
tion, local minimization, Fourier synthesis, 
and peak picking. By observing the result- 
ing values of R(S) over the set of trials that 
have been processed, we are able to deter- 
mine whether or not a solution has been 
obtained. 

Based on experimentation with respect 
to the 28-atom, 84-atom, and 127-atom 
structures. we coniecture that the number 
of cycles of Shake-and-Bake necessary to 
determine the structures under consider- 
ation is of the order of 1.5 times the number 
of atoms in the structure. Therefore, we 
chose to oerform the aleorithm for 150 - 
cycles on both of the previously unknown 
- 100-atom structures. 

Experimentation on the 84-atom and 
127-atom structures indicates that a cost- 
effective ratio for phases to atoms is approx- 
imately 10 to 1, while a cost-effective ratio 
for triples to phases is approximately 20 to 
1, and the incorporation of negative quar- 
tets (that is, B < 0) may be unnecessary. 

The experimentation described in this 
report has been performed predominantly 
on a Connection Machine CM-5 at Think- 
ing Machines Corporation. Pertinent de- 
tails of the ex~eriments are eiven in Table - 
1. For both previously unknown structures, 
it was assumed that there were 104 atoms, 
although we subsequently found this not to 
be the case. Nevertheless, we used 104 
atoms in the procedure. Further, based on 
the 10: 1 phase to atom ratio and 20: 1 
triplet to ~ h a s e  ratio (no quartets), we 
chose to use 1,000 phases, 20,000 triples, 
and 0 quartets. Notice that in the case of 
ternatin(I), a number of reflections were 
removed from the full data set that corre- 
sponded to h indexes of 9 through 11 on the 
basis that their F/u(F) ratios were abnor- 
mally small. We chose to run the algorithm 
for 150 cycles using the 1.5: 1 cycle to atom 
ratio. Based on available computer time, 
and desiring a sufficient sample size, we 
processed 2048 initial, randomly generated 
startine structures. " 

The six solutions produced for terna- 
tin(1) had final R(@) values in the [0.45, 
0.461 range, whereas the nonsolutions had 
final R(@) values greater than 0.49. The 19 
solutions produced for ternatin(I1) had final 
R(@) values in the [0.41, 0.421 range, 
whereas the nonsolutions had final R(@) 

\ ,  

values greater than 0.46. In other words, as 
mentioned previously, R(@) is diagnostic in 
terms of detecting solutions. A visual rep- 
resentation of the convergence of a solution 
versus a nonsolution for ternatin(1) with 
respect to R(@) is shown in Fig. 3. In fact, 
based solelv on the final R(@) values. we 

\ ,  

were able to determine that after 64 trials of 
ternatin(1) a single solution was at hand, 
and that after 64 trials of ternatin(I1) there 
were two solutions. Each initial 64-trial 
experiment was performed in -70 CPU 

min on a 64-node Connection Machine diffractometer to a resolution of 0.94 A in which a 
96-step 0 - 20 scanning procedure was used. 

CM-5. It was later that we decided Crystal data: 2(C,7H,7N70,)~C,H,02, orthorhom- 
run both structures for 2048 trials for statis- bic P2,2,2,, a = 11.563(1), b = 21.863(2), c = 

tical purposes. The percentage of success 36.330(4) (numbers in parentheses are errors in 
the last digit), and Z = 4. was higher for ternatin('') 10. Crystals were grown by slow evaporation from 

than for ternatin(1). This difference may be 95% ethanol. Data were recorded in 1990 at 153 
due to the fact that there was a threefold K with CuKn radiation on a Nonius CAD4 dif- 

higher percentage of aberrant triples with fractometer to a resolution of 0.97 A in which a 
similar 0 - 20 step scan procedure was used. 

high A values for ternatin(1) as compared to Crystal data. 2(C,,H,,N,0,).H20, orthorhombic 
ternatin(I1). which more nearlv matched ~2,2,2,, a = 14.067(2), b = 16.695(1), c = 

T , , 36.'824(4) A, and Z = 4. 

the expected rate of predicted by the 11, J.-X. Yao, Acta Crystallogr. A 37, 642 (1981). 
A-values. 12. M. G. Rossmann. Ed., The Molecular Reolace- 

ment Method (Gordon and Breach. ~ e w '  York. 
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A 2000-Year Tree Ring Record of Annual 
Temperatures in the Sierra Nevada Mountains 

Louis A. Scuderi 

Tree ring data have been used to reconstructthe mean late-season (June through January) 
temperature at a timberline site in the Sierra Nevada, California, for each of the past 2000 
years. Long-term trends in the temperature reconstruction are indicative of a 125-year 
periodicity that may be linked to solar activity as reflected in radiocarbon and auroral 
records. The results indicate that both the warm intervals during the Medieval Warm Epoch 
(-A.D. 800 to 1200) and the cold intervals during the Little Ice Age (-A.D. 1200 to 1900) 
are closely associated with the 125-year period. Significant changes in the phase of the 
125-year temperature variation occur at the onset and termination of the most recent 
radiocarbon triplet and may indicate chaotic solar behavior. 

Knowledge of temperature variability on 
century to millennium time scales is impor- 
tant to understanding the magnitude of 
natural climate forcings and is critical to 
differentiating between these effects and 
those of recent anthropogenic forcings. 
There are few well-calibrated long temper- 
ature series in existence that can be used to 
reconstruct this variability. Analysis of liv- 
ing and remnant wood of foxtail pine (Pinus 

Department of Geography, Boston University, Boston, 
MA 0221 5. 

balfouriana) from the southern.Sierra Neva- 
da has yielded an absolutely dated series of 
ring widths that extends back to 1050 B.C. 
( I )  and an absolute and radiocarbon-dated 
chronology of timberline position to -4400 
B.C. (2). At the upper timberline, the 
growth of this tree is closely related to 
seasonal temperature (3-5). I used this tree 
ring record to reconstruct temperature 
anomalies for a growth season, which is 
defined as June through January. In this 
report, I analyze the century-scale variabil- 
ity in this record. 
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Fig. 1. Reconstructed June through January 
temperature anomalies for southern Sierra Ne- 
vada relative to the A D .  1 to 1980 mean The 
A.D. 1951 to 1970 reference temperature is 
0.12"C above the long-term mean 

I used a standardization approach in 
which the data are fit with an equation of 
exponential decay, G,, of the form 

G, = a ePb' + k (1) 

for year t ,  where a, b, and k are coefficients 
of the nonlinear regression function that is 
fit to the data (6). This is in contrast to the 
low-order polynomial detrending method 
(7) that was used in earlier analyses of this 
chronology (1, 8). This standardization ap- 
proach has been found to be most appropri- 
ate for open canopy stands (6), such as at 
Cirque Peak, where disturbance and com- 
petition are minimal. I corrected several of 
the comuonent series from the earlier work 
(1, 8) to reflect a cross-dating anomaly 
between A.D. 1300 and 1350 (9). 

Following standard procedures (3, 5) ,  I 
determined the optimal season for recon- 
struction with a combination of temperature 

Table 1. Calibration of the reconstruction equa- 
tion. Summary of regression results for the 
individual 25-year calibrations and of the final 
regression equation that used the entire 50 
years of data. The A.D. 1931 to 1955 recon- 
struction was verified with the use of the 1956 to 
1980 data, while that for 1956 to 1980 was 
verified with the 1931 to 1955 data. Calibration 
and verification statistics represent the percent 
of the variance that is explained by the recon- 
struction. 

Calibration (%) 65 33 50 
Verification (%) 34 64 
Reduction of error 0.10 0.25 

Risk -0.65 -0.34 
Bias -0.08 -0.17 
Covariance 0.63 0.76 

Spearman correlation 0.59 0.78 0.69 
First difference: sign test 

Correct signs 20 16 37 
Incorrect signs 4 8 12 

Regression weights 
" 7  4.55 3.227 4.26 
4 1.18 -0.698 0.14 
b3 1.89 1.140 1.69 

Frequency (cyclelyear) 

response function analysis (3, 10) and re- 
gression analysis. Response function analysis 
(I)  indicates that meteorologic conditions of 
the prior season, especially the temperatures 
in late fall and early winter, affect tree 
growth significantly at the site. Results of a 
forest-ecosystem model (FOREST-BGC) 
(I I )  support this notion and indicate that 
spring precipitation likely plays only a minor 
role in limiting growth at this site. Model 
results indicate that growth is enhanced by 
warm summer, fall, and winter tempera- 
tures. 

Photosynthesis in trees at high latitude 
(12) and high altitude (3, 13) continues 
into the fall, even though the actual cam- 
bial cell division may take place over as 
little as 4 to 6 weeks during the summer. 
This results in the production and storage of 
carbohydrates and other substances that 
will aid growth in the next year. A warm 
fall allows this storage to take place, where- 
as an early or cold fall can prevent bud 
maturation and full cuticular development 
of the needles (4). Needles with incomplete 
development are vulnerable to winter des- 
iccation. In a year of good growth, buds 
form with potential for good growth in the 
following year. The degree to which this 
potential is realized is determined by the 
conditions of the following year (12). 

Response function and multiple regres- 
sion analyses (1, 8) suggest that mean 
temperatures for June through January in 
earlier years can be usefully reconstructed 
from tree ring data from the southern Sierra 
Nevada. Positive coefficients for ring width 
up to 2 years before the growth year imply 
that lagged ring width must be included in 

Fig. 2. (A) Power spectral density 
of the Cirque Peak temperature 
sequence (1050 B.C. to A.D. 
1981). Significant century-scale 
peaks ( P I  0.05) are indicated at 
-424, 266, 176, 151, 125, and 
11 1 years. (B) Cross-spectral 
analysis of the Cirque Peak ring 
width record and AQ/Q, (1050 
B.C. to A.D. 1870). Significant 
century-scale peaks (P I 0.05) 
are Indicated at -.420, 266, 192, 
and 125 years (confidence inter- 
vals 2 u  = 215 ,  12, 11, and 7 
years, respectively). All are har- 
monics of a 2120-year fundamen- 
tal Hallstattze~t variation (19, 20). 
The -192-year period may be a 
poorly resolved expression of the 
significant -200-year period found 
in the radiocarbon record. 

the regression model. I therefore used a 
regression equation of the form 

where T, is the mean June through January 
station temperature at Giant Forest-Grant 
Grove in the southern Sierra Nevada and 
INX, is the ring width data in year t. 

Having established the potential for the 
reconstruction of average June through Jan- 
uary temperatures and determined the form 
of the regression equation, I used a cross- 
calibration and verification exercise to test 
the general form of the reconstruction - 
equation. The mean June through January 
temperature series was divided into two 
25-year periods: 1931 to 1955 and 1956 to 
1980. Then I fit Eq. 2 to one period and 
applied the derived coefficients to the tree 
growth data over the other period to give 
temoerature estimates that could be com- 
parch with the observed climate data. The 
process was then repeated with the periods 
reversed. The results (Table 1) show that 
33 to 65% of the independent temperature 
variance is recovered in the estimated data. 
For the 1956 to 1980 verification period, 
the reduction-in-error statistic (RE) was 
0.10, whereas for the 1931 to 1955 verifi- 
cation period, RE was 0.25. Values above 
zero indicate that the reconstruction ap- 
proach is useful for climate prediction (3, 
14, 15). Having shown the validity of the 
general regression model, I recalibrated the 
reconstruction equation using the entire 50 
vears of climate data. 

The reconstructed temperature series, 
which starts at A.D. 1 (Fig. I ) ,  shows that 
temperature has varied in a coherent man- 
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Fig. 3. The 50-year lin- 6 
ear trend in the Ciraue 

A I B I C I  
Peak series (hatched 1 
area). The l ist data 
point represents the 2 
trend from A.D. 193 - 
to 1980. The solid line 
represents a 125-year c 
period sine wave. Its a 
equation in region A -2 

nuities in the phase of i M M S  M 
the 125-year period are -6 . . .  . . . . . . . . , . . . . . . .  
indicated at the onset 0 200 400 600 800 1000 1200 1400 1600 1800 2000 
(-A.D. 1050) and termi- Year (A.D.) 
nation (-A.D. 1650) of 
the most recent triplet set of radiocarbon anomalies (25), which is indicated by region B and is 
described by the equation 2 cos(2~tl125 + 0.96~).  Phase remains constant during the triplet, after 
which, in region C, the graph follows 2 cos(2~tl125 + 1 .%). Events of the Maunder (M) and Sporer 
(S) types are indicated. 

ner with alternating periods of warm and 
cold over the last 2000 years. The warmest 
years were A.D. 425 (+3.57"C) and 1569 
(+3.25"C), whereas the coldest was A.D. 
685 (-3.38"C) (Table 2). The second 
coldest year, A.D. 536 (-3.13"C), corre- 
sponds to the second coldest year (- 2.0°C) 
in the Fennoscandian temperature record 
(5) and may be related to a volcanic erup- 
tion that is recorded in the acidity record 
from the Camp Century, Greenland, ice 
core and in historical records (1 6). Effects 
of volcanic eruptions have been shown to 
influence the high-frequency (< 10 years) 
portion of the Sierra Nevada temperature 
record (I). 

The dendroclimatically reconstructed 
summer temperature record from Fenno- 
scandia (5) provides an important reference 
that can be compared with the record from 
the southern Sierra Nevada. In general, 
warming and cooling temperature trends on 
all time scales are similar to those found in 
the Fennoscandia (5); however, there ap- 
pears to be a greater degree of coherence 
between the two records during intervals of 
cooling. The similarity of the temperature 
series suggests that the two regions are 
responding to similar temperature forcings 
that affect the Northern Hemisphere. How- 
ever, for the A.D. 1700 to 1900 interval, 
minor differences exist in the reconstruc- 
tions: the Fennoscandian series appears to 
lead that of the southern Sierra Nevada. 
Comparison of the Sierra Nevada data with 
a bristlecone pine series from Campito 
Mountain in the neighboring White Moun- 
tains (13, 14, 17) indicates that these two 
upper timberline chronologies are in phase 
over this same interval. During this inter- 
val, the temperature variation of the west- 
ern United States as reconstructed from a 
grid of arid site conifers (15, 18) has also 
been shown to be out of phase with that of 
Europe. Fritts (15) has shown that temper- 

atures declined in the western United 
States in the 1910s and 1920s in contrast to 
much of the remainder of the world, which 
experienced warming. This regional cool- 
ing may have been associated with large 
anomalies in air pressure at sea level over 
the North American Arctic and the North 
Pacific (15). 

Analysis of long-term trends indicates 
that there are periodic variabilities in the 
Cirque Peak temperature reconstruction. 
The power spectral density (PSD) (Fig. 2A) 
of the reconstructed temperature record 
shows significant spectral lines (P 5 0.05) 
at periods of -420, 266, 176, 151, 125, 
and 11 1 years. Although periodic variations 
may appear as the result of a number of 
processes, the similarity of these spectral 
lines with those of the radiocarbon record 
(1 9-2 1) suggests that variability in solar 
activity may underlie the temperature vari- 
ability that was recorded in the southern 
Sierra Nevada. Causal links between solar 

Table 2. Extreme temperature anomalies for indivi 

Positive 

variability and climate have been suggested 
(22); however, as noted by Stuiver et al. 
(23), the correlation between climate and 
the 14C production rate (Q) is usually weak, 
but an observable link, although unlikely to 
be found for most regions, may be observ- 
able at selected high-altitude sites. Past 
work on the spectra of the growth of high- 
altitude bristlecone pines in the neighbor- 
ing White Mountains and radiocarbon vari- 
ations (24) appears to support a connec- 
tion. 

The radiocarbon record shows signifi- - 
cant power at periods greater than 200 
years. A major long period variation in 
total solar irradiance, namely, the 2120- 
year Hallstattzeit fundamental and its har- 
monics, which include the 420-year funda- 
mental (25), may be driving climate change 
(1 9,20). The Cirque Peak record (Fig. 2A) 
reveals a similar pattern of major spectral 
lines. Many of these periodicities are har- 
monics of a 2120-year Hallstattzeit funda- 
mental. Cross-spectral analysis between the 
entire 3050-year Cirque Peak series and the 
detrended I4C production rate (AQlQ,) 
(26) (Fig. 2B) reveals the strongest line at 
-125 years, which corresponds to a pro- 
nounced 127-year peak that is in the last 
quarter of the radiocarbon record (25) and 
an -130-year peak in auroral observations 
(27). 

The importance of the 125-year period is 
best illustrated with respect to the 50-year 
temperature trend at the Cirque Peak site. 
The trend is in AT,,, the difference in 
annual temperatures that are separated by 
50 years (T,,,, - T,) (Fig. 3). A sine wave 
of the form 

that begins at to = A.D. 1 can be fit to this 

dual years and 20-year means 

Negative 

Temperature Year or Temperature Year or 
anomaly ("C) period anomaly ("C) period 

Individual year 
3.57 425 -3.38 685 
3.25 1569 -3.131-3.071-2.93 53615351541 
3.14 874 -2.87 1703 
3.03 1779 -2.85 88 1 
2.96 256 -2.83 176 
2.83 986 -2.77 794 
2.82 64 1 -2.72 1604 

20- Year mean 
1.66 1564 to 1583 -1.95 542 to 561 
1.45 408 to 427 -1.60 172 to 191 
1.42 1786 to 1805 - 1.26 1613 to 1632 
1.18 1161 to 1180 -1.23 800 to 819 
0.97 1439 to 1458 -1.22 1817 to 1836 
0.94 1314 to 1333 -1.12 941 to 960 
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temuerature Dattern. The fit can be im- 
proved significantly by adjusting the phase 
relation at the onset (-A.D. 1100) and 
termination (-A.D. 1700) of the most 
recent clusters of radiocarbon anomalies 
(triplet episode) (25). This result is similar 
to that of Stuiver and Braziunas (25), who 
found that triplet episodes in the produc- 
tion rate (AQIQ,) of 14C were modeled 
differently than those of nontriplet inter- 
vals. Damon and Jirikowic (20) suggested 
that during the Hallstattzeit variations, 
Maunder-type anomalies may be exaggerat- 
ed, which would lead to more extreme solar 
variation. Although the amplitude of the 
50-year temperature trend during the triplet 
does not increase, the phase changes signif- 
icantly at the beginning and end of the 
triplet. In the temperature reconstruction, 
the initial change of ohase occurs at -A.D. - L 

1050 and corresponds to the timing of the 
peak of the first Maunder-type event in the 
triplet (25). This triplet interval is best fit 
bv 

This phase relation is terminated be- 
tween A.D. 1650 and 1680, during the last 
Maunder-type event in the sequence. The 
phase change at the end of the triplet 
amounts to an additional 0 . 5 4 ~  (-35 
vears). Fevnman and Gabriel (28) found a , , ~, 

similar change in phase in the 88-year 
Gleissberg cycle as the sun exited the Maun- 
der minimum. They suggested that the sun 
exhibits periods of suppressed activity during 
which the phase of periodic variations is not 
conserved and that this behavior conforms 
to a chaotic solar dynamo. The appearance 
of phase changes in the 125-year period at 
the beginning and the end of the most 
recent set of major radiocarbon anomalies, 
as well as the maintenance of phase relations 
from -A.D. 1050 to the termination of the 
prior triplet type event (-200 B.C.), sup- 
ports this view and, in addition, suggests 
that the periodicities in the temperature 
reconstruction from the southern Sierra Ne- 
vada were solar-induced. The 600-year du- 
ration of anomalous phase (-A.D. 1050 to 
1650) also corresponds to the average length 
of the Hallstattzeit variation' (1 9, 20), 
whereas spectral peaks in the tree ring tem- 
perature reconstruction correspond to har- 
monics of the 2120-year recurrence inter- 
val between such events (19, 20). This 
comparison indicates that solar variability 
and climate may be closely related. In 
light of the findings (25) of significant 
power between 123 and 143 years in six of 
ten climate records (tree rings and glacier 
fluctuations) (29), it is likely that this 
solar-climate relation is at least marginally 
detectable globally. 
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Export of North American Ozone Pollution to the 
North Atlantic Ocean 

David D. Parrish," John S. Holloway,? Michael Trainer, 
Paul C. Murphy,? Gerry L. Forbes, Fred C. .Fehsenfeld? 

Measurement of the levels of ozone and carbon monoxide (a tracer of anthropogenic 
pollution) at three surface sites on the Atlantic coast of Canada allow the estimation of the 
amount of ozone photochemically produced from anthropogenic precursors over North 
America and transported to the lower troposphere over the temperate North Atlantic Ocean. 
This amount is greater than that injected from the stratosphere, the primary natural source 
of ozone. This conclusion supports the contention that ozone derived from anthropogenic 
pollution has a hemisphere-wide effect at northern temperate latitudes. 

Transport of pollutants from populated and 
industrialized continental areas affects the 
chemistv and radiation balance of the glob- 
al atmosphere (1). A pollutant of particular 
interest is ozone (03) ,  because its photolysis 
initiates the oxidizing processes in the atmo- 
sphere (2, 3). Thus, the transport of 0, from 
source regions affects the oxidizing capacity 
of the troposphere in the receptor areas. 
Additionally, 0, is an important greenhouse 
gas whose atmospheric trends are only poorly 
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known (4). Tropospheric O3 has both nat- 
ural and anthropogenic sources. The primary 
natural source is injection from the strato- 
sphere (5, 6). The anthropogenic source is 
photochemical production from precursors 
emitted by industrial and transportation 
combustion sources (7). To understand the 
budget, and hence the effects of O,, it is 
important to quantify and to compare the 
magnitude of these two sources. 

The heavily polluted eastern coast of 


