
Sierra Nevada tree-rings and atmospheric circulation

Item Type text; Dissertation-Reproduction (electronic)

Authors Garfin, Gregg Marc, 1957-

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 21:16:33

Link to Item http://hdl.handle.net/10150/288925

http://hdl.handle.net/10150/288925


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter &ce, while others may be 

from any type of computer printer. 

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 bleedthrough, substandard margins, 

and improper aligtunent can adversely affect reproduction. 

In the unlikely event that the author did not send UMI 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. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or iUustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zed) Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600 





NOTE TO USERS 

The original manuscript received by UMI contains pages with 
slanted, light, and/or indistinct print. Pages were 

microfilmed as received. 

This reproduction is the best copy available 

UMI 





SIERRA NEVADA TREE-RINGS AND ATMOSPHERIC CIRCULATION 

by 

Gregg Marc Garfm 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF GEOSCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 8  



DMI Niiinber: 9912154 

UMI Microform 9912154 
Copyright 1999, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

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

read the dissertation prepared by Gregg Marc Garfln 

entitled Sierra Nevada Tree Rings and Atmospheric Circulation 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Malcolm K. 

y-t 
^therine K. Hirschboeck 

Owen K. ̂^vis 

Andrew Comrie 

Lisa J. Graumlich 

Date 

^ 9 r 
Date 

Date 

Date. 

Date 

i\i\ 11 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy 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. 

Dissertation Director Icolm K. Hughes 



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 manu.script in whole or in part may be 
granted by the copyright holder. 

SIGNED 



4 

ACKNOWLEDGMENTS 

This dissertation research was funded by the following grants: Cooperative Agreement 
CA 8033-1-0002 with the National Park Service (Malcolm Hughes. P.I.). NOAA Grant 
NA66GP0311 (Malcolm Hughes. P.I.) and NOAA Grant GC96-188 (Katie Hirschboeck. 
Dave Meko P.I.). 

1 am grateful to the following people for valuable discussions about this research and 
careful critique of the chapters of this dissertation; Pat Bartlein. Tim Brown. Andrew 
Comrie. Owen Davis. Lisa Graumlich. Hoshin Gupta. Katherine Hirschboeck. Richard 
Holmes. Malcolm Hughes. Bob Maddox. Dave Meko. Dave Meko. Cary Mock. Fenbiao 
Ni. Paul Sheppard. 

1 thank the faculty, staff and students of the University of Oregon Geography 
Department for their insights and generosity. Pat Bartlein. Adam Light. Tom Minckley. 
Cary Mock. Alec Murphy, and J.J. Shinker were most helpful during my stay there. 

All data used in this research were painstakingly collected, developed and quality tested 
by many individuals. Tree-ring chronologies were kindly provided by .Malcolm Hughes. 
Lisa Graumlich. John King and Andrea Lloyd. The efforts of the aforementioned were 
supported by the efforts of dozens of student workers and staff at the Laboratory' of Tree-
Ring Research, and I gratefully acknowledge their labor, the fruits of which include this 
research. 

Thanks to Henri Grissino-Mayer for the development and use of his bibliographic 
database, an invaluable tool for dendroclimatology. Martin Munro and Jerry Mohr are 
gratefully acknowledged for their a-ssistance with computers and graphics. The following 
people assisted with data preparation and computer programming: Richard Holmes. John 
King. Bob Lofgren. and Ramzi Touchan. 

I thank my dis.sertation committee. Andrew Comrie. Owen Davis. Lisa Graumlich. 
Katie Hirschboeck and Malcolm Hughes for their support and constructive criticism. 1 
especially thank Malcolm Hughes, who provided me with funding, intellectual insights, 
re.search and professional opportunities, and whose confidence in me never flagged. 

The faculty, staff and students of the Laboratory of Tree-Ring Research have provided a 
superb environment for scientific study. 1 thank Rex Adams. Bryant Bannister. Franco 
Biondi. Tony Caprio. Richard Holmes. Andrea Lloyd. Martin Munro. Linda Mutch. Steve 
Nash. Fenbiao Ni. Jim Parks. Elise Pendall. Paul Sheppard. Ramzi Touchan and Connie 
Woodhou.se for their friendship, encouragement and perspectives on dendrochronology. 

I am forever indebted to my family for their unconditional support of my work in this 
rather obscure field of endeavor. The people of Zen Desert Sangha and Temple Beth 
Israel provided me with great spiritual sustenance. My friends Alison. Bill. Cheryl. Ferd. 
Gerry. Ginger. Indiana. Karen, Laura. Leslie and Martin really "rowed the boat" when 
things got tough; they provided me with love and humor, and for that I'm truly grateful. 
Finally. I thank my fiancee, Jackie Woll. for helping me down the home stretch with her 
love, her spirit, and her darn good sense. 



5 

DEDICATION 

I lovingly dedicate this work to my mother. Nichelle Garfin. who encouraged me in all 
endeavors. 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 10 

LIST OF TABLES 15 

ABSTRACT 16 

L INTRODUCTION IS 
MOTIVATION IS 
OBJECTIVE 19 
OVERVIEW OF RESEARCH 20 
ORGANIZATION 21 
CHAPTER SUMMARIES 21 

2. RELATIONSHIPS BETWEEN WINTER ATMOSPHERIC CIRCULATION 
PATTERNS AND EXTREME TREE GROWTH ANOMALIES IN THE SIERRA 
NEVADA 25 

ABSTRACT 25 
INTRODUCTION 26 
TREE-RING DATA 30 
CLIMATE DATA 32 
METHODS 33 
CLIMATOLOGY OF EXTREME GROWTH YEARS 34 

Sequoia positive growth anomaly years 34 
Sequoia negative growth anomaly years 36 
Pine positive growth anomaly years 37 
Pine negative growth anomaly years 40 

TREE GROWTH CHARACTERISTICS AND REGIONAL CLIMATE 41 
SUMMARY AND CONCLUSIONS 43 

3. SIERRA NEVADA TREE-RINGS AND STORMS 57 
ABSTRACT 57 
INTRODUCTION 5S 
DATA AND METHODS 62 

Tree-Ring Data 62 
Storm/Interstorm Data and Methods 63 
Storm Track Data 64 



7 

TABLE OF CONTENTS - Omtimiecl 

RESULTS 67 
Storm/Interstomi Analysis 67 
Storm Tracks And Tree Growth 68 

DISCUSSION 71 
SUMMARY 74 

4. SNOW DEPTH, ATMOSPHERIC CIRCULATION, AND SIERRA NEVADA 
TREE-RINGS 83 

ABSTRACT 83 
Dendroclimatological Studies Using Snow Data 85 
Objectives 88 

DATA AND METHODS 89 
Tree-Ring Data 89 
Snow Data 90 
Temperature. Precipitation and Atmospheric Data 92 

BIOLOGICAL BASIS OF RING WIDTH-SNOW RELATIONSHIPS 93 
Winter 93 
Spring Thaw 95 

TREE GROWTH-SNOW RELATIONSHIPS 96 
TREE GROWTH. SNOW. TEMPERATURE AND AT.MOSPHERIC 

CIRCULATION 99 
CONCLUSIONS 102 

5. 700 MB HEIGHT ANOMALY PATTERNS ASSOCIATED WITH EXTREME 
GROWTH IN SIERRA NEVADA TREES 119 

ABSTRACT 119 
INTRODUCTION 120 
DATA 120 

Tree-Ring Data 120 
Climate Data 121 

METHODS 121 
DESCRIPTION OF 700 MB HEIGHT ANOMALY PATTERNS AND 

COMPARISONS WITH 500 MB HEIGHT ANOMALY PATTERNS 122 
Sequoia positive growth anomaly years 122 
Sequoia negative growth anomaly years 124 
Pine positive growth anomaly years 126 
Pine negative growth anomaly years 127 

DISCUSSION AND CONCLUSIONS' 128 



8 

TABLE OF CONTENTS - Continued 

6. WINTER SLP SIGNALS FROM SIERRA NEVADA TREE-RINGS 138 
ABSTRACT 138 
INTRODUCTION 139 
OVERVIEW OF PREVIOUS WORK 142 
DATA AND METHODS 146 

SLP Data 146 
Other Climate Data 147 
Tree-Ring Data 147 

ANALYSIS OF EXTREME GROWTH YEAR SLP COMPOSITES 148 
Sequoia positive growth anomaly years (S+) 148 
Sequoia negative growth anomaly years (S-) 150 
Pine positive growth anomaly years (P+) 152 
Pine negative growth anomaly years (P-) 153 
Contrast with 1906-46 patterns 154 

DISCUSSION 157 
SUMMARY 160 

7. SUMMER ATMOSPHERIC CIRCULATION SIGNALS FROM SIERRA 
NEVADA TREE-RINGS 177 

ABSTRACT 177 
INTRODUCTION 178 
OVERVIEW OF PREVIOUS WORK 179 
SUMMER ATMOSPHERIC CIRCULATION OF THE SIERRA NEVADA . 184 
DATA AND METHODS 186 

SLP and Geopotential Height Data 186 
Other Climate Data 187 
Tree-Ring Data 187 

ANALYSIS OF EXTREME GROWTH YEAR COMPOSITES 188 
Sequoia positive growth anomaly summers (S+) 188 
Sequoia negative growth anomaly summers (S-) 190 
Pine positive growth anomaly summers (P+) 191 
Pine negative growth anomaly summers (P-) 193 

CONTRAST WITH 1906-1946 COMPOSITES 195 
SUMMARY AND CONCLUSIONS 197 

8. CONCLUSION 217 
SYNTHESIS OF RESULTS 217 

Circulation Patterns and Their Variation 217 
SIGNinCANCE OF RESULTS 221 



9 

TABLE OF CONTENTS - Continued 

APPENDIX: COPYRIGHT PERMISSION 230 

REFERENCES CITED 231 



10 

LIST OF FIGURES 

Figure 2.1. Tree-ring chronologies used in this analysis 46 
Figure 2.2. Mean 500 mb heights (m) tor winter (November-March) 47 
Figure 2.3. Boxplots of Sierra Nevada seasonal temperature and precipitation for each of 

the tree-ring composites 48 
Figure 2.4. Left. Sequoia highest decile of growth 500 mb height anomaly composite. 49 
Figure 2.4. Right. 500 mb height composite for February 2-15, 1958 49 
Figure 2.5. Left. Sequoia lowest decile of growth 500 mb height anomaly composite. 50 
Figure 2.5. Right. 500 mb height composite for February 1-5. 1977 50 
Figure 2.6. Left. Pine highest decile of growth 500 mb height anomaly composite. ..51 
Figure 2.6. Right. 500 mb height composite for February 12-16, 1980 51 
Figure 2.7. Left. Pine lowest decile of growth 500 mb height anomaly composite. ... 52 
Figure 2.7. Right. 500 mb height composite for March 16-31. 1965 52 
Figure 2.8. Scatterplot of normalized Sierra Nevada temperature and precipitation for 

high and low quintiles of tree growth 5? 
Figure 3.1. Tree-ring chronologies u.sed in this analysis 77 
Figure 3.2. .Mean positive vorticity advection (PVA; see text) counts for 1947-1987 . . 78 
Figure 3.3. Boxplots of percent of November-March central Sierra Nevada regional 

precipitation received during storms of various duration for each of the tree-ring 
composites 79 

Figure 3.4. PVA anomaly decile composite maps 80 
Figure 4.1. Tree-ring chronologies u.sed in this study 105 
Figure 4.2. Central Sierra Nevada Snow course sites 106 
Figure 4.3. Conceptual models of snow-winter temperature-tree growth 107 
Figure 4.4. Conceptual models of snow-spring temperature-tree growth 108 
Figure 4.5. Decile (top) and quintile (bottom) percent of 1951-1980 mean snow depth 

for extreme growth years in .sequoia and pine for each of 25 central Sierra 
Nevada snow courses 109 

Figure 4.6. Snow depth (expres.sed as 9c of 195 1-1980 mean snow depth) composites 
for deciles of tree growth. S-i- upper left; S- upper right; P-i- lower left: P- lower 
right 110 

Figure 4.7. Correlations between ring width and monthly temperature (right) and 
precipitation (left) for years during which snow depth was above (top) and 
below (bottom) the median Ill 

Figure 4.8. PVA anomaly decile composite maps (S-i-. top; P+, bottom) 112 
Figure 5.1. Tree-ring chronologies u.sed in this analysis 130 
Figure 5.2. Mean 700 mb geopotential heights (m) for winter (November-March). 

1951-1980 T 131 
Figure 5.3. Upper Left. Sequoia high growth decile 700 mb geopotential height 

anomaly (GPHA) composite 132 



11 

LIST OF FIGURES - Continued 

Figure 5.3. Upper Right. Sequoia high growth decile 500 mb GPHA composite .... 132 
Figure 5.3. Lower Left. Sequoia low growth decile 700 mb GPHA composite 132 
Figure 5.3. Lower Right. Sequoia low growth decile 500 mb GPHA composite .... 132 
Figure 5.4. Upper Left. Sequoia highest growth decile 700 mb geopotential height 

anomaly (GPHA) composite 133 
Figure 5.4. Upper Right. Sequoia highest quintile of growth 700 mb GPHA 

composite 133 
Figure 5.4. Lower Left. Sequoia lowest growth decile 700 mb GPHA composite ... 133 
Figure 5.4. Lower Right. Sequoia lowest quintile of growth 700 mb GPHA 

composite 133 
Figure 5.5. Upper Left. Pine highest growth decile 700 mb geopotential height 

anomaly (GPHA) composite 134 
Figure 5.5. Upper Right. Pine highest growth decile 500 mb GPHA composite ...134 
Figure 5.5. Lower Left. Pine lowest growth decile 700 mb GPHA composite 134 
Figure 5.5. Lower Right. Pine lowest growth decile 500 mb GPHA composite 134 
Figure 5.6. Upper Left. Pine highest growth decile 700 mb geopotential height 

anomaly (GPHA) composite 135 
Figure 5.6. Upper Right. Pine highest quintile of growth 700 mb GPHA composite .135 
Figure 5.6. Lower Left. Pine lowest growth decile 700 mb GPHA composite 135 
Figure 5.6. Lower Right. Pine lowest quintile of growth 700 mb GPHA composite .135 
Figure 6.1. .Mean sea level pressure (mb) for the period, 1951-1980 163 
Figure 6.2. Tree-ring chronologies u.sed in this analysis 164 
Figure 6.3. Upper Left. Sequoia highest decile of growth SLP anomaly composite, 

1947-1987 ' 165 
Figure 6.3. Upper Right. Sequoia highest quintile of growth SLP anomaly composite. 

1947-1987. . r ' 165 
Figure 6.3. Lower Left. Sequoia highest decile of growth 500 mb height anomaly 

composite 165 
Figure 6.3. Lower Right. Sequoia highest decile of growth SLP anomaly composite, 

1925-1987 . ^ '. 165 
Figure 6.4. Upper Left. Sequoia lowest decile of growth SLP anomaly composite. 

1947-1987 r 166 
Figure 6.4. Upper Right. Sequoia lowest quintile of growth SLP anomaly composite, 

1947-1987 .r 166 
Figure 6.4. Lower Left. Sequoia lowest decile of growth 500 mb height anomaly 

composite 166 
Figure 6.4. Lower Right. Sequoia lowest decile of growth SLP anomaly composite. 

1925-1987 ..^ 166 



12 

LIST OF RGURES - Continued 

Figure 6.5. L'pper Left. Pine highest decile of growth SLP anomaly composite. 1947-
1987 ^ 167 

Figure 6.5. Upper Right. Pine highest quintile of growth SLP anomaly composite. 
1947-1987 .r ^ 167 

Figure 6.5. Lower Left. Pine highest decile of growth 500 mb height anomaly 
composite 167 

Figure 6.5. Lower Right. Pine highest decile of growth SLP anomaly composite. 
1925-1987 167 

Figure 6.6. Upper Left. Pine lowest decile of growth SLP anomaly composite. 1947-
1987 ' 168 

Figure 6.6. Upper Right. Pine lowest quintile of growth SLP anomaly composite. 
1947-1987 168 

Figure 6.6. Lower Left. Pine lowest decile of growth 500 mb height anomaly 
composite 168 

Figure 6.6. Lower Right. Pine lowest decile of growth SLP anomaly composite. 
1925-1987. . 168 

Figure 6.7. Sequoia and pine lowest quintile of growth common years SLP anomaly 
composite, 1925-1987 169 

Figure 6.8. Upper Left. Sequoia highest decile of growth SLP anomaly composite. 
1906-1946 170 

Figure 6.8. Upper Right. Sequoia lowest quintile of growth SLP anomaly composite. 
1906-1946 .r ' 170 

Figure 6.8. Lower Left. Pine highest decile of growth SLP anomaly composite, 1906-
1946 ^ ^ 170 

Figure 6.8. Lower Right. Pine lowest decile of growth SLP anomaly composite. 
1906-1946 . 170 

Figure 6.9. Sequoia lowest quintile and pine highest quintile of growth common years 
SLP anomaly composite, 1906-1987 171 

Figure 6.10. Pacific Decadal Oscillation Inde.x (PDO; solid line/open squares), 1900-
1987. and Upper Left sequoia highest quintile of growth years (shaded bars) . 172 

Figure 6.10. Pacific Decadal Oscillation Index (PDO; solid line/open squares). 1900-
1987. and Upper Right .sequoia lowest quintile of growth years (shaded bars) . 172 

Figure 6.10. Pacific Decadal Oscillation Index (PDO; .solid line/open squares). 1900-
1987. and Lower Left pine highest quintile of growth years (shaded bars) .... 172 

Figure 6.10. Pacific Decadal Oscillation Index (PDO; solid line/open squares). 1900-
1987. and Lower Right pine lowest quintile of growth years (shaded bars). ... 172 

Figure 7.1. Mean summer (June-August) sea level pressure (mb) for the period. 1951-
1980 200 

Figure 7.2. Mean summer 500 mb heights (m). 1951-1980 201 



13 

LIST OF FIGURES - Continued 

Figure 7.3. Tree-ring chronologies used in this analysis 202 
Figure 7.4. Bo.xplots of monthly Sierra Nevada summer temperature for each of the 

tree-ring composites 20 
Figure 7.5. Boxplots of monthly Sierra Nevada summer precipitation for each of the 

tree-ring composites 204 
Figure 7.6. Upper Left. Sequoia highest decile of growth SLP anomaly composite. 

1947-1987 205 
Figure 7.6. Upper Right. Sequoia highest quintile of growth SLP anomaly composite. 

1947-1987 .r 205 
Figure 7.6. Lower Left. Sequoia highest decile of growth 500 mb height anomaly 

composite 205 
Figure 7.6. Lower Right. Sequoia highest decile of growth SLP anomaly composite. 

1925-1987 . .^ ? '. 205 
Figure 7.7. Upper Left. Sequoia lowest decile of growth SLP anomaly composite. 

1947-1987 r 206 
Figure 7.7. Upper Right. Sequoia lowest quintile of growth SLP anomaly composite. 

1947-1987 .r ' 206 
Figure 7.7. Lower Left. Sequoia lowest decile of growth 500 mb height anomaly 

composite 206 
Figure 7.7. Lower Right. Sequoia lowest decile of growth SLP anomaly composite. 

1925-1987 ..^ ^ 206 
Figure 7.8. Upper Left. Pine highest decile of growth SLP anomaly composite. 1947-

1987 ^ ' 207 
Figure 7.8. Upper Right. Pine highest quintile of growth SLP anomaly composite. 

1947-1987 .r 207 
Figure 7.8. Lower Left. Pine highest decile of growth 500 mb height anomaly 

composite 207 
Figure 7.8. Lower Right. Pine highest decile of growth SLP anomaly composite. 

1925-1987 . r r ! 207 
Figure 7.9. Cross-section of 500 mb heights (m) at 40°N latitude from 180" eastward 

to 100°W longitude for pine high growth decile summers (P-i-) 208 
Figure 7.10. Upper Left. Pine lowest decile of growth SLP anomaly composite. 1947-

1987 r ' 209 
Figure 7.10. Upper Right. Pine lowest quintile of growth SLP anomaly composite, 

1947-1987 ..r ^ 209 
Figure 7.10. Lower Left. Pine lowe.st decile of growth 500 mb height anomaly 

composite 209 
Figure 7.10. Lower Right. Pine lowest decile of growth SLP anomaly composite. 

1925-1987 209 



14 

LIST OF nCURES - Continued 

Figure 7.11. Cross-section of 500 mb heights (m) at 40°N latitude from 180" eastward 
to 100°W longitude for pine low growth decile summers (P-) 210 

Figure 7.12. Upper Left. Sequoia highest decile of growth SLP anomaly composite. 
1906-1946 211 

Figure 7.12. Upper Right. Sequoia lowest quintile of growth SLP anomaly 
composite. 1906-1946 211 

Figure 7.12. Lower Left. Pine highest decile of growth SLP anomaly composite. 
1906-1946 ^ ^ 211 

Figure 7.12. Lower Right. Pine lowest decile of growth SLP anomaly composite. 
1906-1946 ...^ 211 



15 

LIST OF TABLES 

Table 2.1. Site Infoirnation and Eigenvectors of Components 1 and 2 of Unrotated and 
Rotated PCA of Chronology Data 54 

Table 2.2. E.xtreme Growth Years 55 
Table 2.3. Summary of Climate Characteristics for Extreme Tree Growth Scenarios . . 56 
Table 3.1. Extreme growth years 81 
Table 3.2. Mean characteristics for November-March storms and interstorm.s 

1947-1987 82 
Table 4.1. Site information 113 
Table 4.2. Extreme growth years 114 
Table 4.3. Snow stations for 1947-1987 period with 100% April 1 data 115 
Table 4.4. Extreme tree growth quintiles (1947-1987) and April 1 116 
Table 4.5. Monte Carlo simulation results for 1951-1980 mean snow depth 117 
Table 4.6. Monte Carlo simulation results for snow/precipitation ratio 118 
Table 5.1. Site information 136 
Table 5.2. Extreme growth years 137 
Table 6.1. Site information 173 
Table 6.2. Extreme growth years. 1947-1987 174 
Table 6.3. Extreme growth years. 1925-1987 175 
Table 6.4. Extreme growth years. 1906-1946 176 
Table 7.1 Site information 212 
Table 7.2. Extreme growth years. 1947-1987 213 
Table 7.3. Extreme growth years. 1925-1987 214 
Table 7.4. Summary of climate characteristics for extreme tree growth scenarios (taken 

from analyses presented in this study and reports from Monthly Weather Review 
cited therein) 215 

Table7.5. Extreme growth years. 1906-1946 216 



16 

ABSTRACT 

The primary objective of this research is to investigate relationships between 

extremes in central Sierra Nevada tree growth, temperature and precipitation and winter 

and summer atmospheric circulation. Using existing Sierra Nevada chronologies. I 

developed two mean chronologies for the period of overlap between instrumental and 

tree-nng records (1900-1987). one for giant sequoia (Seqiioicidendnm ̂ igtuiteiun) and 

one for treeiine pines {Pimis halfouriami. Pitius alhicuulis) and selected the highest and 

lowest quintiles of tree growth as extreme years. For these years. I constructed and 

analyzed maps of composite anomalies for the following climatic data: tropospheric 

pressure (SLP. 700 mb. 500 mb). storm track (positive vorticity advection [PVAj. a 

variable not previously u.sed in dendroclimatology). temperature, precipitation, and snow 

(a variable often assumed have the same effects on growth as winter precipitation). 

Results suggest that extreme growth in these trees is associated with distinct 

patterns of winter atmospheric circulation and snow depth that are consistent with 

instrumental studies for the Western U.S. The storm track and snow analyses, seldom 

used in dendroclimatology. added substance to inferences based on analy.ses of 

tropospheric and surface climate parameters. This study shows the strong potential for 

reconstruction of these variables using Sierra Nevada trees. Synthesis of these results 

suggests that sequoia exhibit low growth during years with meridional winter and 

summer circulation, winter storms primarily occluded in the Gulf of Alaska, and low 
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snow depth; sequoia exhibit high growth during years with low winter pressure in the 

nonh Pacific, long duration storms, a SW-NE oriented storm track entering North 

America at the California-Oregon border, high snow depth and zonal summer How. 

Treeline pines exhibit low growth during years with enhanced ridging over the eastern 

Pacific, cool, short duration winter storms along a northern track, low snow depth and 

high east Pacific summer SLP; these pines exhibit high growth during years with warm, 

long duration winter storms following a southern track, a quasi-PNA atmospheric 

circulation pattern, average snow depth and a northeastward displaced summer 

subtropical high. Evidence presented herein suggests that variation in extreme treeline 

pine growth tracks low freqency changes in north Pacific atmospheric circulation. 
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1. INTRODUCTION 

MOTIVATION 

Alongside the virtues of their natural beauty, the Sierra Nevada provide California 

with much of its agricultural, industrial and domestic water supply (e.g.. Ruffner. 1980). 

The juxtaposition of a burgeoning California population with a highly variable winter 

climate, prone to multiyear drought (e.g.. Roos. 1994), makes the study of Sierra Nevada 

precipitation variation inherently interesting and practical. In addition, natural variation 

of Sierra Nevada ecosystems (including the role of fire), which respond in part to climatic 

variation, is of interest to natural resource managers, in whose stewardship lie some of the 

gems of the U.S. National Park Service (e.g.. Swetnam. 1993; SNEP. 1996). The 

skyscraping pinnacles of the Sierra Nevada are also home to numerous specimens of 

some of the longest-lived tree species on earth ~ a veritable candy store to even the least 

adventurous dendrochronologist. The combination of climatically sensitive trees existing 

in a variety of elevations, aspects, slopes and environments (e.g.. Earle and Fritts. 1986; 

Scuderi. 1987; Hughes and Brown. 1992; Graumlich. 1993). an interesting and variable 

precipitation regime (e.g.. Granger. 1979). the potential to record thousands of years 

worth of environmental information (e.g.. Brown et al.. 1992). and potential for science to 

have substantial impacts in the policy domain (e.g.. SNEP. 1996), makes the Sierra 

Nevada an ideal location for the study of past climatic variability. One aspect of past 

climatic variability that has received relatively scant attention from paleoclimatologists 
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who use high resolution (interannual) proxy records is the study of the atmospheric 

circulation that delivers the proximate influences (e.g.. temperature and precipitation) on 

climatic proxy records such as tree-rings (e.g.. Fritts. 1991; Hirschboeck et al.. 1996). 

.Vloreover, investigators of atmospheric circulation over the western L'.S. refer to the 

Sierra Nevada as a region for which prominent Pacific sector circulation modes are not 

consistent due to the fact that "fairly subtle shifts in the quasi-stationar\' long waves (e.g.. 

10" of longitude) are sufficient to realign the storm tracks that deliver precipitation to the 

Sierra Nevada" (Cayan and Riddle. 1992). Therefore, know ledge of the patterns of past 

atmospheric circulation, a vital link between paleoclimatic reconstructions of easily 

measured climatic parameters for the preindustrial era and instrumental/modeling 

as.sessments of anthropogenic impacts on climate, are especially important for this region. 

OBJECTIVE 

The overall objective of this re.search is to answer variations on the question: 

"What is going on in the atmosphere and at the surface when (fill in the 

blank with "giant sequoias" or "treeline pines') produce extremely (fill in 

the blank with "large" or "small") interannual growth rings?"' Extremes in interannual 

growth are emphasized due to the fact that the giant sequoia chronologies u.sed in this 

study are rather complacent and. therefore, best express extreme growth against a 

background of low interannual growth variability. Previous dendroclimatological studies 

of California or western U.S. atmospheric circulation lack, for the most part. Sierra 
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Nevada chronologies (e.g.. LaMarche. 1974a: Biasing and Fritts, 1976; Fritts, 1991; 

Haston and Michaelsen. 1997). and no study includes the well documented chronologies 

used herein. The combination of extreme growth respon.ses for high-and-mid-elevation 

Sierra Nevada trees presents challenges and opportunities for dendroclimatic re.search on 

atmospheric circulation (e.g.. uncorrelated interannual growth patterns, different length of 

growing seasons, somewhat different climatic respon.ses) that have seldom been 

investigated (e.g.. LaMarche. 1974a). The overall approach used is inferential and builds 

on the work of previous investigators (e.g.. LaMarche. 1974a; Biasing. 1975; Cayan and 

Riddle. 1992). 

OVERVIEW OF RESEARCH 

In the research presented here. I investigate relationships between atmospheric 

circulation and extremes in tree growth for conifers (Sequoiadendron ^i^anteiun. Piiius 

hcdfouricina. Pimis alhicaidis) from two elevations (-2000 m. -3500 m) in the Sierra 

Nevada for both the winter and summer seasons. 1 characterize patterns of atmospheric 

circulation at three levels of the troposphere (sea level. 700 mb. 500 mb). storm tracks, 

surface temperature and precipitation for the highest and lowest years of growth in these 

trees. In addition. I examine relationships between snow depth and Sierra Nevada tree 

growth, as snow is an intermediate feature that characterizes aspects of winter and early 

growing season climate in the Sierra Nevada. I then investigate changes in the 

relationships between atmospheric circulation and tree growth over the course of the 20th 
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century. Finally. I synthesize the results of these investigations in order to provide a 

comprehensive picture of the relationships between atmospheric circulation and tree 

growth for this part of the world. 

ORGANIZATION 

Each aspect of this analysis is treated in a separate chapter, each of which is 

written a.s a paper which has been or will be submitted to a peer-reviewed journal. 

Con.sequently. there is some redundancy in each chapter with regard to descriptions of 

tree-ring chronology locations, climate data and methods used. The order of the chapters 

might .seem unusual. These studies developed or^anicalh from (1) a series of 

circumstances regarding publication of the initial study (Chapter 2). and (2) the growth of 

my curiosity about the expre.ssion of the variety of climatic factors influencing Sierra 

Nevada tree growth. Although these circumstances do not absolve me of responsibility 

for presenting a well organized dis.sertation. I feel that the order of presentation makes 

sense. Just in case the reader finds this organization di.sorienting, I consolidate and 

synthesize the contents of the various studies in Chapter 8. Conclusions. 

CHAPTER SUMMARIES 

The first study is an investigation of winter midtropospheric (500 mb) circulation 

patterns associated with tree growth (Chapter 2). The circulation of the midtroposphere 

has seldom been investigated by dendroclimatologists (LaMarche. 1974; Stahle. 1990; 



22 

Hirschboeck et al.. 1996). due. in part, to the relatively short data record. 

Midtropospheric data, commonly u.sed in operational analyses, experience less distortion 

than surface data over the topography of continental areas and have been demonstrated to 

be superior predictors of surface weather phenomena (e.g.. Klein and Bloom. 1987); thus, 

they are highly desirable for analyses of atmospheric circulation. I create two mean 

chronologies from giant sequoia and pine chronologies developed by other researchers 

(Brown et al.. 1992; Graumlich. 1993; Lloyd. 1996) and di.scem extreme years from the 

high and low quintiles of principal components analyses of the aforementioned 

chronologies. I create composites of winter temperature, precipitation and 500 mb 

geopotential height anomalies (GPHA) and compare the results with monthly weather 

synopses from the literature. I interpret, compare and contrast patterns of atmospheric 

circulation as.sociated with the growth extremes of each chronology assemblage and 

suggest the utility of the composite method for further analyses. 

Storm tracks and the temperature and precipitation characteristics associated with 

winter storms and periods between storms (interstorms) are the subject of the second 

study (Chapter 3). This study uses two data.sets (compiled by other researchers) never 

before used in dendroclimatological re.search. One is a proxy storm track data.set ba.sed 

on tabulations of daily counts of positive vonicity advection (PVA) (Brown. 1995); the 

other is a compilation of mean minimum and maximum temperatures and precipitation 

for the central Sierra Nevada region for winter storm and interstorm periods (Cayan and 

Riddle. 1992). The extreme growth years established in Chapter 2 are used to create 
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composites of PVA and storm characteristics. I compare these analyses with those of 

Chapter 2 and examine the ramifications of differences in these characteristics for Sierra 

Nevada tree growth. The prospects of using the PVA data.set for storm track 

reconstruction are examined. 

Snow, an intermediate factor in the relationship between atmospheric circulation 

and precipitation, as it affects tree growth, is examined in the third study (Chapter 4). I 

examine snow, becau.se snow can have both positive and negative effects on tree growth; 

such effects might explain why Sierra Nevada trees occasionally exhibit extreme growth 

anomalies of opposite sign during the same year. In this study I use both snow depth and 

snow water equivalent (SWE) data and create a new variable, percent of precipitation 

falling as snow. A large portion of this study is devoted to the ecophysiology of treeline 

tree growth as related to the synergy of winter snow, and winter/spring temperatures. I 

synthesize the results of this analysis with those in Chapters 2-3. 

The fourth study is an investigation of winter midtropospheric (700 mb) 

circulation patterns as.sociated with tree growth (Chapter 5). This second 

midtropospheric level, commonly used in operational analyses and other research on 

western U.S. climate (see .Monthly Weather Review synop.ses and, e.g., Namias. 1978: 

Cayan and Riddle. 1992) was selected in order to see whether there were important 

differences between patterns exhibited by 500 mb level data (presented in Chapter 2) and 

this data set. Following the method established in Chapter 2. I create composite analyses 

for the 700 mb level and compare these with results from Chapter 2. 
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In Chapter 6.1 examine winter surface (SLP) circulation patterns and make use of 

the additional length of SLP data to expand the analysis to the tlrst half of the 20th 

century. For second half of the 20th century data. I compare SLP composite anomaly 

patterns with midtropospheric patterns. I examine possible changes in winter 

atmospheric circulation as recorded by tree growth by comparing SLP patterns from the 

two halves of the 20th century. 

The penultimate chapter (Chapter 7) is a study of summer atmospheric circulation 

as.sociated with extreme Sierra Nevada tree growth. Summer atmospheric circulation has 

seldom been the subject of either Sierra Nevada instrumental climate studies or 

dendroclimatic reconstructions of atmospheric circulation (Biasing and Fritts. 1975: 

Fritts. 1991). Relatively few western U.S. climate studies have analyzed summer 

circulation patterns (e.g. Biasing and Lofgren, 1980; Biasing. 1981; Barnston and 

Livezey. 1987; Davis and Walker. 1992). I, again, follow the methods established in 

Chapter 2 to create composites of summer SLP and 500 mb GPHA) and compare these 

results with monthly weather synopses from the literature. As in Chapter 6. I compare 

circulation patterns between the two halves of the 20th century. 

In Chapter 8.1 synthesize the results of the six studies and discuss their 

significance. In this final chapter. I also evaluate the limitations of this work and suggest 

directions for additional re.search. 
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2. RELATIONSHIPS BETWEEN WINTER ATMOSPHERIC CIRCULATION 

PATTERNS AND EXTREME TREE GROWTH ANOMALIES IN THE SIERRA 

NEVADA 

This paper has been published in Intenuitional Journal of Climatology, 18:725-740; 

Copyright John Wiley & Sons Limited. Reproduced with permission. 

ABSTRACT 

Tree-ring data from mid-elevation (-2000 m) giant sequoia (Sequoiadendron 

^iganteum) and high elevation (-3500 m) pines (Pinus halfniiriana. Piniis alhicaulis) 

were used to select extreme growth years from which temperature, precipitation and 

large-scale winter (November-March; NM) 500 mb circulation patterns associated with 

the extreme tree growth anomalies were examined. 

Winters preceding extreme high growth in both giant sequoia and pines are warm 

and wet and are characterized by anomalous low pressure in the northeastern Pacific 

Ocean and a tendency for southwesterly flow and advection of warm maritime air into 

California. For the pines, such winters exhibit a pattern of anomalous low pressure in the 

northem Pacific, anomalous high pre.ssure over northwestern Canada and anomalous low 

pressure across the southem U.S. NM 500 mb heights suggest more meridional 

circulation during the warm and dry winters preceding extreme low growth in giant 

sequoia. Atmospheric circulation during these winters exhibits a persistent trough/ridge 
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pattern between the central Pacific and the western U.S. Storms are deflected away from 

California during these winters. NM atmospheric circulation patterns associated with 

extreme low growth in the pines exhibit maximum westerlies north of their mean position 

and the tendency for enhanced ridging in the northeast Pacific, which advects cool dry air 

into the Sierra Nevada. 

As dendroclimatic reconstructions are more frequently employed in order to better 

understand past variability of temperature and precipitation, synoptic 

dendroclimatological studies such as this one provide useful insights about atmospheric 

circulation. 

INTRODUCTION 

There is a growing awareness among paleoclimatologists that in order to 

understand past climatic variability it is es.sential to describe past atmospheric circulation 

(LaMarche. 1974a; Biasing and Fritts. 1976; Briffaet al.. 1986; Lough and Fritts. 1987; 

Kelly et al.. 1989; Hughes and Brown. 1992. Stable and Cleaveland. 1992). 

Dendroclimatologists have long u.sed tree-ring records to reconstruct variations in 

temperature and precipitation and sea level pressure, parameters for which instrumental 

records are relatively abundant and of substantial length to allow for rigorous statistical 

verification of the models employed (c.f. Fritts. 1976. 1991; Hughes et al.. 1982; Cook 

and Kairiukstis. 1990). However, few have examined relationships between tree growth, 

which is influenced by proximate climate factors such as temperature and precipitation, 

and the ultimate delivery system for these factors, i.e.. the circulation of the upper 
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atmosphere (LaMarche. 1974: Stable. 1990: Hirschboeck et al.. 1996). A.s suggested by 

Hirschboeck et al. (1996). the direct process-ba.sed connection between large-scale 

circulation and local ring-width variation can be provided by synoptic climatological 

companion analyses to standard dendroclimatic reconstructions. In this paper I present 

preliminary results linking anomalies in upper atmospheric circulation with anomalies in 

tree growth. 

The recent prolonged drought of the late 1980s and early 1990s had an enormous 

effect on agricultural, industrial and domestic water use in California. In California, the 

vast majority of the annual precipitation falls during the winter season, but demand for 

water (especially for agricultural and recreational use) is greatest during the summer: this 

situation is similar to constraints on water use by Sierra Nevada trees. Long records of 

climatic conditions in this region, in particular, records of the atmospheric circulation 

which drives winter season conditions, are of interest to water resource managers, as well 

as paleoclimatologists. paleoecologists and paleoclimate modelers. Thus, as climatically 

sensitive trees in this region exist in a variety of elevations, aspects, slopes and 

environments (Earle and Fritts. 1986: Scuderi. 1990: Hughes and Brown. 1992: 

Graumlich. 1993: Funkhou.ser. 1997. personal communication), the Sierra Nevada would 

appear to be an ideal location to utilize a variety of tree-ring records to provide insight 

into pa.st atmospheric circulation. 

Dendroclimatic studies in the Sierra Nevada and adjacent ranges are abundant and 

rich, due to an abundance of long-lived trees and relatively long records of temperature, 

precipitation and drought index. Those focusing on upper atmospheric circulation are 
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few. due to the lack of long records of upper air data. At sites immediately to the east of 

the Sierra. LaMarche (1974a) examined growth anomalies of long-lived bristlecone pine 

(Piniis lon^aeva) from upper and lower treeline sites and inferred periods of both 

moisture and temperature extremes (e.g.. warm/wet. vs. cool/wet) based on differential 

tree growth respon.ses at the two elevations. LaMarche presented October and July 700 

mb circulation patterns as examples of possible mechanisms to account for his inferred 

combinations of temperature and precipitation. Neverthele.ss. LaMarche was unable to 

directly link atmospheric circulation with local tree-ring growth variations. Biasing, in 

his dissertation (19 75) and work with others (Biasing and Fritts. 1976; Biasing and 

Lofgren. 1980) u.sed map-pattern correlation to classify climatic parameters, including 

north Pacific and western North America SLP. into seasonal anomaly types. He then 

reconstructed his anomaly patterns using a combination of an eigenvector regression 

technique and pattern correlation with the reconstructed anomaly maps (Biasing and 

Fritts. 1976). His work, however, includes only one central Sierra Nevada chronology 

and has few years of atmospheric data in common with this analysis. LaMarche and 

Hirschboeck (1984) found that frost damage in bristlecone pine from California's White 

Mountains can be directly related to short-term outbreaks of polar air during the growing 

season; the synoptic pattern is one of a deep mid-tropospheric trough over the western 

U.S.. often associated with blocking activity in the large-scale circulation. Frost damage 

is. however, a record of a very short term event and one that occurs infrequently in the 

bristlecone pine record. Hughes and Brown (1992) demonstrated that giant sequoia 

(Sequoiculendron i^iganteum) are drought sensitive, hence they form narrow rings in 
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growing seasons following winters in which Sierra Nevada snowfall is very deficient. 

They examined winter (December-February) sea level pressure (SLP) anomaly patterns 

for four extreme low growth years in giant sequoia and noted that such winters are 

characterized by positive SLP anomalies over much of the western U.S. They surmised 

that this anomalous circulation pattern diverts snow-bearing winter storms from the 

central and southern Sierra Nevada. Fritts (1991; see al.so Fritts et al.. 1971) used 65 tree-

ring chronologies from the western U.S. to reconstruct gridded SLP between 20"N-70 'N 

and 100°E-80°W. Although the results of his reconstruction are relevant to the climate of 

the Sierra Nevada, several problems render his SLP reconstructions problematic for the 

study of individual years. Some of these difficulties include the following: poor 

calibration and verification over regions of importance to atmospheric circulation in the 

western U.S. (e.g.. the Gulf of Alaska, the northwestern U.S.) and his SLP reconstructions 

were less reliable at the interannual time scale than when averaged over several years. 

Recently. Haston and Michaelsen (1997) reconstructed the first two principal components 

(PCs) of 29 coastal and near-interior southern California precipitation stations using tree-

rings from sites ranging from the central Sierra Nevada to northern Baja California. 

These PCs correspond to spatial variations in California. They correlated their 

precipitation PCs with SLP in order to ascertain relationships between precipitation and 

atmospheric circulation and then inferred past patterns of atmospheric circulation. Their 

work is clearly germane to this study, although the spatial domains and atmospheric 

variables studied differ. 

The main objective of this study is to establish the patterns of upper atmospheric 
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circulation associated with extreme growth years in both mid-and-high-elevation Sierra 

Nevada conifers. The approach used is inferential and builds upon the results of previous 

dendroclimatological research from the Sierra Nevada which indicates a strong 

connection between winter precipitation and tree-ring width (Hughes and Brown, 1992; 

Graumlich, 1993) and upon pioneering work in synoptic dendroclimatology (e.g.. 

Bliising. 1975: Biasing and Fritts. 1976: LaMarche, 1974). I examine relationships 

between winter season variables (the proximate factors limiting tree growth), tree growth, 

and winter upper atmospheric circulation using composites of temperature, precipitation 

and 500 mb heights. The extremely plausible circulation patterns pre.sented in this paper 

help to explain one of the ultimate cau.ses of tree-climate relationships. In addition, these 

results have broad implications for studies using the multimillennial tree-ring records 

from the region (e.g.. Dougla.ss, 1949: Ferguson. 1969: LaMarche. 1974: Scuderi. 1990: 

Hughes and Brown. 1992: Graumlich. 1993: Swetnam. 1993: Hughes and Graumlich. 

1996: Lloyd. 1996). A secondary objective is to explore the relationship between 

extreme tree growth anomalies at mid-and-high-elevation and regional climate 

parameters. 

TREE-RING DATA 

The tree-ring data u.sed in this study consist of 20 ring-width chronologies from 

the central and southem Sierra Nevada (Figure 2.1: Table 2.1). Fifteen of these are giant 

sequoia chronologies from elevations of -2000 m (Brown et al.. 1992: Hughes et al., 

1996), four are subalpine foxtail pine chronologies (Piniis balfouricina) from elevations 
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of -3500 m (Graumlich. 1993; Lloyd. 1996). and one is a subalpine whitebark pine 

chronology {Pimis alhicaiilis) from -3200 m (treeline for this species) (John King, 

personal communication. March. 1995). North Central Sierra Nevada and White 

Mountain chronologies were excluded in order to extract the strongest and longest 20th 

century record possible within the latitudinal range of giant sequoia at the time this 

research was performed. Sequoia chronologies from the North Central Sierra Nevada are 

extremely complacent and do not correlate well with those from Central and Southern 

Sierra Nevada groves (Hughes et al.. 1996). White Mountain chronologies only extended 

into the 1970s at the time this research was performed. Furthermore, the precipitation 

characteristics of the rainshadow climate of the White Mountains probably differs 

significantly from that of the Sierra Nevada, as indicated by the weakness of crossdating 

between White Mountain bristlecone pine and Sierra Nevada whitebark pine (John King, 

personal communication. January, 1995). Sequoia chronologies used in this study were 

dated, measured and standardized using the procedure described in Brown et al. (1992). 

Pine chronologies were dated, measured and standardized using similar procedures. 

which are described in Graumlich (1993) and Lloyd (1996). Ring-width series for each 

core sample were standardized into dimensionless indices by fitting a growth curve to the 

series and then dividing the ring-width series by the values of the growth curve (Fritts. 

1976). This procedure removed growth trends related primarily to age. bole geometry, or 

disturbance in the case of .sequoia. The resulting series were then autoregressively (AR) 

modeled using the ARSTAN program (Cook and Holmes. 1986) to remove the effects of 

non-climatic persistence from the detrended ring-width series (Meko. 1981; Cook. 1985). 



Residual chronologies were used in order to emphasize high-frequency, year-to-year 

variation. 

CLLMATE DATA 

Monthly precipitation and temperature data for a subjectively determined climate 

region, the central Sierra Nevada, was used in this study. These data were provided by 

the Climate Research Division at Scripps Institution of Oceanography. University of 

California. San Diego. This regional average is for 6 relatively high elevation stations in 

the Sierra Nevada. Construction of this series is detailed in Cayan and Riddle (1992) and 

Aguado et al. (1992). The atmospheric circulation is represented by monthly analyses of 

500 mb height over the Northern Hemisphere, gridded onto a 5"" latitude-longitude grid, 

available for the period beginning in the year 1946 (Jenne. 1975) and monthly analyses of 

500 mb height anomalies from a 195I-I980 reference period (Bradley et al.. 1994). 

Results of an unpublished pilot study performed by the author showed little difference 

between 500 mb and 700 mb circulation patterns, thus the 500 mb level was chosen. 

(SLP patterns will be presented in a subsequent analysis). Previous studies indicate that 

both high and mid-elevation trees from the Sierra Nevada respond to winter precipitation 

(Hughes and Brown. 1992; Graumlich. 1993; Graybill and Funkhouser. 1997). 

Furthermore, studies of California precipitation indicate that the majority of precipitation 

in the Mediterranean climate typical of south-central California and the Sierra Nevada 

falls during the months of November-March (Granger. 1979; Cayan and Riddle. 1992). 

Thus I chose to examine November-March precipitation and atmospheric circulation. 



METHODS 

Extreme tree growth anomaly years for each of the two elevation classes (mid-

elevation giant sequoia; high elevation upper forest border pine) were selected on the 

basis of principal components analyses (PCA) of the tree-ring chronologies for the period 

1899-1987. First, both unrotated (UPC) and varima.x rotated (RFC) analyses of all 20 

chronologies were performed and both produced similar results. RPCA was performed in 

order to determine whether there were important spatial modes of variation not associated 

with species or elevation (Richman. 1986). The first two components in both analyses 

had eigenvalues >= 1 and accounted for most of the variance, as follows; L'PCl = 55.0'^^. 

UPC2 = \S.59c. RPCl = 37.07r. RPC2 = 17.0'7r. In both the UPCA and RPCA. the 

separation of the sequoia and pine chronologies is relatively unambiguous (Table 2.1). 

These results confirmed correlation analysis (not shown), which showed a high degree of 

intercorrelation within sequoia chronologies and a high degree of intercorrelation within 

pine chronologies, but only weak correlations between sequoia and pine chronologies. 

For the purpo.se of this analysis, it was desirable that the sequoia data not exert any 

influence on the selection of extreme years for the pines (and vice versa), as would be the 

case if both genera were included in the PCA. Moreover, it was al.so desirable that any 

correlation between the genera be retained (a quality that would be removed by the 

orthogonality constraint in the combined PCA). Therefore, two separate PCAs were 

performed; one on the 15 giant sequoia chronologies and one on the 5 pine chronologies. 

Time series of scores from the first component of each individual analysis, each of which 

accounted for greater than 70% of the variance, were selected as weighted averages of the 
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chronology assemblages. These two PCs are poorly correlated (r = 0.23). From these 

time series, the highest and lowest deciles and quintiles from the period 1947-1987 were 

selected as extreme growth years. The quintiles were employed to test the robustness of 

the circulation patterns associated with the most extreme growth years. The resulting 

extreme years for sequoia and pine chronologies are presented in Table 2.1. 

Temperature and precipitation data were averaged for each of the four sets of 

growth anomaly years (sequoia positive [S+|. sequoia negative [S-]. pine positive [P+|, 

pine negative [P-]) in order to analyze extreme year growth respon.se to climate. 

Similarly, composites of 500 mb height data were constructed for each of the four sets of 

growth anomaly years. A composite of 500 mb heights for the winter season (November-

March) for the period 1947-1987 (i.e.. climatology) is provided in Figure 2.2. The most 

distinctive characteristics of the winter 500 mb circulation (according to Figure 2.2) are 

the major trough at ~70°E and the generally zonal or slightly northwesterly flow across 

the northeastern Pacific onto the west coast of the United States. Composite anomalies 

presented in the following section should be compared to this climatology. Analyses of 

the.se composites are presented in the following .section. 

CLLMATOLOGY OF EXTREME GROWTH YEARS 

Sequoia positive growth anomaly years 

Extreme positive growth anomaly years in mid-elevation giant sequoias are 

characterized by wet winters with temperatures near the mean and average or somewhat 

cool summers (Figure 2.3). During these years. November-April are wetter than average 
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and January and February are especially wet (not shown). The most important feature of 

the S+ decile 500 mb height composite is a large region of negative anomalies in the 

northea.st Pacific (Figure 2.4). This feature is characteristic of snowy winters in 

California (.McCabe and Legates. 1995; Cayan. 1996) and is frequently accompanied by 

westerly-to-southwesterly onshore flow, frequent storms, a low index longwave pattern 

and near surface advection of maritime air from low latitudes (O'Connor. 1958; Klein. 

1958; Wagner. 1969a) (Table 2.3). The 500 mb height composite for S+ quintile winters 

(not shown) displays a large and more zonally oriented region of negative height 

anomalies over the northeast Pacific, which penetrates even farther inland than in the S+ 

decile composite, and probably indicates further weakening of the mean winter season 

ridge at ~ 120'^W (Harman. 1991). The S+ decile and quintile patterns are similar to the 

"wetter all over" pattern of Haston and Michaelsen (1997; Figure 8c). 

-Most of the individual composite years (not shown) display a pattern of 

alternating negative-positive-negative anomaly centers over the eastern Pacific, southern 

Canada/central U.S.. and eastern U.S. However, during some years (e.g., 1978 and 1986) 

this pattern is shifted slightly to the east or west of the mean position displayed in the 

composite. The pattern of alternating anomalies is strikingly exhibited during the winters 

of 1958 and 1969. Figure 2.4 shows the 500 mb height composite for February 2-15. 

1958 (after Klein. 1958). This period, typical of short-term circulation contributing to the 

S+ pattern, exhibited a low zonal index punctuated by twin blocking highs over 

northwe.stem Alaska and the Davis Strait, as well as a persistent deep trough in the 

eastern Pacific and fast subtropical westerlies. 
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Sequoia negative growth anomaly years 

Extreme negative growth anomaly years in mid-elevation giant sequoias are 

characterized by warm dry winters and somewhat warm summers (Figure 2.3). These 

years are drier than average during every month except .May and September and the 

months November-April are notably warm (not shown). The 500 mb composite for S-

decile years features a chain of high magnitude anomaly centers of alternating sign 

(Figure 2.5). indicating vigorous meridional circulation (Taubensee. 1977a) (Table 2.3). 

It is interesting to note that the S-pattem is not merely the inverse of the S+ pattern, a 

tendency often observed in research that employs a compositing technique. This effect, 

however, might reflect the fact that trees respond more directly to a climatic factor when 

it is limiting to growth, e.g.. low winter precipitation leading to summer water stress (S-). 

than to a situation in which a climatic factor is abundant and no longer limiting to growth 

(S-H). The 500 mb height composite for S- quintile winters (not shown) displays 

essentially the same pattern as S- decile, but with weaker negative height anomalies in the 

vicinity of the Aleutian Low. 

The S- pattern is similar to patterns for warm. dry. California winters with low 

snowpack (Cayan and Riddle, 1992. figure 4; .VIcCabe and Legates. 1995. figure 5.1; 

Cayan. 1996. figure 6b). during which storm tracks are deflected to the north of 

California or into the Gulf of Alaska (Green. 1958; Dunn. 1959; Stark. 1961a; Andrews, 

1961; Dick.son. 1977a). Consistent with warm temperatures during S- winters, the 

position of the positive anomaly center favors stagnant circulation in central California 

and warming due to subsidence (Cayan and Riddle, 1992). This high amplitude 
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circulation is frequently accompanied by exceptional persistence and amplification of the 

pattern from month to month (Stark. 1959. 1961a: Wagner. 1977). 

Examination of 500 mb circulation characteristics for individual S- winters (not 

shown) reveals that 5 of 6 years after (and including) 1959 exhibit anomaly patterns 

similar to the composite. The persistence of this circulation pattern is the result of 

atmospheric baroclinicity induced by the strong SST gradient between a center of 

negative SST anomalies in the eastern half of the north Pacific and equally strong positive 

anomalies to the east of this (Namias et al.. 1988). This strong SST gradient, and 

associated heat fiuxes. strengthens fronts and enhances cyclone development; 

accordingly, the atmospheric circulation enhances the oceanic SST contrast and 

perpetuates the pattern. Three of the four S- decile Januaries (1959. 1961.1987) were 

characterized by N'amias et al. as high persistence Januaries. The S- pattern also bears 

resemblance to the winter SLP composite anomaly pattern associated with extreme 

drought years in California Division 5 (San Joaquin drainage) (Hughes and Brown. 1992; 

figure 5). Figure 2.5 (after Dickson. 1977a) shows the 500 mb height composite for 

February 1-5. 1977. a period of weather typical of the S- pattern. A deep Aleutian low 

and enhanced western North American ridge are displayed. 

Pine positive growth anomaly years 

Extreme positive growth anomaly years in upper-elevation pines are characterized 

by warm wet winters and warm summers (Figure 2.3). During these years. December-

February and July-October are warm, while March-June exhibit average or slightly cool 
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temperatures (not shown): November-February are wetter than average and March tends 

to be drier than average (not shown). Precipitation variability in P+ winter months is 

higher than in S+ winter months (except March). The 500 mb height composite for P+ 

decile years features a chain of alternating anomaly centers (Figure 2.6). Cayan and 

Riddle (1992) have reported high precipitation (especially at lower elevations), highly 

persistent storms, a southerly displaced storm track, and a relatively large wavelength for 

warm/wet winters in California (Table 2.3). P+ winters, such as 1969 and 1980. 

exhibited blocking over North America (Wagner. 1969a. 1980: Dick.son. 1980a) and 

characteristics similar to those reported by Cayan and Riddle. Precipitation during both 

January and February of the.se years was extreme. Figure 2.6 (after Dick.son. 1980a) 

shows the 500 mb height composite for February 12-16. 1980. a period during which cold 

air advected off the east coast of Asia enhanced baroclinicity at subtropical latitudes. 

This increa.sed cyclogenesis in the central and eastern Pacific (driving eastward a deep 

trough) and produced strong Pacific subtropical westerlies. (Dickson. 1980). 

The P+ anomaly pattern is similar to the S+ pattern, but P+ anomaly centers 

exhibit greater statistical significance and are located further west (Table 2.3). Despite 

the relatively broad areas of statistical significance, most of the individual P+ quintile 

winters (not shown) do not exhibit patterns similar to the composite. Such variability is a 

property of warm wet California winters that has been observed by other researchers 

(Cayan. 1996: Mitchell and Blier. 1997). The P+ pattern resembles the mean 700 mb 

height anomaly pattems for warm wet months with low precipitation ratios (precipitation 
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at upper elevation stations divided by precipitation at valley stations) in Cayan and Riddle 

(1992; figure 3) and Aguado et al. (1993; figure 3); accordingly, there is a good likelihood 

that P+ winters are ones in which the effect of orographic uplift in the Sierra Nevada is 

relatively limited. 

The P+ pattern also resembles the Pacific-North American anomaly pattern (PN'A; 

Wallace and Gutzler. 1981). However. (1) despite the re.semblance. the centers of 

anomalous 500 mb heights are not located near enough to the preci.se PNA nodes 

delineated by other researchers (Wallace and Gutzler. 1981; Yamal and Diaz. 1986; 

Bamston and Livezey. 1987; Leathers et al.. 1991); and (2) P+ winters match PNA 

winters only after 1976. It is possible that the similarity between the P+ and PNA 

patterns became apparent after 1976 due to the well documented decade-long shift in 

North Pacific atmospheric circulation (Trenberth. 1990; Trenberth and Hurrell. 1994; 

Cayan et al.. 1995). Atmospheric circulation during the shift was characterized by a 

deeper than normal Aleutian low pre.ssure system during the winter half year. increa.sed 

advection of warm moist air along the west coa.st of North America, stronger than normal 

westerly winds across the central, rather than northern. North Pacific and a southward 

shift in storm tracks (Trenberth and Hurrell. 1994; Deseret al.. 1996). all of which are 

characteristic of P-i- winters. Well known circulation modes such as the PNA or those 

associated with ENSO, however, have not proven to be consistent predictors of 

precipitation over California (Ropelewski and Halpert. 1987; Cayan and Peterson. 1989). 
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Pine negative growth anomaly years 

Extreme negative growth anomaly years in upper-elevation pines exhibit mild dry 

winters and warm dry summers (Figure 2.3). In particular, December-February are 

somewhat cool and dry and March-July are warm and dry. This is the least robust of the 

500 mb anomaly patterns presented (Figure 2.7). The positive height anomalies over the 

eastern Pacific in the P- pattern indicate enhanced ridging over this region (Table 2.3). 

The lack of statistical significance might indicate shifting of the main locus of a ridge in 

this vicinity; nevertheless, a majority of individual P- winter 500 mb circulation patterns 

resemble the composite. The tendency for negative height anomalies over southern 

California might indicate low upper air temperatures over this region. The 500 mb height 

composite for P- quintile winters (not shown) displays virtually no negative anomalies 

over the Bering Sea. a larger area of significant positive height anomalies in the eastern 

Pacific and negative height anomalies across all of western North America. 

The P- pattern is consistent with 700 mb composite anomaly patterns presented by 

McCabe and Legates (1995: figure 5.4, 5.5), Klein and Bloom (1987; figure 13.6) and the 

"north (California) drier" SLP correlation pattern of Haston and MichaeLsen (1997; figure 

8f). The.se patterns are associated with more frequent anticyclonic activity in the eastern 

Pacific, which prevents intrusion of moist air into California. Reports summarizing the 

monthly circulation for P- winters suggest the following additional characteristics 

associated with the composite; persistent fog in the San Joaquin Valley (associated with 

strong subsidence), location of the mean 700 mb jet to either the north or south of 



41 

California and ridging near 140° west (deflected major cyclonic systems northward from 

the west coast and advected cool air into California) (Dickson. 1979-, Taubensee, 1979). 

January-March of 1965, typical of the P- pattern, exhibited a ridge over western North 

America or offshore, w ith maximum westerlies shifted northward of their mean position 

and anticyclonic curvature advecting cool dry air into the Sierra .\evada (Andrews, 

1965a; Green, 1965) (Figure 2.7; after Green, 1965). 

TREE GROWTH CHARACTERISTICS AND REGIONAL CLIMATE 

Giant sequoia and high elevation pine species have different seasonal windows of 

growth. Consequently, they respond .somewhat differently to climate. .Vloreover. even if 

these species responded to climate in preci.sely the same way, they grow in environments 

with di.scemible differences in soil depth and timing of spring snowmelt. two important 

factors in determining water availability to trees (Stephen.son. 1988). Therefore, it is not 

surprising that there are few extreme growth years in common between these genera ( see 

di.scussion below) and that, con.sequently, circulation patterns as.sociated with these 

extreme years differ considerably. The promi.se of using trees from both high-and-mid-

elevations with somewhat different responses to climate, is that if combinations of 

extreme tree growth anomalies at mid-and-high elevation were both consistent and 

relatively rare, then it might be possible to exploit these combinations to infer or specify 

the past extremes in Sierra Nevada climate and atmospheric circulation with confidence 

(cf. LaMarche. 1974a). or to make inferences regarding simultaneous winter temperature 
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and precipitation characteristics (cf. Cayan and Riddle. 1992). The following analysis 

provides a prognosis tor such inferences. 

Even when the criterion for selecting extreme years is slackened to quintiles. only 

3 positive growth anomaly years are in common between sequoia and pines, i.e.. 1969. 

1974 and 1986. Temperature characteristics differ for these years; 1969 and 1974 exhibit 

cool winters, whereas 1986 is a relatively warm winter. When the criterion for selecting 

extreme years is slackened to quintiles. there are three negative growth anomaly years in 

common between sequoia and pine chronologies, 1949. 1979 and 1987. These three 

years all tend to be dry years. However, temperature characteristics differ in each of these 

years; 1949 and 1979 exhibit cool winters. Only one of the years examined. 1977. 

exhibited extremes of opposite signs in the two chronologies (S-. P+). A possible 

explanation for the difference in sign in 1977 is that greater than normal precipitation 

occurred in May, normally a time of peak snowmelt at high elevations in the south-central 

Sierra Nevada (Stephen.son, 1988), and this might have given a boost to pine growth at 

the beginning of the growing season; wherea.s, due to the lack of winter snow at mid-

elevations, (with .several .south-central Sierra Nevada snow courses recording less than 

109t- of average snow amount by April 1. 1977; G. Gartln, unpublished data), by .May 

water balance for mid-elevation sites was probably already in severe deficit (cf. 

Stephenson. 1988). 

Figure 2.8 shows the relationship between climatic conditions (temperature and 

precipitation) and growth anomalies for high and low quintiles in both tree assemblages. 
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Examination of this figure indicates the following: (1) all S- years occur when winter 

conditions are drier than average and usually when winter conditions are warm and dry: 

i2) S+ years occur more frequently when winter conditions are wetter than average, 

although some high growth years occur when winters are somewhat drier than average: 

(3) sequoia tends to extreme growth in wanner than average winters: (4) the tendency for 

pine growth anomalies is positive during wet winters and negative during dry winters, 

however this result is equivocal, probably due to the additional influence of summer 

conditions on high elevation tree growth. These results indicate that contrasting extremes 

in precipitation and their associated circulation patterns, particularly for warm winters, 

are best represented by the tree-ring series employed in this study. It is difficult to draw 

any conclusions regarding cool wet or. especially, cool dry winters from the small sample 

of extreme growth years examined in this study. 

SUMMARY AND CONCLUSIONS 

This study employed composites of temperature, precipitation and 500 mb heights 

to delineate modes of atmospheric circulation associated with extreme growth in mid-

and-high-elevation Sierra Nevada conifers. The most important results, summarized in 

Table 2.3. show distinct composite anomaly patterns associated with sequoia and pine 

extreme growth, respectively. Similarities between the S+ and P+ patterns are useful, as 

fewer than half of the high quintile growth years in sequoia and pine are in common. 

Thus, the tendency for negative 500 mb height anomalies in the northeastern Pacific. 
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corresponding to a deepened east Pacific trough and westerly-southwesterly anomalous 

now. can be inferred for years during which there are non-opposing growth anomalies in 

the species assemblages. Differences between the S- and P- anomaly patterns are useful 

to infer the probable degree of meridionality (and possible downstream anomalies) and 

ridging over western North America during dry years in the Sierra Nevada. Agreement 

with instrumental climate studies of Sierra Nevada precipitation, temperature, snow and 

atmospheric circulation (e.g.. Cayan and Riddle. 1992; Cayan. 1996) demonstrates the 

plausiblity of the circulation patterns described in this study. 

Trees do not respond directly to variations in upper atmospheric circulation, but 

such variations are linked to climatic parameters that directly affect tree growth. 

Reconstructions of large grids of spatial data, such as atmospheric pressure, are fraught 

with problems relating to uneven model performance over the entire grid (Briffa et al.. 

1986; Fritts. 1991). Furthermore, the short record of 500 mb data precludes rigorous 

verification of gridpoint reconstructions using standard regression methods. .As a result 

of the well documented tendency for tree-ring chronologies to compare less well with 

climate data during years of positive tree growth anomalies (Fritts, 1976) due to changes 

in the degree to which other factors limit growth during years in which the climatic 

parameter of interest is abundant, standard dendroclimatic reconstructions are sometimes 

less reliable for such years. In the.se instances, the approach taken in this study, 

composites of climatic data based on extreme growth years in the tree-ring data and 

examination of constituent synoptic weather components associated with variations in 



tree growth, enhances our ability to interpret reconstructions of past climate using tree-

rings. In addition, this method is particularly well suited to the examination of 

complacent tree species, e.g. giant sequoia, that exhibit extremes in growth quite clearly 

against a background of low growth variability (Kelly et al.. 1989; Hughes and Brown. 

1992). 

Thus, the beauty of the method u.sed in this paper is that simple composites ba.sed 

on extremes in tree growth provide direct explanations of circulation to environment 

proces.ses (Yamal. 1993). Nevertheless, the.se results should not be over-interpreted. 

Further tests using additional proxy data from this region are needed to confirm the 

results provided by the two as.semblages of tree-ring chronology data u.sed in this study 

(cf. Ha-ston and MichaeLsen. 1997). Additional studies that might provide u.seful 

information, including combinations of anomaly patterns (e.g.. S- P+) using the longer 

record of SLP and more detailed study of weather events (e.g.. storm tracks, storm 

characteristics, snow), are the subject of ongoing re.search by the author. 
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Figure 2.1. Tree-ring chronologies used in this analysis. Uppercase letters correspond to 
those in Table 2.1. Altitude estimates are from the United States Defense Mapping 
Agency's United States 30-Second DEM and are expressed in meters (Row et al.. 1995). 



Figure 2.2. Mean 500 mb heights (m) for winter (November-March). 1947-1987. The 
location of the tree-ring sites is represented by the black square. 
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Figure 2.3. Boxplots of Sierra Nevada seasonal temperature and precipitation for each of 
the tree-ring composites. Each plot has the following sequence: low growth quintile (.v-). 
low growth decile (X-), 1947-1987 mean (X), high growth decile (X+). high growth 
quintile (.v+). Dots indicate values falling outside 1.5 interquartile ranges. For details of 
boxplot form and calculations see Systat, Inc., 1992. 
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. 

Feb. 2-15.1958 

Figure 2.4. Left. Sequoia highest decile of growth 500 mb height anomaly composite. 
Solid contours indicate positive 500 mb height anomalies; dashed contours indicate 
negative 500 mb height anomalies. Grid boxes exhibiting significant anomalies (a = .05) 
are shaded. The contour interval is 10 m. The location of the tree-ring sites is 
represented by the black dot. Right. 500 mb height composite for February 2-15. 1958 
(After Figure 1. Klein, 1958). Conditions are typical of periods during a sequoia positive 
growth anomaly winter. Contours are labeled in meters. 



Figure 2.5. Left. Sequoia lowest decile of growth 500 mb height anomaly composite. 
Contours and shading are as in Figure 2.4. The location of the tree-ring sites is 
represented by the black dot. Right. 500 mb height composite for February 1-5. 1977 
(after Figure 7, Dickson, 1977). Conditions are typical of periods during a sequoia 
negative growth anomaly winter. Contours are labeled in meters. 
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Figure 2.6. Left. Pine highest decile of growth 500 mb height anomaly composite. 
Contours and shading are as in Figure 2.4. The location of the tree-ring sites is 
represented by the black dot. Right. 500 mb height composite for February 12-16, 1980 
(after Figure 8. Dickson. 1980). Conditions are typical of periods during a pine positive 
growth anomaly winter. Contours are labeled in meters. 



Figure 2.7. Left. Pine lowest decile of growth 500 mb height anomaly composite. 
Contours and shading are as in Figure 2.4. The location of the tree-ring sites is 
represented by the black dot. Right. 500 mb height composite for March 16-31. 1965 
(after Figure 1. Green, 1965). Conditions are typical of periods during a pine negative 
growth anomaly winter. Contours are labeled in meters. 
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Figure 2.8. Scatterplot of normalized Sierra Nevada temperature and precipitation for 
high and low quintiles of tree growth. 
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Table 2.1. Site Information and Eigenvectors of Components 1 and 2 of Unrotated and 
Rotated PCA of Chronology Data 

Site (Map Kevi Data Source UPCl i;PC2 RPCl RPC2 

Camp Six (B) Brown et a!.. 1992 0.81 1 0.008 0.562 0.1 18 

Bucna Visia iC) Hughes et al. . 1996 0.772 -0.(X12 0.431 0.083 

Big Baldy (D) Hughes et al. . 1996 0.863 0.084 0.648 0.022 

Muir (E) Hughes et al. . 1996 0.894 0.03 1 0.664 0.072 

Giant Forest (H) Brown et al.. 1992 O.SIO 0.042 0.549 0.043 

East Fork (K) Hughes et al. . 1996 0.891 0.070 0.727 0.053 

Mountain Home (M) Brown et al.. 1992 0.885 0.1 11 0.728 0.019 

Garfield (L) Hughes et al. . 1996 0.925 0.106 0.854 0.018 

Black Mountam (N) Hughes et al. . 1996 0,880 -0.029 0.940 0.128 

Red Hill (Oi Hughes et al. . 1996 0.848 0.038 0.789 0.062 

Parker Peak (P) Hughes et al. . 1996 0.760 0.026 0.575 0.060 

Long Meadow (Q) Hughes, unpublished 0.862 0.076 0.732 0.024 

Starvation Creek (S) Hughes, unpublished 0.902 0.034 0.868 0.077 

Packsaddle (R) Hughes, unpublished 0.838 0.088 0.675 0.021 

Deer Creek (T) Hughes, unpublished 0.804 0.013 0.583 0.048 

Upper Wright Lakes (F) Lloyd. 1W6 0.115 -0.857 -0.004 0.736 

Boreal Forest (J) Lloyd. 1996 0.104 -0.881 0.012 0.849 

Bighorn Plateau (G) Graumlich. unpublished 0.217 -0.871 0.071 0.954 

Crabtree (I) Graumlich. 1993 0.272 -0.884 0.132 0.945 

Kuna Crest (A) King, unpublished -0.018 -0.770 -0.054 0.527 



Table 2.2. Extreme Growth Years. (Deciles are in bold typeface). 

_S± p± SI 

1954 1967 1947 1949 
1958 1969 1949 1960 
1969 1973 1959 1965 
1974 1974 1961 1971 
1978 1977 1966 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 
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Table 2.3. Summary of Climate Characteristics for Extreme Tree Growth Scenarios 
(taken from analyses presented in this study and reports from Monthly Weather Review 
cited therein). 

Characteristic _s± _P± _P; 

Temperature anomaly 0 + + 0 

Precipitation anomaly + - + -

Circulation amomalies EP-/NWMex + Aleut-AVC+ EP-/NCan+ Aleut-/Midlat+ 

Pattern strength moderate strong strong weak 

Anomalous flow W-SW meridional W-SW split 

Storm track south north south north or south 

Inferred zonal index low- high low — 

West coast ridge diminished enhanced diminished enhanced 

High lat. blocking Bering/Alaska — western Canada — 

EP = Eastern Pacific; .\WMex = Northwestern Mexico: Aleut = Aleutian Low: WC = 
Western Canada: NCan = Northern Canada; Midlat = Midlatitudes 
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3. SIERRA NEVADA TREE-RINGS AND STORMS 

This paper will be submitted to Climate Dynamics. 

ABSTRACT 

South-central Sierra Nevada extreme tree growth anomalies and their 

relationships to preferred storm tracks and storm characteristics are examined using 

positive vorticity advection (PVA) count, temperature and precipitation data for the 

period 1947-1987. Twenty tree-ring chronologies are reduced to two weighted average 

chronologies, one based on giant sequoia {Sec(uoiaciendron gi^anteum) from -2000 m 

and one based on pine (Pimis halfouriana. Pinus albicaulis) from -3500 m. Composites 

of storm characteristics for November-March and storm tracks (based on PVA counts) for 

December-February are created for the highest and lowest deciles and quintiles of tree 

growth. Results show that both chronologies display extremely high growth when winter 

storms are of long duration, interstorm periods are warmer than average and storm tracks 

are south of the mean north Pacific track. Low growth years for both chronologies are 

associated with more frequent short duration storms, few or no long duration storms and a 

paucity of storm activity in the ea.stem Pacific between 20°-40°N. Interestingly, during 

sequoia low growth years both storms and interstorms are warmer than average and 

storms tend to be diverted from the western North America coast toward the Alaskan 

Peninsula, whereas during pine low growth winters, storms and interstorms are cooler 
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than average and storm activity is enhanced along the mean storm track. These results 

show great promise for reconstruction of precipitation-relevant physical features, e.g.. 

preferred storm track, using the contrast in response between chronologies. They also 

indicate the value of using climate parameters collected on daily time scales, but 

tabulated monthly or seasonally, for future dendroclimatological reconstructions. 

INTRODUCTION 

The long-lived precipitation sensitive trees of the Sierra Nevada have been the 

subject of dendroclimatological re.search since the early 20th century (e.g.. Huntington. 

1914; .A.ntevs. 1925; Douglass, 1928; Fritts and Gordon. 1982; Hughes and Brown. 1992; 

Earle. 1993; Graumlich. 1993; Haston and MichaeLsen. 1997). The.se and other 

California trees have been used by dendroclimatologists to infer or reconstruct the past 

atmospheric circulation of California and of western North America (LaMarche. 1974a; 

Biasing and Fritts. 1976; Fritts. 1991; Hughes and Brown, 1992; Haston and Michaelsen. 

1997; Woodhouse. 1997). Due to its relatively long length, the record of sea level 

pressure (SLP) ha.s been a particular focus of investigation for studies of western North 

America atmospheric circulation (Biasing and Fritts, 1976; Fritts, 1991; Haston and 

Michaelsen, 1997). whereas studies of upper atmospheric circulation have tended to focus 

on circulation indices (Woodhouse, 1997). Although there has been a tendency to infer 

preferred storm track from patterns of reconstructed SLP anomalies, correlation patterns 
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or composite anomaly patterns, few tree-ring studies have explicitly examined these 

characteristics from primary data (Biasing. 1975; Biasing and Fritts. 1975: 1976; 

Woodhouse. 1996). In a previous study, the author found physically meaningful patterns 

of midtropospheric circulation associated with extreme tree growth, temperature and 

precipitation anomalies across two elevation bands in the south-central Sierra Nevada of 

California (Garfin. 1998). In order to refine this analysis, bring attention to precipitation-

relevant physical factors and better elucidate relationships between tree growth and 

winter temperature and precipitation, the author now examines storms and storm track 

characteristics associated with Sierra Nevada tree growth anomalies. 

Numerous tree-ring studies have examined the relationships between storms and 

tree growth. One category of studies relates synchronous tree growth anomalies, stand 

age composition and dynamics, vegetation distribution on the land.scape. or orientation of 

standing and windthrown stems to the occurrence of catastrophic storm events, such as 

hurricanes (e.g.. Henry and Swan. 1974; Foster. 1988; Johnson and Young. 1992; Reams 

and Van Deusen. 1996; Hadley and Savage, 1996; Robichaud and Begin. 1997). In 

another category of studies, researchers have inferred storm characteristics and preferred 

storm tracks from reconstructions of pressure surfaces (e.g.. SLP). composites of pressure 

patterns for years of anomalous tree growth, or reconstructions of indices of atmospheric 

circulation (e.g.. Fritts. 1971; Fritts et al. 1979; Briffa et al.. 1986. 1987; Scott et al.. 

1988; Kelly etal.. 1989; Villalba. 1990; Fritts. 1991; Hughes and Brown. 1992; Chbouki. 

et al..l995; D'Arrigo et al., 1994; Salinger et al., 1994; Hasten and Michaelsen, 1997; 
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Woodhouse. 1997). This study belongs to a third category, which employs data on 

storms and preferred storm tracks (as measured by cyclone frequency or tracks traced 

from daily weather maps) in order to analyze relationships between tree growth and 

atmospheric circulation (e.g.. Biasing. 1975; Biasing and Fritts. 1976: Wood. 1996; 

Woodhou.se, 1996). Whereas the first category of studies provides information about the 

occurrence and route of a class of powerful and relatively infrequent storms, the second 

and third categories provide information about the mean storm track, which is related to 

mean seasonal or annual precipitation (c.f. Brown. 1995) and tree growth (cf. Biasing and 

Fritts. 1976). What distinguishes the third category of studies is the u.se of data 

characterizing individual storms or closed cyclones, which provide direct information 

about storms and preferred storm tracks. A brief summary of "category 3" studies 

follows. 

Biasing and Fritts (1976; henceforth, BF76) present composite anomaly maps of 

cyclone frequency, temperature, precipitation and ring width index for four winter 

(December-February) circulation types identified using map pattern classification 

(Biasing, 1975). They infer storm tracks from composites of counts of surface closed low-

centers of activity. Briefly stated, their results are as follows: winter type 1 (BF76, Fig. 1) 

is characterized by above normal temperature and below normal precipitation across 

much of the western U.S.. and above normal cyclonic activity around the Aleutian Islands 

and the west coast of Mexico: winter type 2 (BF76. Fig. 2) is characterized by below 

normal temperature across the western U.S., above normal precipitation across the 
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southwestern U.S. and below normal precipitation across the Northwest U.S.. 

accompanied by below normal cyclonic activity over the northeastern Pacific and a 

greater frequency of storms across the western U.S. (entering the continent along the 

Oregon and Northern California coast): winter type 3 (BF76. Fig. 3) is characterized by 

below normal temperature across the northern U.S.. above normal temperature across the 

southern U.S. and above normal precipitation across the western U.S., accompanied by 

fewer cyclones across Alaska and northwestern Canada with storms generally entering the 

continent through the Pacific Northwest; winter type 4 (BF76. Fig. 4) is characterized by 

above normal temperature in the southwestern U.S.. below normal temperature in the 

Pacific Northwest (with approximately normal temperatures el.sewhere in the western 

U.S.). approximately average precipitation across the westem U.S.. with more frequent 

storms across the central north Pacific and Baja California. Wood ( 1996) examined the 

relationships between tree growth and precipitation-related climate variables for the 

Narmada River basin in north central India. Although she found only a weak positive 

relationship between tree growth and precipitation, she noted that precipitation over the 

Narmada River basin was greater than normal when low pressure systems travelled 

westward, far into the Indian subcontinent and north of the basin. Woodhouse (1996) 

used monthly maps of cyclone tracks to create an index of cyclone frequency in the 

southwestern U.S.; she counted cyclones generated. pa.ssing through, or dissipating in the 

region in the index. Comparisons between her index and 86 tree-ring chronologies, 

however, did not yield any reconstructable relationships. 
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DATA AND METHODS 

Tree-Ring Data 

Fifteen mid-elevation giant sequoia {Sequoiadendron ̂ i^anteum) chronologies 

(Brown et al.. 1992; Hughes et al.. 1996). four subalpine foxtail pine (Pimis htdfouritimi) 

chronologies (Graumlich. 1993; Lloyd. 1996). and one subalpine whitebark pine (Pinus 

idhicaidis) chronology (John King, personal communication) were used in this study 

(Figure 3.1). Previous studies indicate that these trees respond to winter precipitation 

(Hughes and Brown. 1992; Graumlich. 1993;Gartm. 1998). Sequoia chronologies were 

dated, measured and standardized using the procedure described in Brown et al. (1992). 

and pine chronologies were dated, measured and standardized using similar procedures, 

which are described in Graumlich (1993) and Lloyd (1996). In order to remove growth 

trends related primarily to age. bole geometry, or disturbance (in the case of sequoia), 

ring-width series for each core sample were standardized into dimensionless indices by 

fitting a growth curve to the series and then dividing the ring-width series by the values of 

the growth curve (Fritts. 1976). To remove the effects of low order persistence, which is 

believed to be biological in origin, from the detrended ring-width series and emphasize 

interannual variation, the resulting series were autoregressively (AR) modeled using the 

ARSTAN program (Cook. 1985; Cook and Holmes. 1986) and residual chronologies 

were used. 

Weighted average time series (henceforth, chronologies) of giant .sequoia and pine 

tree-ring width indices were created using the first components of separate sequoia and 
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pine unrotated principal components (PC) analyses (using the correlation matrix) for the 

period. 1899-1987 (Gartln. 1998). From these time series, the highest and lowest deciles 

and quintiles from the period 1947-1987 were selected as extreme growth years (Table 

3.1). 

Storm/Interstorm Data and Methods 

Storm characteristics were examined using the "storm/interstorm" data set 

provided by the Climate Research Division of the Scripps Institution of Oceanography. A 

precipitation event, or "storm", is defined as a period of days during which the central 

Sierra Nevada regional precipitation mean is greater than zero on the first and last days 

and during which there is no more than one interceding day in which the mean 

precipitation is zero (Cayan and Riddle. 1992). A dry period, or "interstormis defined 

as a period of two or more days with zero precipitation. These delineations are useful 

becau.se. even in winter, precipitation in the Sierra .\evada is a relatively unusual event, 

occurring on only about 45% of winter days (Cayan and Riddle. 1992). Cayan and Riddle 

(1992) found that heavy precipitation events, although infrequent, account for a large 

proportion of winter precipitation; similarly, they found that long, dry interstorm periods 

contribute greatly to the proportion of total dry days. Moreover, they found marked 

differences in circulation patterns, storm trajectory and persistence of snowpack when 

winters were stratified into categories such as warm/wet, cool/wet. etc. These types of 

differences in wet and dry winters (e.g.. persistence of snowpack. reduction of snowpack 
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due to rain on snow events, orographic enhancement of precipitation due to storm track) 

are probably important keys to decipher differences in growth response by the two 

chronologies to wet and dry winters and thereby gain information about the climate of 

extreme growth years. 

Following the methods of Cayan and Riddle (1992). averages of the following 

characteristics were calculated for storms during the high and low growth decile and 

quintile years for each of the chronologies; total number of storm days, total precipitation, 

mean minimum temperature, mean maximum temperature. For interstorms. the 

following characteristics were calculated; total interstorm days, mean minimum 

temperature, mean temperature, mean maximum temperature. In addition, the percent of 

precipitation accounted for by storms of various length was calculated. 

Storm Track Data 

Cyclone activity, regions of cyclogenesis and principal cyclone (i.e.. storm) tracks 

in the Northern Hemisphere are strongly influenced by topography, meridional 

temperature gradients (which frequently occur over the ocean or where there are strong 

ocean-land temperature contrasts), latitude, static stability, low level convergence, and 

vorticity (Carlson. l991;Harman. 1991; Barry and Chorley, 1992). Furthermore, 

variations in storm track have been related to low frequency, large-scale circulation 

anomalies (e.g.. Lau. 1988; Cai and Van den Dool. 1991; Branstator. 1995; Rogers. 

1997). Traditionally, storm tracks have been determined through spatial examination of 
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the distribution of closed surface or upper level lows (e.g.. Zishka and Smith. 1980: 

Whittaker and Horn. 1982. 1984; Bell and Bosart. 1989; Parker et al.. 1989). Others, 

notably Lau (1988) and Rogers (1997). have u.sed the monthly mean rms amplitudes of 

bandpass filtered (2.5-6-day periods) 500 mb heights as a proxy for storm track.s. 

In his analysis of storm tracks and we.stem U.S. regional precipitation. Brown 

(1995) noted the desirability of a measure of storm track that was directly related to 

precipitation. Studies employing tabulation of clo.sed lows record a lower frequency of 

storms (i.e.. closed lows) than precipitation data might suggest, especially over the 

mountainous western L'.S. (e.g.. Woodhou.se. 1996). Brown, therefore, used daily counts 

of positive vorticity advection (PVA) at 500 mb (threshold PVA value = +4x10"'" s "). 

which, he concluded, is related to cyclone activity, vertical velocity and precipitation 

(Zwatz-Meise and Bendl. 1992; Bromwich et al.. 1993; Brown. 1995; Bresky and 

Colucci. 1997). Brown (1995) notes that the existence of PVA at 500 mb is a necessary, 

but not sufficient condition for the strong upward motion (vertical velocity) associated 

with precipitation. Low level warm air advection. increasing PVA with height both 

contribute to vertical velocity and sufficient moisture is al.so needed for precipitation 

development (Brown. 1995). In addition, it must be noted, that in the pre.sence of 

sufficient moisture in the atmosphere, orography is the single most important factor 

controlling the spatial distribution of precipitation in the western U.S. (R. A. Maddox. 

personal communication. August 19. 1998). In fact, given enough atmospheric moisture 

in regions of strong orography, precipitation can occur even when the sen.se of vorticity 
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advection is negative (R. A. Maddox. personal communication. August 19, 1998). Thus. 

Brown's PVA data set is an indicator of likely storm activity, sufficient only for 

climatological spatial and temporal scales. 

Brown's PVA storm track proxy record provides a digitized, readily available, 

dataset with a seasonal scale comparable to that used in this study. Qualitative 

compari.sons between Brown's PVA storm tracks and manual or objective tabulations of 

individual surface cyclones (e.g.. Whittaker and Horn. 1984; Bell and Bosart. 1989) show 

strong similarities in spatial extent and location. Differences between these methods 

relate chiefly to the number of counts: the PVA data exhibit many more days with 

cyclonic activity. However. Brown concluded that the magnitude of PVA counts more 

accurately reflects the number of precipitation occurrences in the western U.S. (Brown. 

1995). Figure 3.2 shows the climatology of PVA counts for December-February. The 

inferred storm track maximum in the north Pacific is similar to climatological storm track 

distributions presented in other studies (e.g.. Whittaker and Horn. 1984; Lau. 1988; 

Ander.son and Gyakum. 1989; Bell and Bosart. 1989). 

For the period. 1947-1987. 5'^ \ 5° grid point PVA data for the years associated 

with the highest and lowest deciles and quintiles of tree growth represented by the PC 

scores were composited (Table 3.1). In each of the figures presented below, the 1947-

1987 PVA mean value was subtracted from the decile and quintile means at each grid 

point. The reader should compare the composite anomaly maps that follow with the 

climatology in Figure 3.2, keeping in mind that each PVA count represents a center of 
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positive vorticity advection at that grid point during a winter season day. The application 

of PVA to this study is u.sed solely as a proxy for the likely storm track, in order to 

supplement the storm-interstorm analysis. (Note: the term "storm track" as used in this 

study is shorthand for "likely proxy storm track".) 

RESULTS 

Storm/Interstorm Analysis 

As expected, high growth anomaly years in both pine and sequoia exhibit greater 

than average number of storm days and total precipitation; conversely, low growth 

anomaly years exhibit fewer than average storm days and lower than average total 

precipitation (Table 3.2). Temperature characteristics during storm and interstorms 

periods, however, differ between these chronologies. Storms during S+ years are 

characterized by lower than average maximum temperatures and higher than average 

minimum temperatures, which are characteristic of cloudy days; interstorms during these 

years exhibit higher than average maximum and minimum temperatures. Storms and 

interstorms during S- years are characterized by warmer than average maximum 

temperatures. Pines show clear differences in temperature respon.se for high and low 

growth extremes; pine high growth years are warmer than average and pine low growth 

years are cooler than average. 

Figure 3.3 shows the distribution of the percentage of precipitation delivered by 
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storms of various lengths. The following is clear from examination of the figure: (I) low-

growth years in both species are characterized by a virtual lack of extremely long storms 

(12+ days) and both species exhibit a lower proportion of precipitation delivered by 9-11 

day storms; (2) both species exhibit a higher proportion of precipitation delivered by 

shorter duration storms (1-8 days) during low growth years; (3) sequoia high growth years 

are characterized by a higher proportion of precipitation delivered by long storms (> 8 

days); (4) pine high growth years exhibit a higher proportion of precipitation delivered by 

extremely long storms. 

Storm Tracks And Tree Growth 

During S+ winters. PVA counts are higher than average in the northeast Pacific, 

particularly between 20°-40°N. and lower across the Gulf of Alaska and the .southwestern 

U.S. (Figure 3.4). The inferred anomalous storm track is .southwest to northeast with a 

higher frequency of storm activity along the California-Oregon coast. This pattern, 

evident in both the quintile and decile analyses, is consistent with lower than average 500 

mb heights across the northeastern Pacific and higher than average heights over 

northwestern Mexico. Greater storm activity south of the climatological storm track 

matches descriptions from monthly weather summaries, which cite strong westerlies 

displaced south of their mean position and a deepened east Pacific trough during S-)- years 

(O'Connor. 1958; Klein. 1958; Wagner. 1969a). The S+ storm track pattern closely 

resembles the 1- and 3- storm track patterns of Anderson and Gyakum (1989; Figs. 8. 12). 
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which they describe as "split track" patterns with well defined storm tracks in the western 

and eastern Pacific, but few storms traversing the central Pacific region. They note that 

their two split track patterns differ only in that pattern 3- is shifted somewhat to the east 

of pattern 1-, which is consistent with the observation that California high precipitation 

years can be caused by a variety of circulation patterns (Cayan. 1996; Mitchell and Blier. 

1997). 

The S- winter PVA anomaly pattern displays a greater number of storms in the 

Gulf of Alaska and northwestern Canada, with fewer storms at high latitudes and along 

the California coast (Figure 3.4). The Gulf of Alaska anomaly is particularly pronounced 

in the decile composite, whereas the quintile composite al.so exhibits fewer storms in the 

lower midlatitudes and along the U.S. coast. The inferred storm track is consistent with 

the well known California drought circulation, which is characterized by defiection of 

storms from the U.S. coast, low snow pack and vigorous and persistent meridional 

circulation (i.e.. a pattern of deep North Pacific troughing accompanied by enhanced 

western North America ridging) (Green. 1958: Dunn. 1959: Stark. 1961a; Andrews. 

1961: Dickson. 1977a: Namias et al.. 1988: McCabe and Legates. 1995: Cayan. 1996; 

Mitchell and Blier. 1997). The composite anomalies match Anderson and Gyakum's 

(1989) 1+ storm track regime, which they describe for a 30-day period in 1977 as "a very 

well defined zonal cyclone track maximum across the central Pacific leads to a collection 

of occluded cyclones near the Alaska peninsula and very few cyclone tracks successfully 

reaching the west coast of North America." Moreover, Raphael and Cheung (1998) note 
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that despite the intensity of the Aleutian Low during 1977, few cyclones occurred close 

enough to the west coast to produce precipitation over California. Figure 3.4 shows 

enhanced storm activity in the southeastern north Pacific; however, this activity is farther 

from the coast than during S+ winters. 

The P+ PVA counts exhibit increased storm activity across the entire region, with 

particularly high counts between 20"-40"N and relatively close to the North American 

coast (Figure 3.4). The pattern corresponds to Anderson and Gyakum's (1989) type 2 + 

regime, and exhibits an inferred zonal, southern storm track across the entire Pacific 

Basin: it also bears some resemblance to Lau's (1988) P2 pattern, which he relates to the 

Pacific/North America circulation pattern (Wallace and Gutzler. 1981). Both decile and 

quintile composites exhibit similar characteristics. 

The P- PVA counts exhibit increa.sed storm activity just north of the 

climatological storm track and in the southwest U.S.. with decrea.sed activity between 

20"-40°N and along the U.S. Pacific Northwest coast (Figure 3.4). Decile and quintile 

composites both exhibit similar characteristics; the decile composite shows a greater 

decrea.se in storms in the northeast Pacific north of 40°N. The preferred storm track 

during P- winters is consistent with more frequent anticyclonic activity in the eastern 

Pacific and maximum westerlies north of their mean position, as suggested by monthly 

weather summaries (Andrews. 1965a; Green. 1965; Dickson, 1979). 
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DISCUSSION 

Preferred storm tracks in midlatitudes are frequently associated with tropospheric 

stationary waves, persistent anomalies (e.g.. blocking), and precipitation events (e.g.. 

Lau. 1988; Anderson and Gyakum. 1989; Brown. 1995). Rogers (1997) demonstrated 

that even in the study of well known teleconnections patterns, such as the North Atlantic 

Oscillation, it is necessary to link lower frequency analyses, such as monthly-sea.sonal 

pressure anomalies, with high frequency pre.ssure variability (storm tracks) in order to 

fully understand spatial variations of atmospheric circulation as.sociated with anomalies in 

temperature and precipitation fields. In the geographic region examined in this study. 

Cayan and Riddle (1992) found that they could better distinguish circulation patterns 

associated with Sierra Nevada winter sea.son precipitation and temperature when they 

examined storm characteristics. Evidence from the period 1947-1987 links extreme tree 

growth anomalies with storm track and .storm temperature and duration characteristics. 

This evidence provides additional and more exact knowledge of circulation 

characteristics presented in Gartln (1998). 

It is interesting to contrast the characteristics associated with the two sets of 

chronologies. Both S+ and P+ winters exhibit greater precipitation, more long duration 

storms, with anomalously high PVA counts over the eastem Pacific (close to the coast) 

and inferred storm tracks south of the climatological mean track. However, differences 

between S+ and P+ storms result in somewhat different winter precipitation regimes. For 

example, during S+ winters the inferred storm track is oriented from SW to NE. storms 
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enter the U.S. coast in Northern California and temperatures are near the mean, which 

results in anomalously high snow depth in the south central Sierra Nevada (Gartln. 

unpublished data). During P+ winters, the inferred storm track is zonal, somewhat to the 

south of the S+ storm track, storms enter the U.S. coast in Southern California and 

temperatures are above average, which results in only slightly above average snow depth 

(warm/wet). S+ winters exhibit regional snow depths -50% higher than P+ winters. 

Both S- and P- winters exhibit more short duration storms, fewer long duration storms 

with below average precipitation and snow depth (average temperature/wet). However, 

during S- winters temperatures are greater than average (warm/dry), storms occlude in the 

Gulf of Alaska and snow depth is -30% lower than P- winter snow depth. During P-

winters. temperatures are lower than average (cool/dry), and storm activity is enhanced 

along the Alaska/British Columbia coast and in the U.S. southwest. 

Contrasting the PVA count anomaly data with 500 mb anomaly patterns (Garfin, 

1998: figures 4-7), positive PVA anomalies tend to occur to the east-southeast of 500 mb 

negative anomaly centers. The PVA anomaly patterns are consistent with the flow 

suggested by the circulation anomaly patterns. For example, the strong positive PVA 

anomaly in the Gulf of Alaska during S- winters occurs to the east of a deepened Aleutian 

Low, but is contained to the west of the North American coast by enhanced ridging over 

western North America. Information gained by performing the PVA analysis also sheds 

light on the effects of minor features in the 500 mb anomaly patterns, such as the low 

PVA anomaly counts off of Baja California, which correspond to extremely weak high 
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pressure anomalies over the region (Figure 3.4; Garfin. 1998. Figure 6). 

Many similarities between the tree-ring-selected inferred storm tracks and recent 

storm track studies were presented above. These patterns also bear similarities to patterns 

presented in previous dendroclimatic studies a.> follows; the S+ storm track anomaly 

pattern best corresponds to BF76 type 3. although only 2 of the S+ quintile years over the 

la.st century (not shown) match the 5 BF76 type 3 years; moreover, this storm track 

pattern corresponds to the storm track description given by Haston and Michael.sen 

(1997) for years during which all of California is wet; the S-inferred storm activity away 

from the California coast corresponds to circulation patterns de.scribed by Biasing and 

Fritts (1976. type 1) Hughes and Brown (1992) and Haston and Michaelsen (1997; "North 

Dry"); the P+ inferred storm track is somewhat similar to BF76 type 4. which shows 

strong cyclonic activity over the south central and eastern Pacific and storms entering 

Baja California (four of five BF76 type 4 years occur in the upper quintile of P+ years this 

century); the P- anomalous storm track agrees somewhat with cyclone frequency 

presented in BF76 type 1; however, only 2 of 5 BF76 type 1 years are in the lowest 

quintile of P- years this century. Dissimilarities could be due to differences in chronology 

networks, differences between PVA count data and closed surface low counts used by 

Biasing and Fritts (1976). and changes in atmospheric circulation between the early and 

late parts of the 20th century. The latter is the subject of further research by the author 

which examines relationships between Sierra Nevada tree growth and the century long 

record of SLP. 
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SUMMARY 

Extreme tree growth anomalies were related to seasonal storm characteristics. 

These results showed clear relationships between storm duration, total storm events, 

temperature and tree growth. S+ winters exhibit a higher frequency of storm days, with a 

greater proportion of precipitation occurring during long duration storms and they exhibit 

warm interstorm periods; S- winters exhibit warm dry storm conditions with above 

normal temperature maxima and virtually no long duration storms. P+ winters tend to be 

warm and wet, with a high frequency of storm days and a greater proportion of 

precipitation occurring during long duration storms: P- winters tend to be cool and dry. 

with a lower frequency of storm days and a lack of long duration storms. As mentioned 

above, storms during these years tend to be of long duration and are accompanied by 

relatively warm interstorm periods. Moreover, these years tend to be snowier than 

average (Garfin. unpublished data). Breakdown of data into storm and interstorm periods 

provided further insights into the height of atmospheric circulation associated with 

extreme tree growth, as well as a better understanding of temperature and precipitation 

characteristics than those provided by monthly or seasonal data. 

Extreme tree growth anomalies were also related to storm tracks using PVA count 

data. This analysis showed that Sierra Nevada tree species exhibit extreme growth during 

winters with demonstrably different storm tracks. Both orientation and frequency of 

storms provided valuable information that, when combined with information about 

temperature, precipitation, snow, geopotential height and storm duration give a 
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comprehensive picture of winter atmospheric circulation associated with tree growth. 

Sequoia, which is a complacent species, exhibits high growth during winters in which 

storms are more frequent and oriented perpendicular to the Sierra Nevada (SW-to-NE) 

and low growth when storms are diverted from the California coast into the Gulf of 

Alaska. Knowledge of this central Califomia-Gulf of Alaska connection might be u.seful 

to interpretation of paleoclimatic reconstructions (e.g.. Wiles et al.. 1998). Pines 

exhibited greater sensitivity to zonal storm track location, as high growth years were 

associated with storm tracks far south of the climatological North Pacific storm track and 

low growth years were associated with a paucity of storms along the southern storm track. 

Knowledge of preferred storm tracks during extreme growth years is a valuable 

contribution to understanding past atmospheric circulation in the Sierra Nevada. Storm 

track location is important to those engaged in modeling atmospheric circulation and is of 

clear importance to a comprehensive synthesis of paleoclimate (c.f. Lamb. 1972: 1977). 

In Garfin (1998), information about storm tracks was gleaned from the literature. In this 

paper, extremes in tree growth were related to an important and easy to grasp circulation 

parameter, anomalous storm track inferred from counts of centers of positive vorticity 

advection (PVA). This provides a quantitative basis for inferences based on reports from 

the literature and it provides direct links with directions of atmospheric flow inferred 

from pressure surface composites (500 mb and SLP) and with precipitation. As digitized 

storm track datasets and storm track proxy datasets, characterized by easy availability of 

primary data and economy of calculation (e.g., Lau, 1988; Brown, 1995; Rogers, 1997), 
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have replaced tedious manual transcription of data from daily weather maps, they provide 

dendroclimatologists with a powerful means of inferring or reconstructing past 

atmospheric circulation. Nevertheless, the short length of the PVA data set precludes 

rigorous statistical verification of reconstructed storm tracks using traditional methods. 

The tree-ring chronologies presented in this study are from a limited area in the Sierra 

Nevada and provide excellent insights into atmospheric circulation associated with the 

southern and central Sierra Nevada. Moreover, this study shows the value of using daily 

meteorological data, tabulated seasonally, in order to create meaningful climatological 

variables for dendroclimatological reconstruction. Similarities presented above suggest 

that these data can be used to reconstruct storm tracks for a much broader region; 

however, a wider network of chronologies from west coast state.s/provinces would 

improve the accuracy of such a reconstruction. Work in progress by the synoptic 

dendroclimatology work group at the University of Arizona will address this question. 

Finally, the results of this research suggest the following questions for future research; 

What were the orientations of individual storms associated with various storm durations ? 

What were the orientations of individual storms associated with high snowfall events? 

Were rain on snow events associated with relatively low snow amounts during pine high 

growth winters? What statistical models provide the most effective means of 

reconstructing PVA from multi-species tree-ring data? 
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Figure 3.1. Tree-ring chronologies used in this analysis. Altitude estimates are from the 
United States Defense Mapping Agency's United States 30-Second DEM and are 
expressed in meters (Row et al., 1995). 



Figure 3.2. Mean positive vorticity adveclion (PVA; see text) counts for 1947-1987 (i.e., 
climatology). Each count describes PVA at a grid point at OOUTC during the winter 
season. December-February. 
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Figure 3.3. Boxplots of percent of November-March central Sierra Nevada regional 
precipitation received during storms of various duration for each of the tree-ring 
composites. Each plot has the following sequence: low growth decile (X-), 1947-1987 
mean (X), high growth decile (X+). Dots indicate values falling outside 1.5 interquartile 
ranges. For details of boxplot form and calculations see Systat, Inc., 1992. 



Figure 3.4. PVA anomaly decile composite maps. Anomalies are calculated as 
differences from the 1947-1987 mean. Units are counts of DJF days with PVA. 
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Table 3.1. Extreme growth years. (Deciles are in bold typeface). 

_S± P± SI P:. 

1954 1967 1947 1949 
1958 1969 1949 1960 
1969 1973 1959 1965 
1974 1974 1961 1971 
1978 1977 1966 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 
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Table 3.2. Mean characteristics for November-March storms and interstonns 1947-1987 
(Mn T = minimum temperature. Mx T = maximum temperature. PPT = precipitation) 
(^Precipitation data are expressed as medians) (bold = above mean; italics = below 
mean). 

Storm Interstorm 

# of Total M n T  M x T  # o f  Mn T .Mx T 

Days PPT "C Days 'C 

P+ Quintile 59 995 1.4 12.2 103 0.0 12.2 

P+ Decile 55 1003 l.O 12.7 106 0.1 12.7 

S+ Quintile 62 1069 1.4 11.6 102 0.2 12.1 

S+ Decile 62 1159 1.2 11.5 105 0.3 12.1 

Mean 50 671 1.0 12.0 105 -0.5 11.8 

S- Decile 35 442 1.2 13.8 116 -0.2 12.7 

S- Quintile 40 505 0.6 12.5 109 -0.9 11.8 

P- Decile 42 525 0.0 11.2 92 -1.4 lO.H 

P- Quintile 44 551 O.J 11.6 104 -0.9 11.3 
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4. SNOW DEPTH, ATMOSPHERIC CIRCULATION, AND SIERRA NEVADA 

TREE-RINGS 

This paper will be submitted to an as yet undetermined journal. 

ABSTRACT 

Relationships between extreme radial growth in Sierra Nevada conifers and snow 

are evaluated using snow depth and snow water equivalent (SWE) data. Giant sequoia 

(Sequoiadendron gi^anteiim) from mid-elevation exhibit a strong response to snow depth 

and SWE. especially during low growth years; whereas, high-elevation pines (Pinus 

halfourianci, Pinus albicciulis) exhibit a more mixed respon.se. In most years giant 

sequoia benefits from high snow depth, high SWE and a high percentage of precipitation 

falling as snow (%PS). Pines exhibit similar characteristics; however, pines seem to 

respond more positively during years when the %PS is relatively low. These results 

confirm the precipitation sensitivity of giant .sequoia during extremes in growth and point 

to the complicated nature of the respon.se of high elevation pines to winter precipitation. 

Moreover, when these results are compared with results from studies of atmospheric 

circulation, they show that the southward displaced storm track and enhanced high 

pressure over northwestern North America during pine high growth years results in 

relatively warm storms which bring only slight increases in snow as compared with the 

long-term mean, whereas the southwest-northeast oriented anomalous storm track during 
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sequoia high growth years results in enhanced Sierra Nevada snow. 

INTRODUCTION 

An intermediate factor in the relationship between atmospheric circulation and 

precipitation, as it affects tree growth, is snow. Spring snow depth (a measure of 

persistence of snowpack). can have both beneficial and deleterious effects: persistent 

snow provides abundant water at the beginning of the growing season, but it can also 

shorten the growing season. Previous investigations have shown that Sierra Nevada trees 

respond positively to winter or annual precipitation, much of which comes as snow (Fritts 

and Gordon. 1982; Hughes and Brown. 1992; Graumlich. 1993; Haston and Michaelsen. 

1997; Garfm, 1998. Chapter 2). Moreover, due to the strong relationship between tree 

growth and winter precipitation, years of extreme growth in giant sequoia 

(Seqiioiadendron f^igcmteum) and subalpine pines (Pinus halfouriuna. Pinus alhiccuilis) 

are also related to patterns of atmospheric circulation (Hughes and Brown. 1992; Gartln. 

1998, Chapter 2). Snow amount and persistence is related to atmospheric circulation 

because (1) the orientation of midlatitude cyclones determines the extent to which 

precipitation will be enhanced by orographic effects (Aguado et al., 1993), (2) the latitude 

and orientation of the storm track determines the temperature of the storm and hence the 

character of the precipitation (i.e., whether it falls as liquid or solid precipitation) (Cayan 

and Riddle, 1992) and (3) the source of air masses determines air temperatures and hence 
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the onset of snowmelt. These snow bearing storms increase winter precipitation totals 

throughout the central Sierra Nevada. The total amount of snow (often measured as snow 

water equivalent; SWE) is closely related to total precipitation in alpine areas with winter 

precipitation maxima (such as the Sierra Nevada of California). 

Nevertheless, there are observed differences in tree growth at high and middle 

elevations. For instance, for extreme quintiles of growth in giant sequoia and pine over 

the period 1900-1987, only 5 of 18 extreme low growth years and only 4 of 18 extreme 

high growth years are in common between the two groups of tree-ring chronologies, 

despite the fact that interannual variation of precipitation and snow was probably well 

correlated at both elevations. The.se observations beg the question "What is the role of 

snow in the differing extreme growth responses exhibited by the.se trees?" 

Dendroclimatological Studies Using Snow Data 

Relatively few dendroclimatological studies quantify tree growth-snow 

relationships. This is probably due to the relatively short record of snow data, the strong 

relationship between snow and total precipitation, and the sparseness of snow records at 

relatively high elevations. Most studies refer to ecological phenomena, such as stand 

regeneration and growth form (e.g., Hofgaard et al.. 1991; Earle, 1993; Bergeron and 

Brisson. 1994; Payette et al., 1994); other studies infer tree-ring-snow relationships (e.g., 

Peterson et al., 1990; Perkins, 1995). The effect of snow is implicit in most treeline 

studies. 
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Some studies have used snow data explicitly to examine tree growth-climate 

relationships, although snowfall reconstructions were not produced by the authors ( e.g., 

Graumlich and Brubaker. 1986; Biondi. 1993: Peterson and Peterson. 1994: Biondi and 

Vi.sani. 1996). Graumlich and Brubaker (1986) u.sed response surfaces to examine 

relationships between spring snow depth (March), summer temperature (July-September) 

and tree growth in subalpine larch (Larix lyallii) and mountain hemlock (Tsuga 

mertensiana) in the Washington Cascade Range. They found that growth was best in 

both species when spring snow depth was low and summer temperatures were high 

(Graumlich and Brubaker. 1986). They noted a positive growth respon.se by the.se species 

at moderate to low snow depth, which reflected the influence of temperature on 

physiological processes related to growth. They surmised that when snow persists into 

late spring and early summer, soils remain cold and trees are unable to absorb water. 

Based on these inferences, they were able to reconstruct a 390-year temperature record for 

Longmire. Washington. Biondi (1993) and Biondi and Visani (1996) found nonlinear 

relationships between snowpack (April snow depth), winter precipitation (December-

May). spring temperature (March-April) and the growth of European beech (Feigns 

sylvatica) in Italy. Their results most relevant to Sierra Nevada tree growth include the 

following: (1) low spring temperatures retard snowmelt and are beneficial to growth 

when snowpack is small (Biondi. 1993), (2) beech radial growth is highest when 

snowpack is high and melt is slow, and (3) additional precipitation above a certain 

threshold of snowpack does not add any additional positive influence to growth because 
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soils are saturated and runoff is high (Biondi. 1993). Peterson and Peterson (1994) found 

that radial growth for subalpine fir [Abies lasiocarpa), Engelmann spruce (Piceci 

engelmannii) and subalpine larch (Lurix Ivcillii) is negatively correlated with April 1 snow 

depth, winter precipitation and previous summer temperature. Specific growth responses 

to high and low snow depth were species dependent. a.s follows.in years with greater than 

median winter precipitation, subalpine tlr growth is positively correlated with winter 

precipitation and previous spring temperature, whereas when snow depth is low. the 

growing season commences early and warm summer temperatures favor growth; snow 

depth had less effect on Engelmann spruce growth than on subalpine fir growth; for 

subalpine larch, snow depth was negatively correlated with growth, probably due to the 

retarding effect of cold soils on water uptake by the trees (Peterson and Peterson. 1994). 

Tunnicliff (1976) reconstructed SWE for regions in northern and east central 

Arizona using total ring-width measurements from sites in the San Francisco and White 

Mountains. Tunnicliff noted that these sites exhibited a variety of respon.ses. positive, 

negative and mixed (depending on the month) to snowfall. He also noted a tendency for 

temperature effects to be the inverse of snowfall effects, i.e.. low temperatures in winter 

were associated with high snowfall, and high growth during the subsequent growing 

season (Tunnicliff. 1976). Tunnicliff (1976) was able to produce reconstructions of SWE 

accounting for up to 50% of the variance in the 37-year record of Flagstaff. Arizona. 

Wang (1989) used total ring width to reconstruct 250 years of September-May snowfall 

for the Altay Mountains region of China. He demonstrated a positive relationship 



88 

between tree growth and snowfall, which accounted for 49% of the variance in a 4-station 

mean snowfall record for the period 1960-1980 (Wang. 1989). Fukuoka (1992) 

combined historical documents and tree-ring records to reconstruct the ratio of the 

number of days with snowfall to the total number of days with precipitation. He found 

that the ratio was higher during years of low tree growth: the Little Ice Age was a period 

during which the snowy days ratio was high (Fukuoka. 1992). Finally, there are many 

dendroclimatic reconstructions for sites and regions where a large portion of winter 

precipitation falls as snow (e.g.. Fritts and Gordon. 1982; Graumlich. 1993). 

Objectives 

The primary objective of this study is to examine overall relationships between 

extremes in Sierra Nevada tree growth and snow. This will be accomplished by 

examining composites of snow depth for extreme growth years and by correlations 

between snow depth. SWE. precipitation, temperature and tree growth. A secondary 

objective is to put the snow-tree growth relationships in the context of regional 

atmospheric circulation. This will be accomplished by comparison with previous studies 

of Sierra Nevada tree growth and atmospheric circulation (Garfm. 1998. Chapter 2; 

Garfm in review). 
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DATA AND METHODS 

Tree-Ring Data 

The tree-ring data used in this study consist of 15 giant sequoia chronologies from 

elevations of -2000 m (Brown et al.. 1992; Hughes et al.. 1996). 4 subalpine foxtail pine 

chronologies (Pinus halfouriana) from elevations of -3500 m (Graumlich. 1993; Lloyd. 

1996). and 1 subalpine whitebark pine chronology (Pinus albicaulis) from -3200 m 

(treeline for this species) (John King, personal communication. March. 1995) (Figure 4.1; 

Table 4.1). Sequoia chronologies u.sed in this study were dated, measured and 

standardized using standard dendrochronological procedures (Brown et al.. 1992). Pine 

chronologies were dated, measured and standardized using similar procedures 

(Graumlich. 1993; Lloyd. 1996). Ring-width series for each core sample were 

standardized into dimensionless indices by fitting a growth curve to the series and then 

dividing the ring-width .series by the values of the growth curve (Fritts. 1976). This 

procedure removed trends in the data related primarily to age. bole geometry, or. in the 

case of .sequoia, fire disturbance. The resulting .series were then autoregressively modeled 

using the ARSTAN program (Cook and Holmes. 1986) to remove the effects of non-

climatic persistence from the detrended ring-width series (Meko. 1981; Cook. 1985). 

Residual chronologies were used in order to emphasize interannual variation. 

Extreme tree growth anomaly years for each of the two elevation clas.ses (mid-

elevation giant sequoia; high elevation upper forest border pine) were selected on the 

basis of individual unrotated principal components analyses (PCA) of the tree-ring 
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chronologies, one for the sequoia and one for the pines, for the period 1899-1987 (Gartln. 

1998. Chapter 2). Time series of scores from the first component of each individual 

PCA. each of which accounted for greater than 70% of the variance, were selected as 

weighted averages of the chronologies. These two PCs are weakly correlated (r = +0.23). 

From these time series, the highest and lowest deciles and quintiles from the period 1947-

1987 were selected as extreme growth years. The quintiles were employed to test the 

robustness of the patterns associated with the most extreme growth years. Table 4.2 

shows the extreme years for .sequoia and pine chronologies. 

Snow Data 

.Monthly January-May snow depth and SWE data were provided by the California 

Cooperative Snow Survey of the California Department of Water Resources 

(http://cdec.water.ca.gov/snow/). Snow depth data were used because depth more 

accurately reflects characteristics of the snowpack that might have effects on tree growth 

that differ from those of total precipitation (which SWE would more accurately reflect). 

For example, more persistent snow might result in cooler spring soil and boundary layer 

air temperatures, which could retard tree growth, whereas, greater spring snow depth 

might presumably be associated with greater availability of moisture during the early 

growing season for high altitude trees, which would enhance tree growth. Greater spring 

snow depth and more persistent snow might yield greater water availability during the 

spring and summer growing seasons at lower altitudes where snow melt occurs about 1 

http://cdec.water.ca.gov/snow/
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month earher than at treeline (Stephenson. 1988). 

Snow depth data were taken monthly with standard snow tubes and depth in 

millimeters was recorded. By weighing the snow core, the water content (SWE) is 

obtained. These data have been checked for math errors, but there may be situations 

where the course will have gradually or suddenly changed configuration due to 

encroachment of trees onto the courses. Unfortunately, the California Cooperative Snow 

Survey does not check the course.s at that level of detail (Frank Gehrke. 1997. personal 

communication). Furthermore, stations on the east side of the Sierra Nevada crest were 

deemed unreliable, becau.se data notes from those snow courses are not archived by the 

California Cooperative Snow Survey (Frank Gehrke. T997. personal communication). 

Snow depth data for the period 1947-1987 were examined for percentage of data 

available. April was cho.sen as the primary month of analysis because more stations had 

complete data for this month than for the other months. Furthermore, April 1 is the most 

common date of measured maximum SWE in the western U.S. (Cayan. 1996). Stations 

with 100% data available for April in the region bounded by the coordinates 38.5° N. 

35.5" S. 120° W. 118° W were selected for analysis (n = 25; Figure 4.2. Table 4.3). 

Neither snow depth or SWE data are normally distributed. Therefore, these data were 

expressed as a percent of 1951-1980 mean. Despite this transformation (and others, such 

as square root and natural logarithm), these data, especially for stations located in the 

southern Sierra Nevada (where most of the tree sites are located), still exhibited positive 

skewness. Consequently, methods of analysis not dependent on the distribution of the 
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data were employed. 

Snow course station data were highly intercorrelated. as expressed by the 

Spearman correlation coefficient, which is robust with regard to non-normal data. All 

Spearman correlations were positive and none were lower than +0.52. Corroboration was 

provided by the results of principal components analysis of the transformed snow depth 

data, in which 86.5% of total variance was accounted for by the first principal component 

in an unrotated PC A (PC 2 accounted for 6.5% of the variance); this result is similar to 

that of Aguado (1990). who examined SWE from a set of snow stations that traversed the 

entire range of the Sierra Nevada and found strong spatial coherence in snow course data. 

The first two components in both rotated and unrotated PCA displayed strong 

relationships with elevation, primarily, and secondarily with latitude (not shown). Snow 

courses nearby the tree sites are primarily low elevation stations (-2000-2700 m). 

Temperature. Precipitation and Atmospheric Data 

Monthly precipitation and temperature data referred to in this study are as follows: 

(1) a November-March regional average of 6 relatively high elevation stations in the 

Sierra Nevada (Cayan and Riddle. 1992; Aguado et al.. 1992); (2) November-March 

precipitation data for the Grant Grove station. Sequoia National Park (Scuderi. 1984; 

Graumlich, 1991. 1993); (3) atmospheric circulation, represented by monthly analyses of 

500 mb November-March height anomalies from a 1951-1980 reference period (Bradley 

et al., 1994); (4) November-March daily storm and interstorm temperature and 
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precipitation (Cayan and Riddle. 1992): and (5) December-February positive vorticity 

advection (PVA) data (used as a proxy for storm track) (Brown, 1995). 

BIOLOGICAL BASIS OF RING WIDTH-SNOW RELATIONSHIPS 

Winter 

Ecophysiological studies of trees growing near the alpine treeline de.scribe a 

variety of effects that snow and winter temperature have on tree growth during the 

subsequent growing .season (e.g.. Tranquillini. 1979). One con.sequence of cold winter 

temperatures, especially when snow is lacking, is physical damage (Figure 4.3a). Cold air 

temperatures early in winter, before the protective winter snowpack develops, can damage 

buds that are not yet frost hardened and reduce mycorrhizal root growth (Peterson and 

Peterson, 1994). This type of damage may result in reduced ring width as a result of less 

shoot growth, damaged juvenile foliage (hence, inefficient photosynthesis during the 

growing season) and reduced absorption of water during the growing season (Fritts. 1976: 

Creber and Chaloner. 1990). Winter water stress is another consequence of snow and 

winter air temperature variation (Figure 4.3b). Snow insulates the soil, reflects solar 

radiation and reduces the amount of energy ab.sorbed at the ground (i.e.. it increa.ses 

albedo): thus, it reduces outgoing longwave radiation at night and. hence, above ground 

temperatures (Fritts. 1976). However, if snowpack is low as air temperatures decrease in 

late fall and early winter, soil temperatures decrease and may remain cold for the duration 

of the winter. If soil temperatures are extremely low, then water cannot be taken up by 
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trees (Kozlowski 1943; Stephenson. 1988; Kozlowski et al.. 1991; Peterson and Peterson. 

1994). Trees receive higher levels of solar radiation on clear days, thus evaporative 

demands can be quite high even in winter; the additional radiation may cause needles to 

overheat (i.e.. needle temperature is greater than ambient air temperature) and. if water is 

unavailable, enhanced evapotranspiration and even desiccation may result (Tranquillini. 

1979; Creber and Chaloner. 1990; Kozlowski et al.. 1991). Trees growing at lower 

altitudes and/or in stands where the canopy is more closed are less su.sceptible to this 

desiccation effect (Tranquillini. 1979). A final major category of snow/temperature 

effects concerns the balance of respiration and photosynthesis during winter months 

(Figure 4.3c). In order for stored photosynthate to be maintained at adequate levels for 

the upcoming growing sea.son. photosynthesis must equal or exceed respiration. Helms 

(1965. in Creber and Chaloner. 1990) found, for example, that winter photosynthesis, 

which may proceed in conifers at low temperatures (Tranquillini. 1979; Creber and 

Chaloner. 1990). could account for 25% of total photosynthesis in Dougla.s-fir. Several 

researchers cite evidence that brief warm periods during cold winters can cause (I) 

deactivation of chlorophyll and (2) increased respiration to such a degree that net 

photosynthesis in Pinus arisuita was negative and required half of the next growing 

.season to recover the loss of stored materials (Mooney et al.. 1966 in Tranquillini. 1979; 

Schuize et al.. 1967 in Tranquillini. 1979; Fritts. 1969). High winter temperatures, 

especially under dry conditions, result in enhanced respiration, depletion of reserves, and 

water stress (Fritts, 1976). Warm winters may, given adequate moisture, increase food 
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reserves and result in enhanced growth during the subsequent growing season (Fritts. 

1969; Scuderi. 1987). Thus, the main negative (positive) effects of winter temperature 

and snow on subsequent growing season ring width are damage to foliage and roots (soil 

insulation and warm air temperatures), water stress (water availability), and depletion of 

stored materials when respiration exceeds photosynthesis (addition to stored 

photosynthate). 

Spring Thaw 

The most important effects of snow and air temperature during the spring season 

have to do with the relationship between snowmelt. soil and air temperatures, soil water 

recharge and the commencement of the growing season (Figure 4.4). When snow persists 

into the early growing season, such as during a high snowfall winter, air and soil 

temperatures are cooler, snowmelt commences later, and dormancy ends later. During 

such years, growth commences later and is accompanied by a variety of consequences 

that, in synergy, may result in a narrow growth ring (Fritts. 1976) (Figure 4.4a). These 

effects include the following: late bud burst, decreased shoot growth, reduced growth 

regulators, a smaller active cambial area and reduced rates of cell division and 

differentiation (Denne. 1976. 1990; Fritts. 1976; Tranquillini. 1979; Armstrong et al., 

1988; Creber and Chaloner. 1990; Peterson and Peterson. 1994). Since temperature is a 

major influence on growing season onset (Creber and Chaloner, 1990) and. hence, the 

length of the growing season and the commencement of the "grand period" of growth 
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(which is related to cambial growth and cell differentiation rates), the interaction between 

snowpack and air temperature (via albedo) directly impacts total ring width. Moreover, 

frosts during the early part of the growing season repress growth reactivation 

(Tranquillini. 1979). Persistence of snow, on the other hand, can be associated with 

positive soil moisture balance throughout the subsequent growing sea.son and. hence. 

have a positive influence on growth (Scuderi. 1990; Biondi. 1993) (Figure 4.4b). Thus 

high winter snow amounts combined with warm temperatures may result in snowmelt at a 

rate optimal for soil moisture recharge ("optimal snowmelt" in Figure 4.4b). early 

growing season commencement, less u.se of stored materials and positive synergy of the 

aforementioned growth factors. One cannot overemphasize the importance of soil 

moisture during the grand period of growth in drought sensitive .species such as giant 

sequoia. High spring temperatures may. however, result in rapid snowmelt runoff, with 

the result that moisture is unavailable to the trees (Fritts. 1976; Biondi. 1993) (Figure 

4.4c). Furthermore, high spring temperatures combined with low snowpack can result in 

increa.sed evapotranspiration. water stress, and decreased ring growth. 

TREE GROWTH-SNOW RELATIONSHIPS 

For giant sequoia, most high growth years exhibit positive snow depth anomalies 

(i.e., greater than 100% of the 1951-1980 mean) and most low growth years exhibit 

negative snow depth anomalies (i.e.. less than 100% of the 1951-1980 mean) (Figure 4.5). 

This effect is evident throughout the latitudinal range of snow stations and is most easily 
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seen in the decile plots. The distribution of high and low snow depth anomalies is similar 

for the pines; however, the effect is less pronounced and the plots exhibit greater overlap 

between values associated with low growth years and those associated with high growth 

years. 

Sequoia extreme low growth years (S-) are characterized by negative snow depth 

anomalies, especially at the southern snow stations (Figure 4.6. upper right). Sequoia 

extreme high growth years (S+) are characterized by positive snow depth anomalies 

(Figure 4.6. upper left); particularly large anomalies occur at the southern snow stations, 

and at stations along the crest of the Sierra Nevada. Pine extreme low growth years (P-i 

are characterized by negative snow depth anomalies (Figure 4.6. lower right); however, 

the southern stations are not particularly anomalous. Furthermore. P- snow depth 

anomalies are approximately l0-407c smaller than S- anomalies. With few exceptions, 

pine extreme high growth year (P+) snow depth anomalies are within 20% of the 1951-

1980 mean (Figure 4.6. lower left). This is in contrast to S+ anomalies, for which most 

stations record snow depth greater than 509c above the 195I-I980 mean. The P+ 

anomalies are scattered throughout the geographic range of snow stations. Similar 

geographic distributions of values are displayed in the sequoia quintile and P- composite 

maps, although, as expected, the magnitude of anomalies is not as high as in the decile 

composites. P+ quintile composite values, however, are of greater magnitude than P+ 

decile values. Cayan (1996; Table 3) classified April 1 SWE into high and low cases for 

5 western United States regions, including California. When sequoia and pine growth 
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quintiles are stratified according to Cayan's categories (Table 4.4). it is easy to see the 

relative consistency of growth response for sequoia and variation in response for pine. 

For sequoia, high snow years never resulted in low growth and low snow years never 

resulted in extreme high growth. For pine. low snow years resulted in a variety of growth 

responses (although seldom in high growth) and high snow years resulted in mostly high 

growth, but occasionally in low growth. Thus for the pines. (1) snow depth might not be 

a particularly important factor during extreme growth years for the pines, or (2) their 

response might vary depending on other factors such as temperature, which affects melt 

rate ( e.g.. Stephenson. 1988). Alternatively, the high altitude pines might display a 

variety of ecophysiological responses to persistent snow (see above). 

To further quantify these relationships. 1000 Monte Carlo simulations were 

performed for the high and low deciles and quintiles of tree growth for the four 

.southernmost snow stations and their mean. For example, using the high decile criterion, 

the data were randomly selected (with replacement) and values in the highest decile were 

chosen; 1000 such selections were performed and the results were used to generate 

confidence limits based on percentile rank. Only the extremely low snow depth 

anomalies associated with low growth deciles for giant sequoia were consistently lower 

than the 5th percentile of all selections (Table 4.5). High decile and quintile snow depth 

anomalies were frequently close to exceeding the 95th percentile, but only 3 of 10 

actually exceeded this criterion. None of the pine snow depth simulations exceeded the 

extreme percentile criteria. 
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TREE GROWTH. SNOW, TEMPERATURE AND ATMOSPHERIC CIRCULATION 

The results presented indicate that snow depth is a more important factor for the 

growth of giant sequoia than for the pines. Greater snow depth during high growth years 

probably reflects greater moisture availability for giant sequoia during the subsequent 

growth season (Stephenson. 1988). Positive correlations between sequoia growth and 

winter/spring precipitation and winter temperature when snow depth is above average 

(Figure 4.7, upper left) are consistent with the model shown in Figure 4.4b; the negative 

correlation with May precipitation probably indicates that May snow delays the onset of 

the growing season; low correlation with January precipitation is probably due to the fact 

that several years with high January precipitation (e.g.. 1973. 1980. 1981) are also 

characterized by low late winter/spring precipitation (although. 1969 is a major exception 

in this regard). Lack of snow during the warm, dry winters characteristic of sequoia low 

growth years probably results in moisture stress for these trees during the subsequent 

growth season (Hughes and Brown. 1992). During these years, sequoia growth is 

positively correlated with precipitation in all months (especially winter) and negatively 

correlated with temperature during most months (Figure 4.7. lower). The atmospheric 

circulation pattern associated with low snow winters is one of a deepened Aleutian Low 

accompanied by enhanced ridging over the western North America coast (Gartln. 1988); 

this typical California winter drought pattern is evident in studies of atmospheric 

circulation and western U.S. snowpack (McCabe and Legates. 1995; Cayan. 1996). 

Moreover, at -2000 m, where giant sequoia grows, the maximum water supply available 
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to trees is in April when the demand for water by trees is low. thus giant sequoia is 

severely affected by the peak water deficit period, which is in July-August (Stephenson. 

1988). 

Pines exhibited only a slight tendency toward higher growth during winters with 

greater snow depth and lower growth during winters with lower snow depth (Figure 4.6. 

Table 4.5). The lack of a significant relationship between pine growth and snow depth is 

probably the result of a combination of the following factors: tree growth at high altitude 

is frequently limited to a greater degree by summer temperature than is tree growth at 

lower altitude (Fritts et al.. 1965; LaMarche. 1974a; LaMarche. 1982); April snow depth 

may not be a good indicator of moisture availability at the beginning of the pines' growth 

.season; the mean date of snowmelt. probably occurs about one month later at the 

elevation of the pines than at that of the .sequoias (c.f. Stephenson. 1988); the snow course 

data set lacks stations in the vicinity of the pine sites at altitudes similar to the pine sites; 

and, due to aforementioned ecophysiological factors, persistent snow might have either 

positive or negative effects (Scuderi, 1990; Graumlich and Brubaker. 1986). 

Another characteristic that may be associated with the more variable response in 

the pine than in the sequoia is the greater frequency of heavy snow bearing storms that 

occurs during S+ years than during P+ years. This possibility is indicated by analyses of 

storm tracks and temperature and precipitation characteristics of storms (Gartln. in 

review. Chapter 3). S+ years exhibit high minimum and low maximum storm 

temperatures and an anomalous storm track oriented perpendicular to the Sierra Nevada, 
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whereas P+ years exhibit high minimum and maximum storm temperatures and a 

southward displaced zonal storm track (Figure 4.8). Furthermore. Cayan (1996) found 

that California winter/spring temperatures were cooler for years with high SWE and 

warmer for years with low SWE. with the greatest differences occurring after April 1. 

Composites of winter 700 mb height anomalies for high California SWE years (McCabe 

and Legates. 1995: Cayan. 1996) are similar to 500 mb circulation patterns associated 

with S+ years (Garfin. 1998. Chapter 2). which also exhibit lower than average June-July 

temperatures (not shown). P+ years exhibit higher than average April-October 

temperatures, lower precipitation than S+ winters and probably relatively early snowmelt 

(not shown). 

Stephenson (1988) noted that at the elevation of giant sequoia groves up to 50^ 

of winter precipitation falls as rain, whereas at treeline only up to 20% falls as rain, and 

winter rain is usually negligible. -5%. at treeline. In order to explore temperature, 

precipitation, and snow effects on tree growth, the percent of precipitation falling as snow 

(%PS) was constructed using April 1 SWE and precipitation at Grant Grove. 1000 Monte 

Carlo simulations were performed using composites of %PS for each of the highest and 

lowest deciles of growth (Table 4.6). Although none of the relationships were 

statistically significant, pine low growth years were characterized by higher %PS than 

pine high growth years. This result is consistent with correlation analyses of the 

relationships between tree growth, temperature and precipitation for years during which 

snow depth is above the median and below the median (Figure 4.7). In years when snow 
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depth is below average, pine growth is positively and most highly associated with spring 

and summer precipitation (i.e.. rain, or late winter snow that does not account for a large 

percent of the total precipitation), positively associated with winter temperatures and 

negatively associated with spring temperatures. In years when snow depth is above 

average, pine growth is most highly as.sociated with early winter precipitation and only 

weakly associated with temperature. Thus, there is a weak tendency for extreme high 

growth in pine during warm, wet and relatively less snowy winters. 

CONCLUSIONS 

Radial growth of giant sequoia is limited by summer drought and depends on 

winter precipitation and especially winter snow accumulation, which provides moisture 

for the growing season. Extreme high growth years in giant sequoia are characterized by 

high snow depth, a tendency toward a high percentage of precipitation received as 

snowfall, an anomalous storm track oriented from SW-NE. and mean winter temperatures 

with above average minima and below average maxima. Extreme low growth years in 

giant sequoia are characterized by significantly below average snow depth, above average 

winter temperatures, a lack of storms reaching the California coast (Garfm, in review. 

Chapter 3). and a tendency toward a low percentage of precipitation received as snow. 

Pines growing at treeline exhibit a more complicated response to winter snow. Pine 

extreme high growth years are more variable than S+ years and are characterized by 

slightly above average snow depth, a tendency toward a lower percentage of precipitation 
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received as snowfall, a zonal and southward displaced storm track, and high winter 

temperatures. Pine extreme low growth years are quite variable and are characterized by 

relatively low snow depth, a tendency toward a higher percentage of precipitation 

received a.s snowfall, a slight paucity of storms reaching the California coast and cool 

winter temperatures. 

One result of this study, the consistency of giant sequoia extreme growth response 

to snow, helps to flesh out the multimillenial paleoclimatic history of Sierra Nevada 

drought presented by other researchers (Douglass. 1928; Hughes and Brown. 1992). 

Wherea-s Hughes and Brown (1992) emphasized the drought signal associated with low 

growth, this study highlights the value of information gained from examination of 

extreme high growth in giant sequoia. The ambiguous role of snow and the apparently 

complicated and nonlinear response of high elevation Sierra .Nevada pines to 

winter/spring climate is another important aspect of this study, and one necessary to 

understanding the annual resolution paleoclimate of the region. The connection between 

tree growth, snow, and atmospheric circulation was made clear by this work. Pattems of 

atmospheric circulation and Sierra Nevada snow depth ba.sed on tree growth anomalies 

match well pattems associated with western U.S. snowpack variations. However, these 

connections must be tempered by knowledge of decadal scale changes in North Pacific 

atmospheric circulation, which have resulted in earlier Califomia winter snowmelt since 

the 1940s (Dettinger and Cayan. 1995). Based on the results of this study, I recommend 

that further investigation of the relationship between snow and the growth of high altitude 



pines in the Sierra Nevada be performed. In particular. I recommend that observations of 

the dates of snowmelt initiation and completion and remotely sen.sed information on 

snowpack be used in conjunction with dendrometer studies of tree growth (cf. Fritts. 

1969) in order to best elucidate the climatic signals contained in the tree-rings of high 

altitude Sierra Nevada conifers. 
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Figure 4.1. Tree-ring chronologies used in this analysis. Altitude estimates are from the 
United States Defense Mapping Agency's United States 30-Second DEM and are 
expressed in meters (Row et al., 1995). 
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Figure 4.7. Correlations between ring width and monthly temperature (right) and 
precipitation (left) for years during which snow depth was above (top) and below 
(bottom) the median (n = 20 for each set of correlations). 



Figure 4.8. PVA anomaly decile composite maps (S+, top; P+, bottom). Anomalies are 
calculated as differences from the 1947-1987 mean. Units are counts of DJF days with 
PVA at 500 mb. PVA is used as a proxy for storm track (Brown, 1995). 



Table 4.1. Site information 

Site (Map Kev) Data Source 

Camp Six (B) Brown et al.. 1992 

Buena Vista (C) Hughes et al. . 1996 

Big Baldy (D) Hughes et al. . 1996 

Muir (E) Hughes et al. . 1996 

Giant Forest (H) Brown et al.. 1992 

East Fork (K) Hughes et al. . 1996 

Mountain Home (M) Brown et al.. 1992 

Garfield (L) Hughes et al. . 1996 

Black Mountain (N) Hughes et al. . 1996 

Red Hill (0) Hughes et al. . 1996 

Parker Peak (P) Hughes et al. . 1996 

Long Meadow (Q) Hughes, unpublished 

Starvation Creek (S) Hughes, unpublished 

Packsaddle (R) Hughes, unpublished 

Deer Creek (T) Hughes, unpublished 

Upper Wright Lakes (F) Lloyd. 1996 

Boreal Forest (J) Lloyd, 1996 

Bighorn Plateau (G) Graumlich. unpublished 

Crabtree (I) Graumlich. 1993 

Kuna Crest (A) King, unpublished 
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Table 4.2. Extreme growth years. S refers to sequoia; P refers to pine; + refers to high 
growth years. - refers to low growth years. Deciles are in bold typeface. 

_s± P± S: PZ. 
1954 1967 1947 1949 
1958 1969 1949 1960 
1969 1973 1959 1965 
1974 1974 1961 1971 
1978 1977 1966 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 
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Table 4.3. Snow stations for 1947-1987 period with 100% April data. 

Map # Lat Lon Ail Name 
1 38.3 119.7 2377 Soda Creek Flat 
2 38.3 119.7 2210 Relief Dam 
3 37.9 119.3 3002 Dana Meadows 
4 37.9 119.3 2621 Tuolumne Meadows 
5 38.1 119.6 2438 Wilma Lake 
6 38.0 119.7 2347 Paradise Meadow 
7 37.6 119.6 2499 Ostrander Lake 
8 37.7 1 19.6 2134 Peregoy Meadows 2 
9 37.3 1 18.9 3078 Heart Lake 
10 37.4 118.9 3078 Volcanic Knob 
I 1 37.3 1 18.9 3048 Rose Marie 
12 37.3 1 19.1 2774 Kai.ser Pass 
13 37.2 119.1 2697 Coyote Lake 
14 37.4 119.5 2271 Chilkoot Lake 
15 37.4 119.5 2179 Chilkoot Meadow 
16 37.3 1 19.0 2195 Florence Lake 
17 37.2 119.2 2134 Huntington Lake 
18 37.4 I 19.5 2073 Poi.son Meadow 
19 37.2 1 18.7 3292 East Piute Pass 
20 37.1 1 18.6 3414 Bishop Pa.ss 
21 36.6 118.8 1951 Giant Forest 
22 36.1 1 18.5 2134 Quaking Aspen 
23 36.2 I 18.7 2012 Old Enterpri.se Mill 
24 36.0 118.4 2743 Round Meadow 
25 36.1 118.3 2332 Beach Meadows 



116 

Table 4.4. Extreme tree growth quintiles (1947-1987) and April 1 SWE stratified into 12 
high and 12 low years for California (Cayan. 1996; Table 3). S refers to sequoia; P refers 
to pine: + refers to high growth years: - refers to low growth years: upper case type refers 
to decile years: lowerca.se type refers to quintile years. 

Sequoia 
April 1 SWE i 
High 0 
Low 4 

April 1 SWE P; Avg. P+ p+ 
High 13 13 4 
Low 3 15 2 1 

Sz Avg. s± it 
0 4 3 5 
3 3 -> 0 
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Table 4.5. Monte Carlo simulation results for % 1951-1980 mean snow depth 
composites. The following abbreviations are used: S = sequoia; P = pine; low growth 
quintile (.r-).decile (X-); high growth decile (X+), quintile (.r+); MEAN refers to 4-station 
mean; Ptl_rank = percentile rank (minimum or maximum for the 95th percentile, as 
indicated); Cmp val = composite value; Sig = statistical significance (* = significant). 

SEQLOIA Ptl_rank Ptl_rank Cmp 

95^r Min 95^f Ma.\ Val Sii! 

S- MEAN 28.6 193.6 21.2 • 

NtatKin 21 .Vvl 173 4 21.0 -

station 22 25() 213.1 32.5 

station 23 27.1 182.5 25.2 • 

station 25 13.3 213.6 6.2 • 

S+ MEA.\ 27.9 193.5 183.5 

station 21 30.8 177.9 151.9 

station 22 27.4 204.6 192.8 

station 23 30.4 186.3 168.2 

station 25 19.2 210.7 221.3 • 

s- MEAN 4 4.3 166.2 54.5 

station 21 48.5 147.1 53.8 
station 22 42.1 181.6 60.9 

station 23 48.0 162.S 58.7 

station 25 35.9 174.6 44.7 
s+ MEAN 45.9 165.8 161.1 

station 21 49.4 153.4 137.2 
station 22 38.8 167.4 170.8 « 

station 23 45.8 165.0 154.3 
station 25 37.1 178.2 182.2 

PINE Ptl_rank Ptl_rank Cmp 
')5r'r .V1in 95^^ Ma.x Val SiL' 

P- MEAN 26.6 195.1 61.9 
station 21 28.7 169.0 65.6 
station 22 24.2 205.8 72.4 

station 23 30.5 192.8 62.6 
station 25 21.6 21 1.4 46.9 

P+ MEAN 29.1 193.2 1 13.7 
station 21 29.0 175.1 100.6 
station 22 21.9 208.1 115.3 
station 23 28.8 203.3 98.8 

station 25 17.0 214.3 140.0 

P- MEAN 45.1 168.5 74.8 

station 21 44.7 146.6 88.3 
station 22 37.8 175.8 73.1 
station 23 47.8 159.0 77.7 

station 25 36.2 1744 59.9 

P+ MEAN 43.5 163.5 1 19.4 

station 21 46.8 149.7 112.4 
station 22 42.7 176.6 1 16.0 

station 23 47.3 162.2 111.7 

station 25 37.6 177.6 137.6 
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Table 4.6. Monte Carlo simulation results for snow/precipitation ratio (April 1 SWE/total 
precipitation) for Grant Grove. The following abbreviations are u.sed: S = sequoia; P = 
pine; low growth quintile (.v-). low growth decile (X-). high growth decile (X+), high 
growth quintile (.r+); Ptl_rank = percentile rank (minimum or maximum for the 95th 
percentile, as indicated); Cmp val = composite value; Sig = statistical significance (* = 
significant). 

SEGI 
Ptl_rank 
95% Min 

S- 17.6 
S+ 17.8 
s- 24.9 
s+ 26.0 

68.2 
71.1 
62.3 
62.8 

Ptl_rank 
95% .Max Val 

18.9 
45.6 
33.1 
48.9 

Cmp Sig 

PINE 
Ptl_rank 
95% Min 

Ptl_rank 
95% Max Val 

42.2 
31.6 
56.1 
37.0 

Cmp Sig 

P- 19.9 
P+ 17.4 
p- 25.9 
p+ 26.4 

68.7 
69.1 
62.6 
61.9 
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5. 700 MB HEIGHT ANOMALY PATTERNS ASSOCIATED WITH EXTREME 

GROWTH IN SIERRA NEVADA TREES 

ABSTRACT 

High and low deciles and quintiles of tree growth for both giant sequoia 

{Sequoiadendron giganteum) and high altitude pines (Piniis bcdfouriana. Pimis 

albicaulis) from the Sierra Nevada were used as selection criteria for the creation of 

composite anomaly maps of 700 mb heights from which winter (November-March) 

atmospheric circulation patterns were analyzed. 700 mb height anomalies were analyzed 

in order to see whether there were important differences between patterns exhibited by 

500 mb level data (presented in Chapter 2) and this data set. which is more frequently 

used to represent midtropospheric circulation (Cayan and Riddle. 1992; Cayan et al.. 

1993: Klein and Bloom, 1987; Namias. 1978). The results of these analyses show an 

extremely close correspondence between 700 mb and 500 mb height anomaly patterns, 

with major differences only in the spatial extent of t-test values used as a measure of 

quasi-statistical significance. These results confirm those presented in Chapter 2 and 

demonstrate that at the geographic and temporal scales and sample sizes employed in 

these studies, either 500 mb or 700 mb data can be used to adequately represent 

midtropospheric circulation. 
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INTRODUCTION 

The objective of this study is to examine winter 700 mb circulation patterns 

associated with extremes in Sierra Nevada tree growth and to determine what differences, 

if any. there are between 700 mb and 500 mb circulation patterns. This study is 

conceptually identical to that presented in Chapter 2. Data and methods will be presented 

in an abbreviated format and the emphasis will be on the composite analyses and 

comparisons between 500 mb and 700 mb patterns and between decile and quintile 700 

mb patterns. 

DATA 

Tree-Ring Data 

The tree-ring data used in this study are discussed at length in Chapter 2. Fifteen 

giant sequoia chronologies from elevations of -2000 m (Brown et al.. 1992; Hughes et 

al.. 1996), four subalpine foxtail pine chronologies (Pinus half our ianci) (Graumlich. 

1993; Lloyd. 1996). and one subalpine whitebark pine chronology (Pinus albicaulis) 

(John King, personal communication. March. 1995) were used (Figure 5.1; Table 5.1). 

Sequoia chronologies were dated, measured and standardized using the procedure 

described in Brown et al. (1992) and pine chronologies were dated, measured and 

standardized using procedures described in Graumlich (1993) and Lloyd (1996). In order 

to remove growth trends related primarily to non-climatic factors, such as bole geometry, 

age, and disturbance, each ring-width series for each core sample was standardized into 
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dimensionless indices by fitting a growth curve to the series and then dividing the ring-

width series by the values of the growth curve (Fritts. 1976). In order to emphasize year-

to-year variations, residual chronologies were created using the ARSTAN program (Cook 

and Holmes. 1986). ARSTAN employs autoregressive modeling to remove the effects of 

non-climatic persistence from the detrended ring-width series (Meko. 1981; Cook, 1985). 

Climate Data 

Monthly 700 mb height (m) data on a S'' x 5° grid from 85°N-15°N and 0°E-5^W 

were provided by Bob Lofgren of the Laboratory of Tree-Ring Research, at the University 

of Arizona (original data source; NCAR. Jenne. 1975). Monthly analy.ses of 500 mb 

height anomalies from a 1951-1980 reference period were provided by the Climate Lab. 

Department of Geosciences. University of Massachusetts. Amherst (Bradley et al.. 1994). 

A November-March winter season was used, as in the 500 mb analyses. 700 mb data are 

expressed in the form of departures from a 1951-1980 reference period mean. The 

reference period mean 700 mb circulation is characterized by zonal flow into the U.S. 

west coast, ridging over northwestern North America and a mean trough over eastern 

North .America (Figure 5.2). 

METHODS 

The methods used in this study are discussed at length in Chapter 2. 

growth anomaly years for each of the two elevation classes (mid-elevation. 

Extreme tree 

-2000 m. 



giant sequoia: high elevation. -3500 m. upper forest border pine) were selected on the 

basis of individual principal components analyses (PCA) of the tree-ring chronologies, 

one for each elevation class, for the period 1899-1987. Time series of scores from the 

first component of each individual analysis, each of which accounted for greater than 

70% of the variance, were selected as weighted averages, henceforth, chronologies. 

From these chronologies, the highest and lowest deciles and quintiles from the period 

1947-1987 were selected as extreme growth years. The quintiles were used to test the 

robustness of the circulation patterns associated with the most extreme (decile) growth 

years. The resulting extreme years for sequoia and pine chronologies are pre.sented in 

Table 5.2. Decile and quintile composites of 700 mb height anomaly data were 

constructed for each of the four sets of growth anomaly years (sequoia positive [S-t-]. 

sequoia negative [S-]. pine positive [P+]. pine negative [P-]). 

DESCRIPTION OF 700 MB HEIGHT ANOMALY PATTERNS AND COMPARISONS 

WITH 500 MB HEIGHT ANOMALY PATTERNS 

Sequoia positive growth anomaly years 

The pattern of 700 mb height anomalies for S+ decile winters is virtually the same 

as the pattern of 500 mb height anomalies (Figure 5.2). The center of anomalies is in the 

northeastern Pacific at about 40°N. 140° W. The centers of the regions of anomalous 700 

mb heights are at approximately the same locations as those for the 500 mb height 

anomaly field. Cayan (1996) notes that although wet Califomia winters display 
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considerable variability in mean atmospheric circulation patterns, negative height 

anomalies around 40°N. 140° W. associated with frequent storms and W-SW winds, are 

characteristic. The magnitude of anomalies is slightly greater for the 500 mb heights than 

for the 700 mb heights. Perhaps the greatest difference between the 500 mb and 700 mb 

height anomaly patterns is the larger region of statistical significance displayed over the 

eastern and subtropical Pacific Ocean in the 700 mb height anomaly field. These results 

reflect greater variance in the 500 mb height data. 

The pattern of 700 mb height anomalies for S+ quintile winters (Figure 5.3) is 

virtually the same as the pattern of S+ quintile 500 mb height anomalies. The pattern 

differs somewhat from that of the S+ decile years. The S+ quintile anomaly pattern is 

chiefly characterized by a large region of negative 700 mb height anomalies across the 

northern and eastern Pacific and the northwestern U.S. Elsewhere, anomalies are 

generally positive and smaller than tho.se displayed in the decile composite. Perhaps most 

striking is the greater statistical significance exhibited over the eastern Pacific in the 

quintile composite. Examination of anomaly patterns for individual years shows that 

those quintile years not included in the decile composite (1974. 1978. 1982. 1985) exhibit 

consistent and strong negative anomalies over the eastern Pacific. Three of four of these 

years fall after the well documented 1977 shift in atmospheric and oceanic circulation in 

the north Pacific (Trenberth, 1990; Miller et al.. 1994) and in a period during which 

ENSO warm events have been more frequent. The quintile pattern and region of 

significance is consistent with the California "wetter all over" correlation field pattern 
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displayed in Haston and Michaelsen (1997; figure 8c). The implication is that positive 

growth in giant sequoia is evident not only in very extreme events as Hughes and Brown 

(1992) have suggested, but also in somewhat less extreme events; it appears as though 

important information can be gleaned from positive growth anomalies in giant sequoia. 

Generally, the S+ 700 mb height anomaly patterns are consistent with the spatial 

correlation pattern of McCabe and Legates (1995; figure 5.3) and the composite anomaly 

pattern of Cayan (1996; figure 6b). These patterns both describe relationships between 

California snowpack and lower than normal 700 mb heights in the eastern Pacific; S+ 

winters are characteristically accompanied by greater than average snow depth (Garfin. in 

review. Snow Chapter). The authors of the aforementioned studies note that this pattern 

reflects frequent storm activity moving from eastern Pacific inland and strong westerly-

southwesterly flow into California, with resulting heavy precipitation and snow at higher 

elevations (Cayan and Riddle. 1992; Aguado et al.. 1993). These results are consistent 

with those pre.sented in Garfin (1998) and Garfin (in review; Storms Chapter). 

Sequoia negative growth anomaly years 

700 mb height anomalies for S- decile winters display the same alternating pattern 

of negative/positive/negative/positive anomaly centers as seen in the S- 500 mb height 

anomaly composite (Figure 5.2). The regions of statistical significance are also virtually 

the same as in the 500 mb Field. The greatest difference is that the magnitude of 

anomalies is greater in the 500 mb height field. 
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The S- quintile 700 mb height anomaly composite (Figure 5.3) displays a pattern 

similar to that displayed in the S- quintile 500 mb height anomaly composite (not shown). 

In the S- quintile 700 mb anomaly composite, the region of negative height anomalies 

over the Bering Sea is larger and displays more extensive statistical significance than that 

of the 500 mb anomaly composite. Other centers of anomalous geopotential heights in 

the 700 mb field, i.e.. the region of positive anomalies stretching from northwestern 

Canada southeastward across North America, as well as the two negative anomaly centers 

located over Baja California and the northern Atlantic Ocean, respectively, are not as 

great as in the 500 mb field, nor are these anomalies as great as in the decile anomaly 

composites. This result confirms the observation of Hughes and Brown (1992) that giant 

sequoia record extreme drought in their lowest growth anomaly years. 

The S- composite anomaly patterns are consi.stent with those presented in the 

following studies: figure 6b in Cayan's (1996) study of western snowpack, figure 5 in 

N'amias's (1978) study of the anomalous and severe U.S. winter of 1976-77, and McCabe 

and Legates' (1995) study of western snowpack and atmospheric circulation. The 

anomaly pattern describes persistent meridional circulation in the western hemisphere, 

accompanied by weakening of midlatitude zonal flow, deflection of storms away from the 

California coast (Mitchell and Blier. 1997; Raphael and Cheung, 1998), a relative lack of 

snow, and warm dry California winters (Garfln. in review. Storms Chapter. Snow-

Chapter). 
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Pine positive growth anomaly years 

P+ decile winters are characterized by a large region of negative 700 mb height 

anomalies centered over the Aleutian Low radiating out over the northern Pacific, a large 

region of positive 700 mb height anomalies centered over northern Canada and a large, 

but much weaker, region of negative 700 mb height anomalies centered over the eastern 

United States (Figure 5.4). This pattern is virtually the same as that found in the P+ 

decile 500 mb composite. The major differences between these patterns are that the 

magnitude of anomalies and statistical significance are greater in the 500 mb height field. 

P+ quintile winters (Figure 5.5) exhibit a 700 mb height anomaly pattern similar 

to the P+ quintile 500 mb height anomaly pattern (not shown). This pattern is 

characterized by a large region of negative 700 mb heights acro.ss the midlatitude Pacific 

and a large region of positive, but weaker. 700 mb height anomalies over northwestern 

Canada and the western Atlantic Ocean. The major differences between the 700 mb and 

500 mb height fields are as follows: the magnitude of anomalies is greater in the 500 mb 

height anomaly composites, the region of statistical significance in the northeastern 

Pacific Ocean is greater in the 500 mb height anomaly composite, whereas the region of 

statistical significance in the southeastern Pacific Ocean is greater in the 700 mb height 

anomaly composite. 

All P+ decile and quintile winters have occurred since 1967. Dettinger and Cayan 

(1995) note the Aleutian Low has been deeper since the 1940s, and others have noted 

strong intensification of the Aleutian Low since the 1976-77 Pacific Ocean climate shift 
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(Cayan and Peterson. 1989: Trenberth. 1990: Miller et al.. 1994: Trenberth and Hurrell. 

1994). Thus, it is possible that the occurrence of high growth years in high altitude Sierra 

Nevada pines reflects the occurrence of a deeper than normal Aleutian Low. which results 

in higher precipitation in the central Sierra Nevada. As noted in Garfin (1998). the P+ 

pattern of anomalies is similar to the PNA pattern, but the centers of action are shifted 

somewhat from the exact PNA nodes. The P+ anomaly patterns bear some resemblance 

to figure 5.3 in McCabe and Legates (1995). which describes greater southwesterly How 

into California and enhanced of storms from the east Pacific. This anomaly pattern also 

resembles figure 3 in Cayan and Riddle (1992) and figure 3 in Aguado et al. (1993). 

which are associated with heavy precipitation at low elevations in the Sierra Nevada and 

small high-to-low elevation station precipitation ratios. This result is consistent with the 

finding that P+ winters tend to be associated with average or slightly above average snow 

depth (Garfm. in review. Snow Chapter), which is in great contrast with the extreme 

snowy S-i- winters. 

Pine negative growth anomaly years 

The P- decile 700 mb height anomaly composite exhibits virtually the same 

pattern of anomalies as that found in the 500 mb height anomaly composite (Figure 5.6). 

This pattern is one of generally negative 700 mb height anomalies at high latitudes, 

especially over the north Pacific and north Atlantic oceans, and generally positive 700 mb 

height anomalies across the mid- latitudes, stretching from the eastern Pacific across 



128 

North America. The 500 mb composite exhibits greater anomalies, with the exception of 

the region of negative anomalies over the Bering Sea. which is approximately the same 

magnitude as those displayed in the 700 mb composite. 

P- quintile winters (Figure 5.7) exhibit a 700 mb height anomaly pattern similar to 

the P- quintile 500 mb height anomaly pattern (not shown). This pattern is not unlike that 

of the P- decile composite; however, the regions of positive height anomalies are greater 

in extent and exhibit greater statistical significance in the quintile composites. 

Examination of individual 700 mb height anomaly patterns for the four quintile years not 

included in the decile (not shown) shows that each of these years displays positive height 

anomalies over the eastern Pacific: these positive height anomalies are particularly strong 

for the years 1971 and 1976. 

The P- composite anomaly patterns are consistent with 700 mb composite 

anomaly patterns presented by McCabe and Legates (1995: figure 5.4. 5.5) and Klein and 

Bloom (1987; figure 13.6). These patterns are associated with more frequent anticyclonic 

activity in the eastern Pacific, which prevents intrusion of moist air into southern 

California. 

DISCUSSION AND CONCLUSIONS 

The 700 mb height anomaly patterns examined in this study are largely similar to 

500 mb height anomaly patterns examined in Garfin (1998). The chief differences 

between anomaly patterns at the two levels of the midtroposphere are In the magnitude 
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and variance of anomalies, which results in differences in measures of statistical 

significance. The similarity between these anomaly patterns could be expected over the 

Pacific Ocean, where topographic effects on atmospheric flow are absent. Nevertheless, 

there are striking similarities between the patterns over land. Comparisons between 

composites created using quintiles and deciles of tree growth show strong similarities 

between the patterns over ocean areas and display marked differences in regions of 

statistical significance. 

These analyses al.so emphasize the value of information gained from positive 

growth anomaly years in both the .sequoia and pine chronologies. Moreover, the results 

are consistent with analyses of atmospheric circulation over California and the western 

U.S.. which emphasize southwesterly flow and negative geopotential heights over the 

Aleutian Low and eastern Pacific during wet years and enhanced ridging and deflection of 

storms away from the California coast during dry years. 
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Figure 5.1. Tree-ring chronologies used in this analysis. Uppercase letters correspond to 
those in Table 5.1. Altitude estimates are from the United States Defense Mapping 
Agency's United States 30-Second DEM and are expressed in meters (Row et al.. 1995). 
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700 mb GPH (m) 
1951-1980 

Figure 5.2. Mean 700 mb geopotential heights (m) for winter (November-March), 1951-
1980. The location of the tree-ring sites is represented by the black square. 
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S-  700  

Figure 5.3. Upper Left. Sequoia high growth decile 700 mb geopotential height anomaly 
(GPHA) composite. Solid contours indicate positive and dashed contours indicate 
negative 500 mb height anomalies. Grid boxes exhibiting significant anomalies (a = .05) 
are shaded. The contour interval is 10 m. Upper Right. Sequoia high growth decile 500 
mb GPHA composite. Lower Left. Sequoia low growth decile 700 mb GPHA 
composite. Lower Right. Sequoia low growth decile 500 mb GPHA composite. 
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S+ 700  D S+  700  Q 

S -  700  D S -  700  

Figure 5.4. Upper Left. Sequoia highest growth decile 700 mb geopotential height 
anomaly (GPHA) composite. Upper Right. Sequoia highest quintile of growth 700 mb 
GPHA composite. Lower Left. Sequoia lowest growth decile 700 mb GPHA composite. 
Lower Right. Sequoia lowest quintile of growth 700 mb GPHA composite. Contours and 
shading as in Figure 5.2. 
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Figure 5.5. Upper Left. Pine highest growth decile 700 mb geopotential height anomaly 
(GPHA) composite. Contours and shading as in Figure 5.2. Upper Right. Pine highest 
growth decile 500 mb GPHA composite. Lower Left. Pine lowest growth decile 700 mb 
GPHA composite. Lower Right. Pine lowest growth decile 500 mb GPHA composite. 
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P- t -  700  D 

P -  700  D 

Figure 5.6. Upper Left. Pine highest growth decile 700 mb geopotential height anomaly 
(GPHA) composite. Contours and shading as in Figure 5.2. Upper Right. Pine highest 
quintile of growth 700 mb GPHA composite. Lower Left. Pine lowest growth decile 700 
mb GPHA composite. Lower Right. Pine lowest quintile of growth 700 mb GPHA 
composite. 
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Site (Map Kevi 

Camp Six (B) 

Buena Vista (C) 

Big Baldy (D) 

Muir (E) 

Giant Forest (H) 

East Fork (K) 

Mountain Home (M) 

Gartleld (L) 

Black Mountam (N) 

Red Hill (O) 

Parker Peak (P) 

Long Meadow (Q) 

Starvation Creek (S) 

Packsaddle (R) 

Deer Creek (T) 

Upper Wright Lakes (F) 

Boreal Forest (J) 

Bighorn Plateau (G) 

Crabtree (I) 

Kuna Crest (A) 

Data Source 

Brown etal., 1992 

Hughes et al.. 1996 

Hughes etal.. 1996 

Hughes et al.. 1996 

Brown et al.. 1992 

Hughes et al.. 1996 

Brown et al.. 1992 

Hughes et al.. 1996 

Hughes et al.. 1996 

Hughes etal., 1996 

Hughes etal.. 1996 

Hughes, unpublished 

Hughes, unpublished 

Hughes, unpublished 

Hughes, unpublished 

Lloyd. 1996 

Lloyd. 1996 

Graumlich. unpublished 

Graumlich. 1993 

King, unpublished 
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Table 5.2. Extreme growth years. (Deciles are in bold typeface). 
S+ P± S; 

1954 1967 1947 1949 
1958 1969 1949 1960 
1969 1973 1959 1965 
1974 1974 1961 1971 
1978 1977 1966 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 
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6. WINTER SLP SIGNALS FROM SIERRA NEVADA TREE-RINGS 

This paper will be submitted to Climate Research or Physical Geography. 

ABSTRACT 

High and low deciles and quintiles of tree growth for both giant sequoia 

(Sequoiadendron giganteiim) and upper forest border pines {Finns balfouriana. Finns 

albicaulis) from the Sierra Nevada were used as selection criteria for the creation of 

composite anomaly maps of sea level pressure (SLP) from which winter (November-

March) surface atmospheric circulation patterns were analyzed. SLP anomalies were 

analyzed in order to see whether there were important differences between patterns 

exhibited by midtropospheric geopotential height anomaly data (GPHA; 1947-87) and the 

longer SLP data set (1925-1987; 1906-1946) which has been used by others in 

dendroclimatological analyses (e.g.. Fritts. 1991). 

The evidence presented in this paper demonstrates a striking similarity between 

SLP and midtroposphere composite anomaly patterns for the period 1947-87. Decile and 

quintile SLP composite anomaly patterns both show similar major circulation features 

upstream of the Sierra Nevada. Composite anomaly patterns for the 1947-87 period are 

essentially the same as those for the longer 1925-1987 period. However, slight 

differences between patterns for the two periods might be due to variability in the historic 

SLP data, in particular a trend toward a deepened Aleutian Low and lower SLP over the 
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Northeastern Pacific since 1947 (c.f. Dettinger and Cayan, 1995). Use of the longer SLP 

dataset yielded only two sets of at least four anomaly years in common between sequoia 

and pine chronologies . i.e.. when both sequoia and pine exhibit low growth, and when 

sequoia exhibit low growth and pine exhibit high growth. The combined sequoia/pine 

low growth SLP anomaly pattern is similar to the classic California drought anomaly 

pattern and is characterized by a deepened Aleutian Low and enhanced ridging over the 

western U.S. whereas the sequoia low/pine high growth pattern shows positive SLP 

anomalies over the central Pacific and mean conditions over the U.S. west coast. 

Contrast of SLP anomaly patterns for the period 1906-46 with those for the period 1947-

87 shows differences in circulation patterns for the two periods. These differences might 

be an artifact of SLP data problems during the earlier period, or changes in North Pacific 

atmospheric and oceanic circulation. Variations in pine extreme growth, which roughly 

parallels changes in the Pacific Decadal Oscillation (PDO: Mantua et al.. 1997). support 

the latter contention, whereas the consistent circulation pattern associated with sequoia 

low growth years indicates that giant sequoia are reliable recorders of interannual time-

scale meridional circulation over the Pacific and North America (characterized by 

enhanced troughing over the northeast Pacific and enhanced ridging over western North 

America). 

INTRODUCTION 

Recent multiproxy temperature reconstructions present suggest that greenhouse 
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gases have played a dominant role in forcing the climatic variability of the past century 

(Mann et al.. 1998). These reconstructions highlight the importance of well distributed 

and well replicated tree-ring chronologies in understanding past climatic variability. 

Sierra Nevada tree-ring chronologies have been used to reconstruct temperature 

(Graumlich. 1993: Scuderi. 1993). tire history (Swetnam. 1995) and glacial fluctuations 

(Scuderi. 1987), as well as to infer severe drought (Hughes and Brown. 1992). These 

Sierra Nevada tree-rings have aLso been important constituents of wider scale regional 

and global climate analyses (e.g.. Hughes and Diaz. 1994; Hughes. 1995). Precipitation 

sensitive Sierra Nevada trees have been used to understand past California precipitation 

(Fritts and Gordon. 1982; Graumlich. 1993: Haston and Michaelsen. 1997) and 

streamflow variability (Earle and Fritts. 1986; Earle. 1993). especially within the context 

of the extended drought of the late 1980s-early 1990s (Roos. 1994). In order to better 

understand the mechanisms causing the interannual variability of tree-ring and surface 

climate parameters, and their long-term variation, it is important to put Sierra Nevada 

tree-ring records in the framework of large-scale atmospheric circulation (e.g.. 

Hirschboeck et al.. 1996). 

Many dendroclimatic studies have linked tree-ring records with atmospheric 

circulation (e.g.. Fritts et al.. 1971; Kelly et al.. 1989; Hirschboeck et al.. 1996). The 

majority of these have used the relatively long instrumental record of SLP in order to (1) 

directly reconstruct SLP (e.g.. Biasing and Fritts. 1975: Briffa et al.. 1986; Fritts. 1991). 

(2) reconstruct indices generated from SLP data (e.g.. Wiles et al.. 1995), (3) analyze 
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weather patterns associated with extreme events in the tree-ring record (e.g.. Stable. 1990; 

Hughes and Brown, 1992), or (4) analyze composite anomaly or correlation field maps of 

associations between tree growth and surface atmospheric circulation (e.g.. Douglas. 

1976; Stable and Cleaveland. 1992; Haston and Michaelsen. 1997). This study and 

previous work by the author (Garfin, 1998a; 1998b, 1998c. in review) is part of the latter 

category of research. 

The objectives of this study are to create composites of sea level pressure (SLP) in 

order to analyze patterns of atmospheric circulation for the following reasons: (1) to see 

whether there are important differences between the SLP patterns and patterns exhibited 

by midtropospheric data (700 mb and 500 mb GPH) used in previous studies, and (2) to 

take advantage of the longer SLP record in order to assess the robustness of pattems 

found for the shorter period of data availability for midtropospheric data used in previous 

studies. With regard to objective (2). an ancillary point of interest is the identification of 

changes in atmospheric circulation during the past century. Changes in atmospheric and 

oceanic circulation in the North Pacific basin have been identified by a number of 

investigators (Namias, 1969; Douglas et al.. 1982; Trenberth. 1990; Trenberth and 

Hurrell, 1994; Miller etal., 1994; Deseretal.. 1996; Mantua etal.. 1997); these changes, 

such as in the strength and position of the Aleutian Low, affect the location and strength 

of the mean maximum westerlies, as well as the paths of storms entering North America 

(Trenberth and Hurrell, 1994; Dettinger and Cayan, 1995). Such changes are of 

importance to global change and climate modeling studies. Thus, it is of great interest to 
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determine to what extent tree-ring records can track such changes. The method employed 

is to use extremes in tree growth ("events") as a criterion for the selection of years for 

composite atmospheric data analyses. Though simple, the method is flexible, can 

incorporate complex criteria and allows identification of nonlinear responses 

(Hirschboeck et al.. 1996). 

A review of previous synoptic dendroclimatological studies relevant to Sierra 

Nevada atmospheric circulation is presented in Section 2. Data and methods are 

described in Section 3. Relationships between atmospheric circulation and tree growth 

are pre.sented in Section 4. A discussion of the results is presented in Section 5 and 

concluding remarks are contained in Section 6. 

OVERVIEW OF PREVIOUS WORK 

As there have been numerous dendroclimatological studies of atmospheric 

circulation, this review will focus on SLP studies of relevance to the winter atmospheric 

circulation of the western U.S.. with special reference to the Sierra Nevada. Much of the 

work in this field has been done by Fritts and uses grids of tree-ring chronologies from 

the western U.S. to reconstruct, by various methodologies (e.g.. multiple regression, 

canonical regression), SLP for the western hemisphere or Pacific Basin (Fritts et al.. 

1971: Biasing and Fritts, 1975; Biasing and Fritts, 1976; Fritts et al.. 1979; Fritts. 1991). 

Assuming that Fritts' final reconstructions (Fritts, 1991) are the most accurate and robust, 

then the following are limitations of these reconstructions; (1) the SLP data used to 
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calibrate the transfer functions in these reconstructions span the period 1899-1963. and 

may include questionable data in the early part of the SLP record (Trenberth and Paolino. 

1980; see discussion below in Data section); (2) the most robust calibration and 

verification statistics are for the spring season, followed by winter, autumn and summer; 

(3) verification over most the northeastern Pacific is relatively poor for all seasons except 

spring; (4) these SLP reconstructions are less reliable at the interannual time scale than at 

pentad or decadal time scales. Results of these reconstructions have been employed in 

analyses of phenomena known to have major impacts on atmospheric circulation, such as 

ENSO (Lough and Fritts. 1985; Lough and Fritts. 1990) and explosive volcanic eruptions 

(Lough and Fritts, 1987). In addition, the same networks of tree-ring chronologies and 

similar methods have been u.sed in conjunction with other proxy records to estimate 

Pacific Basin SLP (Wu and Lough. 1987). With regard to the past climate of the Sierra 

Nevada. Fritts (1991) makes the following observations: (1) prior to 1900 (during the so-

called "Little Ice Age"). SLP was higher than during the 20th century, especially over 

eastern Alaska and northwestern North America; (2) the implication of (1) is that a 

greater number of storms may have followed a route north of the 20th century mean storm 

track (leaving the central Sierra Nevada relatively dry); (3) the aforementioned pattern 

was less pronounced during the following periods; 1667-1716. 1761-1790. 1831-1840. 

and 1877-1917. when the Sierra Nevada was probably relatively wet; and (4) between 

1918-1960 Fritts notes generally declining SLPs. rising temperatures and increasing 

frequencies of storms along the Alaska/northwestern Canada storm track, with more 
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zonal flow during the early part of the century (e.g.. 1901-1920) and more meridional 

flow during the middle part of the century (e.g.. 1931-40). 

To the degree that North Pacific circulation patterns associated with ENSO result 

in predictable outcomes for Sierra Nevada climate, studies such as Lough and Fritts 

(1985: 1990) and Haston and Michaelsen (1994) show differences in the location of the 

Aleutian Low SLP between this and previous centuries during low and high extremes of 

the Southern Oscillation. These studies, however, do not show appreciable differences in 

precipitation in the region of the Sierra Nevada. Whether there are consistent California 

precipitation responses to ENSO at the interannual time scale of importance to this study 

is a debatable point (e.g.. Ropelewski and Halpert. 1986: Yamal and Diaz. 1986: 

Schonher and Nicholson. 1989: Cayan and Redmond. 1994: Hoerling and Kumar. 1997: 

Mitchell and Blier. 1997: Mo and Higgins. 1998). 

Hughes and Brown (1992) demonstrated that extremely narrow growth rings in 

giant sequoia correspond to severe Sierra Nevada drought years, which occur several 

times per century. They surmised that these severe summer droughts follow winters in 

which Sierra Nevada snowfall is very deficient. They created a composite analysis of 

winter (December-February) SLP for four 20th century severe drought years associated 

with narrow ring widths in giant sequoia and found enhanced positive SLP anomalies 

over much of the western U.S. accompanied by enhanced negative SLP anomalies over 

western Alaska. This pattern is similar to the typical California drought midtropospheric 

anomaly pattern (e.g., Namias, 1978: Cayan, 1996: Mitchell and Blier. 1997). Haston and 
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Michaelsen (1997) reconstructed the first two principal components (PCs) of 29 coastal 

and near-interior southern California precipitation stations using tree-rings from sites 

ranging from the central Sierra Nevada to northern Baja California. Maps of the PC 

loadings correspond to spatial variations in California precipitation; therefore, the time 

series of PC scores serves as an index of spatial variations associated with the loadings. 

In order to ascertain relationships between precipitation and atmospheric circulation, they 

correlated the precipitation PCs with gridded SLP for the Pacific and western North 

America. They identified five distinct circulation patterns associated with precipitation 

variation in central and southern California as follows: all-California wet (associated with 

low SLP in the eastern North Pacific), southern California wet (a-s.sociated high SLP in 

the central Pacific and low SLP west of Baja California), northern California wet 

(associated with mid-Pacific blocking), northern California dry (associated with a 

deepened Aleutian low high SLP off the west coast of North America) and southern 

California dry (associated with low SLP from the subtropical Pacific across to the Pacific 

Northwest coast of North America and above average SLP off the southern California 

coast). Based on the assumption that variations in the time series of reconstructed PC 

scores represented variations in California precipitation associated with the circulation 

types they identified, they hypothesized that meridional circulation was more frequent 

between 1560-1760 than during the subsequent -200 years of their reconstruction. They 

also found a great degree of north-south contrast in California precipitation (e.g., south 

dry versus north wet) during the 20th century, with three of wettest California 
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precipitation years falling within recent decades. 

DATA AND METHODS 

SLP Data 

Monthly SLP (mb) on a 5° x 5° grid from 20°N-85°N and 0°E-5°W were 

provided by the Climate Lab of the University of Massachusetts (Bradley et al., 1994; 

original data source: Data Support Section. NCAR; Jenne. 1975). These data were 

evaluated for a region beginning over the Pacific Basin and continuing east to Greenland 

in order to assess both upstream and downstream circulation associated with extreme tree 

growth. Data are expressed in the form of departures from a 1951-1980 reference period 

mean. Trenberth and Paolino (1980; 1981) evaluated Northern Hemisphere SLP data and 

found them to be most reliable after 1924; therefore, data for the period 1925-1987 are 

the primary emphasis in this study. November-March, the time of year during which the 

majority of Sierra Nevada precipitation falls, was used as the winter season for analysis 

(Garfin, 1998a). High and low deciles and quintiles of tree growth for both giant sequoia 

and high altitude pines were selected as described below (Tree-Ring Data). Composites 

of SLP data were constructed for each of the four sets of growth anomaly years (sequoia 

high growth = S-i-; sequoia low growth = S-; pine high growth = P-t-; pine low growth = 

P-), for the periods 1947-87 and 1925-1987. Data from the period 1906-1946. despite 

possible deficiencies in data quality (Trenberth and Paolino, 1980) are used to explore 

possible changes in atmospheric circulation. Among the potential problems with SLP 
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data before 1924 that affect this analysis is the generally high and probably unreliable 

SLP at high latitudes due to sparse data (north of ~70°N; in particular, over Alaska and 

northwestern Canada). 

The most distinctive characteristics of the climatological winter SLP circulation in 

the region of interest, are the low magnitude, but persistent, subtropical ridge over Baja 

California, the Aleutian Low. the typical high pressure at high latitudes of the Canadian 

Arctic, and the Icelandic Low (Bluestein. 1993) (Figure 6.1). 

Other Climate Data 

Monthly temperature and precipitation data for a subjectively determined region 

of relatively high altitude stations from the central Sierra Nevada (Aguado et al., 1992; 

Cayan and Riddle. 1992) are referred to in the analyses below. These data were provided 

by the Climate Research Division at Scripps Institution of Oceanography. University of 

California. San Diego. Monthly 5° x 5° gridded analyses of 500 mb GPH anomalies from 

a 1951-1980 reference period (Jenne, 1975: Bradley et al.. 1994) were used to create 

midtropospheric composites for comparison with the SLP composites (Garfm. 1998a). A 

November-March winter season for the period. 1947-87. was used for all data. 

Tree-Ring Data 

Fifteen giant sequoia chronologies (from -2000 m), four foxtail pine chronologies 

(from -3500 m) and one whitebark pine chronology (from - 3200 m) from the central and 
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southern Sierra Nevada were used (Figure 6.2; Table 6.1). Each chronology consists of 

two cores per tree from -20 trees per site. The core samples were were dated and 

measured using standard dendrochronological techniques, as documented in Brown et al. 

(1992). Graumlich (1993) and Lloyd (1996). Ring width measurement series for each 

core were detrended. using straight lines, negative exponential curves, or. in the case of 

giant sequoia, cubic splines, in order to remove effects related to bole geometry, tree 

vigor related to age. and post-fire growth relea.se (Fritts, 1976; Hughes and Brown, 1992; 

Graumlich. 1993; Lloyd. 1996). The detrended ring width series were also 

autoregressively modeled in order to remove low order persistence presumed to be 

biological in origin (Meko. 1981; Cook. 1985; Cook and Holmes. 1986). Prewhitened. or 

"residual chronologies", were used in order to emphasize year-to-year variation. 

Unrotated principal components analyses (PCA) (Richman. 1986). using the correlation 

matrix for tree-ring data for the period. 1899-1987. were used to reduce the highly 

correlated sequoia and pine chronologies to separate weighted average time series. High 

and low deciles and quintiles of the time series of first principal component scores from 

each PCA (sequoia; pine) were u.sed to select years for the composite analyses (Table 6.2-

6.4). 

ANALYSIS OF EXTREME GROWTH YEAR SLP COMPOSITES 

Sequoia positive growth anomaly years (S-i-) 

The SLP composite for S-t- decile years (S-i-D) is characterized by negative SLP 
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anomalies across the midlatitudes between 170° W and 50° W, and positive SLP 

anomalies over the Arctic and central Canada (Figure 6.3). The most distinctive feature 

is a region of negative SLP anomalies stretching southeastward from the Bering Sea 

across the eastern Pacific to the western U.S. This pattern of anomalies is similar to the 

500 mb patterns pre.sented in Garfin (1998). The SLP composite for S+ quintile years 

(S+Q) has smaller magnitude anomalies, but is similar to the S+D composite. The major 

differences between the S+Q and S+D composites are as follows; S+Q exhibits a large 

region of statistical significance over the eastern Pacific and western U.S.; the region of 

negative SLP anomalies over western North America extends even further inland in S+Q; 

the region of negative SLP anomalies over eastern North America is shifted much farther 

north in S+Q than in S+D. The difference in statistical significance is due chiefly to the 

addition of the years 1974. 1978 and 1982. all of which exhibit large regions of extremely 

negative SLP anomalies over the eastern Pacific and western U.S. One interpretation of 

the greater degree of statistical significance in the eastern Pacific for S+Q is that cyclonic 

activity might be greater across the "California-Dakota storm track" (Fritts. 1991) when 

these years are included. The S+ pattern for the period 1925-87 is rather similar to the 

other atmospheric circulation anomaly patterns presented in Figure 6.3. especially over 

the eastern Pacific. Although the 1925-87 pattern does not exhibit regions of statistical 

significance, the pattern is robust and is consistent with analyses of California high 

snow/high precipitation years, which generally show negative SLP and GPH anomalies at 

around 40°N, 140°W and high variability in the precise mechanisms that deliver high 
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winter precipitation totals to California (Cayan. 1996: Mitchell and Blier. 1997). 

The S+ SLP composites display a strong resemblance to the following composite 

SLP anomaly patterns: Biasing and Lofgren's winter type 5 (1980: figure 5) and Cayan 

and Peterson's Sacramento River streamflow high quartile (1989). as well as Haston and 

Michaelsen's California "wetter all over" (1997; figure 8c). These patterns are associated 

with enhanced southerly to southwesterly cyclonic fiow. storm tracks displaced to the 

south of their mean position, advection of maritime moisture, weak high pressure 

anomalies over central Canada and increased upslope vertical motion along the Sierra 

Nevada (O'Connor. 1958: Klein. 1958: Wagner. 1969: Cayan and Peterson. 1989: Gartln. 

1998b. in review). The strong vertical motion is consistent with enhanced orographic 

precipitation and large positive snow depth anomalies in the Sierra Nevada during S+ 

winters (Aguado et al.. 1993: Gartln. 1998c. in review). 

Sequoia negative growth anomaly years (S-) 

The SLP composite for S- decile years (S-D) is characterized by a deeper than 

normal Aleutian Low (denoted by a large region of extremely negative SLP anomalies 

centered over the Aleutian Islands and north central Pacific), and an enhanced ridge over 

the western U.S. (denoted by a large region of positive SLP anomalies centered over the 

Pacific Northwest U.S.) (Figure 6.4). A downstream feature of note is a deepened 

Icelandic Low. Each of the aforementioned regions displays substantial statistical 

significance. The overall pattern is similar to that displayed in the S- midtropospheric 
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composites (Garfin. 1998a); the major difference between this pattern and 

midtropospheric pattern is that the region of enhanced ridging extends over western North 

America exhibits greater latitudinal extent in the midtroposphere. The S- quintile SLP 

composite (S-Q) exhibits less robust pattern than S-D. In addition to smaller magnitude 

anomalies and less statistical significance. S-Q displays a greater latitudinal extent of 

positive SLP anomalies over western North America. The S- pattern for 1925-87 is rather 

similar to S-D and exhibits well defined meridionalitv characterized by the combination 

of an enhanced Aleutian Low and enhanced western North America ridging characteristic 

of the other patterns show in Figure 6.4. 

The S- SLP composites resemble the following SLP patterns: Biasing and 

Lofgren's winter type 1 composite (1980; figure 1). Trenberth and Paolino's second and 

third EOFs for winter (1981; figure 4b), Hughes and Brown's SLP composite for four 

extreme 20th century drought years (1992; figure 5). and Haston and Michaelsen's "north 

wetter" correlation field for southern California tree growth (1997; figure 8f). This 

pattern is associated with strong meridional flow that features an enhanced Aleutian Low 

and strong ridging over western North America. This pattern tends to persist and 

intensify over the course of the winter and storms are frequently deflected north and 

northwest toward Alaska (Stark. 1961; Wagner. 1977; Namias et al.. 1988). The S-

pattem appears to be robust for the most extreme (i.e., decile) years. 



Pine positive growth anomaly years (P+) 

The SLP composite for P+ decile years (P+D) is characterized by a region of 

negative SLP anomalies stretching from the Aleutian Islands soulhcastward across the 

Pacific to the southern U.S.. a region of weak positive anomalies over the Pacific 

Northwest and a region of negative anomalies over the eastern U.S (Figure 6.5). The 

pattern displays regions of statistical significance over western Mexico, the Caribbean 

and the southeastern U.S. The P+ quintile SLP composite (P+Q) exhibits a pattern 

similar to. but less robust than P+D. In particular, the region of negative anomalies over 

the eastern U.S. is absent from P+Q and the region of negative anomalies over the eastern 

Pacific is further south in P+Q. The P+ pattern is barely di.scemible in the 1925-87 decile 

composite (P+25). The work of Dettinger and Cayan (1995) points to a reason for 

differences between the P+25 and P+47 decile composites, i.e.. since the late 1940s, the 

Aleutian Low has been deeper, with concomitant changes in north Pacific SSTs, 

displacement of wind fields over the central north Pacific and warmer air mas.ses along 

the California coast during winter. This would account for the more robust P+47 pattern 

and the higher magnitude of negative SLP anomalies over the Aleutians and north Pacific 

during the 1947-87 period. Thus, P+ should only be considered representative of surface 

circulation during the most extreme high growth years for these trees. 

Although the P+ SLP patterns are consistent with the P+ midtropospheric 

composite anomaly patterns (Garfm, 1998a). the SLP patterns do not bear especially 

strong resemblance to any previously published SLP patterns associated with atmospheric 
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circulation over western North America. The P+ pattems display weak resemblance to 

Haston and Michaelsen's "south wetter" and "south drier" correlation fields (1997: figure 

8d. 8g) and Trenberth and Paolino's winter EOF 2 (1981; figure 4b). These pattems are 

as.sociated with strong zonal fiow into the western U.S. or strong southward displaced 

westerlies, southwesterly flow into California, and a weak west coast ridge. A southward 

displaced storm track during P4- years tends to bring warm air to the Sierra Nevada and 

slightly above average snow (Garfin. 1998c. in review). Moreover, the preponderance of 

P+ 1925-87 quintile years since the late 1960s, provides evidence that the.se high altitude 

trees prefer the warm moist winter conditions that have predominated in the North Pacific 

in recent decades due to an eastward shift and deepening of the Aleutian Low (e.g.. 

Namias. 1969; Trenberth and Hurrell. 1994; Dettinger and Cayan. 1995). 

Pine negative growth anomaly years (P-) 

The SLP composite for P- decile years (P-D) is quite similar to the 

midtropospheric P-D composite (Garfin, 1998a). although the region of positive 

anomalies over eastern North America is further to the north and east in the SLP 

composite. The pattern is characterized by a region of negative SLP anomalies over the 

Bering Sea. positive anomalies over the eastern Pacific and positive SLP anomalies over 

northeastern North America (Figure 6.6). The P- quintile SLP composite (P-Q) is similar 

to P-D. with the following exceptions; P-Q exhibits higher magnitude positive anomalies 

and greater statistical significance over the eastern Pacific and weaker anomalies 
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elsewhere. Each of the quintile years (1965. 1971. 1976. 1979) exhibit positive 

anomalies in the eastern Pacific and weak or near-normal North Pacific atmospheric 

circulation (Emery and Hamilton. 1985). The 1925-87 P- composite exhibits positive 

anomalies over western North America rather than offshore, as exhibited by the other 

composites shown in Figure 6.6. The 1925-87 pattern more closely resembles the S- SLP 

composites than the other P- composites. In fact, four of the S- and P- quintile years are 

in common during the period 1925-87 (1926. 1949. 1972. 1987). Figure 6.7 shows the S-

P- composite, which exhibits the familiar California drought pattern of intensified 

Aleutian Low and enhanced western North America ridging; the enhanced ridging, 

however, is not as prominent as in other low growth year composites. 

The P-D composite resembles the following SLP patterns: Cayan and Peterson's 

Sacramento River streamflow low quartile composite anomalies (1989: figure 13) and 

Haston and Michaelsen's "north drier" correlation field (1997: figure 8e). The P-Q 

composite bears a stronger resemblance to Biasing and Lofgren's winter type 2 composite 

(1980: figure 2) than does P-D. These patterns are associated with a somewhat 

intensified Aleutian Low. enhanced high pressure and greater frequency of anticyclones 

over the northeastern Pacific Ocean, subsidence and advection of cold air into central 

California (Andrews. 1965: Green, 1965). 

Contrast with 1906-46 patterns 

As mentioned earlier. Trenberth and Paolino (1980) found that the historic SLP 
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dataset contains questionable data in in high latitudes; therefore, following Trenberth and 

Paolino (1981). I excluded SLP data prior to 1925 in the previous analyses. Despite the 

aforementioned data problems, I also carried out analyses of composite anomalies for the 

period 1906-1946 (Figure 6.8). For that period, three of the four composite anomaly 

patterns differ from patterns for the 1947-87 period. The exception is the S- pattern, 

which chiefly displayed differences in magnitude, rather than location of centers of 

anomalous SLP. Also, use of the.se earlier data allows for (1) the creation of a new 

composite anomaly type. S-P+ (sequoia low growth/pine high growth), which occurs only 

once after 1947. and the addition of two years to the S-P- growth anomaly type. 

The S+ SLP anomaly pattern for 1906-46 (S+D 06; Figure 6.8) shows low 

magnitude negative anomalies across the North Pacific, especially over the Pacific 

Northwest and somewhat higher than average anomalies over the subtropics; this is in 

sharp contrast with S+D 47 (Figure 6.3). which displays negative anomalies across the 

entire eastern Pacific. As half of the S+D 06 years are prior to 1925. this pattern might 

display inflated SLPs over Alaska and the Gulf of Alaska. The P+ 06 SLP anomaly 

pattern (Figure 6.8) is rather like S+D 47. and exhibits negative SLP anomalies over the 

eastern Pacific; however. P+ 06 also shows positive anomalies over a broad area of 

continental North America, from the Canadian Arctic down to Mexico. The pattern 

displays some contrast to P+ 47 (Figure 6.5). in which there is a deepened Aleutian Low 

and ridging is confined to northwestern North America. 

S-D 06 (Figure 6.8) is rather similar to S-D 47 (Figure 6.4). with changes chiefly 
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in the locations of regions of statistical significance, which occur chiefly in areas of 

positive SLP anomalies over the continental U.S.. Mexico and the adjacent southeastern 

North Pacific. P-D 06 (Figure 6.8) is similar to S-D 06. although with greater statistical 

significance over the Bering Sea. The similarities between these patterns and frequency 

of S- and P- extreme low growth years during the 1910s-1920s suggest, as noted by Fritts 

(1991). that storms probably entered North America more frequently via a more northern 

storm track than during the second part of the century. P-D 47 (Figure 6.6). which is 

similar to the P-D midtropospheric pattern (P-D 500; Figure 6.6). displays positive SLP 

anomalies over the northeastern Pacitlc and exhibits none of the meridionality associated 

with the low growth composites from the first part of the century. 

The 1906-1987 S-P- pattern has one additional year in common (1924) and is 

virtually the same as in Figure 6.7. The S-P+ pattern (Figure 6.9) displays positive SLP 

anomalies over the central North Pacific, ridging over the middle of North America and 

negative anomalies at high latitudes. Approximately mean SLP conditions are displayed 

over the west coast of North America. Presumably, the winter subtropical high is 

somewhat strengthened during these years, and either (I) cool air is advected from high 

latitudes, or (2) there is less frequent winter storm activity during these years, but more 

frequent spring activity (e.g., Dettinger and Cayan. 1995). This pattern is typified by 

circulation during 1977. in which strong May precipitation provided sufficient water for 

subsequent summer growth at high-, but not mid-elevations. 
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DISCUSSION 

The similarity of composite anomaly patterns between the surface (i.e.. SLP) and 

midtroposphere for the period 1947-87 is striking, and allows for the possibility of using 

either of the levels as a proxy by which to infer the pattern of anomalous circulation at the 

other level of the atmosphere. Furthermore, the similarity of decile and quintile 

composite anomaly patterns is particularly strong for the major features upstream of the 

Sierra Nevada. As expected, most quintile patterns exhibit lower magnitude anomalies 

than the decile patterns, but the major features are preserved. The evidence indicates that 

the composite anomaly patterns for the 1947-87 period are essentially the same as those 

for the longer 1925-87 period. 

Differences between 1906-46 and 1947-87 patterns for all but one of the 

composite tree growth anomaly groupings suggest that shifts in atmospheric circulation 

might account for major differences between patterns for the two periods and for slight 

differences between 1947-87 and 1925-87 patterns. For example, since the 1950s North 

Pacific Ocean winter (January-March) SLPs have decreased concomitant with wanner 

California winters since the 1940s (Dettinger and Cayan. 1995); in addition. Dettinger 

and Cayan (1995) have noted an increase in meridional circulation, characterized by 

decreases in winter 700 mb GPHA over the central Pacific and increases in 700 mb 

GPHA over the Pacific Northwest. These changes have resulted in an increased fraction 

of California streamfiow occurring during winter, rather than spring, months (Aguado et 

al., 1992; Dettinger and Cayan, 1995). Consistent with these findings, positive growth 
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anomaly patterns for both sequoia and pine exhibit meridional flow characterized by 

negative SLP and 500 mb height anomalies over the eastern Pacific combined with 

positive anomalies over the Canadian Arctic and negative anomalies over eastern North 

America in the 1947-87 composites. Such features result in southern storm tracks during 

high growth years (Garfin. i998b. in review) and advecting of tropical moisture into 

California during the winter. These circulation features appear in the principal mode of 

post-1947 North Pacific atmospheric circulation (Bamston . Livezey. 1987; Wallace et 

al., 1990). These circulation features are largely absent from the 1906-46 composites, 

although there is a hint of this meridionality in the P-i-D 06 composite. Haston and 

Michaelsen (1997) also give evidence of circulation changes over the North Pacific 

during the last part of this century, a period when their tree-ring reconstruction shows 

more wet precipitation years for southern California. Other evidence to support this shift 

comes from analyses of global SST (e.g.. Wang and Ropelewski. 1995). which show 

decreases since the mid-1930s in the high frequency component of North Pacific SST 

variation. However, these data. too. suffer from sparse ob.servations in the early part of 

the record (Trenberth et al.. 1992). as well as various inhomogeneities (e.g.. Jones et al.. 

1986). 

Figure 6.10 shows the occurrence of high and low growth sequoia and pine 

chronology quintile years for the 20th century plotted with the Pacific Decadal Oscillation 

(PDO) of Mantua et al. (1997). S+ years are well distributed throughout the record, with 

perhaps slightly fewer S+ years mid-century; S- years are well distributed throughout the 
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record. In contrast, pine extreme growth years tend to cluster as follows: extreme high 

growth between -1900-1940 (with a hiatus between 1912-1922) and the late 1960s-mid 

1980s, and extreme low growth during the 1920s. 1940s and 1970s (Figure 6.10). This 

sequence of low and high growth periods in Sierra Nevada treeline pines is remini.scent of 

changes in North Pacific atmosphere-ocean circulation described by the PDO. The high 

phase of the PDO. (which is characterized by a deepened Aleutian Low. low North 

Pacific SSTs. warm tropical SSTs. low Pacific Northwest precipitation and high 

precipitation across the southern part of the west coast) has occurred between 1925-1946 

and 1977-pre.sent. whereas the low phase occurred prior to 1925 and between 1947-1976. 

It is especially interesting to note that positive growth extremes are lacking from the pine 

growth record during the 1940s-1950s, a period when mid-north Pacific Ocean SLPs and 

SSTs were generally above the mean (Dettinger and Cayan. 1995). .Moreover, the 1960s, 

when pine extreme high growth years first appear in the post-1947 record, were a period 

during which warm surface waters replaced cool surface waters in the North, especially 

during non-summer seasons (Namias. 1969). These changes in pine growth are similar to 

variations in California and U.S. west coast precipitation described by Granger (1977) 

and McGuirk (1982). Although there is not a one-to-one correspondence between pine 

extreme growth and the PDO or the North Pacific Index of Trenberth and Hurrell (1994). 

which describes similar variations in North Pacific atmospheric circulation, there is the 

tantalizing suggestion that the frequency of growth extremes in pine can be used as a 

surrogate for such indices (e.g., Woodhouse, 1996; 1997). Moreover, it appears that 
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extreme low growth in giant sequoia is a reliable index of strong interannual time-scale 

meridional circulation, with troughing over the northeast Pacific and ridging over westem 

North America, as first proposed by Hughes and Brown (1992). These tree-ring data 

must be used with the caution that pine growth is also strongly a function of summer 

temperature and might respond in ways that either lead or lag changes in low frequency 

atmospheric circulation. ALso. the choice of sites used in this study might not be optimal 

for reconstructing atmospheric circulation, a problem which might be better solved with a 

large network of tree-rings (e.g.. Fritts. 1991; Haston and Michaelsen. 1997). 

SUMMARY 

SLP atmospheric circulation patterns as.sociated with high and low deciles and 

quintiles of tree growth in giant sequoia and upper forest border pines from the Sierra 

Nevada were analyzed and contrasted with (1) patterns exhibited by midtropospheric 

geopotential height anomaly data for the period 1947-87. and (2) patterns exhibited by 

SLP data for both 1925-87 and 1906-46. SLP and midtroposphere composite anomaly 

patterns for the period 1947-87 displayed great similarity, as expected, and major 

circulation features upstream of the Sierra Nevada were similar in the decile and quintile 

SLP composites associated with particular growth anomaly groupings. Consistent with 

the results of Garfm (1998a) and Hughes and Brown (1992), sequoia low growth years 

are characterized by enhanced troughing over the northeast Pacific and enhanced ridging 

over the entire west coast of North America. Sequoia and pine high growth are both 
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associated with lower than average SLP over the eastern Pacific and some degree of 

ridging over northern North America, whereas pine low growth years are associated with 

a somewhat deepened and westward displaced Aleutian Low and positive SLP anomalies 

over the eastern Pacific. Anomaly patterns for the 1947-87 period are rather similar to 

those for the longer 1925-1987 period. These pattems, however, exhibit slight 

differences, especially for the pine circulation anomaly pattems. In order to further 

examine these differences. SLP data for the period 1906-46 were examined and 

contrasted with the 1947-87 pattems. Use of the longer SLP dataset showed that the 

sequoia low growth SLP anomaly pattem is consistent over the entire period of record. 

For the earlier period, meridional atmospheric circulation (low pressure anomalies over 

the northeast Pacific and high pressure anomalies over western North America) is aLso 

characteristic of pine low growth years. The combined sequoia/pine low growth SLP 

anomaly pattem is similar to the classic California drought anomaly pattem (e.g.. Namias. 

1978) and is characterized by meridional circulation ( a deepened Aleutian Low and 

enhanced ridging over the western U.S). The sequoia high growth anomaly SLP pattem 

for 1906-46 is markedly different from that of the period 1947-87. Pine 1906-46 SLP 

anomaly pattems differed, too, from the 1947-87 pattems. These differences might be 

due to SLP data problems during the earlier period (Trenberth and Paolino. 1980) or to 

changes in North Pacific atmospheric and oceanic circulation, as surmised by 

dendroclimatologists such as Fritts (1991) and Biasing (Biasing and Fritts. 1976; Biasing 

and Lofgren, 1980). Variations in pine extreme growth, e.g., many high growth extremes 
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in the period between the late 1960s-1980s and many low growth extremes between the 

late 1930s-1950s. support the latter contention. 

The observation that variations in the frequency of pine growth extremes are 

reminiscent of decadal-scale variations in North Pacific circulation indices (Mantua et al.. 

1997; Trenberth and Hurrell. 1994) raises interesting questions for future research. For 

example, a substantial shift in North Pacific atmosphere-ocean circulation around 1977 

has been demonstrated by many researchers (e.g.. Trenberth. 1990; Miller et al., 1994). 

Do other tree-ring records of Sierra Nevada treeline pines give better evidence of the 

1977 shift? Do changes in atmospheric CO; and hemispheric temperature, which some 

believe are reflected in the growth of California treeline pines (e.g.. LaMarche et al.. 

1984). lead to changes in North Pacific atmosphere-ocean circulation (cf. Latif and 

Bamett. 1996; Latif et al.. 1997) and can combinations of Sierra Nevada trees effectively 

discern temperature changes from precipitation/circulation induced growth changes? 



Figure 6.1. Mean sea level pressure (mb) for the period, 1951-1980. 
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Figure 6.2. Tree-ring chronologies used in this analysis. Uppercase letters correspond to 
those in Table 6.1. Altitude estimates are from the United States Defense Mapping 
Agency's United States 30-Second DEM and are expressed in meters (Row et al., 1995). 
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Figure 6.3. Upper Left. Sequoia highest decile of growth SLP anomaly composite, 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Sequoia highest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Sequoia highest de^-ile of growth 500 mb 
height anomaly composite. The contour interval is 10 m. Lower Right. Sequoia highest 
decile of growth SLP anomaly composite, 1925-1987. 
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Figure 6.4. Upper Left. Sequoia lowest decile of growth SLP anomaly composite. 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Sequoia lowest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Sequoia lowest decile of growth 500 mb 
height anomaly composite. The contour interval is 10 m. Lower Right. Sequoia lowest 
decile of growth SLP anomaly composite, 1925-1987. 
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Figure 6.5. Upper Left. Pine highest decile of growth SLP anomaly composite, 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Pine highest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Pine highest decile of growth 500 mb 
height anomaly composite. The contour interval is 10 m. Lower Right. Pine highest 
decile of growth SLP anomaly composite, 1925-1987. 
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Figure 6.6. Upper Left. Pine lowest decile of growth SLP anomaly composite. 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Pine lowest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Pine lowest decile of growth 500 mb height 
anomaly composite. The contour interval is 10 m. Lower Right. Pine lowest decile of 
growth SLP anomaly composite. 1925-1987. 
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Figure 6.7. Sequoia and pine lowest quintile of growth common years SLP anomaly 
composite, 1925-1987. Solid contours indicate positive SLP anomalies; dashed 
contours indicate negative SLP anomalies. Grid boxes exhibiting significant anomalies 
(a = .05) are shaded. The contour interval is in mb x 10. 
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Figure 6.8. Upper Left. Sequoia highest decile of growth SLP anomaly composite, 1906-
1946. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Sequoia lowest quintile of growth SLP 
anomaly composite, 1906-1946. Lower Left. Pine highest decile of growth SLP anomaly 
composite, 1906-1946. Lower Right. Pine lowest decile of growth SLP anomaly 
composite, 1906-1946. 
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Figure 6.9. Sequoia lowest quintile and pine highest quintile of growth common years 
SLP anomaly composite, 1906-1987. Solid contours indicate positive SLP anomalies; 
dashed contours indicate negative SLP anomalies. Grid boxes exhibiting significant 
anomalies (a = .05) are shaded. The contour interval is in mb x 10. 
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Figure 6.10. Pacific Decadal Oscillation Index (PDO; solid line/open squares), 1900-
1987, and Upper Left sequoia highest quintile of growth years (shaded bars); Upper Right 
sequoia lowest quintile of growth years (shaded bars); Lower Left pine highest quintile of 
growth years (shaded bars); Lower Right pine lowest quintile of growth years (shaded 
bars). 
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Table 6.1. Site information 

Site (Map Key) 

Camp Six (B) 

Buena Vista (C) 

Big Baldy (D) 

Muir (E) 

Giant Forest (H) 

East Fork (K) 

Mountain Home (M) 

Garfield (L) 

Black Mountain (N) 

Red Hill (O) 

Parker Peak (P) 

Long Meadow (Q) 

Starvation Creek (S) 

Packsaddle (R) 

Deer Creek (T) 

Upper Wright Lakes (F) 

Boreal Forest (J) 

Bighorn Plateau (G) 

Crabtree (I) 

Kuna Crest (A) 

Data Source 

Brown etal., 1992 

Hughes et al., 1996 

Hughes etal., 1996 

Hughes etal., 1996 

Brown etal., 1992 

Hughes et al., 1996 

Brown et al., 1992 

Hughes etal., 1996 

Hughes etal., 1996 

Hughes etal., 1996 

Hughes et al., 1996 

Hughes, unpublished 

Hughes, unpublished 

Hughes, unpublished 

Hughes, unpublished 

Lloyd, 1996 

Lloyd, 1996 

Graumlich, unpublished 

Graumlich. 1993 

King, unpublished 



Table 6.2. Extreme growth years, 1947-1987. (Deciles are in bold typeface). 

s+ P+ S- P-

1954 1967 1947 1949 
1958 1969 1949 1960 
1969 1973 1959 1965 
1974 1974 1961 1971 
1978 1977 1966 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 



Table 6.3. Extreme growth years, 1925-1987. (Deciles are in bold typeface). 

s+ P+ S- P-

1925 1927 1926 1926 
1936 1933 1931 1929 
1941 1937 1937 1939 
1942 1940 1947 1941 
1954 1967 1949 1949 
1958 1969 1959 1960 
1969 1973 1961 1965 
1974 1974 1966 1971 
1978 1977 1972 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 



Table 6.4. Extreme growth years, 1906-1946. (Deciles are in bold typeface). 

s+ P+ S- P-

1906 1906 1909 1912 
1916 1909 1911 1913 
1921 1911 1914 1923 
1925 1922 1924 1924 
1928 1927 1926 1926 
1936 1933 1931 1939 
1941 1937 1932 1941 
1942 1940 1937 1944 
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This paper will be submitted to International Journal of Climatology. 

ABSTRACT 

Tree-ring data from mid-and high-elevation Sierra Nevada conifers were used to 

select extreme high and low deciles and quintiles of growth from which temperature, 

precipitation and large-scale summer (June-August; JJA) sea level pressure (SLP) and 

midtropospheric (500 mb) composite anomaly patterns associated with the extreme tree 

growth anomalies were examined. SLP was analyzed for the periods 1906-46. 1925-87 

and 1947-87; midtropospheric circulation was analyzed for the period 1947-87. 

Results indicate that each tree growth anomaly grouping was associated with a 

unique circulation anomaly pattern. Mid-elevation giant sequoia {Sequoiadendron 

giganteum) high growth summers feature a weak subtropical high (STH), an enhanced 

Aleutian Low and relatively zonal flow, whereas sequoia low growth summers feature an 

enhanced Aleutian Low and strong ridging over western North America. Pine {Finns 

balfouriana, Finns albicaulis) high growth summers feature a STH shifted northeast of its 

mean position, whereas during pine low growth summers the STH is enhanced in the 

northeast Pacific and there is a tendency for blocking in the Alaskan/Canadian Arctic. 

The results of this study also provide evidence that the combination of North Pacific 
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troughing and western North America ridging was more pronounced during the first half 

than during the second half of the 20th century. During the first half of the 20th century, 

circulation patterns for all four tree-growth anomaly groupings were characterized by 

negative SLP anomalies over the north Pacific and positive SLP anomalies over North 

America. This pattern is similar to changes in winter circulation over the east Pacific and 

western North America suggested by recent climate change research. 

INTRODUCTION 

California, the most populous of the United States and a state of major 

agricultural importance, has a Mediterranean climate characterized by a winter 

precipitation maximum and dry summers. Agriculture, especially in the central valley of 

California, depends on water from the Sierra Nevada (Ruffner. 1980). which is derived 

chiefly from snowmelt runoff stored in the state's vast reservoir system (Ruffner. 1980; 

Roos. 1994. 1995). Therefore, most studies of California climate have focused on the 

winter season, with emphasis on winter precipitation and associated characteristics of 

atmospheric circulation (e.g.. Aguado et al.. 1992; Mitchell and Blier. 1997; Mo and 

Higgins, 1998). Several important global climate change studies, however, have focused 

on the long-lived temperature sensitive trees of the Sierra Nevada and White Mountains 

of California (e.g., LaMarche, 1974; Scuderi. 1987. 1990, 1993; Graumlich, 1991, 1993). 

The majority of Sierra Nevada dendroclimatological analyses of temperature find upper 

treeline conifers (e.g., Pimis balfouriana) to be sensitive to summer (June-August) 
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(Graumlich, 1991. 1993) and summer-winter (previous June- current January) 

temperature (Scuderi, 1987, 1990, 1993). LaMarche (1974) inferred that upper treeline 

bristlecone pine (Pinus longaeva) are similarly sensitive to summer temperature. 

Nevertheless, Fritts (1969) found these trees to be sensitive to winter temperature, a result 

confirmed by Graybill and Funkhouser for Sierra Nevada foxtail pine (Pinus balfouriana; 

previous September- current February winter season) (Gary Funkhouser. unpublished 

manuscript/personal communication, February, 1997). Hughes and Brown (1992) found 

that giant sequoia are recorders of extreme Sierra Nevada drought (the major component 

of which is a response to variation in winter precipitation), part of which is due to high 

summer temperatures. To the degree that summer temperature is recorded by Sierra 

Nevada trees, it is important to understand the summer atmospheric circulation patterns 

associated with variations in tree growth. Thus, this study, the primary objective of 

which is to analyze patterns of summer atmospheric circulation associated with extreme 

tree growth, serves as a companion analysis (cf. Hirschboeck et al.. 1996) to previous 

analyses of winter atmospheric circulation and tree growth performed by the author 

(Garfin, 1998a; 1998b). An ancillary objective of this study is to examine possible 

decadal-scale changes in summer circulation over the east Pacific/western North America 

region during the 20th century. 

OVERVEW OF PREVIOUS WORK 

Dendroclimatic studies for the Sierra Nevada and adjacent ranges focus chiefly on 
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reconstructions of or inferences regarding winter precipitation, summer or annual 

temperature, and drought. Those focusing on atmospheric circulation are few. and even 

fewer explicitly address summer circulation. LaMarche's 1974 study of long-lived 

bristlecone pine (Pimis longaeva) from upper and lower treeline sites in the White 

Mountains adjacent to and east of the Sierra Nevada provides inferences about periods of 

both moisture and temperature extremes (e.g., warm/wet. vs. cool/wet) based on 

differential tree growth responses at the two treeline locations. In Figure 7 of his 1974 

paper, LaMarche shows three summer circulation types associated with White Mountain 

tree growth as follows: (1) troughing to the east of an expanded STH. which brings cool 

dry conditions; (2) westward expansion of the subtropical Bermuda High, which brings 

warm moist conditions to the White Mountains (although not to the western slope of the 

Sierra Nevada); and (3) normal conditions, with more zonal flow and a northern storm 

track (see section 4.1. SLP and Geopotential Height Data below). Although LaMarche 

was unable to directly link atmospheric circulation with local tree-ring growth variations, 

his inferences regarding summer circulation types created a strong precedent for the 

circulation-to-environment links examined in this study. Biasing, in his dissertation 

(1975) and subsequent work (Biasing and Fritts. 1975; Biasing and Lofgren, 1980; 

Biasing, 1981) used map-pattern correlation to classify climatic parameters, including 

north Pacific and western North America SLP, into seasonal anomaly types. He 

reconstructed his summer anomaly patterns using a combination of an eigenvector 

regression technique and pattern correlation with the reconstructed anomaly maps 
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(Biasing and Fritts, 1975), based on work that demonstrated the relationship between 

summer temperature and arctic/subarctic tree growth (e.g., Hustich, 1956). One of 

Biasing and Fritts' (1975) more important conclusions is that atmospheric circulation was 

more meridional in the 19th century than in the first half of the 20th century. They 

inferred that summer storms followed a more northern storm track and that the Pacific 

subtropical high was also displaced northward during the 19th century. LaMarche and 

Hirschboeck (1984) found that frost damage in bristlecone pine from California's White 

Mountains can be directly related to short-term outbreaks of polar air during the growing 

season associated with a combination of mid-tropospheric troughing over the western 

U.S. and blocking activity in the large-scale circulation. Frost damage, however, occurs 

too infrequently to make generalizations about seasonal atmospheric circulation. Fritts 

(1991; see also Fritts et al., 1971) used 65 tree-ring chronologies from the western U.S. to 

reconstruct gridded SLP between 20°N-70°N and 100°E-80°W. His SLP reconstructions 

are somewhat problematic for the study of individual summers, due to (1) poor 

calibration and verification for the summer (July-August) season (2) poor calibration and 

verification over regions of importance to atmospheric circulation in the western U.S. 

(e.g., the Gulf of Alaska, northwestern North America) and (3) his SLP reconstructions 

were less reliable at the interannual time scale than when averaged over several years 

(Fritts, 1991). Nevertheless, Fritts' reconstructions of annual SLP provide some useful 

insights into the spatio-temporal variation of atmospheric circulation over the 

Pacific/North America sector. For example, for the most recent -150 years, Fritts found 
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the following: SLP declined in the eastern North Pacific and rose in the Canadian Arctic 

between 1850-76, resulting in more meridional circulation; SLP increased over 

northwestern North America and decreased along the U.S. Pacific coast between 1877-

1917, which resulted in a greater frequency of storms and higher precipitation over 

central Califomia; and between 1920-63, more storms traveled into the Arctic as the 

circumpolar vortex retreated northward. Hughes and Brown (1992) demonstrated that 

giant sequoia {Sequoiadendron giganteiim) are drought sensitive and form narrow rings in 

growing seasons following winters with very low Sierra Nevada snowfall. They 

examined the winter (December-February) sea level pressure (SLP) anomaly pattern for 

the mean of four extreme 20th century low growth years in giant sequoia and noted that 

such winters are characterized by positive SLP anomalies over much of the western U.S. 

Their work, however, does not explicitly address summer drought-related atmospheric 

circulation. Haston and Michaelsen (1997) reconstructed the first two principal 

components (PCs) of 29 coastal and near-interior southern Califomia water year 

(previous September to current August) precipitation stations using tree-rings from 

Califomia sites including the central Sierra Nevada. They correlated their precipitation 

PCs with SLP and developed characteristic spatial patterns of the variation of 

precipitation and atmospheric circulation and then inferred past patterns of atmospheric 

circulation. They identified five distinct circulation pattems associated with annual 

precipitation variation in central and southem Califomia as follows: all-California wet 

(associated with low SLP in the eastem North Pacific), southem Califomia wet 
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(associated high SLP in the central Pacific and low SLP west of Baja California), 

northern California wet (associated with mid-Pacific blocking), northern California dry 

(associated with a deepened Aleutian low high SLP off the west coast of North America) 

and southern California dry (associated with low SLP from the subtropical Pacific across 

to the Pacific Northwest coast of North America and above average SLP off the southern 

California coast). Based on the assumption that variations in the time series of 

reconstructed PC scores represented variations in California precipitation associated with 

the annual circulation types they identified, they hypothesized that meridional circulation 

was more frequent between 1560-1760 than during the subsequent -200 years of their 

reconstruction. They also found a great degree of north-south contrast in California 

precipitation (e.g.. south dry versus north wet) during the 20th century, with three of 

wettest California precipitation years falling within recent decades; however, they never 

explicitly refer to summer atmospheric circulation. Garfin (1998a) examined winter 

(November-March) midtropospheric circulation related to extreme Sierra Nevada tree 

growth and found (1) that giant sequoia growth and treeline pine growth have little 

covariation on the interannual time scale; accordingly. (2) distinct patterns of atmospheric 

circulation are associated with the positive and negative growth anomalies of these 

species; (3), the tendency for negative 500 mb height anomalies in the northeastern 

Pacific, corresponding to a deepened east Pacific trough and westerly-southwesterly 

anomalous flow, can be inferred for years during which these species exhibit positive 

extreme growth anomalies; and (4) differences between the low growth anomaly patterns 
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for the two species assemblages are useful to infer the probable degree of meridionality 

(and possible downstream anomalies) and ridging over western North America during dry 

years in the Sierra Nevada.. Although he found that these patterns of midtropospheric 

circulation made sense in terms of both delivery of winter precipitation and subsequent 

growing season tree growth, he did not explicitly address summer atmospheric circulation 

associated with Sierra Nevada tree growth. 

SUMMER ATMOSPHERIC CIRCULATION OF THE SIERRA NEVADA 

Atmospheric latitudinal temperature gradients decrease during summer thus, 

atmospheric circulation is weaker during the summer than during the winter (Bryson and 

Hare. 1974) and is characterized by shorter waves than in winter. The mean jet position 

shifts to high latitudes during the summer, bringing cyclogenesis and wind maxima just 

north of the Canada-U.S. border. The east Pacific subtropical high (henceforth. STH) 

strengthens and shifts northward both at surface and aloft during the summer. Circulation 

over the U.S. is characterized by an eastward shift of the mean ridge over the western U.S 

(concomitant with strong continental heating) and a weak trough off the west coast 

(Harman, 1991). Much of the southern U.S. receives only weak frontal activity and 

relatively weak positive vorticity advection (PVA) (Harman, 1991). Precipitation over 

continental areas is frequently triggered by convective activity. 

The dominant feature of California summer atmospheric circulation is the STH 

(Ruffner, 1980; Davis and Walker. 1992). This feature establishes its northernmost 
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position in response to changes in the latitudinal temperature gradient concomitant with 

increased summer season solar radiation in the Northern Hemisphere and changes in the 

meridional temperature gradient. The latter gradient change has important effects as 

follows: the STH provides a steady flow of air from the northwest, which drives 

upwelling off the California coast and produces relatively cool east Pacific SSTs: air 

temperatures above this water are much cooler than those over the adjacent land surface; 

overlying this cool air is warm dry air. which leads to a very stable situation (i.e.. 

inversion); subsidence associated with the inversion and the effect of coastal mountain 

ranges combine to inhibit penetration of moist air masses and precipitation from the coast 

to the Sierra Nevada (Pyke. 1972; Mitchell. 1976) and this strong subsidence effectively 

shields the Sierra Nevada from monsoonal moisture sources (Mock. 1996). Occasionally, 

however, moisture migrates north from the Gulf of California creating locally heavy 

showers in mountainous regions (Ruffner, 1980). The influence of the STH creates the 

summer nadir in California precipitation, characteristic of its Mediterranean climate. 

The following are characteristics of summer Sierra Nevada climate. Based on the 

Central Sierra Nevada regional mean (see below. Data and Methods. Other Climate 

Data), summer temperatures average 19.4°C and precipitation averages 23.2 mm (median 

= 19 mm). Precipitation is highly variable in each summer month and the standard 

deviations of precipitation are approximately equal to the mean values. Summer 

temperature variation is quite small, 0.8°C. 
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DATA AND METHODS 

SLP and Geopotential Height Data 

Monthly SLP (mb) on a 5° x 5° grid from 85°N-20°N and 0°E-5°W were 

provided by the Climate Lab of the University of Massachusetts (Bradley et al.. 1994: 

original data source: Data Support Section. NCAR: Jenne, 1975). These data were 

evaluated for a region beginning over the Pacific Basin and continuing east to Greenland 

in order to assess both upstream and downstream atmospheric circulation associated with 

extreme tree growth. Data are expressed in the form of departures (SLP anomalies: 

henceforth, SLPA) from a 1951-80 reference period mean. Trenberth and Paolino (1980: 

1981) evaluated Northern Hemisphere SLP data and found them to be most reliable after 

1924; therefore, data for the period 1925-87 considered to be the highest quality SLP data 

used in this study. June-August (JJA), the time of year which best describes summer 

atmospheric circulation and the time during which both sequoia and pine experience 

cambial growth, was used as the summer season for analysis. The major mean (1951-80) 

surface circulation features include the ea.st Pacific subtropical high, a trough over 

Northern Mexico, and the Bermuda high over the eastern U.S. and Atlantic Ocean (Figure 

7.1). The midtropospheric circulation is represented by monthly analyses of 500 mb 

geopotential height over the Northern Hemisphere, gridded onto a 5° latitude-longitude 

grid, available for the period beginning in the year 1946 (Jenne, 1975) and monthly 

analyses of 500 mb geopotential height anomalies (GPHA) from a 1951-80 reference 

period (Bradley et al., 1994; Garfin, 1998a). The most substantial midtropospheric 
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circulation features include a mean trough at ~120°W (Harman, 1991), ridging at high 

latitudes in North America and a mean ridge at -90°W (Harman, 1991) (Figure 7.2). 

High and low deciles and quintiles of tree growth for both giant sequoia and high altitude 

pines were selected as described below (see below. Data and Methods. Tree-Ring Data). 

Composites of SLP data were constructed for each of the four sets of growth anomaly 

years (sequoia high growth = S+: sequoia low growth = S-: pine high growth = P+: pine 

low growth = P-), for the periods 1947-87 and 1925-87. 

Other Climate Data 

Monthly temperature and precipitation data for a subjectively determined region 

of relatively high altitude stations from the central Sierra Nevada (Aguado et al.. 1992; 

Cayan and Riddle. 1992) are referred to in the analyses below. These data were provided 

by the Climate Research Division at Scripps Institution of Oceanography. University of 

California. San Diego. These data were analyzed for the period 1947-87 and JJA is the 

summer season used. 

Tree-Ring Data 

Fifteen giant sequoia chronologies (from -2000 m), four foxtail pine chronologies 

(from -3500 m) and one whitebark pine (Pinus albicaulis) chronology (from ~ 3200 m) 

from the central and southern Sierra Nevada were used (Figure 7.3; Table 7.1). Each 

chronology consists of two cores per tree from -20 trees per site. The core samples were 
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were dated and measured using standard dendrochronological techniques, as documented 

in Brown et al. (1992), Graumlich (1993) and Lloyd (1996). Ring width measurement 

series for each core were detrended. using straight lines, negative exponential curves, or. 

in the case of giant sequoia, cubic splines, in order to remove effects related to bole 

geometry, tree vigor related to age, and post-fire growth release (Fritts, 1976; Hughes and 

Brown, 1992; Graumlich, 1993; Lloyd, 1996). The detrended ring width series were also 

autoregressively modeled in order to remove low order persistence presumed to be 

biological in origin (Meko, 1981; Cook. 1985; Cook and Holmes. 1986). Prewhitened. or 

"residual chronologies", were used in order to emphasize year-to-year variation. 

Unrotated principal components analyses (PCA) (Richman. 1986). using the correlation 

matrix for tree-ring data for the period. 1899-1987. were used to reduce the highly 

correlated sequoia and pine chronologies to separate weighted average time series. High 

and low deciles and quintiles of the time series of first principal component scores from 

each PCA (sequoia; pine) were used to select years for the composite analyses (Table 7.2; 

Table 7.3) (Garfin, 1998a). 

ANALYSIS OF EXTREME GROWTH YEAR COMPOSITES 

Sequoia positive growth anomaly summers (S+) 

Summers for years during which giant sequoia displays positive growth anomalies 

exhibit somewhat lower than average June temperatures, approximately average July and 

August temperatures (Figure 7.4) and higher than average June precipitation (Figure 7.5). 
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JJA anomaly patterns feature lower than average SLP over the eastern Pacific and North 

America, with significant anomalies over the subtropical eastern Pacific (Figure 7.6; S+D 

47, S+Q). This pattern also occurs in the 1925-87 dataset (S+D 25). These patterns are 

similar to Biasing's summer SLPA pattern type 2 (1981; Figure 3) and somewhat similar 

to Trenberth and Paolino's summer type 3 (1981; Figure 4i), both of which are 

characterized by a deepened Aleutian Low and positive SLPA at high latitudes. The 500 

mb GPHA pattern displays troughing over the North Pacific, above average GPHA over 

the eastern Gulf of Alaska and troughing over northeastern North America. (This pattern 

of alternating anomaly centers with lower than normal SLPA/GPHA over the North 

Pacific, higher than normal SLPA/GPHA over western North America and usually, but 

not exclusively, lower than normal SLPA/GPHA over northeastern North America and 

the northwestern Atlantic will, henceforth, be referred to as meridional circulation). This 

pattern resembles Bamston and Livezey's (1987) subtropical zonal pattern for August 

(mode 2; Figure 1 lb). The 500 mb GPHA pattern is consistent with the SLP patterns, 

especially the S+Q and S+D 25 patterns. These patterns suggest a deepened and eastward 

displaced summer Aleutian Low and a STH that is somewhat reduced in strength (Table 

7.4). The most consistent region of significant (negative) SLPA is over the 

tropical/subtropical eastern Pacific, once again indicating a reduction in the strength of 

the STH. Reports from Monthly Weather Review (MWR) monthly circulation 

summaries for S+ summers describe an enhanced Aleutian Low, the consistent presence 

of a trough off of the California coast, warm conditions over California and fast westerly 
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flow (e.g.. Holland. 1954: Wagner. 1969: Taubensee. 1974: Wagner. 1978). These 

reports occasionally mention meridional circulation, blocking over the Gulf of Alaska and 

cool conditions over central California (O'Connor. 1958: Dunn. 1958: Taubensee. 1974. 

1978): thus accounting for the lack of significant SLPA over the Aleutian Low/Gulf of 

Alaska region. S+ summers are not characterized by marked differences from mean 

Sierra Nevada temperature and precipitation (Figures 4-5 and Garfin. 1998a). except 

during June. Nevertheless, patterns of atmospheric circulation associated with S+ 

summers, characterized by negative SLPA over much of the eastern Pacific and western 

North America, are indicative of more frequent passage of low pressures systems through 

California. These low pressure systems probably bring more moisture. June precipitation 

and summer cloudiness during S+ summers and. hence, less severe summer drought and 

more conditions favorable for tree growth. 

Sequoia negative growth anomaly summers (S-) 

Sequoia low growth summers are characterized by higher than average summer 

temperatures, with especially high June temperatures (Figure 7.4) and lower than average 

summer precipitation (Figure 7.5). Atmospheric circulation during these summers is 

meridional, with the Aleutian Low displaced southeastward toward the Gulf of Alaska 

and enhanced ridging over western North America (Figure 7.7) (Table 7.4). The 

enhanced ridging is the most consistent statistically significant feature in the SLP 

patterns. This pattern is most apparent in the decile SLP (S-D 47) and 500 mb (S-D 500) 
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composites and is not as pronounced in the quintile SLP composite (S-Q). These 

circulation patterns are similar to winter atmospheric circulation during S- years (Gart'm. 

1998a: 1998b) and with Biasing's summer type 4 SLPA pattern (1981; Figure 5). albeit 

with lower magnitude 500 mb GPHA during the summer, as expected. The similarity 

between summer and winter surface and midtropospheric circulation is indicative of 

highly persistent features in North Pacific atmospheric and oceanic circulation (Namias. 

1969; Namias et al.. 1988). The SLP composite for S- years during the period 1925-87 

(S-D 25) exhibits a similar pattern of lower than average pressure over the eastern Pacific 

and higher than average pressure over much of North America. An additional feature of 

interest is the region of lower than average pressure and 500 mb heights over the 

northwestern Atlantic, a feature which appears in S- winter circulation composites 

(Garfin. 1998a; 1998b) and. given the aforementioned persistence, suggests possible 

teleconnections to that region. MWR synopses of S- summers consistently mention the 

following features: meridional circulation/low zonal index, an enhanced STH. an 

enhanced Aleutian or Gulf of Alaska Low, and warm, dry conditions over California 

(e.g.. Green, 1959; Stark, 1961: Andrews. 1966: Dickson. 1977). In summary, the S-

circulation patterns are consistent with persistent warm dry summer conditions that would 

result in increased respiration, water stress, and low radial growth in giant sequoia. 

Pine positive growth anomaly summers (P+) 

Pine high growth summers exhibit higher than average July and August 
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temperatures (Figure 7.4) and higher than average June precipitation (Figure 7.5). 

Atmospheric circulation during these summers is characterized by higher than average 

SLP over the North Pacific (especially in the region of the Aleutian Low), lower than 

average SLP over the lower mid-latitude and subtropical Pacific Ocean and North 

America, and higher than average SLP over the southwestem U.S. (Figure 7.8). The 

SLPA patterns (P+D 47. P+Q) display a positive SLPA feature over the northeast Pacific 

similar to that in Biasing's summer types 3 and 4 (1981; Figure 5) and Trenberth and 

Paolino's summer type I (1981; Figure 4g). The midtropospheric GPHA pattern (P+D 

500) is similar to the SLPA pattern, and exhibits above average 500 mb heights over the 

North Pacific and North America, with the exception of the U.S. Midwest, and average or 

below average heights over much of the subtropical Pacific. Regions of consistent 

statistically significant anomalies include the Bering Sea and the U.S. Pacific Northwest 

and the North Pacific Ocean adjacent to it. These patterns suggest troughing off the 

southern Califomia/Baja California coast and advection of cool air from the northeast 

Pacific into California. A cross-section of 500 mb heights at 40°N across eastern Pacific 

and western North America shows roughly climatological atmospheric circulation at 

midlatitudes. with a somewhat eastward displaced STH and enhanced ridging over 

western North America (Figure 7.9) (Table 7.4). The SLPA pattern for 1925-87 (P+D 

25) displays a somewhat different pattern, with negative SLPA over the Gulf of Alaska 

and much of the eastern Pacific; the P+D 25 pattern suggests a weak east Pacific STH 

during P+ summers. MWR synopses frequently mention the following characteristics 
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during P+ summers: west coast ridging (e.g.. Taubensee. 1973). west coast troughing 

(e.g.. Dickson. 1980). meridional circulation (e.g.. Wagner. 1967; Wagner. 1969). and dry 

conditions over California; reports occasionally mention cool conditions and precipitation 

over California (e.g.. Wagner. 1967; Dickson. 1967; Taubensee. 1977). The P+ 

circulation patterns and associated monthly weather synopses do not seem entirely 

consistent with the positive growth response to summer temperature reported by some 

investigators (e.g.. Scuderi. 1987; Graumlich. 1993). However, lower than average SLPA 

over much North America (Figure 7.8) is congruous with enhanced June-July Sierra 

Nevada precipitation. Moreover, as Figure 7.9 shows, treeline Sierra Nevada pines 

exhibit high growth under conditions associated with roughly climatological conditions in 

midlatitudes. 

Pine negative growth anomaly summers (P-) 

Pine low growth summers are characterized by much higher than average June 

temperatures, approximately average July and August temperatures (Figure 7.4). and 

somewhat lower than average summer precipitation (Figure 7.5). Surface atmospheric 

circulation during the most extreme years (i.e.. decile; P-D 47. P-D 25) is characterized 

by higher than average SLP over the northeast Pacific and western North America and 

lower than normal SLP over the climatological Aleutian Low (Figure 7.10); however. 

both the decile (P-D 47) and quintile (P-Q) SLP composites show negative SLPA over 

subtropical latitudes in the eastern Pacific. Statistically significant SLPA appear over the 
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Midwest and south-central U.S. in the three SLPA maps. These patterns display negative 

eastern Pacific and positive North America SLPA characteristic of Trenberth and 

Paolino's summer type 2 pattern (1981: Figure 4h). Midtropospheric circulation (P-D 

500) shows positive GPHA over the northeastern Pacific, polar latitudes, and North 

America. These patterns suggest an enhanced and northward displaced STH (Table 7.4). 

A cross-section of 500 mb heights at 40°N. from 180°-100°W. shows that the spatial 

pattern of P- circulation across the midlatitudes is similar to climatology, but with higher 

than average 500 mb heights over the entire region (Figure 7.11). MWR synopses 

consistently mention blocking over the Alaskan and western Canadian Arctic, ridging 

over the eastern Pacific and westem North American coast and warm, dry conditions over 

California (e.g.. Woffinden. 1960; Andrews. 1965; Wagner. 1971; Dick.son. 1972); 

however, reports occasionally mention a deep California coastal trough (Po.sey. 1965; 

Dickson. 1976) and cool conditions over Califomia (e.g. Posey. 1965; Wagner. 1976). 

The aforementioned Califomia coastal trough is consistent with SLP composites for the 

post-1947 period (P-D 47. P-Q). P- summer circulation patterns, characterized by high 

pressure anomalies over the westem U.S. and probably cool SSTs off the Califomia 

coast, are congmous with stable atmospheric conditions that create high June 

temperatures and concomitant low summer precipitation, i.e.. conditions unfavorable for 

tree growth. 
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CONTRAST WITH 1906-1946 COMPOSITES 

As mentioned earlier. Trenberth and Paolino (1980) found that the historic SLP 

dataset contains questionable data in high latitudes; therefore, following Trenberth and 

Paolino (1981). I excluded SLP data prior to 1925 in the previous analyses. Despite the 

aforementioned data problems. I also carried out analyses of composite anomalies tor the 

period 1906-1946 (Figure 7.12: Table 7.5) in order to determine whether the circulation 

patterns shown above are robust enough to make sound inferences about past summer 

atmospheric circulation affecting the Sierra Nevada. The S+ pattern for 1906-46 (S+D 

06; Figure 7.12a) differs from S+D 47 (Figure 7.6) chiefly over North America, where 

positive SLPA dominate during the early part of the 20th century. S-D 06 (Figure 7.12b) 

displays a meridional circulation pattern similar to S-D 47 (Figure 7.7); the consistency of 

this California drought pattern (e.g.. Cayan. 1996) throughout the 20th century, despite 

differences in regions of statistical significance, is notable and suggest that growth in 

giant sequoia is a reliable indicator of this highly persistent drought circulation pattern 

(cf. Hughes and Brown. 1992; Garfin 1998b). The SLPA pattern for pine high growth 

summers during the first half of the 20th century (P+D 06; Figure 7.12c) displays a 

pattern of anomalies drastically different from P+D 47 (Figure 7.8). P+D 06 is similar to 

S+D 06 (Figure 7.12a) and it exhibits a meridional circulation pattern over the east 

Pacific/western North America region. When compared to P-D 47 (Figure 7.10), P-D 06 

(Figure 7.12d) displays a southeastward shift in the location of the Aleutian Low. 

All of the 1906-46 SLPA patterns display apparent meridional circulation, with 
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strong positive SLPA over western North America. Although differences in SLPA over 

Arctic regions between the First and second halves of the 20th century might be due to 

spurious data (Trenberth and Paolino. 1980). the consistent positive anomalies over 

western North America are indicative of a change in atmospheric circulation. Changes in 

North Pacific winter atmospheric and oceanic circulation have been demonstrated by a 

number of investigators (e.g.. Namias. 1969; Trenberth and Hurrell. 1994; Mantua et al.. 

1997); these changes include a southeastward shift and strengthening of the Aleutian Low 

after about 1947. which affects the location and strength of the mean maximum 

westerlies, as well as the paths of storms entering North America (Dettinger and Cayan. 

1995). Mantua et al. (1997) show more meridional winter (November-March) circulation 

(with a deepened Aleutian Low and enhanced ridging over western North America), 

associated with their Pacific Decadal Oscillation (PDO). prior to 1947 (especially 1925-

1947) and following 1977. Biasing and Fritts (1975) conclude that atmospheric 

circulation was more meridional in the 19th century than in the first half of the 20th 

century. However, summer SLP anomaly types 2 and 4 of Biasing and Lofgren (1980) 

and Biasing (1981), which are characterized by warmer than average California 

temperatures, fewer cyclones over the U.S.. negative SLPA over the Aleutians and 

positive SLPA over North America, patterns similar to those in Figure 7.12. appear more 

frequently during the first half than during the second half of the 20th century. Fritts 

(1991) also suggests that SLP increased over western North America and decreased along 

the U.S. Pacific coast between 1877-1917, consistent with meridional circulation in the 
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first part of the 20th century. Moreover. Haston and Michaelsen's "north drier" SLP 

correlation field, which closely resembles the aforementioned meridional circulation 

pattern, occurs more frequently during the first half of the 20th century and following 

1976 (Haston and Michaelsen, 1997: Figure 7. FigureS, Table 5). Thus, it seems 

plausible that (1) meridional circulation (i.e., lower than normal SLPA over the North 

Pacific and higher than normal SLPA over western North America) persisted into 

summer months, albeit with less vigor than during winter, in the first half of the 20th 

century and (2) meridional summer circulation occurred less frequently during the second 

half of the 20th century, probably due to changes in North Pacific atmospheric and 

oceanic circulation. Based on the record of Sierra Nevada extreme pine and sequoia 

extreme growth years, this meridional pattern is most evident during the post-1947 period 

when sequoia exhibits extreme low growth. 

SUMMARY AND CONCLUSIONS 

This study, a companion analysis to the winter atmospheric circulation analyses of 

Garfin (1998a; 1998b). examined relationships between summer atmospheric circulation 

and extreme tree growth in mid-and high-elevation Sierra Nevada conifers. Surface 

circulation was analyzed for the periods 1906-46. 1925-87 and 1947-87; midtropospheric 

circulation was analyzed for the period 1947-87. Each tree growth anomaly grouping was 

associated with a unique circulation anomaly pattern as follows (Figures 6-9; Table 7.4); 

during S+ summers the STH is weak, the Aleutian Low is enhanced and flow is relatively 
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zonal; during S- summers circulation is strongly meridional, with contrasting 

negative/positive pressure anomalies over the east Pacific and North America, 

respectively: during P+ summers the STH is shifted northeast of its mean position: and 

during P- summers the STH is enhanced in the northeast Pacific and there is a tendency 

for blocking in the Alaskan/Canadian Arctic. Analyses of temperature and precipitation 

data performed in this study highlight June conditions as keys to summer extreme tree 

growth response. June is at the beginning of the growing season and conditions 

associated with the effects of persistent snow on ambient air and soil temperatures are 

probably critical determinants of growth rates (Garfin. 1998c) during the "grand period of 

growth" (Fritts. 1976) and. hence, total growing season ring width. The aforementioned 

result, however, raises questions about the best seasonal window for temperature 

response in high-elevation California pines (cf. Fritts. 1969: LaMarche. 1974: Scuderi. 

1987: Graumlich. 1993: Gary Funkhou.ser.personal communication). 

Perhaps the most interesting aspect of this study concerns possible temporal 

changes in summer atmospheric circulation. The results of this study provide evidence 

that the summer meridional pattern of North Pacific trough and western North America 

ridge was more common during the first half of the 20th century than during the second 

half of the century. Circulation during the first half of the 20th century was characterized 

by strong contrasts between eastern Pacific and North American SLPA, features evident 

in all four tree-growth circulation anomaly patterns for the period 1906-46. This 

circulation pattern suggests a southward displaced summer storm track since 1947. a 
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characteristic also associated with temporal changes in winter circulation in the east 

Pacific/ western North America sector (e.g.. Namias. 1969; Trenberth and Hurrell. 1994: 

Dettinger and Cayan. 1995: Mantua et al.. 1997). 
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Figure 7.1. Mean summer (June-August) sea level pressure (mb) for the period, 1951 -
1980. 
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Figure 1.2. Mean summer 500 mb heights (m), 1951-1980. 
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Figure 7.3. Tree-ring chronologies used in this analysis. Uppercase letters correspond to 
those in Table 7.1. Altitude estimates are from the United States Defense Mapping 
Agency's United States 30-Second DEM and are expressed in meters (Row et al., 1995). 
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Figure 7.4. Boxplots of monthly Sierra Nevada summer temperature for each of the tree-
ring composites. Each plot has the following sequence: low growth (-), 1947-1987 mean, 
high growth (+). Dots indicate values falling outside 1.5 interquartile ranges. For details 
of boxplot form and calculations see Systat, Inc., 1992. 
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Figure 7.5. Boxplots of monthly Sierra Nevada summer precipitation for each of the tree-
ring composites. Each plot has the following sequence: low growth (-), 1947-1987 mean, 
high growth (+). Dots indicate values falling outside 1.5 interquartile ranges. For details 
of boxplot form and calculations see Systat, Inc., 1992. 
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Figure 7.6. Upper Left. Sequoia highest decile of growth SLP anomaly composite. 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 

SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb X 10. Upper Right. Sequoia highest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Sequoia highest decile of growth 500 mb 
height anomaly composite. The contour interval is 10 m. Lower Right. Sequoia highest 
decile of growth SLP anomaly composite. 1925-1987. 
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Figure 7.7. Upper Left. Sequoia lowest decile of growth SLP anomaly composite. 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Sequoia lowest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Sequoia lowest decile of growth 500 mb 
height anomaly composite. The contour interval is 10 m. Lower Right. Sequoia lowest 
decile of growth SLP anomaly composite, 1925-1987. 
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P + Q 

Figure 7.8. Upper Left. Pine highest decile of growth SLP anomaly composite, 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Pine highest quintile of growth SLP 
anomaly composite. 1947-1987. Lower Left. Pine highest decile of growth 500 mb 
height anomaly composite. The contour interval is 10 m. Lower Right. Pine highest 
decile of growth SLP anomaly composite, 1925-1987. 
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Figure 7.9. Cross-section of 500 mb heights (m) at 40°N latitude from 180° eastward to 
IOO°W longitude for pine high growth decile summers (P+). The solid line is for P+ 
heights and the dashed line is for the period 1951-1980. 
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Figure 7.10. Upper Left. Pine lowest decile of growth SLP anomaly composite. 1947-
1987. Solid contours indicate positive SLP anomalies; dashed contours indicate negative 
SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are shaded. The 
contour interval is in mb x 10. Upper Right. Pine lowest quintile of growth SLP 
anomaly composite, 1947-1987. Lower Left. Pine lowest decile of growth 500 mb height 
anomaly composite. The contour interval is 10 m. Lower Right. Pine lowest decile of 
growth SLP anomaly composite, 1925-1987. 
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Figure 7.11. Cross-section of 500 mb heights (m) at 40°N latitude from 180° eastward to 
IOO°W longitude for pine low growth decile summers (P-). The solid line is for P-
heights and the dashed line is for the period 1951-1980. 
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Figure 7.12. Upper Left. Sequoia highest decile of growth SLP anomaly composite, 
1906-1946. Solid contours indicate positive SLP anomalies; dashed contours indicate 

negative SLP anomalies. Grid boxes exhibiting significant anomalies (a = .05) are 
shaded. The contour interval is in mb x 10. Upper Right. Sequoia lowest quintile of 
growth SLP anomaly composite, 1906-1946. Lower Left. Pine highest decile of growth 
SLP anomaly composite, 1906-1946. Lower Right. Pine lowest decile of growth SLP 
anomaly composite. 1906-1946. 



Table 7.1. Site information 

Site (Map Kev) Data Source 

Camp Six (B) Brown et al.. 1992 

Buena Vista (C) Hughes et al., 1996 

Big Baldy (D) Hughes et al.. 1996 

Muir (E) Hughes et al.. 1996 

Giant Forest (H) Brown et al.. 1992 

East Fork (K) Hughes et al.. 1996 

Mountain Home (M) Brown et al.. 1992 

Garfield (L) Hughes etal.. 1996 

Black Mountain (N) Hughes etal.. 1996 

Red Hill (O) Hughes et al.. 1996 

Parker Peak (P) Hughes et al.. 1996 

Long Meadow (Q) Hughes, unpublished 

Starvation Creek (S) Hughes, unpublished 

Packsaddle (R) Hughes, unpublished 

Deer Creek (T) Hughes, unpublished 

Upper Wright Lakes (F) Lloyd. 1996 

Boreal Forest (J) Lloyd. 1996 

Bighorn Plateau (G) Graumlich. unpublished 

Crabtree (I) Graumlich. 1993 

Kuna Crest (A) King, unpublished 
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Table 7.2. Extreme growth years. 1947-1987. S refers to sequoia; P refers to pine; + 
refers to high growth years. - refers to low growth years. Deciles are in bold 
typeface. 

s+ P+ S- P-

1954 1967 1947 1949 
1958 1969 1949 1960 
1969 1973 1959 1965 
1974 1974 1961 1971 
1978 1977 1966 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 
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Table 7.3. Extreme growth years. 1925-1987. S refers to sequoia; P refers to pine; + 
refers to high growth years. - refers to low growth years. Deciles are in bold 
typeface. 

s+ P+ S- P-

1925 1927 1926 1926 
1936 1933 1931 1929 
1941 1937 1937 1939 
1942 1940 1947 1941 
1954 1967 1949 1949 
1958 1969 1959 1960 
1969 1973 1961 1965 
1974 1974 1966 1971 
1978 1977 1972 1972 
1982 1980 1977 1976 
1985 1984 1979 1979 
1986 1986 1987 1987 
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Table 7.4. Summary of climate characteristics for extreme tree growth scenarios (taken 
from analyses presented in this study and reports from Monthly Weather Review 
cited therein). 

Characteristic 

Temperature anomaly 

Precipitation anomaly 

Circulation amomaiies 

Subtropical High 

Inferred zonal index 

High lat. blocking 

1906-46 vs. 1947-87 
circulation 

0 

0 

EP-/AL-

high 

Gulf of Alaska 

NAM + anom. 
1906-46 

_Sz 

+ 

AL-/WNAM+ 

+Northeast 

low 

strong 
similarity 

P+ 

0 

+ 

AL-l-AVNAM-

+Northeast 

low 

major 
differences 

AL-AVNAM+ 

+North 

low 

AK/WC Arctic 

AL shifted SE 
1906-46 

HP = Eastern Pacific: STH = East Pacific Subtropical High; AL = Aleutian Low; WNAM 
= Western North America; AK = Alaska; WC = Western Canada 
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Table7.5. Extreme growth years. 1906-1946. S refers to sequoia; P refers to pine; + refers 
to high growth years. - refers to low growth years. Deciles are in bold typeface. 

s+ P+ S- P-

1906 1906 1909 1912 
1916 1909 1911 1913 
1921 1911 1914 1923 

1925 1922 1924 1924 

1928 1927 1926 1926 

1936 1933 1931 1939 

1941 1937 1932 1941 
1942 1940 1937 1944 



217 

8. CONCLUSION 

The main objective of this research was to investigate relationships between 

central Sierra Nevada extreme tree growth, regional temperature, precipitation, and large-

scale winter and summer atmospheric circulation. Secondary" objectives included the 

following: comparison of large-scale atmospheric circulation patterns (selected from 

composites based on extreme tree growth years) at various levels of the troposphere; 

examination of the role of snow as an intermediate factor in the relationship between 

atmospheric circulation, winter precipitation, and tree growth; examination of storm 

characteristics and storm tracks as parameters to elucidate relationships between large-

scale winter atmospheric circulation, snow and Sierra Nevada tree growth; and 

examination of variations in 20th century North Pacific atmospheric circulation as 

recorded by tree growth. The main results of this work are summarized below in the 

section entitled "Synthesis of Results". The unique contributions of this study, 

implications of these results, their limitations and suggestions for future research are 

presented in a section entitled "Significance of Results". 

SYNTHESIS OF RESULTS 

Circulation Patterns and Their Variation 

S+ winters exhibit average temperatures and above average precipitation. 

Temperatures are near the mean during storm periods and warmer than the mean during 
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interstorms. The temperature profile for storms during sequoia high growth years is 

interesting in that maximum temperatures tend to be cooler than normal, whereas 

minimum temperatures are warmer than normal. S+ winters have more long duration (9+ 

days) and fewer short duration (1-5 days) storms. Storm centers and storm tracks, as 

measured by PVA counts, occur with greater than normal frequency between 25°-50°N. 

120°-160° W; PVA counts are especially high in the vicinity of 35°N. 145° W. 

Conversely. PVA counts are less than normal in the Gulf of Alaska and over the 

southwest U.S. Thus, the inferred anomalous storm track during S+ winters is south of 

the mean winter storm track, with a SW-NE orientation. S-t- winters display high spring 

snow depth. The atmospheric circulation is characterized chiefly by low pressure at all 

levels between surface and midtroposphere over the eastern Pacific Ocean and westerly-

southwesterly anomalous flow. The aforementioned characteristics, though highly 

variable, are consistent with atmospheric circulation associated with high precipitation, 

snow and streamflow in California (Cayan and Peterson. 1989: Cayan and Riddle. 1992: 

Aguado et al.. 1993: McCabe and Legates. 1995: Cayan. 1996: Haston and .Michaelsen 

1997: Mitchell and Blier. 1997). Sequoia high growth summers are characterized by 

average temperatures and relatively zonal flow, set up by a weak east Pacific subtropical 

high and an enhanced Aleutian Low. 

S- winters exhibit above average temperatures and exceedingly low precipitation. 

Temperatures are warm during both storm and interstorm periods. S- winters display 

more frequent short duration storms, fewer long duration storms and no very long 
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duration storms {12+ days). PVA count data indicate that storms tend to be deflected to 

the north and west of California and frequently into the Gulf of Alaska during S- winters. 

S- winters exhibit lower than normal spring snow depth. The circulation during these 

winters exhibits a deepened Aleutian Low and enhanced ridging over western North 

America (henceforth meridional circulation). This pattern is consistent between the 

surface and midtroposphere. although the apparent seasonal Rossby wave-train pattern (as 

inferred from anomaly patterns) is most pronounced in the midtroposphere. The results 

of the aforementioned analyses are consistent with drought. low snowpack and low 

streamflow in California and warm/dry years in the Sierra Nevada (Namias. 1978; Cayan 

and Peterson 1989; Cayan and Riddle. 1992; Hughes and Brown. 1992; Cayan et al. 

1993; McCabe and Legates. 1995). Moreover, this pattern of anomalies is apparently 

more consistent over time than the other composite anomaly patterns. During S-

summers circulation is similarly meridional and consistent over time, with contrasting 

negative/positive pressure anomalies over the east Pacific and North America, 

respectively and high June temperatures. 

P+ winters are characterized by above average temperatures and well above 

average precipitation. Temperatures are warm during both storm and interstorm periods. 

Storm duration tends to be greater than average during P+ winters. PVA count data 

display greater than average storm activity throughout the eastern Pacific and western 

North America during P+ winters. PVA counts are especially great between 20°N-40°N. 

The inferred storm track is, therefore, far to the south of its mean winter position during 



220 

P+ winters. P+ years exhibit only slightly greater than average spring snow depth. The 

atmospheric circulation during P+ winters is vigorous and characterized by a deepened 

Aleutian Low. negative SLP and midtropospheric geopotential height anomalies over the 

eastern Pacific, and positive SLP and midtropospheric geopotential height anomalies over 

central Canada. The pattern is similar to the S+ pattern, but somewhat more vigorous; 

this pattern also displays considerable downstream anomalies. Given the variability in 

mean circulation patterns associated with wet California winters (Cayan. 1996), P+ 

winters consistently display negative SLP and geopotential height anomalies over the 

eastern Pacific, which are perhaps the most common feature associated with wet 

California winters (Cayan and Riddle, 1992; Mitchell and Blier, 1997). The tendency for 

P+ winter circulation to resemble both the PNA pattern (Wallace and Gutzler. 1981) and 

the pattern of 500 mb heights associated with the PDO index (Mantua et al., 1997). and 

the tendency for pine extreme positive growth anomalies to occur more frequently during 

the positive phases of the PDO suggest that the frequency of pine extreme positive 

growth might be indicative of low frequency changes in North Pacific atmospheric 

circulation (cf Trenberth and Hurrell. 1994; Dettinger and Cayan. 1995) . P+ summers 

are characterized by cool June temperatures and warm July-August temperatures, with 

roughly climatological midlatitude flow and the subtropical high shifted northeast of its 

mean position, which probably allows subtropical air masses into the Sierra Nevada, as 

suggested by Fritts (1991). The P+ summer circulation pattern is not consistent between 

the first and second halves of the 20th century. 



P- winters are characterized by cool storm and interstorm temperatures and lower 

than average precipitation. P- winters exhibit fewer long duration storms and more short 

and medium (6-8 days) duration storms. The storm track during P- winters tends to be 

north or south of California and PVA counts are lower than average over the eastern 

Pacific, especially between 20°N-40°N. P- years exhibit lower than average spring snow 

depth. Atmospheric circulation during P- winters is characterized by positive SLP and 

midtropospheric geopotential height anomalies at mid and low latitudes over the 

northeastern Pacific and a somewhat enhanced Aleutian Low. This is a reflection of more 

frequent anticyclones in the eastern Pacific and over the U.S west coast, which. (1) 

prevent intrusion of moist air into southern California and (2) depending on their 

longitude, can result in enhanced ridging and warm temperatures over the Sierra Nevada 

or advection of cool air into the Sierra Nevada. These characteristics are similar to those 

displayed when Northern California has below average precipitation and streamflow 

(Klein and Bloom, 1987; Cayan and Peterson. 1989: McCabe and Legates. 1995: Haston 

and Michaelsen. 1997). Pine extreme low growth summers are characterized by high 

June temperatures, an enhanced subtropical high and the tendency for above average SLP 

over the southwestern U.S. The latter characteristic is more apparent during the first half 

of the 20th century. 

SIGNIFICANCE OF RESULTS 

This study used time-honored methods: however, the methods used were applied 



to some data not previously used in dendroclimatological research. For example, analysis 

of the storm/interstorm and PVA datasets (Chapter 3) provided additional useful 

information about the characteristics of atmospheric circulation associated with Sierra 

Nevada tree growth. Both of these variables were constructed from daily data and 

suggest the utility of creating new and climatologically meaningful variables for 

dendroclimatological research. PVA. as a measure of storm activity and storm track, is 

an attractive variable for dendroclimatological research, limited only by its relatively 

short length of record. Moreover, the location and orientation of storm tracks has been a 

useful shorthand regarding general atmospheric circulation for those in the paleoclimate 

community engaged in modeling (e.g.. COHMAP Members. 1988). The fact that this 

study showed that long duration storms are associated with positive tree growth 

anomalies in the Sierra Nevada, whereas Woodhouse (1996) found that SW U.S. trees 

respond more positively to precipitation that occurs with more moderate intermittent 

rainfall than to precipitation from severe storms (presumably with much runoff), suggests 

that this type of analysis can be useful at other tree-ring data sites. For continued synoptic 

dendroclimatological studies of the Sierra Nevada. I recommend compiling additional 

variables from daily meteorological data. Studies employing the following variables 

might help to answer questions about inconsistencies in the extreme growth response of 

these trees to winter precipitation, snow and summer temperature: number and duration 

of rain on snow events; orientation of individual storms; snowfall associated with 

individual storms and their orientations; winter and summer cloudiness. 
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The analysis of snow/circulation/tree growth (Chapter 4) has not been frequently 

employed in dendroclimatology. One important result shown by the strong relationship 

between extreme growth in giant sequoia and spring snow depth is that valid climatic 

information is contained in the wide annual rings of giant sequoia (cf. Hughes and 

Brown. 1992). The results presented in this study imply that snow, as pertains to high 

altitude Sierra Nevada tree growth, is not simply synonymous with winter precipitation. 

The synergistic effects of snow and both winter and spring temperatures result in 

complicated and nonlinear growth responses for high elevation Sierra Nevada pines. 

These results suggest that further study of snow-ecophysiological relationships for these 

and other Sierra Nevada trees would provide additional insight into interannual growth 

variations in these long-lived conifers. However, the fact that Graumlich (1993) has 

demonstrated a strong relationship between winter precipitation and Sierra Nevada high 

altitude tree growth points to a limitation of strictly emphasizing interannual growth 

variations for the treeline trees used in parts of this study, as these trees apparently 

contain strong low frequency climate information (Chapters 6-7) (cf. Graumlich. 1993). 

Another effective, means employed by this study was synthesis. Comparisons of 

analyses of atmospheric circulation from several levels of the troposphere provided 

empirical confirmation of an intuitively obvious point, i.e.. the similarity of atmospheric 

circulation at the 500 mb and 700 mb levels, that was of concern to several colleagues. 

Comparisons between the rather more robust, but temporally limited, midtropospheric 

patterns and the somewhat more difficult to interpret, but temporally data rich, surface 
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circulation patterns allowed for more clear interpretations of SLP patterns prior to 1946. 

Also, the similarity of winter midtropospheric and SLP patterns provides insight into and 

confirmation of interpretations of SLP circulation patterns reconstructed or analyzed by 

other dendroclimatologists (e.g.. Biasing and Fritts, 1976; Fritts. 1991; Haston and 

Michaelsen. 1997). The synthesis of atmospheric circulation patterns with storm and 

snow characteristics provided rich insights into winter climate conditions associated with 

the more traditional precipitation and drought inde.x variables studied by previous 

researchers. Moreover, this synthesis suggested further directions for research, such as 

analyses of daily storm orientation, temperature and snowfall and "individual year 

analyses" (cf. Kienast and Schweingruber. 1986) in order to explain why extremes in 

climate are sometimes not matched by extremes in tree growth (e.g.. 1982-83. was a 

major El Nino year, the year with the highest central Sierra Nevada precipitation and one 

of the highest snowfall years in the central Sierra Nevada, but neither sequoia nor pine 

registers 1983 in their highest quintiles of growth). 

Summer atmospheric circulation has seldom been analyzed by 

dendroclimatologists (e.g.. Biasing and Fritts. 1975). This study showed distinct summer 

circulation anomaly patterns associated with each of the tree-ring assemblages (Chapter 

7). Differences between the patterns relate mostly to the strength and position of the east 

Pacific high and its probable effect on June temperature (and to a lesser degree, 

precipitation). The obvious growth response by both sequoia and pine to June conditions 

suggests that future research into the precise beginning of the growth season and early 



season rates of growth for Sierra Nevada conifers would be a useful addition to the 

dendrochronological literature. 

In this study, the juxtaposition of atmospheric circulation patterns associated with 

growth of high-and-mid-elevation trees, an avenue of analysis suggested by the work of 

LaMarche (1974a: 1974b). was used to discern differences in. for example, the extent and 

position of the Aleutian Low in winter and subtropical high in summer. The fact that 

circulation patterns associated with extremes in tree growth over the relatively small 

region studied were fairly distinct implies that the chronologies used provide 

complementary information that could be used to hindcast past variations. It is 

interesting to note that the atmospheric circulation patterns during extremes of growth for 

sequoia and pine are not merely inverse. This characteristic was attributed to either (1) 

the fact that tree-rings are more faithful recorders of growth limiting conditions than they 

are of growth enhancing conditions, or (2) there are truly different, and perhaps nonlinear, 

circulation mechanisms at work during the extreme years "selected by the trees". 

Combinations of extreme growth (e.g.. S-P-). although not as common as expected, 

confirmed that trees at both elevations respond similarly to the classic meridional 

California drought circulation; such combinations also showed that conditions favorable 

to the pines, but unfavorable to sequoia (i.e., relatively high winter pressure over the 

North Pacific and western North America) have occurred several times this century. A 

direction for future research is to explore such combinations using slackened criteria for 

extreme growth (e.g., the three highest and lowest deciles). 
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This study suggested that low frequency changes in North Pacific atmospheric 

circulation can be inferred from the frequency of high growth years in treeline Sierra 

Nevada pines. One implication of this contention is that there is a single long-term 

control over these changes, e.g.. changes in hemispheric or global temperature (e.g., 

Meehl and Washington. 1996; Latif et al.. 1997). If treeline Sierra Nevada pines record 

low frequency temperature variations and high frequency precipitation variations (cf. 

LaMarche, 1974b) that are related, in part, to the variation of pools of warm and cool 

water in the North Pacific (i.e.. the PDO). then this contention is rather plausible. Future 

research into this issue might be re.solved using long-lived trees from ecological gradients 

along the west coast of North America, including further investigations of treeline Sierra 

Nevada pines. For instance, low frequency variations in the contrast between 

precipitation regimes in the Pacific Northwest and the southwestern U.S. (e.g.. Cayan and 

Redmond. 1994). or tho.se between northern California (and. presumably, regions to the 

north) and southern California (e.g.. Haston and Michaelsen. 1997) might be recorded by 

contrasting growth extremes in trees from those regions. 

Although the synthesis presented in this dissertation has provided insights into the 

ultimate atmospheric mechanisms that generate the proximate climatic factors governing 

tree growth, the methods employed, while simple and flexible, are limited. For instance, 

these analyses were designed to accommodate and take advantage of the complacent 

growth characteristics of giant sequoia: thus, analysis of low frequency climate variation 

was inherently limited. Moreover, only a small number of cases were selected to create 
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composite analyses; accordingly, the use of methods contingent on continuous 

covariation of data (e.g.. correlation, regression, etc.) was inherently limited and leaves 

open the possibility this study might be improved upon by methods employed by other 

researchers (e.g.. Biasing and Lofgren. 1980; Fritts. 1991; Hirschboeck et al.. 1996; 

Haston and Michaelsen. 1997). Also, this study used the same "predictors" to interpret 

many "predictands". This limitation did not hamper interpretation of environmental 

conditions associated with extreme tree growth; however, multiple reconstructions based 

on these data might be biased by the variance characteristics of the predictor data. The 

use of additional/other Sierra Nevada tree-ring chronologies, reorganization of raw data to 

produce new chronologies, and use of other proxy data (cf. Woodhouse. 1996) are 

suggested as means of a) overcoming this bias and b) providing independent validation of 

these results. 

Another cla.ss of limitations to the usefulness of the results of this study have to do 

with the length of the climate records used to establish relationships between the trees and 

atmospheric circulation. For instance, the midtropospheric and PVxA. data are too short to 

provide rigorous verification for any reconstructions attempted by subsequent researchers. 

The relatively short length of these instrumental records raises the issue of non-analog 

situations. Comparisons between circulation patterns for first and second halves of the 

20th century suggest that, while ridging over the east Pacific/western U.S. usually results 

in low growth and troughing in the North/northeast Pacific usually results in high growth, 

the strength and position of ridge and trough features (including the Aleutian Low) has 
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changed. Therefore, it is not so much that the trees are responding to different 

environmental conditions, but rather that there is some degree of flexibility in the 

longitude of atmospheric features associated with extremes in Sierra Nevada tree growth. 

Consequently. I recommend that inferences for periods more than several hundred years 

before present, based on the circulation patterns developed in this study, be compared and 

contrasted with paleoecological information and paleoclimate reconstructions from other 

western North America locations in order to establish greater confidence in hindcasts. 

This study demonstrated that trees from different environments along an 

ecological gradient in the Sierra Nevada of California can be used to produce valuable 

and complementary information regarding characteristics of the atmospheric circulation 

associated with factors limiting to tree growth in that region. These distinct circulation 

patterns associated with tree growth extremes were determined to be plausible (as 

determined by compari.son with instrumental climatological and meteorological studies). 

Moreover, analyses of novel dendroclimatological variables (e.g.. storm-interstorm 

periods. PVA proxy storm tracks) provided further insight into winter atmospheric 

circulation associated with Sierra Nevada tree growth extremes and. when combined with 

other analyses, provided a very complete picture of the conditions associated with growth 

extremes in the species used in this study. An interesting aspect of this study that holds 

promise for future research is the use of low frequency variation in growth extremes, 

which, when combined with information from serially continuous data reconstructions, 

might provide more definitive information about decadal scale variations in atmospheric 
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circulation. 

I believe that the information produced in this study will be useful to those 

engaged in research on variations in environment of the Sierra Nevada. Climatologists 

and paleoclimatologists are currently working to (1) discern anthropogenic effects from 

natural variations of the climate system and (2) create scenarios of possible future climate 

variations. Thus, knowledge of the patterns of past atmospheric circulation, which, the 

results of this study suggest, can be discerned using tree-ring data, provide a longer view 

than the instaimental climate record and a vital link between paleoclimatic 

reconstructions of easily measured climatic parameters for the preindustrial era and 

instrumental/modeling assessments of anthropogenic impacts on climate. 
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