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Abstract. Well replicated tree-ring width index chrono- 
logies have been developed for giant sequoia at three 
sites in the Sierra Nevada, California. Extreme low- 
growth events in these chronologies correspond with 
regional drought events in the twentieth century in the 
San Joaquin drainage, in which the giant sequoia sites 
are located. This relationship is based upon compari- 
son of tree-ring indices with August Palmer Drought 
Severity Indices for California Climate Division 5. 
Ring-width indices in the lowest decile from each site 
were compared. The frequency of low-growth events 
which occurred at all three sites in the same year is re- 
constructed from 101 B.c. to A.D. 1988. The inferred 
frequency of severe drought events changes through 
time, sometimes suddenly. The period from roughly 
1850 to 1950 had one of the lowest frequencies of 
drought of any one hundred year period in the 2089 
year record. The twentieth century so far has had a be- 
low-average frequency of extreme droughts. 

Introduction 

The potential of the annual rings of giant sequoia [Se- 
quoiadendron giganteum (Lindl.) Bucholtz] as a source 
of well-dated information on past environments was re- 
cognized early in the twentieth century by Douglass 
(1919, 1928). It was already known that not only did 
this species contain the largest trees in the world, but 
also some of the oldest. Douglass used his newly devel- 
oped technique of crossdating to assign each annual 
ring to a specific calendar year. He then combined 
measurements of the width of such dated rings from a 
number of long-lived trees from several locations in a 
3200 year-long chronology. 
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Crossdating in giant sequoia depends upon the pres- 
ence of "signature" years. These are narrow rings which 
are often easily noted in a sequence of relatively uni- 
form ring widths. The occurrence of consistent signa- 
ture years throughout much of the 250 km range of 
giant sequoia indicates there was a common climatic 
factor controlling the formation of small rings, even if 
that same climatic factor may not have influenced 
growth in other years to any great extent. Douglass, 
working in the early twentieth century, had only one or 
two signature years to compare with the instrumental 
records available at the time. These were from meteoro- 
logical stations in the Central Valley and coastal areas 
of California, commencing in the mid-nineteenth cen- 
tury or later. Efforts by Douglass and others (Hunting- 
ton 1914; Antevs 1925) to relate giant sequoia ring 
widths to temperature and precipitation records by 
graphical, correlation and superposed epoch analyses 
met with little success. 

Recently, new attention has been paid to giant se- 
quoia as an excellent recorder of fire. Sequences of fire- 
scars are recorded in wood near the bases of the trees. 
A program of research into past fire history of giant se- 
quoia groves using Douglass' original chronology for 
crossdating (Swetnam et al. 1990) also led to a new ef- 
fort to determine what climate factor or factors were 
responsible for controlling yearly growth in giant se- 
quoia. The results of preliminary work showed that ex- 
treme low-growth years for giant sequoia in the twen- 
tieth century correspond to intense drought events in 
the San Joaquin drainage (Hughes et al. 1990). The 
giant sequoia groves referred to in this report are found 
in this drainage, on its eastern margin. 

We report the results of a comparison of August 
Palmer Drought Severity Indices (PDSI: Palmer 1965; 
Alley 1984; Karl and Koscielny 1982) for California 
State Climate Division 5 (the San Joaquin basin) and 
low-growth events in giant sequoia chronologies from 
three sites, viz. Camp Six, Giant Forest, and Mountain 
Home (Fig. 1). Low values of August PDSI were found 
to have the best correspondence with extreme low- 
growth years. The frequency of these low-growth events 
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Fig. 1. Locations of giant sequoia chronologies. Irregular g r a y  ar- 

eas  are giant sequoia groves. The h a t c h e d  area  in the insert map 
of California is California State Climate Division 5, the San Joa- 
quin drainage 

was then examined for a 2089 year-long period com- 
mon between the three chronologies and interpreted as 
a record of the frequency of extreme droughts in Cen- 
tral California since 101 B.C. 

Methods 

Radial samples were removed from giant sequoia 
stumps and logs in conjunction with the fire history 
study (Swetnam et al. 1990). Many trees sampled were 
remnant stumps of extensive logging that took place be- 
tween the late 1800s and early 1900s. Samples were re- 
moved from as far above ground level as possible to 
minimize the effects of healing surges associated with 
fire scarring. Radii with the least evidence of fire scars 
or related growth surges were chosen for sampling. 
Most samples were cut from the tops of stumps at least 
2 to 3 m above present ground surface, while samples 
for fire history were taken at ground level. Other radii 
included in the final chronologies for Camp Six and 
Mountain Home were collected by Douglass in the late 
1910s and early 1920s. Living trees in the same stands 
or adjacent unlogged stands were cored with increment 
borers to extend the chronologies to the present, over- 

lapping the remnant material by between 200 and 
700 y. 

Radial samples were surfaced, crossdated and mea- 
sured according to standard procedures (Stokes and 
Smiley 1968; Robinson and Evans 1985). Ring widths 
were detrended into dimensionless indices to stabilize 
mean and variance between trees of differing ages and 
to remove non-climatic growth trends (Fritts 1976; 
Cook et al. 1990). Giant sequoia ring widths may exhi- 
bit growth responses to fire events, referred to as 
"growth releases". Growth releases range from very 
subtle to, in at least one instance, quite dramatic in- 
creases in ring widths after fire. Ring widths recorded 
at Mountain Home after a fire in A.D. 1297 were an or- 
der of magnitude larger than before the fire (Stephen- 
son et al. in press). These larger ring widths persisted 
for several decades before gradually declining to widths 
comparable to those found before 1297. Such abrupt 
growth releases following fires may be due to the com- 
bined effects of an ecosystem nutrient surge and a re- 
duction in competing understory species killed by fire. 
It is highly problematic in giant sequoia series to deter- 
mine whether low frequency fluctuations in ring widths 
are due to climate or fire events. In order to minimize 
the influence of fire releases on the high frequency sig- 
nal, a very flexible 40-year cubic smoothing spline was 
employed in the detrending procedure (Cook and Pet- 
ers 1981). Ring-width series from Mountain Home were 
separated into pre- and post-1297 segments before de- 
trending in an attempt to eliminate the effects of the 
growth release from this one event. 

After detrending, a time series model was fitted to 
the individual series and residuals calculated. Parsi- 
moniously chosen AR(1) models were fitted (Box and 
Jenkins 1970; Meko 1981; Cook 1985). This step had 
the effect of removing persistence form the ring-width 
index time-series and further insured that only the high 
frequency signal was retained. Prewhitened residual se- 
ries were combined into a mean chronology for each of 
the three sites using a bi-weight robust mean (Cook et 
al. 1990). Eighty of the longest series from all three sites 
were also combined into a regional giant sequoia 
chronology. Detrending, autoregressive modeling, and 
calculation of the mean value function for each of the 
four chronologies were accomplished using the pro- 
gram ARSTAN (Cook 1985). 

Subsample signal strength (Wigley et al. 1984) was 
calculated for each chronology and used to assess the 
effect of sample depth (number of samples per year) on 
the chronology signal. Simple correlation coefficients 
for 100 y periods lagged by 50 y were also calculated 
between chronologies. This aided estimation of an opti- 
mal period for in-common analysis between the three 
sites. Once an in-common period was determined, sepa- 
rate percentiles of lowest index values for all three sites 
were identified and compared year by year. Frequen- 
cies of low-growth years were then determined for the 
entire length of the common period• 
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Fig. 2. a Time spans of individual radii (horizontal lines) and sam- 
pie depth (irregular line) for three sequoia sites, b 100-year corre- 
lations between sequoia chronologies computed every 50 y. Note 
the dip in correlation between Mountain Home and the other two 
chronologies around A.D. 1300 due to the large fire in 1297 at 
Mountain Home and its associated growth releases 

Results 

Tree-ring series 

Sample replication for chonologies at Camp Six (368 
B.C. to A.D. 1989), Giant Forest (1268 B.C. to A.D. 1988), 
and Mountain Home (1127 B.C. to A.D. 1989) is shown 
in Fig. 2a. Note that trees living two thousand or more 
years were not uncommon, resulting in very few prob- 
lems of homogeneity in the resulting chronologies. Cor- 
relations between pairs of chronologies suggest a simi- 
lar response to climate at each site (Fig. 2b). This is par- 
ticularly significant considering that these are correla- 
tions between essentially white noise series (when 
r>  =0.332, p<0.001). Based upon subsample signal 
strength (Wigley et al. 1984) and the drop in both corre- 
lation between Camp Six and the other two chronolog- 
ies (Fig. 2b) and sample depth at Camp Six (Fig. 2a), it 
was decided that the common period used for compari- 
son of low-growth years would be limited to a 2089 
year period from 101 B.C. to A.D. 1988. 

Representative segments of the three chronologies 
f rom A.D. 800 to 1000 show correspondence between 
ring-width indices, particularly of low-growth years 
(Fig. 3). The years marked by the dashed lines are those 
in which all three chronologies show a ring-width index 
in the lowest decile calculated from the 2089 year com- 
mon period. This class of years (lowest decile ring 
width index at all three sites) will be the focus of the 
remainder of this report, since such years represent 
probable regional scale extreme events in giant sequoia 
growth. 

Giant sequoia tree-ring growth and extreme droughts 

The most extreme droughts of the twentieth century in 
the San Joaquin drainage, in order of decreasing mag- 
nitude, occurred in 1977, 1976 and 1924. These are 
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Fig. 3. Dimensionless ring-width indices for 
Camp Six (CS), Giant Forest (GF), and Moun- 
tain Home (MH) for A.D. 800-1000. Years 
marked are lowest decile years in-common at 
all three sites 
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years in which the lowest values of August Palmer 
Drought Severity Index in the San Joaquin drainage 
were recorded (Fig. 4). 1977 and 1924 were also classif- 
ied as three site low-growth years (as already defined), 
as were the drought years 1959 and 1961. The years 
1898, 1934 and 1976 are those in the instrumental re- 
cord during which August PDSI was below - 4.0 but a 
three-site low-growth year did not occur. Two sites re- 
cord low-growth in 1898 and one site in 1976. No site 
records the 1934 drought. The three-site low-growth cri- 
terion scores four hits out of a possible seven as an in- 
dicator of extreme San Joaquin droughts defined by 
August Divisional PDSI below -4 .0 .  No false hits oc- 
curred, 

Correlations between the three separate site chrono- 
logies and California Division 5 monthly PDSI consis- 
tently showed the best relationship with August PDSI 
(correlations with August PDSI: Camp Six 0.536; Giant 
Forest 0.550; Mountain Home 0.499:p<0.001 in each 
case). The correlation was slightly better (r=0.625; 
p < 0.001) between August PDSI and the mean giant se- 
quoia chronology made up of ring-width series from all 
three sites (Fig. 4). It is clear the correlation is substan- 
tially, but not exclusively, determined by the coinci- 
dence of extreme droughts and years of very low 
growth. A survey of multiple correlations between Au- 
gust PDSI for California Division 5 and various combi- 
nations of 28 moisture sensitive tree-ring chronologies 
from California, Oregon and the Intermountain West 
yielded none as strong as with the mean giant sequoia 
chronology. 

Characteristics o f  three-site low-growth years in the 
instrumental record 

The giant sequoia groves experience a mediterranean 
climate in which the greater part (90%) of precipitation 
falls in the late autumn, winter and spring (November 
through April), much of it as snow. Summers are dry, 
resulting in soil moisture deficits from June through 
September (Stephenson 1988). Mean annual (August to 
July) precipitation for a 52 y record from stations 
within the groves at Sequoia National Park was 
1045 mm. Mean annual precipitation for the four ex- 
treme drought years in the Giant Forest instrumental 
record (1959, 1961, 1976 and 1977) was 588 mm. De- 
cember, January and February accounted for 314 mm 
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* STgnificant Values 

Fig. 5. Map of mean sea level pressure anomaly patterns during 
winters (December, January, February) preceeding Augusts of ex- 
treme drought in California State Climate Division 5 (that is when 
August PDSI < -4.0). Figures are anomalies from the 1951-1980 
mean in millibars. Asterisks (*) indicate 5 ° latitude by 10 ° longi- 
tude grid points at which the anomaly is significant at p < 0.05. 
Calculations by P. M. Kelly 

of the 457 mm mean deficit, the rest contributed by No- 
vember, March and April. An analysis of winter sea-level 
pressure anomalies for these years (Fig. 5) reveals a 
characteristic hemisphere-scale circulation pattern as- 
sociated with these precipitation-deficient winters. A 
ridge of high pressure over central and northern Cali- 
fornia diverts snow-bearing winter storms away from 
the central Sierra Nevada, typified by conditions dur- 
ing the winter of 1976-1977 (Namias 1978). 

Giant sequoia tree-ring formation occurs in the sum- 
mer months, ending in late September (L. Mutch, per- 
sonal communication 4 February 1991). Soil water 
availability to these plants during their growing season 
is determined in part by winter moisture supply and in 
part by actual evaporation in dry summer months. This 
is consistent with the observation that August PDSI is a 
better predictor of giant sequoia ring-width index than 
is any combination of monthly temperatures and preci- 
pitation (Hughes et al. 1990). The Palmer Drought Sev- 
erity Index was designed empirically to measure depar- 
tures from average soil-water balance conditions, 
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weighted for conditions over a number of  months ac- 
cording to the presumed water storage capacity of  local 
soil (Palmer 1965). It appears that only in the case of  
extreme drought (August PDSI < - 4 . 0 )  is the soil wa- 
ter deficit sufficient to produce a ring-width index in 
the lowest decile for each series at all three sites. 

Frequency of inferred extreme droughts since 101 B.c. 

Given the strong coincidence of three-site low-growth 
years and years of  extreme drought in the San Joaquin 
drainage, it seems reasonable to interpret the occur- 
rence of such low-growth years in pre-instrumental 
times as a record of extreme droughts. This is made 
possible by the threshold nature of the relationship be- 
tween drought intensity and ring-width index. During 
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the 2089-year common period, 95 y were found to have 
ring-width indices in the lowest decile for all three se- 
ries (Table la). This compares with an expectation of 
2.1 y in common if low-growth years were occurring as 
random, independent events at all three sites. Three-site 
low-growth years are not distributed evenly through the 
two millenia (Fig. 6a). In particular, there are periods 
of  frequent three-site low-growth events from A.D. 700 
to 850, 250 tO 350, and 1480 to 1580, in general order of 
decreasing intensity (Fig. 6b, upper plot). These are in- 
terpreted as periods of frequent extreme droughts, as 
many as 12/100 y period. Similarly, there were periods 
marked by a relative absence of three-site low-growth 
events, notably from 100 B.c. to A.D. 100, 400 to 500, 
1300 to 1450, 1600 to 1700, and from 1850 to 1950. We 
interpret one of these, the minimum between A.D. 1300 
and 1450, as an artefact of the very major fire at Moun- 

Table 1. 

a Low-Growth Years common to all three sites 

B.C.: 

A.D. :  

84 63 10 
15 

100 109 169 189 
236 256 271 274 292 
305 313 333 344 369 377 386 
442 497 
518 539 553 554 570 
629 640 659 664 699 
707 728 742 751 762 781 786 
804 807 809 823 865 868 
913 924 954 957 979 980 

1025 1052 1072 1082 1090 1098 
1126 1152 1156 1183 
1218 1227 1264 1292 
1352 1377 
1410 1468 1479 1499 
1500 1510 1529 1532 1548 1571 1579 
1653 1654 
1703 1721 1729 1765 1777 1795 
1822 1841 
1924 1959 1961 1977 

b Low-Growth years common to Camp 

B.C.:  

A.D. :  

Six and Giant Forest 

788 

1580 

797 

84 63 10 
15 

100 109 115 168 169 189 
226 236 256 271 274 292 
305 306 313 333 339 344 349 369 377 386 
424 442 497 
518 539 553 554 557 570 
629 640 659 664 676 677 691 699 
707 719 728 742 751 762 781 786 788 797 
804 807 809 819 823 847 865 868 
913 924 930 954 957 979 980 

1025 1052 1059 1072 1082 1090 1092 1098 
1126 1152 1156 1170 1183 
1218 1227 1231 1263 1264 1284 1285 1292 1296 
1335 1351 1352 1358 1377 1390 
1410 1413 1426 1468 1479 1499 
1500 1510 1515 1518 1529 1532 1548 1571 1579 1580 
1637 1653 1654 
1703 1706 1721 1729 1739 1748 1756 1765 1777 1782 
1818 1822 1829 1841 1843 1898 
1924 1959 1961 1977 

1795 
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Fig. 6. a Occurrence of lowest decile years in the ring-width index 
chronologies at one, two, or three sites, b 200-year and 100-year 
sums of low decile years computed every year. U p p e r p l o t  - three- 
site lowest decile growth years. L o w e r p l o t  - lowest decile growth 
years at both Camp Six and Giant Forest 

tain Home in A.D. 1297 and the resultant changes in the 
stand dynamics at this site. It is probable that this fire 
killed a substantial proportion of understory trees and 
perhaps overstory giant sequoia which resulted in re- 
duced competition for moisture and other resources. 
This interpretation is supported by a comparison with 
the series of frequencies of low-growth events common 
only to the other two sites, Camp Six and Giant Forest 
(Fig. 6b, lower plot). Low growth years common to 
these two sites are listed in Table lb. The shape of the 
frequency plot of low growth events at these two sites is 
similar to that for three-site events until the 1300s. 
Hence, with the exception of the A.D. 1300-1450 mini- 
mum, the periods of minima in the upper plot of Fig. 
6b are interpreted as periods of few extreme droughts 
in the San Joaquin drainage, as few as one or two per 
hundred year period. It is evident from Fig. 6a that the 
transition from almost drought-free periods to those of 
very frequent extreme droughts has, on occasion, oc- 
curred almost as a step-function, for example at around 
A . D .  700. 

D i s c u s s i o n  

Evidence from the instrumental period links three-site 
low-growth events with extreme droughts in the San 
Joaquin drainage as indicated by August PDSI values 
of -4 .0  or less. It has already been shown that giant 
sequoia low-growth years are also years of drought in- 
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ferred from low growth in moisture sensitive tree-ring 
chronologies across much of California and the interior 
West between 1601 and 1963 (Hughes et al. 1990). This 
supports the hypothesis that the extreme drought/giant 
sequoia low growth link is stable in time and not lim- 
ited to the twentieth century. Further evidence in sup- 
port of this comes from comparison with a tree-ring 
based reconstruction of precipitation in the region 
around Santa Barbara on the California coast (Mi- 
chaelsen et al. 1987). Seven of the ten driest years iden- 
tified in the Santa Barbara region from approximately 
1600 to 1985 are also three-site low-growth years in the 
giant sequoia chronologies. The tree-ring chronologies 
on which the Santa Barbara reconstruction was based 
were not included in the network referred to by Hughes 
et al. (1990). 

Treating the three-site, low-growth events as extreme 
droughts in the San Joaquin drainage, the frequency of 
such droughts has varied between 1 and 12/100 y since 
101 B.c. There have been 4 such events in the twentieth 
century through 1989, three since 1958. The mean for 
the full 2089-year period was 4.5/100y. Hence the 
twentieth century has, so far, had a slightly below-aver- 
age incidence of such droughts, whilst the period be- 
tween 1850 and 1950 had one of the lowest frequencies 
i.e. 1, in the whole record. The previous inferred mini- 
mum in extreme drought frequency was from 1600 to 
1700, none being recorded between 1580 and 1653. En- 
zel et al. (1989) report permanent water in Lake Me- 
have, 200 km south, at a roughly corresponding period, 
resulting from especially high winter precipitation in 
the San Bernardino Mountains of southern California. 
This is of interest, although there may be no relation- 
ship between the frequency of occurrence of extreme 
droughts and extreme high precipitation events. There 
were several periods since 101 B.c. during which ex- 
treme droughts were much more frequent than during 
the twentieth century. The most notable were from A.D. 
699 to 823, when there were 14 droughts in a period of 
125 years, from A.D. 236 to 377 with 11 droughts in 142 
years, and A.D. 1468 to 1580 with 11 droughts in 113 
years. Two consecutive drought years were recon- 
structed on 5 occasions, and two droughts within three 
years on a further 3 occasions. 

No similarities between this reconstructed history of 
extreme drought frequency and other late-Holocene 
paleoclimate information for this and neighboring re- 
gions (LaMarche 1974; Scuderi 1987a, b) have been 
noted. This may change as a larger set of high-temporal 
resolution climate records is established for western 
North America. On the other hand, it may be that the 
frequency of these relatively rare single year events is 
independent of longer-term changes in the climate sys- 
tem, at least within the framework of the climate regime 
of the last two millennia. Indeed, changes in drought 
frequency may be intrinsically unpredictable under 
these circumstances. Notwithstanding this, changes in 
drought frequency as great as those recorded in the an- 
nual rings of giant sequoia have considerable signifi- 
cance for human society and ecological systems in the 
region. It should be noted that there have been times 
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when  d rough t - f r ee  d e c a d e s  have  been  fo l l owed  b y  mul -  
t i - d e c a d e  p e r i o d s  o f  ve ry  f r equen t  ex t reme  d rough t .  
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