of ±0.4, utilized in prior analyses (e.g.. Brown and Comrie, 

2004), was used to quantify warm (El Nino) and cold (La Nina) ENSO events for the fall 

season. These ENSO events were then stratified by PDO phase; 29 fall season ENSO 

events since 1948, and their delineation by PDO phase, are shown in Table 1. The 29 

corresponding winters used in the circulation analysis are listed in Table 2. 

Using the Reanalysis dataset and CDC on-line interface, maps of DJF 

geopotential height anomalies at the 850mb, 700mb, and 500mb levels were generated 

for the Western U.S. for winters following SON ENSO events. Three pressure levels 

were selected for analysis to allow for a comprehensive examination of lower- and mid-

tropospheric winter circulation variability. The maps were grouped by PDO phase and 

by antecedent SON ENSO conditions, resulting in four sets of maps for each pressure 

level (e.g., El Nino/PDO Cold, La Nina/PDO Cold, El Nino/PDO Warm, La Nina/PDO 

Warm). 

B.5 RESULTS 

B.5.1 PDO cold phase (1948-1976) 

Fall season El Nino conditions, as defined by a three-month (SON) average SOI 

threshold of -0.4, occurred eight times during the PDO cold phase of 1948-1976. The 

winter (DJF) circulation patterns over the Western U.S. following the occurrence of these 

SON EI Nino events exhibited a large degree of heterogeneity. Mean 850mb DJF 

geopotential height anomaly maps for three of the eight winters (1952, 1966, 1973) 
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reveal the presence of lower-than-normal heights over much of the Western U.S. (Figure 

2) in a manner consistent with the expectation of a southerly displacement of the mid-

latitude jet stream associated with El Nino conditions. However, for a majority of the 

winters (1954, 1958, 1959, 1964, 1970), this expected El Nino-driven anomaly pattern is 

either shifted offshore or absent entirely, with higher-than-normal heights (ridging) 

prevailing instead over much of the West. This ridging pattern is echoed strongly at both 

the 700mb (Figure 3) and 500mb (Figure 4) levels for each of these five winter seasons, 

suggesting that, on average, SON El Nino events that occurred during the 1948-1976 cold 

phase of the PDO were not well correlated with expected DJF troughing patterns, 

especially over parts of Southern California, Arizona, and New Mexico. 

Nine SON La Nina episodes occurred during this same PDO cold phase. In 

contrast to the winter circulation anomalies associated with fall El Nino events, there is a 

marked level of consistency in the DJF geopotential height patterns associated with fall 

La Nina events. At the 850mb level, seven of the nine winters (1957, 1963, 1965, 1971, 

1972,1974, 1976) are characterized by the presence of an above-normal height anomaly 

centered just off the Pacific coast (Figure 5). Moreover, the height patterns during the 

most recent five of these winters show a striking similarity, with a juxtaposition of the 

off-shore ridge and a deep trough located over the central U.S. This pattern is clearly 

evident as well in the 700mb height anomalies for the same five winters (Figure 6), and is 

echoed to some degree in the maps for 1957 and 1963. The off-shore ridge and mid-

continent trough are also easily detected for the majority of the winters at the 500mb 

level (Figure 7), although the relative strength of the anomalies is somewhat less 
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pronounced. Only the DJF circulation patterns of 1951 and 1956 do not clearly conform 

to the expected ridge-trough pattern associated with La Nina conditions at any of the 

three geopotential height levels. 

B.5.2 PDO warm phase (1977-1998) 

Fall season El Nino conditions prevailed in ten years during the warm PDO phase 

of 1977-1998, and the circulation anomalies for the majority of the winter seasons that 

followed reflect the canonical circulation signature typically associated with strong El 

Nino events. The mean 850mb DJF geopotential height anomalies for six of the ten 

winters (1978, 1983, 1992, 1993, 1995, 1998) exhibit troughing along the Pacific coast, 

and during the especially strong El Niflo events of 1983, 1993, and 1998, across much of 

the Western U.S. as well (Figure 8). The height anomalies at 700mb (Figure 9) and 

500mb (Figure 10) for these six winters correlate well with those at 850mb. Winters that 

were preceded by generally weaker SON El Nino episodes (1987, 1988, 1991, 1994) do 

not reflect this same height anomaly pattern, but instead are biased towards ridging over 

nearly all of the Western U.S. Taken together, these circulation anomalies indicate that 

weak-to-moderate SON El Nino events during the most recent PDO warm phase did not 

produce the same DJF troughing pattern over the West that the strong SON El Nifio 

events did. 

Fall season La Nina conditions occurred only twice during this PDO warm phase, 

resulting in a very limited sample size from which to make inferences about associated 

winter circulation variability. Strong ridging is present in the 850mb DJF geopotential 
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height anomaly maps following both of these SON La Nina events (Figure 11), with a 

center of ridging located just off the Pacific coast and higher-than-normal heights present 

over nearly the entire Western U.S. This circulation pattern is well captured in the 

700mb maps (Figure 12) and, to a somewhat lesser extent, at 500mb (Figure 13). Despite 

the small sample size of SON LaNifla events during the PDO warm phase of 1977-1998, 

it is worth noting that DJF geopotential height anomalies for both winters in question did 

conform to the expectation of ridging over much of the West Coast. 

B.6 CONCLUSIONS 

Seasonal forecasts of winter precipitation in the Western U.S., based largely on 

ENSO conditions, benefit a wide range of user groups. Previous studies, such as Gutzler 

et al. (2002) and Brown and Comrie (2004), have shown that the skill of these forecasts 

and the expected impacts associated with ENSO vary on multi-decadal time scales in a 

manner consistent with phasing of the PDO pattern. The results presented in this paper 

build on the precipitation analyses of Brown and Comrie (2004) by highlighting the 

tendency of fall season (SON) El Nino and La Nina events to correlate with canonical 

winter (DJF) geopotential height anomaly patterns over the Western U.S. as a fimction of 

PDO phase. 

During the PDO cold phase of 1948-1976, SON El Nino events tended not to 

precede the expected DJF troughing pattern over the West that would suggest above-

normal precipitation in many areas, particularly the southwestern states. However, SON 

La Nina conditions during this PDO cold phase were well-correlated with the occurrence 
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of DJF high-pressure ridging centered off the Pacific coast. Thus, during the 1948-1976 

PDO cold phase, fall season La Nina events were a more reliable predictor of expected 

ENSO-driven winter circulation patterns over the Western U.S. than were fall season El 

Nino events. 

For the PDO warm phase of 1977-1998, the reliability of SON El Nino conditions 

as a predictor of canonical DJF geopotential height anomalies tended to be tied to the 

strength of the particular fall season ENSO event. The strongest SON El Nino episodes 

preceded DJF troughing along the Pacific coast, as would be expected during a strong El 

Nino regime. Weak-to-moderate SON El Nino events during this PDO warm phase, 

however, did not produce the same DJF troughing pattern that the strong SON El Nino 

events did, and in fact were more closely associated with DJF ridging over much of the 

Western U.S. This suggests that fall season El Nino conditions were generally a reliable 

predictor of winter circulation anomalies over the Western U.S. during this PDO warm 

phase only when the SON El Nino event was a moderate-to-strong event. Only two SON 

La Nina events occurred during this PDO warm phase, but in both cases the DJF 

geopotential height anomalies did exhibit La Nina-driven ridging along much of the 

Pacific coast. 

Forecast lead times of several months are of particular operational utility in the 

decision-making processes of many of these stakeholders. The reliability of fall season 

ENSO events as a predictor of winter precipitation and circulation anomalies in the 

Western U.S. is especially important, as winter climate impacts can affect a range of 

important physical (e.g., snowpack depth, rain-on-snow flooding) and social (e.g.. 
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transportation, energy costs) systems. The results presented here highlight uncertainty at 

interdecadal time scales surrounding the use of ENSO conditions, particularly El Nino 

events, as a seasonal climate forecast tool. Further work is necessary to fully understand 

the physical underpinnings of ENSO telecoimections and impacts on the Western U.S. 

within the context of interdecadal variability across the Pacific basin, particularly the 

implication that the regional robustness and predictive value of ENSO-based forecasts 

may vary substantially on multi-decadal time scales. 
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TABLE B.l - Winter seasons (DJF) selected for circulation analysis, based upon the 
occurrence of antecedent fall season (SON) El Nino or La Nina events (3-month mean 
SOI anomaly of ±0.4), and stratified by PDO phase. 

PDO Cold 1948-1976) PDO Warm (1977-1998) 

Antecedent El Nifto Antecedent La Nitla Antecedent El Nifio Antecedent La Nifta 

1952 1951 1978 1989 
1954 1956 1983 1999 
1958 1957 1987 
1959 1963 1988 
1964 1965 1991 
1966 1971 1992 
1970 1972 1993 
1973 1974 1994 

1976 1995 

1998 
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FIGURE B.l - Circulation data from the Reanalysis dataset are available beginning in 
1948. This temporal coverage corresponds closely to the most recent cold (1947-1976) 
and warm (1977-1998) phases of the PDO, shown as standardized annual index values. 
This allows for an analysis of winter circulation variability over the Western U.S. during 
these two discrete climatic periods. 
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FIGURE B.2 - Winter (DJF) 850mb geopotentiai height anomalies following antecedent 
fall (SON) El Nino events, during the 1948-1976 cold phase of the PDO pattern. The 
mean 850mb geopotentiai height anomaly for these winters is also shown. 
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FIGURE B.3 - Winter (DJF) 700mb geopotential height anomalies following antecedent 
fall (SON) El Nifto events, during the 1948-1976 cold phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shown. 

mean 
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FIGURE B.4 - Winter (DJF) 500mb geopotential height anomalies following antecedent 
fall (SON) El Niflo events, during the 1948-1976 cold phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.5 - Winter (DJF) 850mb geopotential height anomalies following antecedent 
fall (SON) La Nina events, during the 1948-1976 cold phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.6 - Winter (DJF) 700mb geopotential height anomaUes following antecedent 
fall (SON) La Nina events, during the 1948-1976 cold phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.7 - Winter (DJF) 500mb geopotential height anomalies following antecedent 
fall (SON) La Nina events, during the 1948-1976 cold phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shovra. 
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FIGURE B.8 - Winter (DJF) 850mb geopotential height anomalies following antecedent 
fall (SON) El Nino events, during the 1977-1998 warm phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shown. 

1978 1983 

dk «• r* lie 

1987 

1988 1991 1992 

is n 

1993 1994 1995 

1998 mean 



74 

FIGURE B.9 - Winter (DJF) 700mb geopotential height anomalies following antecedent 
fall (SON) El Nifio events, during the 1977-1998 warm phase of the PDO pattern. The 
mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.IO - Winter (DJF) 500mb geopotential height anomalies following 
antecedent fall (SON) El Nino events, during the 1977-1998 warm phase of the PDO 
pattern. The mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.l 1 - Winter (DJF) 850mb geopotential height anomalies following 
antecedent fall (SON) La Nina events, during the 1977-1998 warm phase of the PDO 
pattern. The mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.12 - Winter (DJF) 700mb geopotential height anomalies following 
antecedent fall (SON) La Nina events, during the 1977-1998 warm phase of the PDO 
pattern. The mean 850mb geopotential height anomaly for these winters is also shown. 
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FIGURE B.13 - Winter (DJF) 500mb geopotential height anomalies following 
antecedent fall (SON) La Nina events, during the 1977-1998 warm phase of the PDO 
pattern. The mean 850mb geopotential height anomaly for these winters is also shown. 
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APPENDIX C: PACIFIC CLIMATE FORCING OF MULTI-DECADAL SPRINGTIME 
MINIMUM TEMPERATURE VARIABILITY IN THE WESTERN UNITED STATES 

C.l ABSTRACT 

Recent trends toward an earlier spring season onset in the western United States 

have recently been documented and are of interest to many different users of climate 

information throughout the region. The variability of spring season temperatures on 

multi-decadal timescales, however, has been less well quantified. In this study, the 

spatio-temporal variability of spring season minimum temperatures in the western United 

States is examined as a function of multi-decadal Pacific climate variability for the period 

1925-1994. Spatio-temporal variations in minimum temperature patterns, as determined 

by a principal components-based regionalization analysis, indicate a significant statistical 

relationship between March and April minimum temperatures and multi-decadal Pacific 

climate variability, measured diagnostically using an index of the Pacific Decadal 

Oscillation (PDO). Anomalous temperature patterns associated with cool (warm) phases 

of the PDO are evident in the Pacific Northwest (Southern Coast) region during March 

(April), suggesting a possible association with canonical interaimual ENSO impacts. 

These results have implications for an improved imderstanding of multi-decadal climate 

dynamics across the West, including the detection and attribution of recent temperature 

trends, as well as climate-driven environmental impacts including growing season length 

and intensity. 
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C.2 INTRODUCTION 

Variability in the climate system affects numerous environmental and 

socioeconomic systems in the western United States. Water and wildfire management, 

agricultural and ranching interests, tourism, and energy production are but a few of the 

activities influenced by climate fluctuations on both short and long time scales. The 

prediction of fiiture climate variations, and the ability to adapt to or mitigate the resulting 

impacts, represents an ongoing challenge for users of climate information throughout the 

West. 

Of particular interest to many stakeholders in this region are recent trends in 

spring season temperatures. Within the context of global-scale 20"' century warming 

(Mann et al., 1999), studies have shown that the onset of spring has occurred 

progressively earlier in the West during recent decades as minimum temperatures have 

increased (Cayan et al., 2001). The melting of snowpack in the Sierra Nevada 

mountains, as evidenced by the timing of peak streamflow due to runoff, occurs 

approximately three weeks earlier today as compared to 1948 (Stewart et al, 2004). In 

the Pacific Northwest, April 1®^ snow water equivalent (SWE) measurements, an indicator 

of snowpack depth, show a negative trend since 1950 (Mote, 2003), which may be 

indicative of an increase the altitude of fi"eezing levels in mountainous regions (Diaz et 

ah, 2003). These findings are consistent with studies that have indicated increasing frost-

fi-ee periods across the United States (Kunkel et al., 2004) and earlier spring onset in 

other regions (e.g., Zhao and Schwartz, 2003). 
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Although the trend towards an increasingly early onset of spring in the western 

United States has been relatively well-documented by these and other studies, the relation 

of spring temperatures to mechanisms of climate variability on multi-decadal time scales 

has been less well explored. In particular, the variability of spring season minimum 

temperatures needs to be examined within the context of multi-decadal Pacific Ocean 

climate drivers that may have a pronounced impact on climatic conditions across the 

West, so that recent temperature trends can be better detected and attributed to their true 

sources. Chief among these is the El Nino - Southern Oscillation (ENSO), a leading 

mode of interaimual climate variability (Trenberth, 1997) that may also manifest itself on 

decadal time scales as captured by the Pacific Decadal Oscillation pattern. While other 

modes of multi-decadal climate variability, such as the Atlantic Multi-decadal Oscillation 

(Enfield et al., 2001), may also influence western United States climate - for instance, in 

the occurrence of widespread drought (McCabe et al, 2004) - muhi-decadal climate 

forcing centered within the Pacific basin is the focus of this study. 

The Pacific Decadal Oscillation (PDO), a pattern of sea surface temperature 

variability with temporal phasing of 20-30 years (Mantua et al., 1997), represents a useful 

diagnostic tool for investigating multi-decadal Pacific climate variability and associated 

impacts in the western United States. The PDO has a spatial structure similar to that of 

the El Nino - Southern Oscillation (ENSO) (Zhang et al., 1997), and likely represents in 

large part the integration of interannual ENSO variability into muhi-decadal Pacific sea 

surface temperature patterns (Newman et al., 2003). Statistical indices of the PDO 

pattern reveal highly distinct phasing at 20-to-30 year intervals during the 20"^ century. 
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such that "warm" (1925-1946, 1977-1998) and "cool" (1947-1976) phases of the PDO 

pattern are readily identified. 

Previous studies have identified varying climatic conditions across the West 

concomitant with warm and cool phases of the PDO pattem. Many of these studies have 

focused on precipitation (e.g., Gershunov and Bamett, 1998; McCabe and Dettinger, 

1999; Brown and Comrie, 2004); others have considered multi-decadal temperature 

variability (e.g., Mauget(a), 2003; Mauget(b), 2003) or drought occurrence (e.g.. Cole 

and Cook, 1998; Barlow et ah, 2001). Because the PDO pattem may be highly correlated 

with interannual ENSO variations, and because ENSO impacts on temperature across the 

western United States can be quite marked (Redmond and Koch, 1991), it is possible that 

multi-decadal temperature variations, including minimum temperature variability, exist 

across the West as a result of Pacific climate forcing. 

C.3 OBJECTIVE 

In this study, the variability of spring season minimum temperature patterns 

across the western United States from 1925-1994 is examined as a function of multi-

decadal Pacific climate variability. Phasing of the PDO pattem is used as a guide for 

analyzing spring temperature variability during distinct 20*'^ century Pacific climate 

regimes. Spatial distinctions in minimum temperature patterns across the West, and 

variability in minimum temperature time series, are examined in relation to PDO phase 

shifts. The findings presented here provide a fi-amework for fixture studies of multi-

decadal temperature variability in the region, particularly in regard to growing season 
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length and intensity as quantified by total heating degree days, and have potential utility 

for many users of climate information throughout the West. 

C.4 DATA 

Monthly mean minimum temperatures were extracted from the U.S. Historical 

Climatology Network (HCN) dataset (http://cdiac.oml. gov/r3d/ushcn/ushcn r3.html) for 

the period 1925-1994. Temperature data from a total of 366 stations covering eleven 

Western states were used in the study (Figure 1). The months of March and April were 

selected for analysis because they border the traditional date of peak Western U.S. 

snowpack levels (April 1®*), as well as the calendar onset of spring (around March 21®*). 

The months were analyzed separately in order to highlight possible distinctions in 

temperature patterns as the spring season progressed. The analyses are bounded by 1925 

to coincide with the beginning of a PDO-defined warm phase (described further below), 

and by 1994 which approximates the end of the most recent PDO warm phase. 

An index of the Pacific Decadal Oscillation (PDO) pattern was obtained from the 

Joint Institute for the Study of the Atmosphere and Ocean at the University of 

Washington (http://tao.atmos.washington.edu/pdo/). Mean annual PDO index values 

were used to define discrete "warm" and "cool" PDO phases at 20-to-30 year intervals 

during the 20*'' century (Figure 2). Warm phases occurred from 1925-1946 and 1977-

1998, and a cool phase occurred during the period 1947-1976. Before 1925, the behavior 

of the PDO pattern is less clear, and PDO index values from this period were not 

considered. Because the temperature data from the U.S. HCN dataset end in 1994, PDO 

http://cdiac.oml
http://tao.atmos.washington.edu/pdo/
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index values at the tail end of the most recent warm phase (1995-1998) were also not 

included. Annual values of the PDO index were retained for a correlation analysis with 

factor score time series as described in Section 5. 

C.5 METHODS 

C.5.1 Principal components-based regionalization 

A regionalization methodology was used to identify spatial patterns in March and 

April minimum temperatures. Regionalization is a synoptic climatology technique that 

uses a circulation-to-environment perspective to relate the surface environment to a 

controlling circulation feature (Yamal, 1993), and has been shown to be an effective 

method for capturing spatial climate variance in the western U.S. (e.g., Comrie and 

Glenn, 1998). A series of regionalization analyses were conducted separately for March 

and April minimimi temperature: entire period (1925-1994), years occurring during PDO 

warm phases (1925-1946 and 1977-1994, considered as a single unit to maximize the 

number of observations), and years occurring during PDO cool phases (1947-1976), 

resulting in a total of six regionalizations (three for March and April each). 

Principal components analysis (PCA) was selected as the data reduction 

methodology, using S-mode decomposition and a covariance matrix to emphasize 

anomalies and variance in the temperature data over space. Covariance matrices have 

been regarded as an appropriate choice of dispersion matrix for climate regionalizations 

(White et ah, 1991; Yamal, 1993). The temperature data were first standardized using z-

scores, and the components were rotated using a direct oblimin (oblique) rotation (6 = 0), 
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as oblique rotations were found superior to orthogonal rotations in previous climate 

regionalizations (e.g.. White et al, 1991). Visual inspections of the resulting scree plots, 

using a 5 = 1 eigenvalue threshold, were used to determine the number of components to 

be retained for each regionalization. For the entire period (1925-1994), five components 

representing approximately 75% of the total variance were retained for both March and 

April minimum temperature. Similarly, five components were retained for the 

March/PDO warm and April/PDO cool regionalizations. For the March/PDO cool and 

April/PDO warm classifications, only four principal components were retained. In all 

instances, the decision on how many components to retain was fairly clear in relation to 

the scree plots and eigenvalues. 

For each of the six regionalizations, every HCN station was assigned to its 

primary principal component as determined by the absolute value of the PC loadings. 

User-defined contours were then created to delineate the different regions (e.g., stations 

loading primarily onto PC 1, PC 2, etc.). In less than 5% of all instances, stations loading 

onto a certain PC were assigned to a different region in order to maintain coherency in 

the spatial patterns; however, the regions are largely homogeneous. 

C.5.2 Component score time series 

Using the spatial regions defined by the March 1925-1994 and April 1925-1994 

regionalizations, a second set of PCA-based classifications was developed. Principal 

components analyses were conducted separately on the stations falling within each of the 

five regions for both March and April, resulting in an additional 10 PC-based 
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classifications. In this instance, the temporal variability of mean minimum temperature 

was the focus, rather than the spatial variability. As a result, correlation matrices were 

used as opposed to the covariance matrices employed in the initial regionalizations 

(Yamal, 1993). In addition, the principal components were left unrotated, as rotation is 

used primarily for visual interpretation and thus was not necessary for the temporal 

analyses. 

For each of the ten regions (five each for March and April) on which the second 

set of PC A had been conducted, the component scores associated with the first principal 

component were retained and plotted as a time series from 1925-1994. Component score 

time series means were determined for each of the three PDO warm and cool phases 

occurring from 1925-1994. Additionally, correlations between the component score time 

series for each region and annual values of the PDO index were calculated. In this 

manner, the temporal variability associated with each of the original PCA-defined regions 

for both March and April could be analyzed in relation to variability of the PDO over the 

same time period. 

C.6 RESULTS AND DISCUSSION 

C.6.1 Regionalizations 

The regionalizations of March and April mean minimum temperatures for the 

1925-1994 time period are shown in Figure 3. The spatial delineation of the regions is 

similar for the two months, in both instances highlighting a large Califomia-Nevada-

Arizona ("Southern Coast") region, a Washington-Oregon-Idaho ("Pacific Northwest") 
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region, a Montana-Wyoming ("Northern Rockies") region, a Colorado-New Mexico 

("Southern Rockies") region, and an "Interior" region centered near the Utah-Idaho 

border. The spatial extent of each region is not identical for both March and April; for 

instance, the Interior region is much smaller and has a more northerly displacement in 

March that in April. This is due partly to the nature of the user-drawn contours and 

subjective classification of certain stations with anomalous primary PC loadings. 

However, the general spatial patterns are quite comparable for the two months, 

suggesting consistency and cohesiveness in the distribution of springtime minimum 

temperatures across the West. 

For the regionalizations stratified by PDO warm and cool phases, there is some 

degree of deviation from the long-term March and April minimum temperature patterns 

(Figure 4). During PDO warm phases, March minimum temperature patterns retain a 

high degree of similarity for all regions with the fiill period March regionalization, 

differing only by a southward shift in the Pacific Northwest/Southern Coast boundary and 

a reduction in the westward extent of the Southern Rockies region. However, the April 

regionalization for PDO warm conditions reveals some noticeable differences with the 

full period April regionalization. The Interior region drops out, replaced by an eastward 

expansion of the Southern Coast region across all of Nevada to include portions of Utah 

and Idaho. In addition, the Pacific Northwest region is reduced in size, as a result of the 

expansion of the Southern Coast region northward into Oregon and Idaho. The Northern 

Rockies and Southern Rockies regions do not differ appreciably from the full-period 

April regionalization. 
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Spatial variability in the PC-defined March and April minimum temperature 

patterns is also noted during the PDO cool phase of 1947-1976, when contrasted with the 

full period March and April temperature regionalizations. The March patterns during the 

PDO cool phase, as for April/PDO warm conditions, do not include an Interior region; in 

this instance, however, it is the Southern Rockies region, not the Southern Coast region, 

that expands into this area. The Pacific Northwest region is also expanded, to the east 

and south, while the Southern Coast and Northern Rockies regions are somewhat reduced 

in size. The April temperature regionalization during PDO cool conditions reveals a 

marked increase in size of the Interior region, particularly towards the east and south, 

which differs noticeably from the other PDO-stratified regionalizations. The Southern 

Coast, Pacific Northwest, and Southern Rockies regions are all compressed as a result of 

this Interior expansion, while the Northern Rockies region generally mirrors its size and 

shape in the full-period April regionalization. 

March and April minimum temperature regionalizations, when analyzed for PDO 

warm and cool phases separately, demonstrate spatial variability between each other as 

well as with the full period (1925-1994) regionalizations, suggesting a possible 

connection to multi-decadal climate forcing. The exact nature of this connection remains 

unclear; however, it is possible that interannual springtime minimum temperature 

variability across the West, as a function of such climate drivers as ENSO, may be related 

to the background state of the PDO pattern. For example, Brown and Comrie (2004) 

show that, during cool phases of the PDO, "canonical", or expected interannual ENSO 

impacts in the Pacific Northwest are relatively robust. This finding may be 
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complemented in the March regionalization maps presented here, where the area of 

greatest explained spatial variance (i.e., stations loading onto PC 1) shifts to the Pacific 

Northwest region during PDO cool conditions (Figure 4). Conversely, during PDO warm 

phases, the expected interannual ENSO impacts are strong along the southern California 

coast and in the southwestern states; it is possible that the expansion of the Southern 

Coast region in the April/PDO warm regionalization reflects this influence. 

C.6.2 Component score time series 

Further evidence of the possible influence of multi-decadal climate forcing on 

springtime minimum temperatures is found in the second set of PC A analyses, conducted 

using groups of stations defined by the full period regionalizations shown in Figure 3. 

Time series of the component scores associated with the first principal component for 

each region, for the period 1925-1994, are shown for March (Figure 5) and April (Figure 

6). Without exception, these 10 time series are marked by a decrease in mean values 

during the PDO cool phase of 1947-1976, relative to the PDO warm phases bounding it 

fi-om 1925-1946 and 1977-1994. This difference in means in both the March and April 

component score time series, as stratified by PDO phase, is shown in Table 1. 

The component score time series were also correlated with aimual values of the 

PDO index for the period 1925-1994, with the results highlighted in Table 2. Component 

scores for all five of the March temperature regions correlated with the PDO index at 

statistically significant levels of either a = 0.05 (Southern Rockies region) or a = 0.01 

(Southern Coast, Pacific Northwest, Northern Rockies, and Interior regions). For April 
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minimum temperatures, the component score time series from the Pacific Northwest and 

Southern Coast regions (a = 0.05), as well as the Interior region (a = 0.01), have a 

statistically significant relationship to annual variability of the PDO index. Taken 

together, the results highlighted in Tables 1 and 2 point to a strong statistical relationship 

between springtime minimum temperatures in the western United States and multi-

decadal climate variability represented by the PDO pattern. 

C.7 CONCLUSIONS 

In this study, the spatio-temporal variability of spring season minimum 

temperature in the western United States was examined as a function of multi-decadal 

Pacific climate variability for the period 1925-1994. Regionalization, a synoptic 

climatology technique, was used to identify spatial patterns in March and April minimum 

temperatures across the West. The PDO was used as a diagnostic tool to investigate the 

possible influence of multi-decadal climate forcing on the resulting variability of these 

patterns. Spatial distinctions among the temperature regions as determined by principal 

components analysis, and temporal variability in the associated component score time 

series, were examined in relation to PDO phasing from warm to cool conditions at 20-to-

30 year intervals during the study period. 

March and April minimum temperatures demonstrate regional spatial variability 

during the 1925-1994 study period in a manner commensurate with PDO phase shifts. 

Anomalous temperature patterns associated with cool (warm) phases of the PDO are 

evident in the Pacific Northwest (Southern Coast) region during March (April), 
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suggesting a possible association with canonical interannual ENSO impacts. Component 

scores associated with PCA-defined spatial regions of minimum temperature also exhibit 

significant statistical relationships with the PDO pattern during the 1925-1994 study 

period. This evidence points to a connection between multi-decadal climate forcing in the 

Pacific basin and springtime minimum temperatures in the western United States. 

Further investigation of the variability of spring season temperatures across the 

West is necessary to better elucidate the potential influence of large-scale climate drivers 

on both temperature trends and decadal-scale temperature variations. The isolation, and 

statistical removal, of multi-decadal sources of variability in temperatiare time series 

would allow for a more thorough examination of the magnitude and slope (i.e., 

unidirectional or not) of any imderlying warming trend, especially pertaining to earlier 

spring onset dates in the West. An analysis of the preferred modes of springtime 

atmospheric circulation during warm and cool phases of the PDO pattern, and a regional 

study of cooling degree day variability with implications for growing season length and 

intensity, among other possible studies, could aid in this endeavor and benefit numerous 

stakeholder interests throughout the West. A more temporally-extensive study to validate 

20"^ century temperature variations could also be undertaken using reconstructions of pre-

instrumental PDO index conditions. 
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TABLE C.l - Mean factor scores for the first principal component in each of the PCA-
defined temperature regions. Factor scores are stratified by PDO phase to show 
differences in the PC time series during warm and cool PDO phases. 

March 
PDO Warm PDO Cool PDO Warm 
1925-1946 1947-1976 1977-1994 

Region 1 (0.01) (0.40) 0.67 
Region 2 0.00 (0.43) 0.72 
Region 3 0.17 (0.47) 0.57 
Region 4 0.01 (0.38) 0.62 
Region 5 (0.08) (0.32) 0.64 

April 
PDO Warm PDO Cool PDO Warm 
1925-1946 1947-1976 1977-1994 

Region 1 0.28 (0.52) 0.52 
Region 2 (0.04) (0.33) 0.59 
Region 3 0.05 (0.22) 0.31 
Region 4 0.09 (0.32) 0.42 
Region 5 0.41 (0.45) 0.25 
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TABLE C.2 - Correlations between factor score time series for the first principal 
component in each of the PCA-defined regions, and an index of the PDO pattern, 1925-
1994. Statistically significant correlations at the a = 0.05 (a = 0.01) levels are indicated 
with * (**). 

March 

Region 1 0.47 ** 
Region 2 0.40 ** 
Region 3 0.52 ** 
Region 4 0.30* 
Region 5 0.34 ** 

April 

Region 1 0.51 ** 
Region 2 0.32 ** 
Region 3 0.13 
Region 4 0.20 
Region 5 0.31 * 
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FIGURE C.l - Locations of 366 Historical Climatology Network stations used for 
regionalization of March and April mean minimum temperatures, 1925-1994. 
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FIGURE C.2 - Mean annual values of the PDO index, 1925-1998. Two PDO warm 
phases and one PDO cool phase used to stratify the 1925-1994 temperature analyses are 
highlighted. 
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FIGURE C.3 - Regionalization of mean minimum temperature for March and April, 
1925-1994. User-defined regions based on primary component loadings are shown. 
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FIGURE C.4 - Regionalization of mean minimum temperature for March and April 
during warm (1925-1946,1977-1994) and cool (1947-1976) phases of the PDO pattern. 
User-defined regions based on primary component loadings are shown. 
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FIGURE C.5 - Component score time series, 1925-1994, associated with the leading 
principal component for each of the five PCA-defined March minimum temperature 
regions. Warm (red) and cool (blue) phases of the PDO index are shaded. 
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FIGURE C.6 - Component score time series, 1925-1994, associated with the leading 
principal component for each of the five PCA-defined April minimum temperature 
regions. Warm (red) and cool (blue) phases of the PDO index are shaded. 
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