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I. INTRODUCTION 

The prinsry objective of this research has been the discovery and 

development of the longest significant chronologies of year-by-year rainfall 

and river flow obtainable from tree-rings in western North America. The 

extension of the relatively short gage records for many centuries into the 

past by means of growth indices can represent, in the writer's opinion, 

perhaps the most important service of tree-ring analysis to science. But 

data which may perhaps stimulate investigators to create new climatic 

theories and by which existing climatic theories are to be tested are not 

to be casually derived from so characteristically complex a biologic 

variable as cambial growth. It is thus of profound importance that, in the 

areas surveyed in this report, tho growth indices may, by successive 

refinement of field criteria of selection of specimens and of laboratory 

methods, be extended and in part replaced by successively more significant 

ones. 

That conifers severe1^ limited in growth rate by an extremely dry 

environment were found to exhibit great sensitivity to fluctuations in 

seasonal moisture supply was perhaps to be expected, but that such stunted 

trees were found also to live for centuries beyond the normal life span of 

their species was indeed fortunate for this research in dendroclimatology. 

Numerous reports, particularly in North America and in Scandinavia 

since the turn of the century (see Bibliography), contain significant ring 

chronologies of climate and have shown that both drought chronologies in 

the warm-dry lands and temperature chronologies in the arctic tend to reach 

greater sensitivities as the sites become more limiting in terms of the 

respective climatic element; at the same time, almost all investigators have 

pointed out at least some of the many factors which may disturb the growth¬ 

ring series as an index of climatic history. Application of the analysis to 

central Europe and other areas is under way. 
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In 1939 the writer undertook to extend in both time and space the 

ring chronologies of rainfall which A, E. Douglass had shown to be obtainable 

in specially clear form in the southwestern United States. This program 

culminated in an intensive three-year survey, under the sponsorship of the 

Office of Naval Research and with the full co-operation of the University 

of Arizona, a survey which now makes it possible to present long chronologies 

for most of the major drainage basins of the western United States and 

southwestern Canada. To facilitate comparisons between chronologies, these 

are plotted in extenso in Chapter II, where, also, the collection sites are 

briefly described; growth indices are tabulated In the Appendix. Of the 

31^,000 measured rings on which the charts and tables of this report are 

based, over one-half represent sites in the Colorado River Basin, which for 

many years was the only area in the West subjected to intensive study. For 

completeness, some diagrams and other material which have already appeared 

in the Tree-Ring Bulletin and the University of Arizona Bulletin ore included 

in this survey. 

One may not hope that, in this attempt to construct a macroscopic yet 

detailed picture of West-Amerlcan climatic changes, even such obvious errors 

as those in computation have not crept in; much effort in checking statistical 

operations has, it is hoped, kept these at a minimum. 

The methods of analysis have been amply reported. The procedure in¬ 

cludes the following: 

a. Searching out of suitable sites and core sampling of those types 

of trees which repeated field testing and laboratory analysis have shown to 

be specially desirable sources of dendrocllmatlc history. 

b. Hand surfacing of the mounted cores with a razor blade along a 

plane inclined some 35o-40° to the tracheid axes. 
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c. Dating of the ring sequencea by decadal marking, after intense inter- 

comparison of all cores within the group and of relevant sequences from other 

sites in order to uniquely solve all problems of identification.

d. Measurement of ring-widths to 0.01 mm and reduction to group and 

regional averages and Indices.

In the derivation of ring indices, general practice necessarily includes 

the elimination of its own age trend from each tree's record. Whether 

this is rapidly done by approximate eye-fitted trend lines or much more 

laboriously by precise arithmetic, there are Included in the final results 

assumptions which bespeak caution in the Interpretation of the longer 

fluctuations as climatic changes, even in the most significant indices.

This problem and some other aspects of theory are developed in Chapter III.

The far-reaching variability of ring growth and of the meteorological 

elanents makes quite unsafe any generalization of the climatic relationship 

found for the ring series at a given station. With the development of 

many highly sensitive and widely distributed series a systematic analysis 

of rainfall-growth correlations vao carried through. The results presented 

in Chapter IV are a necessary preliminary to the Interpretation of the 

derived growth sequences in terms of climatic changes.

Acknowledgments. Apart from the sponsorship already noted, perhaps 

the most important aid in this research has come in the ready and enthusiastic 

field co-operation of the National Park and Forest Services. I am indebted 

to the Weather Bureau, the Geological Survey, the Bureau of Reclamation, 

the Soil Conservation Service, and other federal and state agencies for data 

and other aid so freely given. To many individuals at college and private 

laboratories throughout the West go my deepest thanks for many stimulating 

dlsctiBsions.
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Hlghly responsible assistance in the field and at the Arizona Tree-Ring 

Laboratory throughout this three-year program has been provided by Charles 

W. Ferguson, Jr. I am alt indebted, for significant laboratory aid, to 

Margaret A. Spencer, Gladys Phillips, Earl H. Kinney, Estella B* Leopold, 

Daniel Yuhr, and Don K. Cox. For a general review of the text I wish to 

thank Aisle F. Schulman. 

Abbreviations. Species abbreviations are extensively used in the 

figures and tables; the complete identification of symbols la given in the 

immediately following pages. Other abbreviations: 

Code symbols for tree groups, usually in three letters. These may be 

found in Appendix A, under the numbers corresponding to the basin stations 

in Table 1. 

M.S.--Mean sensitivity, the average relative fluctuation in ring-width 

from year to year. 

THB--Tree-Ring Bulletin (a small quarterly edited at the Tree-Ring 

Laboratory of the University of Arizona). 
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II. COLLECTIONS AND CHRONOLOGIES 

SAMPLED SITES ¡ 

In Table 1 are briefly described those stands of trees sampled by the 

writer during 1939-1952 in the western United States and adjacent areas 

which have been measured and reduced to growth indices. The groups are in 

general classified according to drainage basins and arranged as closely as 

practicable from north to south. Unless noted otherwise, all sites are 

well drained slopes or ridges with thin soil. 

Fraaer River Basin. In the so-called "dry belt" within the basin of 

the lower Fraser River, in British Columbia, for at least 200 miles southward 

from Quesnel, Douglas-fir occurs in numerous open, moisture-deficient stands; 

ponderosa pine is present in the south. In view of the well-established 

tendency for ring sensitivity to increase at dry forest margins, Jt may be 

specially noted that these two species, fruitful sources of climatic 

chronology in the Colorado River Basin, reach their northern limits at 

about 55° (Douglas-fir) and 51° 30' (ponderosa pine) in British Columbia. 

No old trees wore noted of the only other dry-site conifer, scopulorum 

Juniper, found in this very limited survey. ,, 

I 
Differences in the Influence on ring chronology of Douglas-fir 

developed on schist (Williams Lake, Alkali Lake) as Compared with basaltic 

lava (Tï^nquille) did not appear to be appreciable on these thin-soil sites. 

Saskatchewan River Basin. All sites are in the mountain-prairie border j 

zone. The collection of Douglas-fir at Jasper, a few miles from the northern 

limit of this species in Alberta, shows very good crossdating and sensitivity 

on well-drained sites, though several of the groups from the Banff area, about 

175 miles southeast, are superior to it in these fundamental characters. 

*.. 

k 
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The older Jasper Douglas-flrs, 50-75 feet tall, showed very pronounced 

taper as centred with trees of this species In the Colorado Basin. The 

Douglaa-flr group at Exshaw was stunted and snag-topped, the only Canadian 

Bite currently known which supports trees apparently like those on sites 

of extreme aridity-stress for this species in the southern Rocky Mountains, 

A stand of Lyall'e larch at Lake Agnes, some 1300 feet above Lake Louise, 

was thoroughly sampled; trees up to 500 years In age were found, and 

moderately good crossdating was observed in several cores, but strong 

distortions in chronology make many specimens difficult to date.

Test sampling of miscellaneous species of conifers yielded no reliable 

chronologies. Lodgepole pine (Plnus contorta) at Banff showed the same 

properties of erratic growth, non-cllmatlc suppression and surge, end 

relatively short-life characteristic of this species wherever heretofore 

sampled. Only one relatively moist site of white spruce (Pices glauca) 

was sampled; the ring sequonces were con^lacent.

Columbia River Basin. Douglas-flr and ponderosa pine in the Okanogan 

Valley of north-central Washington show good chronology characters, but no 

very old troes with datable ring records were found in the limited field 

work. Keen's excellent long chronology for eastern Oregon Is to some 

extent appllcabli to this region.

Clark Fork River Basin. Only preliminary sanqpling has been done In 

this basin, principally in the Bitterroot River Valley. Both Douglas-flr 

and ponderosa pine are comnon, but no chronologies were obtained comparable 

In sensitivity and length to those In neighboring areas to the southeast 

and south, the Beaverhead River Basin (upper Missouri) of Montana and the 

Snake River Basin in central Idaho. For studies of climatic fluctuations 

In the Clark Fork Basin the regional chronologies for the comparison areas 

sure perhaps more safe statistically.



-7- 

Snake River Basin» As in other northerly basins of the West, relatively 

few sites have been sampled as compared with the Colorado River Basin; the 

most promising source areas for drought chronology lie, as expected, in the 

semi-arid south-central and eastern parts of Idaho. On one quito remarkable 

site, near Ketchum, stunted limber pines of the order of 1500 years in age 

yielding significant climatic chronologies have recently been discovered, 

and others of even greater age almost certainly await discovery in this 

area. Douglas-fir of high sensitivity is also present. 

Missouri-Yellowstone River Basins. Field sampling shows this region 

to be rich in chronology trees; the longest and most sensitive record* 

thus far found are in the southwest portion of Montana, where both Douglas- 

fir and limber pine provide significant chronologies. Ponderosa pine seems 

to be a quite secondary chronology source throughout Montana. 

Although average ring-width in the older trees on adverse sites is of 

the order of 0.25 nun or less, annual rings are locally omitted on the cores 

only very rarely, consistent with the relatively high latitude. 

Bighom-Platte-Arkansas River Basins of the Missouri-Mississippi in 

Wyoming and Colorado. Several excellent, well-distributed groups of specimens 

have formed the base for a statistically sound growth index for the small and 

homogeneous upper basin of the South Platte River, the South Park of 

Colorado. In all other local basins only preliminary sampling has been 

done. However, North Platte and Arkansas ring series show excellent 

sensitivity and should represent good first approximations to the local 

chronologies. Douglas-fir seems to be the best source of chronology 

throughout this region; in the marginal stands along the eastern limits of 

the I ockles or in island mountains within the Great Plains ring sensitivity 

is characteristically higher than it is even on the most suitable chronology 

sites in the Colorado River Basin. 
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Eaatern Qrea.t Bfeatn. On the whole, this region has yielded relatively 

little chronology material. Douglas-fir, so sensitive in much of the 

neighboring Colorado River Basin, was found to be relatively complacent 

at the few sites sampled, and no areas of very long-lived trees have yet been 

found. 

Single-leaf pinyon (Plnus monophylla) occurs in numerous open stands 

across central Nevada but seems to be characterized in general by rather 

erratic ring series. Scopulorum juniper reaches ages of 1000 years or more 

In both northern and southern Utah but is quite complacent. 

A comparison of the indices for the eastern Great Basin with those in 

adjacent areas shows that the long and highly sensitive records in the Uintah 

and other sub-basins of the Colorado River system may, as expected, be used 

as fair first approximations to the chronology in this region. 

Colorado River Basin. The largest number and widest distribution of 

good source areas for dendrochronologies are to be found in this basin. 

Chronologies from the southern part of the basin, particularly in the 

Flagstaff, Arizona, area, have been available for several decades as a 

result of the work of Douglass, which, apart from his sequoia studies, was 

largely concentrated there. 

Collections by the writer, particularly in the central and northern 

areas, were summarized in 19^5 in a first report on the tree-ring jydrology 

of this basin. Chronologies of specially great length were developed and 

reported for living trees in the areas of Mesa Verde and Bryce Canyon 

National Parks. The superiority of sedimentary sites, particularly lime¬ 

stone, as source areas for consistent records in most or all sampled trees 

of suitable species, the essential elimination of this soil factor as of 

any consequence in chronologies from the most adverse sites, and other tree 

selection criteria were discussed in some detail in that report and are 

not repeated here. 
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Later field work in this basin was particularly directed towards the 

discovery and sampling of trees of maximum longevity. Two extensive sub- 

regions with exceedingly old drought conifers, in and near Nine Mile 

Canyon in northeastern Utah and at Eagle in north-central Colorado, provided 

major additions to the dendrochronologies in the Colorado Basin. 

Rio Grande Basin. As in other areas of the Southwest, the most 

consistent and readily datable sequences were found in Douglas-flr. No 

stands of long-lived ponderosa pine, such as are common in regions to the 

west and north, were found, though many fine shorter sequences are obtain¬ 

able; it should be noted that the survey here reported is quite incomplete 

with regard to that species. Pinyon pine, however, as emphasized by 

Stallings, is an excellent species in this region, for it tends to grow 

slowly even during its youth and provides many long and sensitive ring 

records. 

Two areas of relatively dense forest and comparatively heavy rainfall 

were sampled: in the Sangre de Cristo range southeast of Taos a~d in the 

Sacramento Mountains near Cloudcroft. Even here, however, rainfall seems 

to be less than the optimum for the sampled species in a large proportion of 

the years, for the drier years are consistently indicated by smaller rings 

in these groups. It thus appears that wherever in the Rio Grande Basin the 

three chronology species noted above exist, significant drought chronologies 

may, in general, be obtained. 

California and Western Great Basin. The analyses of the Sierra sequoia 

(Sequoia gigantea) by Huntington and Douglass provided, by 1919, first 

approximations to a climatic chronology over 3,000 years in length for the 

southern Sierra Nevada. Perhaps owing to the relatively moist habitat of 

this species, however, the climatic sensitivity of the ring-growth was soon 

found to be decidedly less than that obtainable in the semi-arid areas of the 
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Colorado Plateau and elsewhere. In recent years, the bigcone spruce of 

southern California has yielded 500-year rainfall histories equal to those 

derived fror the Rocky Mountain drought conifers. Ponderosa pine seems to 

offer less promise in most localities of the Coast Range and on the west 

slopes of the Sierra Nevada, but on the drier slopes along the western 

margin of the Great Basin moderate ring sensitivity in this species has 

been observe^ by several investigators. 

West-Central Mexico. The western Sierra Madre is largely unexplored 

as a source of dendrochronology. However, a survey in the high mountains 

west of Durango shows crossdating to exist in Pseudotsuga, and, to a lesser 

degree, in Pinus. Unfortunately, no long-lived trees of these genera were 

found} it is probable, in view of the apparently decreased life-span already 

noted for trees of these genera in the southern portion of their range in 

the Colorado Basin, that ages greater than about 3OO years will only rarely 

be found. The ahuehuete (Taxodium distlchum) of central and southern 

Mexico, which reaches ages well in excess of 1000 years, does not seem to 

offer much promise as a source of rainfall chronology. 

Notes on fable 1 

Station Number. The numerical sequence of the stations (sites) is 

roughly one of decreasing latitude; this has no relation to the order of 

collection. 

Station Area. In most cases, the name of a nearby town was used; for 

some sites it seemed more appropriate to use a physiographic feature. 

Collection Date. Month and year. 

Latitude, Longitude. These coordinates have in most cases been 

obtained from detailed U. S. Forest Service m*ps and should at most stations 

be correct to within a mile or so. However, many collection sites extend 

over a considerable area, occasionally a square mile or more. 
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Elevation. This is an average for the site, estimated from contou- 

maps or survey reference points. 

S£ecies. BCP -- Bristlecone pine, Plnus artstata Engelm. 

BCS -- Bigcone spruce, Pseudotsuga macrocarpa (Vasey) Mayr. 

CBS — Colorado blue spruce, Picea pungens Engelm. 

DF -- Douglas-fir, Pseudotsuga taxlfolla (Poir) Britt. 

ES - Engelmann spruce, Picoa engelmannl Parry 

GS -- Giant sequoia, Sequoia gigantea (Lindl.) Deene. 

JP — Jeffrey pine, Pinus jeffreyi Grev. and Balf. 

JoC -- Rocky Mountain Juniper, Juniperus scopulorum Sarg* 

LBP -- Limber pine, Plnus flotilla James 

LL — Alpine larch, Larix lyalli Pari. 

PNN -- Pinyon, Plnus edulis Engelm. 

PNNs - Single-leaf pinyon, Pinus monophylla Torr, and Frem. 

PP -- Ponderosa pine, Pinus ponderosa Lavs. 

SCJ -- See JSC 

WF — White fir, Abies concolor (Gord, and Glend.) Hoopes 

WJ — Western Juniper, Juniperus occldentalls Hook. 

Measure Begin. The earliest data plotted in the growth charts or used 

in the tables of measures. For many localities, earlier data have been derived 

but were not used here because of insufficient comparable material. 

« 
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GROWTH CURVES 

Ring-width measurements for almost all of the groups in Table 1> 

supplemented by individual growth curves for specially long-lived trees 

and by area and regional mean curves of various types, are collected in 

figures 1 to 19. Prepared during several years, these diagrams vary 

somewhat in format but have a number of features in common: 

Border notches permit completion of the co-ordinate grid, so that 

individual values may, if desired, be read off the growth curves. The 

vertical scale of the growth curve, in mm if unchanged measures or in per 

cent if standardized, is indicated at the margin; special treatment of the 

vertical scale is included in the figure notes below. 

Figures along the group mean curves give the number of specimens on 

which the curve is based at various dates; in almost all cases, except as 

noted below, these represent the number of different trees. 

Zeros below the curve denote locally-absent rings. Age trend lines 

or, in some cases, arithmetic mean reference lines, are superposed on a 

number of curves. 

Smoothed curves are superposed on some of the broken-line curves. 

These were obtained by graphical smoothing corresponding to the weighted 

running mean b/ = (a + 2b + c)/4. 

Notes on Figures 1 to Ig 

Many of the figures contain areal or regional mean curves summarizing 

many or all of the other series in the chart. The composition of these 

mean curves is in general listed only in the notes accompanying Table 2, 

Appendix B, but is discussed below if the mean index was not included in that 

table. All the mean curves of Figures 6 to 11 and Ik to 1? are homogeneous; 

that is, they represent mean ring-widths for a group of trees of constant 

composition throughout the interval of the mean series. 
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Fig. 1. The short series in Douglas-fir at Vernon (50°13' N, 11?0!!' W) 

and ponderosa pine at Penticton (49°38' N, 119°37' W) were not Included in 

Table 1-A. A sharply decreasing alternative trend line in series 8 from 

1915 to 1944 seemed justifiable because of an assumed pest effect, but was 

found Incorrect on later analysis of climatic and other data (see Table l8, 

footnote 3)* The most sensitive records are those at Tranquille, Williams 

Lake, and Alkali Lake. 

Fig. 2. The 1944 Banff index is the standardized mean of the measures 

plotted as series 8 in Fig. 1. The 1951 Banff growth curves representing 

trees of two age classes are for the same area. All series but that at 

Lake Agnes are of Douglas-fir. The Exshaw series, from the driest site 

in the Banff area, received double weight in the areal mean; the three Banff 

series, all from the same site, were given a collective weight of one in the 

areal mean. 

Fig. 3. The ring measurements are plotted from the inner ring on 

the core to A.D. 950 for each of the phenomenally old Ketchum limber pines. 

The 4-core mean represents three trees; only in one other series, for 

MVR-3041 in Figure 8, does the number noted along the mean curve represent 

other than the number of component trees. The 28-tree Snake BF mean, I8OO- 

1950, is based on eight groups from five stations. For description of the 

Clark Fork set see Table 1-D and the northern Utah set 1-H. 

Fig. 4. All group means, 1440-1950, are standardized curves, plotted 

as per cent departures; the mean lines are at 100$ and the vertical scale 

is 100$ per border division. Two limber pines which enter the upper panel 

means at I320 and 1349 are not separately plotted. The Livingston E. (1950) 

LBP series is not included in the basin index. 

Fig. 5» The Pikes Peak Engelmann spruce series, from upper timberline, 

are in a different category from all other series in this figure, which are 

based on drought-site Douglas-fir. 
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Fig. 6. Each of the family of successively larger groups of Eagle 

trees, 1600-1950, includes all trees in the smaller groups; EAG-3339 was 

excluded. 

Fig. 7. The specimen abbreviations NNM and NMI refer to Nine Mile and 

Indian Canyons, respectively. COL-6837, from Dinosaur National Monument, 

was collected and sent by the University of Colorado. The N.E. Utah 11 PNN 

mean, 1800-19^5» is based on 4 Hill, 2 Indian, 2 Nine Mile, 1 Dinosaur, and 

2 Sunnyside trees. The 36-tree DF mean, 1800-1945, is a weighted mean of 

the eight lowest series in the figure. 

Fig. 11. The Kaibab North Rim series were developed by C. W. Ferguson 

and Don M. Black (TRB 19:12, 1952). 

Fig. 12. For ease of station identification in Table 1-1, curve 

numbers are listed in the final column. 

Fig, 13. The indices for the tributary basins represent means of the 

series plotted in Figure 12. 

Fig. 14. All curves are means of measures, plotted on the same 

vertical scale of 0,25 nm per marginal scale division: 

The composition of this family of curves is as follows: 

3 PNN: 1 Sunnyside; 1 Dolores; 1 Mesa Verde. 

8 PNN: 1 Dinosaur; 2 Nine Mile; 1 Dolores; 4 Mesa Verde. 

3 DF: 1 Nine Mile; 1 Eagle; 1 Redcliff. 

7 DFj Add 1 Eagle West; 2 Eagle; 1 Bryce. 

12 DF: Add 2 Nine Mile; 1 Sunnyside; 1 Eagle; 1 Mesa Verde. 

23 IF: 5 Indian; 10 Nine Mile; 4 Eagle; 4 Bryce. 

60 DF: Add 5 Indian; 4 Sunnyside; 6 Eagle West; 9 Eagle; 
7 Mesa Verde; 6 Betatakin. 

84 DF: Add 4 Indian; 8 Nine Mile; 4 Rifle; 4 Redcliff; 
4 Bryce. 

Fig. 17, The broken line trend fitted to the El Salto series, 1700- 

1850, was later replaced when the series was extended to l640. 
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Fig. l8. All series are standardized means. The vertical scale for 

the station curves is 100$ per margin division. The San Bernardino PP is 

a comparison series derived in 1932 by 0. C. Dewey under the direction of 

A. E. Douglass. 

Fig. 19. The regional means are all standardized, plotted on a scale 

of 50$ per margin division. The upper curve is a mean of seven series 

plotted in this figure plus the San Bernardino PP index. To complete the 

transect, series were taken from the Keen, Anteve, and Hardman-Reil reports. 



Pig. 1. Ring-widths in British Colunbia and at Banff, Alberta 

Fig. 2. Ring-widths in the Saskatchewan River Basin 

Fig. 3. Ring-widths in the Snake and Clark Fork River Basins 
and in northern Utah 

Fig. 4. Ring-widths in the Missouri River Basin 

Fig. 5. Ring-widths in the Bighorn-Platte-Arkansas River Basins 

Fig. 6. Ring-widths in the Upper Colorado River Basin 

Fig. 7. Ring-widths in and near the Uintah Basin 

Fig. 8. Ring-widths in older trees at Bryce Canyon National Park 

Fig. 9. Ring-widths in younger trees at Bryce Canyon National Park 

Fig. 10. Ring-widths at Mesa Verde National Park and in northern 
Arizona and New Mexico 

Fig. 11. Ring-widths along and near the North Rim, Grand Canyon 
National Park 

Fig. 12. Ring-widths at 42 stations in the Colorado River Basin, 
series of 1939*1945 (Panel A) 

Fig. 13. Growth Indices for tributary basins of the Colorado 
River system, series of 1939*1945 (Panel B) 

Fig. 14. A family of homogeneous mean growth curves in the 
Colorado River Basin 

Fig. 15. Ring-widths in older trees in the Rio Grande Basin 

Fig. 16. Itoe recent ring chronology at all stations in the Rio 
Grande Basin 

Fig. 17. Ring-widths in west Texas and west-central Mexico 

Fig.lOA, Ring-widths in central California 

Flg.l8B. Ring-widths in southern California 

Fig. 19. A transect of ring chronologies along the Pacific Slope 
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III. PROBLEMS OF ANALYSIS 

SUITABLE SPECIES 

The experience of the writer in sampling several hundred localities 

throughout western North America amply confirms the conclusions of others as 

to the dependence of chronologies on species. Many coniferous species have 

been noted to yield significant ring chronologies on occasional sites but 

only a few are consistently useful over large areas. 

Douglas-fir appears to be datable almost everywhere throughout this 

great region, though it may be very complacent, that is, have little change 

in year-to-year ring-width, on moist sites along the Pacific Slope and even 

in areas of low rainfall if the trees tap an underground water supply. At 

the other extreme, only a few apparently hypersensitive records have thus far 

been found--in the Rio Grande Basin--which show great variability from year 

no apparent crossdating. Blgcone spruce of southern California, 

the only other American species of Pseudotsuga, is an excellent source of 

chronology, 

!n ponderosa pine, obscure chronologies, difficult to interpret in 

terms of cliæatic variations, are typical of many moist sites in the Sierra 

Nevada and Cascade Mountains and, less commonly, in the central and northern 

Rocky Mountains. In the southern Rocky Mountains and in Arizona, New Mexico, 

and southern California, stands of this species may be found which yield 

climatic histories fully as sensitive as those in Douglas-fir. Hypersensitive 

records are occasionally found on outlier sites of the lower forest margin 

in central and southern Arizona and New Mexico and in northern Mexico; the 

several woodland species similar to ponderosa pine in this region are quite 

largely undatable. 

Pinion £ine seems to be generally datable throughout its range from 

Idaho to Mexico. However, on many, though by no means all, sites at the 
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dry limit of Its range, particularly In more southerly latitudes, older trees, 

usually stunted and gnarled, show such crowded and erratic ring series, with 

so many omitted rings, as to make Increment borings and even full sections 

undatable; and on some sites of specially severe stress for this species, as 

in the Moab-Monticello area of southeastern Utah, no datable records may be 

found. 

Limber pine tends to be complacent but usually shows very consistent, 

crossdatable records, so that it is commonly datable despite its characteristic 

slow growth on many sites. On arid sites in the southerly part of its range, 

as at Bryce Canyon, it often exhibits such crowded series that dating is 

impossible; however, on drier sites along the margins of and within the Rocky 

Mountain system this species yields chronologies approaching the good climatic 

records in Douglas-fir. 

Giant sequoia provides uniquely long indices and, despite the extensive 

studies, already noted, of thirty to forty years ago, is far from exhausted 

as a source for climatic history. 

Western or Sierra juniper shows promise but has as yet received only 

preliminary sampling. 

Lodgepcle pine (P.contorta) is apparently undatable everywhere. It 

appears, also, that all sampled species of Cupressus in the United States are 

characterized by such inherent cambial irregularity as to be useless for 

dendrochronology. The semi-desert hardwoods of the Southwest all appear to be 

in this category also. 

Scopulorum Juniper is easily datable in many areas of the central and 

northern Rockies; because of the relatively great resistance of very old 

individuals to the increment borer, however, and its scattered occurrence, 

it has not been widely sampled yet. It will doubtless provide valuable 

supplementary chronologies to those already developed for the cited regions. 
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In more southerly latitudes, as In New Mexico, this species tends to produce 

many annual-like false rings and shows much cambial irregularity in older 

trees, so that it is not a promising source for long chronologies; larger 

trees of this species on well-watered sites in New Mexico may prove useful. 

The other species of juniper reaching tree size in the central Rockies and 

the Southwest—utahensis, deppeana (pachyphloea). monosperma, flaccida--do 

not seem to have datable chronologies. 

Attention may be called to a critical difference between very complacent 

and hypersensitive records. The former seem to have little to offer the 

dendrochronologist. Records of the latter type may, however, in many in¬ 

stances be dated, with sufficient -comparative material and professional 

study; such dating requires that the high ring variability be associated 

with crossdating, the records then taking their place among the most valuable 

sources of climatic history. 

INTERVAL OF RING GROWTH 

Timber conifers sampled for ring chronologies in southern California 

and in the Colorado River Basin up to 4o° N latitude have shown that in 

these regions the cambium in the lower stem tends to have the following 

growth characteristics: 

Cell growth of mature trees begins about June 1 on most sites at the 

lower forest border (5OOO feet to 7000 feet elevation) and sometimes as 

early as mid-May on the warmer and lower sites. 

At hlgher elevations stem growth may not begin before June I5 or even 

later. 

New ring-growth in young trees may begin a week or two earlier than 

that in mature trees. 

Growth is most rapid during June and is substantially completed by the 

end of July. 
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observations on conifers in higher latitudes of the Rocky Mountainc 

form the major part of Table 3» AH of these stations may be found in Table 

1, but in some cases cores not measured were examined for current ring-growth. 

These results supplement earlier observations Just cited. 
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The set of cores on which Table 3 based leaves much to be desired, 

for it was collected for an entirely different purpose. Since, with few 

exceptions, only one core is available from each tree, the results for any 

given small group of trees are probably only approximate. The observations 

suffer also from lack of homogeneity, for climatic and other differences 

must slightly alter the duration of ring growth from year to year in any 

tree. Nevertheless, the general limits of cambial growth seem to be 

consistently sketched in. 

Most of the column headings need no comment; for abbreviations, see 

Table 1. "Average number of cells" represents only those cores in which 

the current ring is started. The identification of latewood when only a 

few cells are present is likely to be uncertain, and specially doubtful 

cases are noted; the number of cells is an average only for those cores 

which show current latewood. The "average # current ring" includes those 

trees in which such growth may not yet have begun and is an estimate based 

on the other data in the table and on the total ring-width to be expected 

for the given year; the expected total growth may, in many of the groups, be 

computed from later cores, climatic data, and evidence from other areas, 

but is, on the whole, little more than a working estimate. 

The tendency to a later start for ring-growth in higher latitudes is 

borne out in Table 3» It thus seems likely that in many northerly areas of 

the mid-latitude Rockies growth is most rapid in July rather than in June. 

Despite the later start, however, even in Alberta stem growth in Douglas-fir 

appears to be largely completed by the end of July. At the other extreme 

in the latitude range here examined, young pines near the McDonald Observatory 

on Mt. Locke, Tuxas, were found in 1939 to have already begun growth in early 

May. 
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In the Ketchum limber pines, at least, cambial growth starts at about 

the same time even in extreme over-age as it does in middle age. Whether 

it end¿ sooner or merely proceeds more slowly to yield the characteristically 

thinner ring remains to be examined. 

A systematic tendency for ponderosa pine to lag behind Douglas-fir 

both in the beginning of growth in the lower stem and in initial latewood 

production seems indicated in the table. All of the ten stations, from 

latitudes 33° to 49° where both species had been sampled, show this 

tendency, though in some cases the margin is small and age differences may 

account for it. There is some evidence, too, for a not inconsiderable 

cambial growth of ponderosa pine in August. Limber pine also appears to 

lag behind Douglas-fir in early stem growth, but cores are thus far available 

from only two stations. 

ERRORS IN RING DATING 

Locally absent rings, false rings, and other less important sources of 

potential error in dating a ring sequence may be completely eliminated if a 

sufficient aegree of parallelism in year-to-year fluctuation in ring-width 

is present in comparative sequences. These properties of sequences— 

sensitivity and crossdating--are discussed in the next section; the results 

reported in this one are derived from groups of specimens in which such 

characteristics are well developed. 

It now appears well established that within a given dendrochronologic 

species, such as Douglas-fir, the frequency of occurrence of locally-absent 

rings increases with increasing moisture deficit, increasing age, decreasing 

latitude, and decreasing elevation. 
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• LET 

Indian Canyon DF 
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a • 

a a 

Avarai^e Fraquancy of Locally .ibserit ;Uri;a 
at Salectad 3tatl?nn 

aï1 Lat. 

52*5a' 

31 10 

31 04 

43 4« 

43 43 

43 48 

39 36 

39 37 

36 32 

38 3¾ 

29 13 ‘ 

Slav., Jroughl No. Total No. 
ft. Jtraa«2 Treaa ¡tinca 

3Ö00 3 6 

4800 3 e 

4300 3 8 

3600 4 14 

oc:c 4 6 

6500 3 3 

7200 S 4 

6700 3 14 

12000 0 e 

7300 3 3 

6000 S 5 

3685 

26WÖ 

3060 

3803 

3037 

4098 

2870 

9939 

2426 

16 34 

1304 

1040 

380 

.<0. .dru» ,« 
.»baant ,,huent 

7 U.2 

0 0.0 

33 1.1 

43 C .7 

4 0.1 

4 0.1 

42 1.3 

84 0.8 

0 0.0 

41 2.5 

34 4.1 

23 2.2 

3 o.e 

1. DF - Deunlas-flr; LBP - Llabar pine; SS - ingalaann apruca. 
2. Sita a aale for JMcy Mountain tlabtr conifera: 0 - upper tliabarllna; 

1 - Bolat; 2 to B - Inoran*in« aridity leatlapted). 

3. An upper tlabarllna (roup, no. 47 In Table 1, not an Indar of ralnf«!!. 

Tabla (. Fraquancy of Locally Abaant Singa 
ln Olden« Traaa at Selected Stationär1 

Station 

Jaepar 
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Banff 

Divida 
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Ketehun 

Pikaa Faak 

Faaoa 

« 

Big Band 

•KT- 
2871 

2872 

968« 

3640 

9684 

9689 

2786 

278« 

9785 

3787 

89B6 

9B66B 

3P66F4 

889 

887 

9«21 

3911 

2138 

2124 

B Avar, iting- 
Speelea Pltb,eA.D. Width,3 ant 

DF 1332 0.41 

DF 1536 0.41 

DF 1540 0.80 

DF 1550 0.64 

DF 1308 0.22 

DF 1533 0.21 

DF 1400 0.38 

DF 1418 0.42 

DF 1368 0.33 

DF 1385 0.40 

LV 400* 0.26 

Ï.9 500* 0.25 

L» <«) 0.284 
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28 1510 0.35 

DF 1370 0.34 
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DF 1640 0.43 

DF 1670 0.45 

Miatlng idnaa 
larllaat Ho. 
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—— 0 

-- 0 

1766 12 
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1632 11 

1718 4 
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— 0 

1571 2 

- 0 

1632 1 

.... o 

—— 0 

1415 14 

1316 1,0 

1703 21 

1730 10 

1. For data on the oldest traes at the -iscle end Indian Canyon stations 
sea Ibbla 

2. The inner ring on sont core:' is clora to or at the olth; thus an astlaate 
of pith data, if neeeasary, la rarely uncertain by more than five years. 

3. holuding inner 100 years to pith. 
4. Upper radius of root; inner ring on core is .,,0. 961; pith date uncertain 

but probebly precede* *.D. 600; aver, wiith since 961. 
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The frequencies noted in Table 4 were observed on increment cores, 

one only from each tree, and apply only to such material. The few representa¬ 

tive groups include the two most sensitive collections in the Rocky Mountains 

north of 42° latitude; these somewhat obscure the observation that locally- 

absent rings in general occur infrequently in the ring records of that region. 

The maximum frequer iy presently observed is found in the low-latitude Big 

Bend group; the data presented in TRB 18:19 show that in the six oldest trees 

of this group (25O-3OO years) the average frequency since I87O is 8.7S& and 

the maximum about 15$, a proportion which requires for correct ring dating 

nearly perfect parallelism in chronology among the trees. At the other 

extreme are the upper timberline chronologies, as in the Pikes Peak spruce 

trees, which, despite very slow growth, show no omitted rings on the cores. 

Locally-absent rings in the two oldest trees from each of the stations 

just examined are noted in Table 5> It is evident that in the more sensitive 

series frequencies of the order of % are not at all uncommon in the outer 

centuries. 

False annual rings are of rare occurrence in the dendrochronologic 

species of the northern Rocky Mountains and, when they do occur, are usually 

weak and quite unmistakable. Even in more southerly areas the rings of 

Douglas-fir and pinyon pine are, on the whole, relatively free of this 

difficulty; false rings tend to be very common, however, in ponderosa pine 

and related species. The identification of such rings is almost always 

possible in sensitive groups of trees by cross-comparison. 

Of the collections in Table 1, the Big Bend Douglas-firs in the Rio 

Grande basin contained the most pronounced false rings and in the highest 

proportion (TRB 18:25, 1952). However, even for this station, crossdating 

and application of the criterion for recognition of Douglas-fir false rings 

(TRB 6:24, 1948)--the latewood-type coloring of all of the annual ring out¬ 

side the false layer--permitted a complete solution of this dating problem. 
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Compreosion wood is a common source of distortion in ring chronology; 

it usually is found on the under side of conifer stems on steep slopes• 

Although many such slopes were sampled in a search for the most sensitive 

drought conifers, this factor was almost entirely eliminated from the 

collections by systematic sampling on the upper radius. 

Fire, lightning, frost, and other injury rings are in general easily 

recognized and were of trivial importance in the slow-growing overage trees, 

which were the principal objects of study. More subtle, long-term pest 

and other factors do not introduce dating problems, though they may well 

affect the interpretation of ring chronologies and are consider in Chapter 4. 

COEFFICIENTS OF MEAN SENSITIVITY AND CROSSDATING 

A convenient numerical expression for the degree of variability in a 

given set of rings is the average first difference expressed as a ratio of 

the mean ring-width. As an apparent index of the climatic indicator value 

of the record (an assumption which is examined in a later section), this 

coefficient has been called the mean sensitivity.* 

M.S. zMÂ 
X 

In general, the ring-widths x on which the coefficient is based should 

number at least 50; however, for stability studies non-overlapping shorter 

intervals may be useful. The existence of a small age trend in the ring 

series for the interval tested does not seem to markedly affect the value of 

the coefficient (TRB 13:14, 194?), but, in general, if any age trend is 

present, it should be removed before the coefficient is computed. 

Obviously, the M.S. of any group-mean curve will be less than the 

average M.S. of its component trees, the reduction depending on the number 

of trees and on the amount of variability of the individuals with respect 

to the group chronology. Since variability in ring chronology within any 



group is the result of both random fluctuations and of the physically real 

environmental differences at the various trees, it is evident that only 

groups from relatively small and climatically homogeneous areas are 

desirable for mean sensitivity analysis. It appears that the theoretical 

group M.S. for a set of n random series is less than the average M.S. of the 

individual components of the group in the ratio i/y/lT, the well-known 

relation for normally distributed random numbers. 

On the other hand, if the individual ring records are not random but 

show crossdating within the group, then the M.S. coefficient should tend 

to remain near a constant value when trees above some critical minimum 

number are included in the group averages. It will be seen that with 

highly sensitive trees as little as three often provide a chronology 

reliable in most respects. 

An unusually wide range in mean sensitivity for such a group is found 

in Table 6. An extraordinary number of stunted, overage Douglas-firs 

manage to eke out a living on the gypsum hills near Eagle, Colorado. It 

was noted during sampling that on the steep, rocky slopes with little 

soil the trees are limited to very slow growth even during the most favor¬ 

able years, but nevertheless tend to show only slightly reduced growth 

during adverse years, perhaps owing to some special factor such as a slow 

seepage of underground water or to slower exhaustion of the tree's soil 

area. The average growth rate is little better on the flattish uplands 

but is characterized by violent fluctuations. 

The means by age classes tabulated at the bottom of Table 6 suggest 

that sensitivity, in this group at least, is related in seme degree to 

average ring-width. In every class, growth was greater during 1900-1950 

than it was in the preceding half-century and the mean sensitivity was less. 
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A marked tendency for decreasing mean sensitivity with Increasing ring- 

width also Is evident in a scatter diagram of the data In the table. How¬ 

ever, both the average growth and the mean sensitivity were less in all but 

one age class during I8OO-I85O as compared with 1900-1950, a clear result 

of the differences from interval to interval in chronology characters which 

one would expect in non-random series. 

Although all sampled trees at the Eegle site exist under a generally 

marginal environment for the species, the minor site differences from tree to 

tree which affect the sensitivity also seem to influence the crossdating 

quality. We may examine this effect more closely by means of the coefficient 

R. 

This coefficient is defined as the ratio of the group M.S. to that of 

the average of the M.S. for the individual trees. Thus the magnitude of R 

must be evaluated in terms of the l/>/n ratio discussed above; e.g., for a 

group of four trees, R would tend to take the value O.5O if all ring-widths 

were purely random. 

In Table 7 the uniformly higher value of R for six sensitive as compared 

with six complacent series suggests that the latter type of record tends 

to have a greater random term in its fluctuations. Reference to Figure 6 

shows the two group means, however, to be very close in chronology. It is 

further evident in Table 7 that the reduction of random error in groups 

from this site is virtually complete with as little as four datable trees. 

Further light on the properties of the coefficients of sensitivity and 

crossdating is provided by an analysis of an unusually sensitive set of ring 

records from Pecos, New Mexico. Consecutive twenty-year coefficients over 

the interval 1500-19^0 for each of four trees and for the group mean yielded 

132 values, tabulated in Table 8. 
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The crossdating coefficient R ranges from Ot65 to 1.00 with the median 

at 0.94. 

Although the median sensitivity for such a short interval as 20 years 

is fairly stable and compares well with that for 100 years, it is evident 

from the foregoing tabulation that individual coefficients must be based 

on relatively long series to be representative. The maximum observed 

coefficient, signifying an average year-to-year change in ring-width of 

Í22$ of the mean annual growth during a 20-year interval, is based on a 

mean growth decidedly less than the overall average for the tree of 0.40 

mo. In fact, as might be expected, there is a marked Inverse relation of 

mean sensitivity to average ring-width in any single sequence. 

It will perhaps suffice to examine a number of critical series'-most 

sensitive, most complacent, longest records, obscure chronologies--to 

gain a quantitative view of sensitivity and crossdating in the conifers of 

western North America. The Mesa Verde and Ft. Garland groups in Table 9 

are perhaps slightly more sensitive than the overall average of the 

chronologies in this survey; it appears that the M.S. of relatively few 

centuries-long group records exceeds 0.40 or is less than 0.25« 
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The M.S. coefficients for the sensitive Pecos group indicates a small 

but systematic increase in ring sensitivity vith increasing age. This would 

seem to be relcted to the greater incidence of microscopic and locally 

absent rings in older trees of high sensitivity; decreasing ring-width 

might also be expected to permit greater percentual growth fluctuation. 

On the other hand, complacent series such as those at Ketchum show 

no clear influence of age on sensitivity. 

No test was made of growth sensitivity in the sapling stage, since 

the early rings may not be representative and are of trivial importance in 

climatic dendrochronology. 

It is noteworthy that the six groups of Douglas-firs showing the 

highest M.S. are all from sites in the general boundary zone between 

montane forest and prairie; the range in latitude is from 51° N to 29° N. 

As an addendum to the foregoing discussion of coefficients of mean 

sensitivity and crossdatir^ there are presented in Table 10 a few values 

of the more familiar standard deviation <51 It has already been noted 

that the amount cf fluctuation in a mean curve is dependent on species, 

the sensitivity of the individual components, the degree of parallelism 

among the component series, and other factors. Thus, <f for the Colorado 

index, though it is based on sixty Douglas-firs from an area of many 

thousand square miles, is, nevertheless, substantially higher than that for 

the four Snake (Ketchum) limber pine cores from one hillside. The 50-year 

O' in Table 10B represent fluctuations about the long-term mean trend, not 

the mean for the respective shorter intervals; the pinyon series and the 

supersensitive Big Bend Douglas-firs show the smallest variabilities of 

O'with time 
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It Is possible for a set of data to have a markedly higher M.S. 

coefficient and lower o'than some other set. However, it appears that 

tree-ring series tend to show parallel values of the two coefficients. 

For example, the M.S. of the four sensitive Pecos Douglas-firs is, from 

Table 9» about three times that of the four complacent Ketchum limber 

pines for the last four centuries; from Table 10, the corresponding values 

of (fare roughly in the ratio of 2:1. 

CHRONOLOGY DIFFERENCES 

Although the crossdating coefficient R, discussed in the preceding 

section, enlarges the significance of the mean sensitivity analysis and 

provides a quick first approximation to the degree of consistency in a 

group of ring sequences, it is obviously rather insensitive and not 

intended to replace the more precise statistical measures of variation in 

ring chronologies. To examine more precisely the degree of such variation 

within a tree, group, and area we find the familiar linear correlation 

coefficient r appropriate. It is used here as a measure of covariation 

only and for most pairs of variates more than one interval is examined. 

The rathe*’ remarkable degree of uniformity about the circuit which 

characterizes the more sensitive dendrochronologic trees is well shown in 

tree no. 304l, a 300-year Douglas-fir at Mesa Verde National Park (station 

123a, Table 1). Eight equidistant radii at a typical level in the stem are 

analysed in Table 11. It is evident that random variations almost com¬ 

pletely cancel out in a mean ring record for a pair of normally-oriented 

diameters. 

The extensive collections at Mesa Verde and Bryce Canyon Natioml 

Parks and at Eagle, Colorado, provide data for some estimates of the rela¬ 

tion to chronology of the age, number, species, and location of the trees. 
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The various series from these have been areas plotted in full in Chapter 

II and described in the associated tables and notes. Correlation coefficients 

are collected in Table 12. 

Variations at Mesa Verde from group to group and among the three species 

probably originate in good part in the distance effect--the common observa¬ 

tion that neighboring groups of trees from even the most homogeneous area 

show systematic differences in ring chronology as a result of site and 

climatic differences. 

The influence of tree age on chronology is obscured by many factors. 

The index derived from seven 500-year trees shows a much closer relation 

to a second index in old trees than to one from young trees; however, as 

shown in Table 1, the old Douglas-firs are almost all within a two-mile 

area in the southern part of Mesa Verde and the group of younk crees some 

six miles to the north. On the other hand, a systematically closer 

relation to the older pinyon pines is shown in Table 12, though both young 

and old trees come from the northern part of the Park. Whether these results 

may be interpreted as showing a real difference in growth lag or in some other 

reaction of old as compared with young trees is not yet clear. However, 

following the extended drought which ended with 1905, young Douglas-firs at 

Mesa Verde, Black Canyon of the Gunnison, Bryce Canyon, and in northeastern 

Utah all appear to have responded more quickly than old trees to the un¬ 

usually wet interval of 1905-1929. For such times, then, the climatic 

history in young, relatively fast-growth trees is to be sought as supple¬ 

mentary evidence. 

The cancellation of most of the random variation in chronology in the 

average of even a few records from sensitive trees has already been noted. 

It is an accident that the coefficient in Table 12a between the seven old 

Douglas-firs and the single tree 30^1 is higher than that between six young 
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trees nearby and the old trees* But it is evident that a single radius in 

one tree may provide a good first approximation of the local chronology, 

for we have already noted that the 8-radii mean of 30^1 is little different 

from any of its components. 

Another good example of this effect is provided by the Eagle analysis, 

Table 12d. Pour trees show almost as high coefficients vs the Nine Mile 

chronology as do the large groups. It appears from these 50-year 

coefficients that a half-dozen sensitive trees are quite sufficient to 

represent the chronology of a locality, apart from long-term fluctuations, 

the importance of which is discussed elsewhere. 
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The only slightly lower coefficients in Table 12 for comparisons 

between different species support visual estimates that, in the Rocky 

Mountain chronology conifers at any rate, the species effect is a small 

one. Significant differences of course exist, as the discussion of the 

duration of ring growth has already emphasized, and are eximined further 

in the comparisons of growth with rainfall data. 

One expects chronologies of high sensitivity to be more representative 

than those of low sensitivity, and at first glance the coefficients for 

the last two Eagle groups in Table 12d support this. It was noted in the 

preceding section that the crossdating coefficient R, while relatively 

high in both types of record, is decidely higher in the sensitive set. 

Examination of the growth curves in Fig. 6, however, shows a decided 

difference in trend during the past half-century in the two series, which 

is probably responsible for most of the difference in the respective 

coefficients. This somewhat surprising reliability in chronology for 

complacent series is probably true only in the presence of good cross¬ 

dating. The result is of special importance in the interpretation as 

climatic indices of the extraordinarily long but quite complacent limber 

pine series from the Ketchum area, Idaho. 

The change in chronology with distance within the upper basin of the 

Colorado River is pleasingly consistent in the sensitive old Douglas-firs 

in Table 12: 

Mesa Verde (l) V£* Mesa Verde (2) 2 miles + 0.9k 
Eagle Eagle Heat 5 " + 0.01 
Betatakin Mesa Verde 135 " + 0.72 
Nine Mile Mesa Verde 200 " (N-5) 4- O.63 
Nine Mile Eagle 200 " (W-E) + 0.49 

A somewhat less homogeneous set of records, in and near the Rio 

Grande basin, is examined in Table 13. Chronologies in Douglas-fir from 

the northern (Antonito), central (Pecos South), and southern (Guadalupe) 
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parts of the basin show the expected decrease in correlation with increasing 

distance when compared with the Mesa Verde and Wagon Wheel Gap stations to the 

northwest. That the latter station shows lower coefficients than the more 

distant Mesa Verde is probably a consequence of the less representative 

character of its ring record rather than an indication of a local pocket 

of specially variant chronology, for the Mesa Verde index is based on a 

collection from a number of localities, the other from one small hillside. 

The Big Bend series in the extreme south has little relation in chronology 

to the northernmost Rio Grande area, though a very good relation to the 

Guadalupe index for southern New Mexico is evident. The latter chronology 

is almost as closely related to that for southern Arizona; the evidence in 

this table extends other observations regarding west-east similarity in 

low latitudes of the Southwest (e.g., TRB 7:19, 19^1), which seems, in 

fact, to be somewhat greater than for corresponding distances north-south. 

The contrary indications for the central latitudes of the Colorado River 

Basin, in the small table above, are suggestive but require supporting 

evidence before they may be considered significant. 

The preceding discussion is based on the means of fifty-year 

coefficients for the past 150 or 200 years. What is the nature of the 

long-time relation between any pair of ring records? Such a study for the 

Douglas-fir indices at Mesa Verde and Tsegi and the ponderosa pine index 

at Flagstaff (TRB 14:10, 1947), each extended by archaeological chronologies, 

is given in Table 14. 

Interregional comparisons in chronology are further discussed in 

Chapter V. 
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AQE TREND AND ABSOLUTE VALUES 

Since the absolute width of the annual ring depends in part on 

many non-climatic factors, such as age and species, dendroclimatic indices 

must be based on growth departures. Such departures from the tree's age 

curve or mean trend in radial growth are derived by graphic or mathematical 

fitting of an estimated trend line to the series of ring-widths; the ratio 

of the ring-width to the value of the trend or standardizing line is the 

standardized ring-width. 

Unfortunately, the "end effect" does not permit a perfect elimination 

of the true age trend even by the use of the most precise methods. Applied 

to a tree-ring series, the "end effect" is the uncertainty in the exact 

position of the fitted trend or standardizing line as a result of ignorance 

of the data beyond either limit of the series. Thus, after averages are 

taken of standardized individual growth curves of different lengths to get 

a group mean, or of various group means for a regional mean, the run of 

values of the resultant index may be too high or too low near the end points 

of the component series by an undeterminable amount. Though this error is 

likely to be small, it introduces a serious uncertainty in the interpretation 

of long-term fluctuations in growth as an index of climatic changes. 

The availability of many long ring records has made it possible to 

abandon the earlier practice of standardizing each tree's ring-widths by 

removal of age trend in order to derive areal averages. Replacing this is 

the simpler process of a direct average with common starting date for all 

trees in a group, the resulting series providing a generally more sure 

view of long period changes in the data. The mean curve may then be 

standardized in the usual fashion and extended by the standardized early 

portions of the records in the older trees. 



It has long been recognized that fitting trend lines by eye leaves 

something to be desired; however, the common-sense advantages of this 

procedure, when properly done, are considerable, in view of its rapidity, 

cancellation of some of its imperfections in the averages, and the 

impossibility, because of end effect, of removing age trend with absolute 

accuracy by any numerical method. 

To aid in placing eye-fitted trend lines more accurately, long-period 

means may be plotted on the curve to be fitted; for example, 10- or 20-year 

averages of the annual data are convenient for most tree-ring series. Use 

of a flexible curve rule enables even the inexperienced operator to draw 

a satisfactory line, which will fit these averages and thus, also, the annual 

date; without good cause, no modification of the widely observed natural 

age trend in trees, a single early maximum followed by a regular decrease, 

should be used. The earliest decades of growth often contain a specially 

steep age trend and may be omitted with little loss. The rings adjacent 

to the pith, often subject to strong suppression and release effects, are 

usually quite impossible to standardize with any degree of confidence and 

should be dropped unless little or no other ring data are available for 

the years concerned. 

Numerical methods involve the least-squares fitting of a polynomial, 

preferably o.T low degree, to the raw data. If trends are removed from the 

individual tree series, the fitted trend lines are in general different. 

However, when the ring-widths in a sufficient number of trees are averaged, 

the function applied to the means tends to assume a simple form. One such 

function, widely applied by the Scandinavians, is the following: 

1 s a ♦ b (x - k) 

y 

where y is the ideal ring-width at year x, k being the mid-year of the 

analysed series and a and b constants. Underlying this formula ia the 
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assumption that, following tho youth maximum in growth rate, the ring will 

tend to decrease in width with increasing age according to a hyperbolic 

function. 

Fortunately, anticipating the discussion in the next section, we note 

that the age trend in specially long-lived trees is very shallow (e.g., the 

1500-year Ketchum series in Table 9) and in many groups is observed to be 

nearly linear. The end effect is thus of importance only in the usually 

negligible youth rings. Since the data of this report are derived 

primarily from overage trees, the rapid, semi-graphical method of standard¬ 

izing discussed above was found to be sufficiently precise and has been 

used throughout. 

OVERAGE CONIFERS AND CHRONOLOGY 

An intensive field search, begun by the writer in 1939* for suitable 

tree -ources of climatic data has brought to light a remarkable category 

of long-lived, growth-stunted trees of high index value. These not only 

provide a unique kind of tree-gage record of past rainfall but exhibit 

very suggestive properties of growth under extreme adversity. A report 

on trees of this category was made in 19^3> at which time forty Rocky 

Mountain conifers over 500 years old, the usual age limit of the Pinaceae 

in this region, had been located and sampled. Refined field criteria for 

recognition of these trees and more intensive search in succeeding years 

have resulted in finding so many trees over this limit that a working 

minimum of 700 years of age has been used in this report, 6l trees ex¬ 

ceeding that minimum. 

Pain-recording trees of great longevity are of specially high value 

in dendroclimatic studies not only because they provide long histories 

but also because, as just noted, trend lines may be more safely fitted, 

and thus such trees make possible a greatly improved estimate, as compared 
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with yovig trees, of the absolute values of past rainfall. On the other 

hand, it is evident, of course, that any snail secular trend in climate 

would be completely hidden in the fitted trend line and thus would not be 

determinable even in these long-lived trees. 

A typical site on which such trees may be found is that at Eagle, 

Colorado. For many miles borderin¿ the upper Colorado River, as at 

station 112 ( in Table l) Just west of Eagle, stunted Douglas-firs and 

pinyon pines dot the steep slopes and are readily accessible from the 

highway. Standing dead poles are common. That this type site happens to 

be a gypsum formation may have no great significance, since trees of 

comparable age, sensitivity, and slow growth have been found on sandstone 

or limestone siloes nearby; however, the number of extremely old Douglas- 

firs per unit area is greater at this station than at any other site in 

the Rockies thus far sampled by the writer. 

Pertinent data on trees of great longevity are assembled in Table 15. 

Although the picture provided by these trees is not yet complete, certain 

characteristics of Rocky Mountain drought conifers emerge as very probably 

general in nature: (a) the absolute maximum ages of Pseudotsuga and Pinus 

other than P.flexllls in the Rocky Mountains are of the order of 1,000 years, 

limber pine exceeding 1,500 years; (b) in addition to the observed tendency 

for maximum longevity on the most adverse sites, there seems to be a 

systematic relation to latitude in the age limits of various stands of a 

ft 
given species; (c) the median ring-width in the lower stem is about 0.30 mm ; 

(d) this growth rate is often approached by early maturity-two or three 

centuries--after which the mean growth rate decreases very slowly; 

»It may be noted that Douglas-fir on locally moist sites in this generally 

dry region may attain growth rates comparable to those in wet-climate 

regions: the "Hitchcock Douglas-fir," over 100 feet in height and seven 

feet base diameter, a recent windfall in the Santa Catalina Mountains near 

Tucson, Arizona, had an average ring-width of 2.53 for the 201 years of 

growth at the 12-foot level (5*06 cm. for the inner 50 years). 
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(e) the absolute minimum in total mean radial growth of the lower stem 

for an entire century is about 8 mmj (f) the number of sapwood rings in 

overage Douglas-fir is not significantly related to either the number of 

heartvood rings or the thickness of heartwood (for relatively young trees 

a systematic relation has been found by Stallings** when groups of five or 

more trees are averaged); (g) false rings are almost cocipletely absent in 

all species except the scopulorum Juniper, and there is a marked tendency 

to decreased incidence of locally absent rings in higher latitudes. 

The asymmetric age distribution is most clearly noted in drought-type 

Douglas-fir, which has been sampled on many sites throughout its range of 

some 30° of latitude in the inland western cordillera from central Mexico 

to Jasper National Park, in Alberta. In a belt roughly defined by 

latitudes 39° and ^0° in the Colorado River basin of eastern Utah and 

western Colorado literally thousands of trees aay be found from 700 to 900 

years old. Curiously, Douglas-fir east of the Continental Divide in these 

latitudes and also in the Great Basin ranges to the west of the Colorado 

shows much lower maximum ages. Although the distribution of such trees is, 

as already noted, highly dependent on local site conditions and therefore 

very spotty, there is a decided tendency to generally decreased maximum 

ages both northward and southward. Douglas-firs in the 600-year age class 

may be found in considerable numbers on careful search in southern Utah 

and southwestern Colorado, but are, in contrast, quite rare in the northern 

forests of Arizona and New Mexico, and in the writer's knowledge are 

unreported in the aouthern areas of these states or in Mexico, where the 

average maximum age seems to be about 350 years. Maximum ages are 

generally less than 600 years northward from the 39O“^0° belt to the 

Canadian border (700-800 yea^s in the rain-shadow DLI area of southwestern 

^Personal communication 
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Montana listed in Table 15), are less than 500 years in southern British 

Columbia and at Banff, and may be no more than about UOO years near the 

northern limits for the species in central British Columbia and at Jasper 

Park. 

Much less complete sampling of the other species listed in Table 15 

does not allow more than a suggestion of the age distribution pattern. 

The limber pine maximum seems to occur near 44° in eastern Idaho, the 

pinyon pine in the 39°-40u belt like that for Douglas-fir, and ponderosa 

pine in the 370-39° belt In southern Utah; all species seem to show 

marked decline in maximum ages southward and to a lesser degree northward 

of the respective belts of maximum ages. 

The mean radial growth of the lower stem in overage drought conifers 

tends to rapidly approach a nearly constant rate, as already noted. The 

data in Table l6 are typical, except for the last half-century, which is 

affected by growth release. 

The growth release, which in some trees is evident by I890 or 

earlier and is apparently a result of cutting, grazing, and other 

modification of natural conditions, is strikingly shown in tree no. 2072. 

The four largest rings between 1498 and I890, ranging from 0.59 mm to 

0.66 mm, occurred in 1541, 1550, I605, and l84l, the average growth for 

three centuries preceding 1900 being about 0.25 mm; following release, 

ring growth of 1.07 nan occurred in 1912 and 0.97 mm in 1913, the average 

for the interval 1911-1930 being O.8I ran. Such latent capacity for rapid 

growth in a 600-year tree is notable. 

Another example of release of a different nature, resulting in a 

reversal of the usual age trend, is that in tree no. 3350, which on the 

whole rather steadily increased its average ring-width for over 65O years! 
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Not necessarily typical of most of the trees in Table 15 are the 

oldest individuals of each species. Tree NNM-3084, a 900-year Douglas-fir, 

has a remarkably heavy crown and is roughly twice the height of the usual 

stunted and spare oldster. Most unusual, indeed, are the flourishing 

branches at the very top, in striking contrast to the characteristic spike- 

top by which the more normal overage tree is most readily recognized. 

Notable, too, was the luxuriant production of cones. After years of field 

sampling of the more characteristic, partly dead drought conifers, one is 

tempted to think of this tree as a genetic sport worth very special study. 

Although Junlperus is widely represented in the V/est and some individuals 

reach great ages, no rainfall chronology of great length has yet been 

derived for any species of this genus. This is due partly to the irregular 

cambial habits of the southwestern junipers, which make their ring 

sequences unsuitable as sources of climatic chronology. The Rocky Mountain 

and the Sierra Junipers do, however, provide very long and readable ring 

sequences, as earlier noted; work in progress should eventually provide 

significant chronologies up to a thousand years or more In length in these 

species. Recent reconnaissance sampling of the stands of western juniper 

in Yosemite National Park and to the north show some stunted trees of this 

species on rocky sites to attain ages of at least 2,000 years; unfortunately, 

it appears specially difficult to derive significant chronologies from the 

growth of the older trees of this species. Data on two old Rocky Mountain 

(scopulorum) Junipers near Bryce Canyon, Utah, whose ring records have not 

as yet been dated, are included in Table 15 for comparative purposes. 

Ages of over 3,000 years have been reported for the Bennett Juniper 

(Madrono, 4:21-28, 1937), a western Juniper growing near Sonora Pass in the 

central Sierra Nevada, and the Jardine or Old Utah Juniper (Amer. Forests, 

31:485, 1925), a scopulorum Juniper in Logan Canyon, northern Utah. 
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The estimate for the Bennett tree, mean DBH (diameter at breast 

height) about 14 feet including bark and growing on a locally moist site, 

depends on an admittedly uncertain extrapolation of the growth rate on 

borings, which have a maximum length of only 15 inches but average over 700 

rings for the outer foot of radial growth. A sampling survey by the 

writer, still incomplete, of the oldest trees of this species on the 

driest sites in the central Sierras, indicates the existence of numerous 

individuals in the 1,000-year class; very few of substantially greater 

age have, on the other hand, been located yet. The oldest of these, with 

some 1,100 years of growth on a 12-inch core, has a mean DBH of about 60 

inches under bark, which would indicate a possible age of about 2,000 

years; however, the strongly fluted stem suggests a probably large 

eccentricity and thus a large error in this estimate. The very slow 

growth is characteristic of the rain-shadow environment of this tree, at 

about 8,500 feet elevation on the Tioga Pass road east of Yosemite National 

Park. Others in the 2,000-year class may be found north of Tenaya Lake 

in Yosemite Park. 

A re-study of the Jardine Juniper, which for many decades or more 

probably some centuries has been a shell only, is in progress. Cores ob¬ 

tained on the south and west sides of the stem, four feet above the flattish 

surface of the principal rock on which it grows, represent almost the 

entire thickness of shell. The position of the pith in the Jardine 

Juniper could be determined quite precisely at this level by a rot-resistant 

knot-cone projecting from the inner surface of the shell; the radius was thus 

measured as about 30 inches. Since the cores were both about 15 inches 

long and contained 1,030 rings (south radius) and 750 rings (west radius), 

and since the inner two centuries of the ring records averaged about three 

inches per century, it is evident that the Jardine Juniper can hardly be 
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much over 1 500 years of age. The chronology appears to be of only 

secondary value as a precipitation index. 

The longest actual count reported for a Juniper in the Rocky Mountains 

seems to be that by the U. S. Geological Survey (W.S.P.774, 1938# PP* 19"23) 

for a tree, probably J. utahensls, felled in 1928 near Idaho Falls, Idaho, 

which carried about 1620 rings. Examination of a section from this tree by 

the writer suggests that the true age is, in fact, somewhat greater than 

this, since false rings are apparently almost non-existent and locally 

absent rings are common on the section. Comparison of the annual 

chronology with that published in the cited paper for younger juniper 

trees nearby Indicates that non-climatic irregularities dominate in the 

year-to-year growth fluctuations. 

INDICES IN ARCHAEOLOGICAL BEAMS 

The method of dating beams from Southwestern Pueblo ruins by over¬ 

lap matching with the inner rings of living trees, first reported by 

Douglass, in the National Geographic Magazine in December, 1929, made 

possible a long backward extension of the climatic history in the trees of 

that region. 

During 1945-52 the writer checked and extended the dating of all the 

available archaeological wood in the Colorado River basin. The resultant 

mean growth series, published in detail in Volumes 12 to l8 of the 

Tree-Ring Bulletin, are summarized in Fig. 20. 
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This diagram includes some 32,000 measured rings.* 

Dated archaeological beanjs of the Southwest necessarily represent, 

on the whole, the more sensitive types of chronology, and thus the 

climatic interpretation of the ring records in living trees, discussed 

in the next chapter, apply to some extent to the archaeological 

chronologies also. But two special characteristics of these chronologies 

need to be emphasized. 

First, the number of available specimens differs greatly from area to 

area and, in general, from decade to decade. Thus the various sequences 

in Fig. 20 have differing and changing weights. This defect is somewhat 

alleviated by the high fidelity of individual series and the tendency for 

the means of even two or three trees to represent well the details of short¬ 

term fluctuations. 

Second, the average number of rings in the archaeological beams is 

relatively small, usually less than 100. Thus, the trend lines fitted to 

each specimen curve lead to standardized values in which long-term departures 

in growth are very largely eliminated. The archaeological series thus give 

an index of short-term variations only. 

*Not included in the figure are some miscellaneous growth curves for the 

Colorado River Basin, principally representing single specimens, published 

in the Tree-Ring Bulletin as follows (species, A.D. interval, volume, and 
page): 

Hill Canyon DF 

S.E. Utah DF 

S.E. Utah PNN 

Durango DF 

Mesa Verde DF 
M ft If 

Mesa Verde PNN 
H 
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h 

h 

K 

Flagstaff pp 

Flagstaff CBS 

Forestdale PPjPNN 
Point of Pines PP 

927-1042 17:30 
450- 674 16:21 
1140-1250 16:21 
124- 196 17:30 

675- 700 Ms 
821- 096 13-31 
463- 625 16:22 
547- 665 16:23 

710- 769 16:23 

923-1076 16:23 
1016-1074 17:30 
1142-1213 13:31 
1047-1132 16:21 
1072-1255 16:21 
967-III5 16:23 

1155-1293 15:20 
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The general consistency in chronology from area to area and species 

to species within the central portion of the Colorado River Basin, already 

noted in the living-tree diagrams, is very evident in the figure. 
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IV. THE TREE-RING AS A CLIMATIC GAGE 

Abundant evidence is now at hand that ring-width in dry regions 

can provide a first approximation to the total rainfall of certain months 

and in the arctic to the mean temperature of certain summer intervals. In 

the western United States rainfall and the more-or-less related runoff seem 

to be the only variables of significance for dendrochronology. However, 

even for this region, tree-ring literature of the past four or five decades 

will show substantial differences in the rainfall interval selected or 

empirically deduced as most closely related to ring growth by different 

investigators, or by the same student at different times or for different 

groups of specimens. 

In recent years the tendency has been to interpret the longer ring 

chronologies, based on mature and old trees, in terms of winter rainfall 

only, the summer rains being taken to have some influence only in the 

production of false rings and thus being of importance mainly in the growth 

of young trees. In the west-coast states, with little or no summer rainfall, 

the choice of ring-rainfall interval is, of course, much more restricted 

than in such regions of two-maxima rain regimes as the Rocky Mountains. 

Beclouding the true mean relation between rainfall and measured 

growth are factors such as variation in the distribution of storms within 

the year, changes from year to year in the frequency of specially intense 

or of long-lasting storms, differences in rainfall at the tree from that 

at the rain-gage, special spottiness of summer rains, carry-over effects 

of excessive or deficient rainfall of earlier years, associated effects of 

temperature, and errors of observation in the rain-gage record. With 

respect to the ring series itself, incomplete elimination of irregular 

effects, écologie and otherwise, can easily lead to an apparent rain-ring 
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relation quite different from that which would be found in the optimum 

dendrochronology. 

During 1951 a systematic correlation analysis was made of ring growth 

in relation to rainfall. The best local and areal ring sequences in the 

Rocky Mountains and adjacent areas, representing various tree stations 

from Jasper, Alberta (lat. 53° N), to the Guadalupe Mountains of southern 

New Mexico (lat. 32° N), were compared with the longest and best rainfall 

series near each station or within each area. Sixteen rainfall intervals, 

from three months to two years, were chosen, and a total of over 22,000 

rainfall sums of the published monthly values computed. 

In this test of the effectiveness of various rain intervals in the 

West, California and Oregon data were omitted, since in those regions the 

rainfall is largely concentrated in a few winter months. The computations 

yielded 693 linear correlation coefficients. Since the paired series ranged 

from 31 to 60 years in length, with a median near 45 years, and since trends 

in the ring series were either nonexistent or too small to affect the 

coefficients, it is believed that the results as a whole are fairly general. 

The data, summarized in Tables 17 and l8, were classified according to three 

regions: Montana and Southwest Canada, Colorado and Utah, and Arizona and 

New Mexico. 

Although the rainfall season most nearly related to growth is, in 

general, different from series to series in Table l8, perhaps the most 

striking general feature is that of consistency in the regional averages. 

This suggests that underlying general relationships exist but that any 

single pair of growth-rain variates may, because of purely local effects, 

yield relationships which may differ substantially and which may vary for 

different time periods. 

The consistent change in the coefficients with change in the test 

interval of rainfall is evident in Fig. 21. 
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No. 'Growth at or natr 

1 Josrar, «lb"rta 
S .»lb**rta

3 Jasrar, Albarta
%

4 Bbnff, . Ibertd

5 Traniullla, !Brlt. 2.1.

6 Tracquilla, 3rlt. 3ol.

7 Tran;iilll«t 3rit. Sol.

8 Tnnq'iin#, 3rlt. Sol.

9 U^par I'lssourl R.
Basin, wont.

10 Cpr*r liissourl H.
SLisin, llont.

11 Upper i;i?8oarl H.
3arln, I'oat.

12 Upper Ills sour I H.
3Bsln, lU>nt.

13 South riatta a. 3Bsin,
Solo.

14 Uintah Basin, Utah

15 Uintah Basin, Utah

16 Up'ar Solera.lo a.
Basin, Solo,

17 U’'par Spl'm-lo B.
iVinln, Sol-.

16 U^oar Solsra^o i.
Basin, :?1P.

19 U^r® Sslsra^o a.
3e^n, Solo.

CC tasa Verla, Sclo.

81 Uasa Yarle, Solo.

28 Soloraflo 3. Basin,
Solo.-Utah

27 Soloralo 3. Basin.
Solo.-”tih

24 Solorjlo a. “.asln.
Solo.-Utah

28 Taos, V..

86 Taos. y. U.

87 Taos, i:.

88 3ants *a. U. U.

89 3anta T*, V. It.

30 Up'ar aio tr»i.la. N. U.

31 u—ar aio Srar^s, :

88 Up-ar itto Srso'a, '

88 Uroar .Bio Sranla, :

84 Sutialuna i:ts., U. ii
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37

Rainfall

Aitranoa, Albarta

Banff, .Ibarta

a»nff, Albarta

Banff, Albsrta

7ran<iullle, artt. Sol.

r.aalooaa, Brit. Sol.

Traniullle, Brit. Sol.

Kaialoops, Brit. Col.

A^e. Colla<w, tiont.

Centr.ll 3lrl3lon, 
llont.

jirrie. Collar, llont.

Santrel Jlvlslon, 
llont.

3ai.r«r, Solo.

Soloraio .a. Basin In 
Utah

Colorado R. Bssln In 
Utah

Jtaa.iboat Jrrlnas,
Solo.

Ut -ar Solora 1o R.
Bnsln, 4-Jta. In4a« 

Staanbo^t >rln»s,
Colo.

Up-ar Oolom-io 1,
Basin. 4-Jta. Indar

Jura'i‘i'0, Sola.

Juraik<’0, Colo.

Colors lo Basin, 
9-Jta. IMo*

Colorado it. Basin, 
b-Sta. In^ax 

Solorad-a R. Basin, 
b»2ta. Indax 

Shaeon, it. 11.

: orth .Uo Crania, N. It.

Csna-llun .ilror ‘ it. It.,

Korth .Uo Innia. i:. U.

S’orth .^o i:.

3anallan ^Ir-r A S.»
*7 I*

Cloudoroft, it. It. 
aarlBbad, », K.

2-7r.
July July- Julyg Au^, 

inta-.-xal Juna Juna July July

191 >1947 .56 .43 .63 .61

1916-1947 . 45 . 28 .51 .501

1^95-1944 . 36 . 88 ..Bl .331

1695- 1944 .78 .81 .78 .66

1914-1644 .54 .66 .50 .45

1696- 1944 .55 .49 .49 .44

1914-1944 .60 .71 .60 .65

1696-1944 .46 .34 .50 .45,1

1695- 1947 .59 .74 .61 .57]

1696- 1947 .65 . 74 . 64 . 57i|

1'95-1947 .58 .68 .57 .551

1696-1947 . 55 . 64 . 58 . 54j

1693-1944 .58 .39 .54 .54]

lc9i;-1947 .77 . 79 . 77 . 76]

1692-1947 . 73 . 76 . 78 . 73|

1»10-1947 .68 .62 .71 .71|

1910-1947 .78 .67 .69 .66|

1910-1947 .59 .46 .59

1610-1947 .99 .85 .57 .60l

I69f-1947 ; .79 .68 .78 ,77|

1?;V5-1947 .79 .88 .76 .76

Ir95-1944 .88 .76 .83 .8|
I

1695-1944 •®ll

1695-1941 .76 .68 .70|

1910-1941 -51 .37 .49

1-1''-1941 -4« .46 . 48 , 46|

1910-1941 .40 .28 .36 .38|

1-'92-1941 .4* -SS .44 .61|

191C-1941 .74 .41 .49 .67|

1910-1947 .57 .36 .54

1092-1941 .70 .44 .64

1910-1941 .80 .41 .78

1910-1941 .58 .41 .51

19.3-1941 .54 .42 .54

l<i95-1941 .44 . 41 .58
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JulT
intsnrul Jun# 
lVir-14.47 .58

1SH'-1»47 .49

l^fcf-l»44 .?« 
lo95-1944 .7*

lbl4-l»44 .94

U'«a-1»44 .99

1914-1644 .60

If 96-1944 .46

1F65-1647 .69

1696-1947 .69

1699-1947 .99

1696-1947 .99

1U»:>-1944 .96

1CV--1947 .77

1691-1947 .73

191U-1947 .66

1910-1947 .7f

1910-1947 ‘ .55 
1910-1947 .5«

1696-1947; 
1699-1947 .75

1699-1944 .62
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1699-1944 -78

1699-1641 .64

1910-1941 .61

1910-1941 -46
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lo9t-194l .69
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1910-1947 .97

1699-1941 .70

1610-1941 .M 
1910-1941 .99

1903-1941 .99

1698-1941 .94

1691-1939 .88

,-1639- .63

2-yr.
July-
Jun#

.43

.88

.89

.61

.66

.49

.71

.34

.74

.74

.63

.64

.39

.78

.76

.68
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.46
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Fi<?. 21. The coefficient of correlation of (growth co-upared with
various rainfall intervals



In Douglas-fir, the effect of shortening the October-June test 

interval at either limit is to systematically reduce the coefficients in all 

areas. The October-July rainfall yields on the whole slightly lower 

coefficients than for October-June, but since July is a relatively rainy 

month some small influence on the tree-ring chronology must be present. 

In ponderosa pine, on the other hand, there is in all areas an 

improvement in the coefficients when the test interval of rainfall is 

extended to include July. This is also true for limber pine in Montana 

and pinyon pine in the Colorado-Utah area, the only areas with coefficients 

for these species. However, though consistent, the analysis is based on 

too few series to be conclusive. 

The moot unexpected result of this analysis was the evidence that the 

relative width of the annual ring in Douglas-fir is significantly dependent 

on rainfall which occurred as much as a year preceding growth. In all 

areas the coefficient for the year July-June is substantially higher than 

for October-June. The three pine species showed a parallel relation, but 

the thirteen-month July-July interval represents perhaps a slightly closer 

approach to the true mean effective rain interval for these species. 

Lag effects in ponderosa and limber pine of the central and northern 

Rockies, though not in Douglas-fir anywhere, are indicated by the coefficients 

based on a two-year rain interval ending in June of the growth year. 

One would expect the averaging of the ring records from a large area 

and of the rainfall records from many stations to result in some cancella¬ 

tion of random error and thus in higher growth-rain coefficients for all 

rain intervals of any consequence. This is clearly the case in Table 18. 

The most representative ring index in this table is that for Douglas-fir in 

the Colorado River Basin (above the Grand Canyon) based on 8L highly 

sensitive trees in 17 well distributed groups. The highest coefficients are 

found in the correlation with a rainfall index fo: this region based on nine 
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Weather Bureau stations with the longest and most complete records. It 

seems probable that most of the possible cancellation of error has been 

effected in these two indices and that the coefficients are very near the 

absolute maximum possible between these two variables. The bottom line in 

Table 10 presents an average of the coefficients for the ten pairs of 

variates which include only regional grow*''; indices. 

Since some of the more sensitive single-core records have been found 

to show coefficients of about +0.7 with rainfall records 50 or more years 

in length, as at Mesa Verde, the great labor required to derive general 

indices like that for the Colorado River Basin might seem to show little 

yield. Unfortunately, only relatively few single-tree cores have the 

noted high reliability in chronology, and there is, of course, strong need 

for statistical stability in the data if climatic interpretation of the ring 

indices is to be relied upon as an extension into earlier centuries of 

the rain-gage data. 

To summarize this analysis of the growth-effective rain interval; 

sensitive drought conifers on selected sites from southern Arizona to 

southwestern Alberta provide an index of rainfall for a year ending in 

June or July with a growth-rain coefficient of correlation averaging 

about +O.7O and in some cases exceeding +O.8O; the true rain interval 

recorded by tree-rings may be slightly different in different species. 

Upon the subsequent completion of a number of additional regional 

indices, the results of the foregoing analysis were applied to the principal 

chronologies presented in Table 2 of this report. Rainfall and river flow 

series representative of the main areas of study were selected (Tables 19 

and 20). In addition to the usual coefficient r between these de ta and 

the growth indices of Table 2, coefficients of the smoothed data were derived. 
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As may be theoretically demonstrated, the most efficient smoothing with 

respect to reduction of random fluctuations is that by unweighted running 

means; a rather limited test of this in growth-climate correlations bears 

this out. Practical considerations such as those in reservoir management 

suggested three years as an appropriate conservation interval. Thus the 

smoothing formula, applied to both sets of variates, has the form 

c's (a ♦ b «■ c)/3. 

Tables 21 and 22 contain coefficients approaching +0.9^ the highert 

thus far obtained in such studies; these, in the light of earlier analyses 

of necessarily more crude material, emphasize the inqportance of the 

process of successive refinement of the data, which it is possible to apply 

to dendroclimatic material. The compared series are plotted in Figs. 22 

and 23. 



Table ZI. Correlation of Dt.tu In Tabled vs July-June Aulnfail 

Table 2, , 
Set Area Species1 Interval 

A 
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C 
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B 
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I 
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ir> 
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Z 

T 
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AF 

AF 

AO 

AO 

■"■raser R. Basin 

Jasper 

Banff, Alta. 

Mid. Columbia R. B. 

Mid. Columbia R. B. 

Snake River B. 

Snake River B. 

Snake River B. 

Snake River B. 

Missouri R. B. 

Missouri R. B. 

N. Platte R. B. 

S. Platte R. B. 

Arkansas R. B. 

Colorado R. B. 

Colorado R. B. 

Olla R. B. 

S. Arizona 

Rio Grande Basin 

Rio Grands Basin 

B* Cent. California 

B. Cent. California 

S. California 

S. California 

D1'’;?? 1096-1944 

DF 1916-1947 

ü* 1695-1950 

DF; PP 1910-1942 

DF; PP 1882-1940 

DF 1895-1950 

DF 1695-1950 

LBP 1895-1950 

LBP 1895-1950 

DF 1896-1950 

LBP 1896-1950 
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DF 1873-1944 

DF 1895-1950 
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Da ta '' 

K:.'icnps, B.C. 
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D. Washington 
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3W Idaho 
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Cent. Montana 

Cent. Montana 

Upper Colorado 
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Denver, Colo. 

Colorado R. B. 

Colorado R. B. 

Tucson, <*riz. 

Tuoson, ariz. 
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Santa Fe, N. M. 

Cent. Sierra Nevada 

Cent. Sierra Nevada 

S. Coast 

S. Coast 

r Smoothed' 

+ .45 +.4? 

.56 .60 

.58 .80 

.67 .74 

.43 .44 

.33 .55 

.62 .74 

.26 .42 

.56 .75 

.67 .78 

.45 .74 

.35 .58 

.56 .51 

.47 .42 

.81 .67 

.77 .89 

.52 .56 

.64 .68 

.29 .23 

.69 .se'*’ 

.12 .23 

.5ô .65 

.60 .65 

.72 .67 

1. DF - Doualas-fir; PP - ponderosa pine; LBP - limber pine; PNN 
pinytra pine; JP - Jeffrey pine; BCS - bigcone spruce. 

2. Data for the listed stations and some others are given in 
Tibia If, 

3. By formula o# * (a ♦ b ♦ o)/3. 

4. A 3£-trea regional mean. For set N, the 8-tree group of 650-year 
pinyons, 1895-1948, the corresponding coefficients are +.65 and 
♦ .8$. 

5. For the interval 1900-1950 the unsmoothed and smoothed ooeffisi*»^» 

are roughly equal. 



TfcbU Carreldtlon of 3om HA^loar'l 'Growth Inlleos 
wUfe Wr ltr-T«-r .binoff

Tbfcl*

Sat Kraa SpaeUa IntarTkl Ruaoff Statido £
r,

SaootBf

C Saaff or ieil-1647 Spr*F «t Banff *.4B ..60

s SBafca R. B. Of mi-164^ 3a«i:a nr Halaa .44 .66

r 3&*ka R. B. LV M m .34 -47

0 Mlatourl R. B. ur 16BS-1R50 Kloaourl at Ft. Banton .77 .61

V maaoarl R. B. UP • m .9£ .71

If 1 1 o IB B. OF ie«B-I»£0 Colorado at Laa Farrr .73 .64

V Colorado R. B. F«R 1699-1946 m .91 .69

T Rio iraola Df 1690-1990 tie Ofaaia or Dal Worta .60 .43

kT S. Callforolt BOS ;e96-1990 Sax. atrial nr A«uat .67 .66





«Pfppi** mi! un ... 1 

80 90 1900 'O ^ 20 ' 

— RUNOFF, ft Aff _ 1 v/V\ 
_; _ ^ ,, SPRAY AT BAHFF » L*äJ 

so -»o 195 
A A '°‘4 1 \ r 

1 1 A J V. . i 

0 
CAI-FT 

«0 ■ 

SO • 
L ntU'NlV 

— growth departures 
(BASIN GROWTH 

v y V 

-A A 

; » V v n í 
^ ^ / 

< 

UNDERU) MED) wmnrt ^ 

. MISSOURI 

/> n 

1 ' Ui t « /> 
'l_/:J-L 

80 - 

‘ *0 - 

«0 ■ 
AT FT BESTON </ 

1 V 
MISSOURI OF \ A . ä 

' - A ' 

rtrt 
\ /' 1 y F \ >| 

V ^ v. 

MISSOURI LSI ii ^ 'A /W 
v VNy V/' V 

> 

.SNAKE NR H 

SNAKE DF 

p 

.5^4irf 

r/5f 
n * 

1 * A A rM. /' 

TO ■ 

90 ■ 

50 - 

V 1» 
» » V 

Vv\ . . . 

1 X A ' ^' 
» V 

:Aa .o - vy'y 

.10 - 

! 

.COLORADO 
AT LEE FEA 

COLORADO 

. COLORADO 

i » 

* Í ^ •i > • '» 1 \ 

» 1.V.' ' 

« 
*/• r’ 
f'l t i i * 

too - 

190 ■ 

100 ■ 

m 

-i «' y 

nr .n. 

/ 1 / 111 y i; ' ' ; 1 * v * ' 
'V » ' V ll \ X V 
f 

AA/^ 

otiti A 

sA^ 

. /Aa^--\/Vv 

VVv ^ 

\A A/v ^ ^ y/v m v ' 

mm nBäktnr “\ / 

* 
,1' /' A f'\ 

i! \>J\ JM /1 

I I ■ 

- 0T • 

NR DEL NORTE \/V *, 

1 
mt/t mmAttnr nr * h 

nt 1 '/v' 
'V1 

A A/\ . 

* V V , 
' 09 ■ 

V/^vV v v\ 
Aa yVV vv/i 

.SAN SAÕR/E 

NR AZUSA 

S CAUFORN 

a 

L 

1 ^ 

/ » . M I’M 1' 
Í » » »' It Í 
\ n!s 

SO • 

1» • 

oo - A 
' V. 

tA arc 

t-jH—V—V 1 * * f 
Vv ^ V v \ ’UU " i ' z 

0 . 90 . 19 
K ^ 
DO '9 gp 1 ao , <0 . Jj >80 • 



-93- 

V. GROWTH INDICES AND CLIMATIC CHANGES 

Among the possible long-term climatic properties susceptible to direct 

test on a network of centuries-long rainfall indices are: (1) the nature of 

the frequency distribution of the annual departures, (2) significant changes 

with time in the type of fluctuation in each index, (3) systematic displacement 

from one area to the next in phase and amplitude of maxima and minima, and 

(4) cyclic recurrences. 

FREQUENCY DISTRIBUTIONS 

To examine the frequency of various ring-widths, regional mean series 

are obviously more desirable than single-tree sequences, since random 

fluctuations in chronology have in part been eliminated. The distribution 

of values in some critical indices included in the growth tables is 

presented in Table 23, in terms of their own standard deviations as shown 

in Table 10. 

Although the analysed sets of data represent very different types of 

ring records, it appears that all tend to show the same scatter of values. 

It also appears that this scatter tends to assume the typical distribution 

in a normal error function, as shown in the last two columns of Table 23. 

It does not necessarily follow that these sequences of tree-ring widths, 

and, as shown above, their related variables rainfall and runoff, occur 

at random! 

REGIONAL TRANSECTS 

A rough visual examination of changes from index to index is afforded 

by the Rocky Mountain and Pacific Slope transects, Figures 24 and 25. These 

represent 3-year nonoverlapping means of the best indices presently available 

for these regions. Unfortunately, it is not yet possible to construct such 

transects with fully comparable series--e.g., in the Rocky Mountain transect, 

the Colorado Basin index represents many areas and seasons of field work, but 
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in the N. Platte only one locality. Nevertheless, all plotted series are 

based on sensitive ring records; as the previous discussion has indicated, 

the average of only a few trees of this type can yield fairly reliable 

indices. 

Perhaps the most striking change in the march of tree-growth and, by 

inference, in the associated rainfall and riv:r flow, is that exhibited by 

the Southern California indices. Both the bigcone spruce and ponderosa 

pine series suggest that in the seventeenth century, perhaps about A.D. 

1635-^0, the tendency for long-term swinge to one or the other side of the 

mean gave way to fluctuations of shorter wave-length, which have persisted 

to the present time. 

The tendency just discussed may also be noted in the Colorado River 

Basin indices in Douglas-fir and pinyon pine. This change cannot be merely 

the statistical result of an increasing number of trees and groups entering 

the mean curve with advancing time, for the fully homogeneous 19*^6-51 indices 

of Figure 26, each representing a fixed number of long-lived trees, show the 

same phenomenon. 

In this connection, the extremely long-lived Colorado Basin trees show 

that a major minimum, characterizing much of the 1200's, was followed by a 

major maximum which persisted with very few interruptions for almost the 

entire 1300*8. This great 200-year fluctuation seems to be the first and 

longest of the aeries of extended "waves" in growth and rainfall which 

preceded the relatively rapid fluctuations of the past three centuries. 

If longer waves preceded the 200-year fluctuation, the early I25O years of 

Southwestern Pueblo chronology (Fig. 20) would fail to show them for, as 

already noted, such major trends would be hidden by the short individual 

sequences in that overlapping chain; the observations on variation in ring 

sensitivity in archaeological beams from century to century provide some¬ 

what uncertain evidence against the existence of such long waves. 
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Inspection of Figures 24 and 25 shows the above-noted change in wave 

character to be weakly evident in other southerly series; there is some 

evidence for a reversal in the northerly Missouri Basin index* shorter 

variations being more characteristic preceding I65O. 

In Table 24 is presented a more exact analysis of the characteristics 

of the maxima and minima in four of the best regional indices in the 

transects. The standard deviations of the nonoverlapping three-year means 

during the past four centuries for each of these series is in the 2($-25$ 

range. The end dates for the maxima and minima* read off the plotted 

curves where these significantly cross the mean line* apply to these 

condensed data* are to some small extent arbitrary* and may be slightly 

different from those for annual data. For each set of n three-year values 

the net cumulative deviation D from the general mean* the average net 

deviation D, and the average net deviation in terms of the standard 

deviation are tabulated. Some of the longer i .-rvals were subdivided to 

determine the values for the more pronounced portions. It is probable 

that some of the intervals of three or six years in these tables are of 

little significance. 

It appears that for the intervals 15 or more years in length (n^5)> 

the average net deviation is rarely much more than one standard deviation. 

Such prc .venced deviations as the Banff maximum of 1097-1917 are worthy of 

special note. 

MILLENIA-LONG CHRONOLOGIES 

Ring indices of unusual length have thus far been derived for four 

areas of the western United States and are presented in highly condensed 

fora in Figure 27. 
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It Is evident from panel A, in which the decade means of measured 

ring-widths along individual cores are plotted, that even in highly 

sensitive trees, such as that at Nine Mile Canyon (NNM-3084), single 

sequences contain centuries-long swings which are not necessarily repre¬ 

sentative of a general climatic fluctuation. 

Within a single tree the case is different. The three radii from the 

stem and the single root radius (F) of the 1500-year Ketchum limber pine 

3966 show fair parallelism in most details, the upward trend in the outer 

centuries of growth of cores D and F being the result of locally-favored 

growth, in one case near the edge of a wind-killed sector, in the other 

along the upper above-ground radius of a root. Core B, from a radius 

laterally centered within the vertical band of living cambium, perhaps is 

most representative of long-term growth trends in this tree. 

The longest known growth records are those in Sequoia gigantea. 

Huntington's series, developed forty years ago on the basis of vast numbers 

of growth measures by decade sums on stump tops, has been severely 

criticized for inclusion of many insensitive trees and for lack of pre¬ 

cision, the statistical corrections made by Huntington for the probable 

differences between gross count and true age being considered inadequate. 

In Figure 2TB, the principal old sequoia records individually 

analysed by Douglass, with all anomalous rings solved and dating precisely 

done to the year, are separated according to type: 1 to 4--ridges or upper 

slopes; 7 to 10--swampy basin near site of preceding set; l6 to 23--drier 

basin or intermediate slopes, mostly from sites at some distance from the 

first two groups, and containing three 3000-year trees. 

The striking differences in ring sensitivity between sequoias from 

the most arid as compared with the most moist sites is much less evident 

in the highly compressed group mean curves of the diagram. Indeed, many of 
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the major characters, such as the maxima in the 1000's and 1300's and the 

minimum between, appear in both swampy basin and dry ridge and are present 

in modified form in the longest set. 

It is notable that the much-maligned, crudely developed Huntington 

series, based on hundreds of trees, presents much the same major features as 

the highly sensitive Douglass group 1-4, with one exception, a pronounced 

upward trend in the former for the past twelve centuries. Huntington 

ascribed this to basal flare; probably playing a part also are factors 

such as the natural tendency to select for measurement the stump radius 

most open in the outer centuries, and incomplete elimination of the incoming 

effect of a large number of fast-growing younger trees on the average. The 

first factor is in slight evidence in the D 1-4 series also. 

The close relation of the D 1-4 index to the rain-sensitive bigcone 

spruce chronology for Southern California, and the relation evident in 

Figure 27C to the more distant Colorado Basin index during the past eight 

centuries lend confidence in the climatic significance of the better sequoia 

chronologies during the past millenium. Descreased correlation with the 

Colorado Basin index suggests that the longer climatic fluctuations in 

sequoia growth of earlier centuries are increasingly less reliable, though 

it should be recalled that the archaeological portion of the Colorado Basin 

chronology may not report longer fluctuations. 

Although the Snake River (Ketchum) index in Fig. 2?C is based on only 

4 cores from 3 trees at one site, it tends to parallel in many details the 

Missouri Basin index based on a large number of relatively short-lived 

trees from a number of areas. It would appear that much new information on 

centuries-long climatic fluctuations in the northern Rocky Mountain area 

would become available with extensive collection and analysis of the 

recently discovered Ketchum-type trees. The preliminary suggestion In 
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Fig. 27c is that these long-period changes at times are in phase and at 

other times out of phase with those in the southern Rocky Mountains and 

in southern California. 

INTER-AREA VARIATIONS 

Although the transect figures above show in some cases a more-or-less 

steady change from minimum to maximum or the reverse along the transect, 

there is no obvious indication in these figures of any systematic, 

progressive displacement. Thus, synoptic long-term forecasting, after 

the fashion of the daily forecasting of weather, is not possible, unless 

hidden characteristics of this kind are shown to exist. 

The different extent of the affected area in one very dry year as 

compared with another is a well-known climatic observation. The 

fluctuating range of general maxima and minima as a function of time is 

seen in the transect figures to be characteristic of all documented 

centuries. Occasional droughts are present in pronounced form over very 

extensive areas, such as those for the late 1500's and the late l800's. 

The latter, which ended with an extremely pronounced minimum in 1900-04 in 

the Colorado River Basin, is of special interest. It is well developed in 

southern California and throughout the southern Rocky Mountains. It is much 

less emphatic in the upper Missouri Basin, and at Banff, Alberta, is 

replaced by perhaps the most extreme maximum in the past four centuries. 

The foregoing leads to a numerical examination of the possibility of 

significant correlation in rainfall indices between selected distant areas. 

In Table 12 sub-group correlations were presented, almost all between 

various areas of the Colorado River Basin. The analysis is extended in 

Table 25 to some of the major basin indices. It is evident that the strong 

negative correlation between Banff and Southern California for several 

decades near I9OO is an unusual occurrence: thft next earlier half-century 
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Table 25. Interregional Correlation Coefficients 

A. 25-Tear Intervals 
SCL-S: SCL-S: SCL-S: SCL-S: SCL-S: 

Interval CCL 

1550 
1575 
1600 
1625 
1650 
1675- 
1700- 
1725- 
1750« 
1775- 
1800- 
1825- 
1850 
1875 
1900- 
1925- 
Mean 

1574 
-1599 
-1624 
-1649 
-1674 
■1699 
■1724 
■1749 
•1774 
1799 
1824 
1849 
1874 
1899 
1924 
1944 

+ .56 
+ .41 
+ .28 
+ .45 
+ .75 
+ .28 
+ .24 
+ .57 
+ .38 
+ .66 
+ .58 
+ .69 
+, 
+, 
+ .. 

.42 

.10 

.32 

+ .43 

LVO 

+ .05 
* .23 
+ .09 
+ .28 
+ .07 
-.05 
-.02 
+ .67 
+ .07 
+ .48 
-.13 
+ .44 
+ .46 
-.11 
+ .29 

+ .19 

A. 50-Tear Intervals 
SCL-S: SCL-P: 

Interval CRB-1 CRB-1 

1800-1849 +.40 +.42 
1850-1899 .43 .44 
1900-1944 .47 .62 
Mean .43 .49 

C. 100-Tear Intervals 

BC 

-.29 
-.0? 
+ .04 
-.21 
-.37 
-.27 
+ .12 
+ .01 
-.20 
♦ .16 
-.07 
+ .29 
+ .13 
-.40 
-.17 
+ .47 
-.05 

SCL-S: 
CRB-2 

+ .39 
• 48 
.59 
.49 

Pairs 
SCL-S:CCL 
SCL-S: LVO 
SCL-S:BC 
SCL-S:CRB-3 
SCL-S:CRB-4 
SCL-S :CRB-5(, 
SCL-S:CRB-6 
SCL-S:CRB-7 
SCL-S:CRB-8 
SCL-S: CRB-9 
SCL-S:M0 
SCL-S:BNT 
CRB-7; MO 
CRB(1+2 ) : ORE 
CRB-9 : ORE 
CRB-9:BC 
BRF:BC 

1550-1649 
+ .47 
+ .24 
-.17 
+ .49 
+ .52 
+ .58 
+ .59 
+ .59 

+ .40 
+ .09 
+ .31 

+ .32 

1650-1749 
+ .53 
+ .20 
-.19 
+ .46 
+ .49 
+ .52 
+ .52 
+ .51 

+ .49 
+ .23 
-.17 
+ .09 
+ .22 
+ .24 
-.15 
+ .42 

1715^0-1324 2. 1050-1935 

MO 

+ .32 
+ .52 
- .02 
+ .44 
+ .03 
-.20 
+ .30 
+ .32 
+ .51 
+ .03 
-.17 
+ .44 
+ .33 
-.18 
♦ .43 
+ .02 
+ .20 

SCL-P: 
CRB-2 

+ .41 
.47 
.75 
.54 

BMP 

+ .00 
+ .16 
-.00 
+ .37 
-.41 
-.30 
+ .08 
+ .01 
-.08 
-.04 
+ .27 
+ .37 
+ .15 
-.37 
-.49 
+ .04 
-.015 

SCL-S: 
CRB-8 

+ .32 
.57 
.54 
.48 

BC: 
BNP 

+ .20 
+ .18 
+ .50 
+ .39 
+ .52 
+ .33 
+ .33 
♦ .52 
+ .13 
+ .45 
+ .06 
+ .70 
+ .03 
+ .21 
+ .66 
-.17 
♦ .315 

SCL-P: 
CRB-8 

+ .38 
.42 
.85 
.55 

1750-1849 
+ .49 
+ .24 
+ .04 
+ .28 
+ .43 
+ .46 
+ .42 
+ .45 
+ .42 
+ .45 
+ .27 
♦ .15 
+ .18 
♦ .16 
+ .08 
♦ .05 
+ .32 

1850-19-44 
♦ .30 
+ .21' 
-.03 
♦ .33 
+ .40 
♦ .49 
♦ •54 
♦ .57 
♦ .58 
♦ .47 
+ .13 
-.20 
+ .21, 
+ .25* 
+ .20, 
-.03* 
+ .26 

Mean 
+ .45 
+ .22 
-.09 
+ .39 
+ .46 
+ .51 
+ .51 
+ .53 

+ .26 
-.03 
+ .20 

+ .33 

BC-Brit. Columbia DF+PP| 
Table 2-A 

BNP—Banff Area DFiTable 2-C 
CCL—-Cent. Calif. (Mono-Owens) 

Jeff.pinej Table 2-AP 
LVO—Antev’s SE Oregon; 2-AE 
Mo——Missouri River DP; 2-0 

ORE— Keen's E.Oregon FP; Fig. 19 
SCL-8 3o.California BCS; Table 2-AO 
SCL-F So.California PP; Table 2-AH 
CRB Colorado River Basin series: 

1—1945 FP,Fig.l3 ; 2—PNN,2-V;3—5 DY» 
Fig.14-,4-7 DP, Fig.14: 5—12 DP, F.14¡ 
ó—2b ‘'F,Table 2-0;7—¿0 
8—84 DF,Flg.l4; 9—1945 DF.Fig.13 
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of similar character is that for 1650-1699* Each was preceded by relatively 

strong positive correlation. The correlation for the past 400 years as a 

whole is that for random series. 

A preliminary general analysis of the march of differences in 

chronology is developed in Figure 28. Since the standard deviations of 

the series which were paired and differenced for this figure are all 

roughly of the same order of magnitude^ no corrections were made for 

this critical characteristic except for the extremely variable Big Bend 

index; more precise analysis would require the adjustment of all series. 

The subtraction of one series from another with which it is negatively 

correlated would result in an increase in the amplitude of at least some of 

the maxima and minima; the opposite effect would follow for positively 

correlated series. Comparison with the componen!; series in the transect 

figures shows that these effects, if present in any part of Figure 28, are 

quite weak. 

The rainfall coefficient of correlation for the pair of series 

southern California; Colorado River Basin, I896-1950, is «-.40; for 

southern California: Missouri River Basin (central division, Montana), 

same interval, it is +.11. These are somewhat less than the correspond¬ 

ing growth coefficients of Table 25C. After the rainfall series are 

smoothed by three-year running means, as in Chapter IV, the respective 

coefficients are +.20 and +.16. The corresponding smoothed growth 

coefficients are +.52 and +.I9. The smoothed rainfall correlations are, 

thus, also less than the corresponding growth coefficients. Although the 

analysed interval is relatively short, these consistent results suggest, 

at least tentatively, the following possibilities: (l) growth is dependent 

on some factor other than rainfall,with which the latter is also correlated, 

(2) growth fluctuations depend in part on some factor, such as ultra-violet 
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radiation, which fluctuates similarly in geographically distant areas, and 

(3) the growth series are more representative of the rainfall in montane 

forests than the gage records. 

CYCLIC VARIATIONS ^ 

Preliminary optical analyses of the cycles in the data of this report 

were made with the cycloscope (Douglass, C.I.W. Pub, 289. III). Only 3-year 

or longer means of the data were analysed for cycles in the range 15 to 

100 years. In no data were cycles found of such regularity and strength 

as to assure physical reality. Of those cycles having more pronounced 

amplitude, the following approximate wave-lengths in years seem worthy of 

note for future reference: 

Banff: 21 to 24, 60, since 1450, 

Colorado River Basin: 21 to 23, 60f , 100, since 50 B.C.; 80, 

roughly during first 900 and last 550 years. 

Snake: 20, 24, and 40, since 1650. 

So. Platte: 21 and 36 to 43, since 1350. 

Rio Grande: 21 to 23, since 1450. 

Banff ♦ Jasper minus Colorado River Basin: 24, 40, 47, 60, since 

1550. 

Banff ♦ Jasper minus So. California: 20, since 1550. 

Brit. Columbia minus Missouri: 21, since 1425. 

Brit, Columbia minus So. California: 20+, since l44o. 

Missouri minus So. California: 45 to 50, since 1350. 

These persistent wave-lengths are average values, the maxlmum-to- 

maximum interval varying greatly, as do the wave-form and amplitude; in 

some cases a change of phase within the analysed range seems indicated. 

More precise analysis at these and other, almost equally promising, settings 

of the cycloscope are postponed for the time being. 
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VI. SUMMARY AMD C0MCLUSI0WS 

Based on about one-third million annual rings in selected^ drought- 

sensitive trees from semi-arid sites, regional indices have been derived 

for the upper basins of all the major streams of the western United States. 

Almost all indices are statistically well-based for about 500 years; the 

Colorado and Missouri indices are welt documented for about 000 years. 

Three series of maximum length are: Colorado, 2,009 years, including the 

extension in archaeological beams; Snake, 149^ years; Missouri, 973 years. 

i und.menta'! studies. A major element in the construction of these 

indices was the discovery and extensive sampling of a category of drought- 

recording, stunted conifers growing with extreme slowness on the most adverse 

sites and attaining ages twice or more the normal for the species on 

optimum growth sites. The oldest tree thus far discovered in each of the 

principal species is: limber pine, 1510 years; pinyon pine, 975 years; 

Rocky Mountain Douglas-fir, 880 years; ponderosa pine, 050 years. The much 

longer-lived Sequoia, growing in a relatively moist environment, were not 

sampled for this report; a brief re examination of th published records is 

noted below. 

In confirmation and extension of earlier work, the ring growth in 

the lower stems of dry site Rocky Mountain conifers at or near the lower 

forest border was found to be most rapid during June and essentially 

completed, as far as total ring thickness is concerned, by the end of July 

throughout the sampled range of over 20° of latitude. Earlier initiation 

of the growth season in young trees on south-facing slopes, growth-lag 

in pines as compared with Douglas-firs, differences from year to year as a 

function of climate, and similar effects apparently seldom extend the 

season at either limit by more than a week or two. Initiation of cambial 

growth in extremely overage trees is apparently not greatly delayed as 

compared with young trees of the same species on the same site. 
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As much as 4$ of the rings may be omitted on cores from dry-site 

mature conifers of the Southwest; in higher latitudes, as in Idaho and 

Montana, thousand-year ring sequences from the dry lower forest border 

may show only one such omitted ring on the core. 

The mean sensitivity--the fluctuation in ring-width from year to year 

relative to the mean trend in ring-width--remains essentially constant 

during the life of centuries-old conifers, the real tendency for higher 

sensitivity with slower growth being relatively slight. The mean 

sensitivity in trees of good rain-recording quality may range from less 

than 20$ to over 80$. The standard deviations of the regional mean curves 

show a còrresponding range from about 20$ to over 60$. 

Correlation analysis of a typical, sensitive Douglas-fir yielded a 

mean coefficient r of +0.94 between the ring-widths along any two stem 

radii, and *0.99 between the means for four equidistant radii as compared 

with that for the intermediate ones. 

Correlation coefficients between typical ring chronologies show that 

most of the local variations are eliminated in averages of five to ten 

well selected cores. The coefficients decrease with increasing distance 

between the groups, as one would expect in rainfall-related indices. 

A systematic correlation analysis indicates that the rainfall interval 

most closely represented in the principal local and regional chronologies 

of this report is the year ending in June for Douglas-fir and June or 

July for the pines. Slight further differences with species and site are 

apparently of no permanent significance, being a function of the partly 

accidental form and sequence of rainfall distributions during the small 

number of years of gage records. Growth and rainfall series smoothed by 

three-year running means yield systematically higher coefficients than 

unsmoothed data, in some cases closely approaching +0.90. It should be 
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noted, however, that these apply only to the few decades of gage records; the 

Interpretation of the indices of this report in terms of absolute rainfall, 

as distinguished from relative rainfall, becomes increasingly approximate 

with extension into the past. 

Centuries-long characters in west-American rainfall. Despite 

limitations in amount of material and uncertainties inherent in the data 

of this report, some conclusions of fair reliability may be drawn 

regarding long-term rainfall variations in the West. 

Evidence is strong for the existence of a great 200-year wave in 

rainfall in the Colorado River Basin, the 1200's extraordinarily dry, the 

1300's extraordinarily wet (more precisely, perhaps, 1215-1299 and 1300-1396). 

The droughts of the first interval and the floods of the second appear to 

have far exceeded in duration and intensity those recorded by modern gages. 

The rainfall and growth maximum at Banff, 1897-1904, appears to have 

exceeded that for any like interval in the past four centuries. During 

this maximum and for several earlier years, however, deficient growth and 

such intensity of drought as have been rarely approached in the centuries 

of growth records prevailed in both the Colorado River Basin and so thern 

California. This negative correlation Is, however, not systematic, as will 

be noted. 

Noteworthy among other climatic events is the pronounced and extensive 

drought of 1573-1593; which seems to have been as severe in southwestern 

Montana as it was in the southern Rocky Mountains and southern California, 

though it apparently did not extend into Alberta. The total flow of the 

Colorado River during the two years 1584-85 may not have exceeded the 

record for low runoff recorded in 1934. 
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V/hen many centuries of data are examined, the frequency distribution 

of growth departures In the widely haced regional indices of this report 

tends to assume that of the normal error function. 

Some of the indices suggest the possibility of a peculiar change in the 

characteristic march of rainfall some three centuries ago. In southern 

California the tendency for long-term swings to one side of the growth-mean 

or the other, which had been typical for some centuries preceding the 

mid-l600's, gave way to cycles of much shorter average duration. This 

tendency is very pronounced in the Colorado River Basin. On the other 

hand, a reverse tendency seems to be indicated in the Missouri River Basin 

indices, in which shorter variations are more characteristic preceding 

1650. It is perhaps no more than a coincidence that about 16U5 to 1715 

occurred the well-known great dearth in sunspots, for some of «he 

representative growth indices in this report, from regions other than those 

Just noted, apparently do not record such a change. 

The 3200-year Sequoia chronologies developed by Douglass and 

Huntington for the relatively moist southern Sierra Nevada have been re¬ 

examined in light of the highly sensitive southern California and Colorado 

River Basin chronologies. The better Sequoia series show a fairly good 

relation to these chronologies and thus can be taken to provide a fair 

first approximation to southern Sierra rainfall for the past 15OO to 2000 

years. Too few good records in earlier years of the Douglass collections 

and cumulative errors in the Huntington series lead to the conclusion that 

at least the I3OO years of Sequoia chronology in B.C. have at present very 

limited climatic value. 

Mapped sequences of chronologies along the Pacific Slope and the 

Rocky Mountains exhibit no evident systematic time displacement in either 

short-term or long-teim fluctuations, which would permit long-range synoptic 

forecasting after the fashion of the dally forecasting of weather. 



rnrnrnimmmf 

-11k- 

Pairs of regional indices from widely eepai’ated latitudes, such as 

Banff and southern California, show that decades-long intervals of strong 

negative coridation may be succeeded by similar intervals of strongly 

positive or of no correlation. The reasons for the inferred long-term, 

massive changes in certain details of the general circulation of the 

atmosphere may perhaps be clarified with the aid of more dendrochronologic 

data. 
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