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Cool
Interval

Z Avg.**
(rank)

No. of
Years

Warm
Interval

Z Avg.**
(rank)

No. of
Years

897-902 -1.25(9) 6 1146-1155* +0.82(22) 10

987-991 -1.00(15) 5 1367-1380* +0.72(27) 14

1094-1120 -0.98(17) 27 1390-1443* +0.80(25) 44

1195-1219 -1.38(4) 25 1529-1534 +1.65(3) 6

1225-1245 -0.75(28) 21 1586-1593 +1.00 (17) 8

1258-1271 -0.84 (27) 14 1688-1698 +1.16 (14) 11

1330-1364 -1.27(7) 35 1708-1721 +1.49 (4) 14

1512-1527 -1.22(10) 16 1736-1744 +1.48(5) 9

1599-1612* -0.90(22) 14 1753-1761 +1.34 (7) 9

1636-1653* -1.83(2) 18 1777-1801* +1.24(10) 25

1661-1683 -0.98(18) 23 1932-1970 +1.20(13) 39

1763-1771* -1.12(14) 9 1974-1996 +2.19 (1) 23

1810-1825* -1.13 (13) 16

1835-1854 -1.00(16) 20

1912-1931 -1.20 (11) 20

Table 7 (cont.). Extreme Cool and Extreme Warm Intervals.
*Part or all of interval also present in Sierra Nevada Temperature Reconstructions

(Graumlich 1993; Scuderi 1993)
**Average reconstructed annual mean-maximum temperature during interval

expressed as deviations from the long-term mean.

Prior to the A.D./B.C. boundary, three extremely cool periods and five extremely

warm periods were identified. There was a 39-year warm period from 266 to 228 B.C.
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The relatively warm conditions of the 3rd and late 2nd century B.C. continued, with warm

intervals from 201 to 194 B.C. and 190 to 163 B.C. Cool intervals interrupted from 144

to 134 B.C. and 122 to 108 B.C. before another warm period from 89 to 73 B.C. The 22-

year cool interval from 43 to 22 B.C. was quite severe, the third coldest in the

reconstruction. This was followed by a fifteen year warm period (16-2 B.C.). It is rare in

this reconstruction for temperatures to approach 20th century levels. Yet, in three of the

five warm intervals before the A.D./B.C. boundary (266-228, 190-163, and 89-73),

warmth rivaled 20th century levels.

The 1st century A.D. contains no extreme temperature periods. The 2nd century

contains a late eighteen-year cool interval from 177 to 194. The 3rd century contains two

cool periods, one short (230-235), and one longer and more severe (268-279). Between

these two was a fifteen-year warm period from 238 to 252. There were early (299-311)

and mid (347-352) 4th century warm periods and a late cool period (369-381). The 5th

century contains one extremely warm period (402-410). This is the second warmest

interval in 2,262 years analyzed and temperatures actually exceed 20th century levels

during part of this interval. There was also a seventeen-year cool period in the late 400s.

The 6th century SFP record provides confirmation for a previously identified

European midcentury cool period (Baillie 1994, 1995: 91-107). This cold period shows up

in the SFP record from 532-553 as the fifth coldest interval in the record. A twenty-year

warm interval begins in the late 6th century (591-609) and continues into the first decade

of the 7th. The 7th century contains one additional warm period (673-682) between two
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cool intervals (663-669, 683-700). This eighteen-year period that closes out the century is

the coldest in the record. It is followed closely by a warm interval (706-717) and another

cool period (729-736). The 9th century contains three cool periods (804-824, 846-859,

897-902) and two warm intervals (840-845, 878-893). In contrast, the 10th century

contains only one late, five-year cool period (987-991).

The 11th century is noteworthy for the 25-year warm period from 1067 to 1091

that corresponds with local population increases. The end of the century starts a 27-year

cool period (1094-1120) followed by a mid-12th century warm period (1146-1155). This

is the last warm interval for 213 years. The 13th century is cold. There are no warm

intervals and three long cool periods (1195-1219, 1225-1245, 1258-1271). The first of

these is the most severe; it is 25 years long and the fourth coldest in the record. The mid

14th century contains the longest cool period (1330-1364), 35 years in duration and the

seventh coldest. Warmer conditions finally return with a warm period from 1367 to 1380

and an extended 44-year warm interval from 1390-1443.

The 16th century contains one early cool period (1512-1527) and two short warm

intervals (1529-1534, 1586-1593). The earlier of the two is the third warmest in the

record. The 17th century is relatively cold. There are three cool intervals (1599-1612,

1636-1653, 1661-1683) and one late warm period (1688-1698). The 1636 to 1653 cool

period is the second coldest in the record. The 18th century, on the other hand, is

relatively warm. There are four warm intervals (1708-1721, 1736-1744, 1753-1761, 1777-

1801) and only one cool period (1763-1771). Colder conditions return in the 19th century.
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There are no warm intervals and two cool periods. The 1810 to 1825 interval is a known

cold period that corresponds to the volcanic eruption of Tambora in 1815 (Stothers 1984)

and another eruption in 1809 from an unknown source (Dai et al. 1991). In eastern North

America and northwestern Europe 1816 is well known as the "year without a summer"

(Harrington 1992). In the SFP record there is an additional mid-century cool interval

(1835-1854). The 20th century contains an early cool period (1912-1931). Fritts (1991)

has also shown that temperatures declined in the western United States in the 1910s and

1920s. Extreme warmth characterizes the last two-thirds of the century. Two warm

intervals are separated by only three years (1932-1970, 1974-1996) and could be

considered a single period. The latter is the warmest in the record and has continued

through the end of the century.

Although there are no other millennial length temperature reconstructions from the

Colorado Plateau to compare to our record of extreme warm and extreme cool intervals,

comparison with two long tree-ring based reconstructions from the Sierra Nevada of

California is possible. Scuderi (1993) listed the six coldest and warmest twenty-year

periods between A.D. 1 and 1980. Four of the six coldest and three of the six warmest

overlap with coinciding extreme periods in the SFP reconstruction. Similarly, Graumlich

(1993) identified five extreme cold and extreme warm twenty-year intervals between A.D.

800 and 1988. Three of the five coldest and two of the five warmest overlap with like

extreme periods in the SFP reconstruction.
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Changes in Variance

We took the same approach to explore the variance structure of temperature as

that taken in the precipitation analysis. An overlapping 25-year running variance of the

temperature reconstruction was computed. The result is a smoothed time series of

running-variance from 254 B.C. to A.D. 1984 (Figure 9) that expresses variability in 25-

year periods. Extreme low variance (LV) and high variance (HV) periods were identified

using the 25-year running variance in the same manner as in the precipitation analysis.

These are presented in Table 8 along with the average reconstructed temperature (sd) for

each HV and LV interval. Nineteen HV and eight LV periods were detected. In general,

the IIV periods are shorter than LV periods. The average length of an HV period is 24

years and they range from seven to 84 years. For LV periods, the average is 53 years, and

they range from 21 to 90 years. IIV intervals are more often associated with relatively

warm conditions and LV intervals with relatively cool conditions, although there are

several exceptions to this pattern.

Before the A.D./B.C. boundary, five high variance periods and no low variance

periods were discovered. Three HV periods (254-227 B.C., 176-152 B.C., 84-65 B.C.)

are associated with warm conditions and two (133-114 B.C., 52-25 B.C.) with cool

conditions. The first LV period occurs from A.D. 74 to 152. The 3rd and 4th centuries

contain only IIV periods (229-251, 257-263, 293-302, 393-417) and average to warm

temperatures. The 5th and 6th centuries are relatively predictable with two LV periods

(468-521, 561-581). The situation reverses in the 600s with two HV periods (614-630,
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666-708). This latter interval encompasses the change from relative warmth in the 670s.

Table 8. Intervals when Variability in Temperature was either Low or High.

Low
Variability

No. of
Years

T
sd*

High
Variability

No. of
Years

T
sd*

AD 74-152 79 -0.32 254 BC-227 BC 28 +1.55

468-521 54 -0.13 176 BC-152 BC 25 +0.47

561-581 21 -0.23 133 BC-114 BC 20 -0.47

740-829 90 -0.16 84 BC-65 BC 20 +0.84

926-976 51 +0.22 52 BC-25 BC 28 -1.09

1034-1065 32 +0.08 AD 229-251 23 +0.57

1156-1186 31 +0.26 257-263 7 -0.03

1439-1507 69 -0.19 293-302 10 +0.39

393-417 25 +0.70

614-630 17 +0.13

666-708 43 -0.60

886-894 9 +0.40

1360-1369 10 -0.25

1519-1535 17 -0.05

1631-1659 29 -1.03

1679-1694 16 +0.10

1699-1782 84 +0.41

1798-1813 16 +0.08

1960-1983 24 +1.48

*Average reconstructed temperature in standard deviation units during period.
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to the coolness of the 680s and 690s and back to relative warmth in the early 700s. In the
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mid 8th century a long LV period begins that persists for 90 years (740-829). A short HV

period in the late 9th century (886-894) is the last HV period for almost five centuries.

The 10th, 11th, and 12th centuries each contain a single LV period (926-976,

1034-1065, 1156-1186) and no HV periods. Unlike the earlier LV periods, the average

reconstructed temperature during these three is above normal. These are the only

predictably warm intervals in the length of the record. ITV conditions return for the first

time in 467 years from 1360 to 1369. The last LV period in the record is the 69-year

interval from 1439 to 1507. In the last 490 years of the reconstruction there are six HV

periods: one in the 16th century (1519-1535), two in the 17th century (1631-1659, 1679-

1694), one lengthy interval in the 18th century (1699-1782), one in the 19th (1798-1813),

and one in the 20th (1960-1983). The last four are associated with greater than normal

temperatures.

A temperature reconstruction for the Sierra Nevada and Owens Valley of

California (Crraybill and Funkhowser 1999) contains many of the same low frequency

features as the SFP reconstruction in both deviations from the mean and in diachronic

changes in variability. Figure 10 is a visual summary of the temperature analyses. Included

on a single plot are the smoothed temperature reconstruction, warm and cool intervals,

warm and cool individual years, and periods of high and low variance.

INTEGRATING RECORDS OF PAST PRECIPITATION AND TEMPERATURE

A central component of this study is the concept that an enhanced picture of
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Figure 10. Summary of temperature analyses (266 B.C.-A.D. 1000)
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climatic variation can be obtained from combining information from upper elevation tree

growth sites with information from lower elevation sites. The previous sections have

shown that there were many individual years and periods in the past when precipitation

and temperature were well above or well below the long-term mean. By combining the

two sets of data, it is possible to identify years and intervals in the past when climatic

conditions were: cool/dry, cool/wet, warm/dry, and warm/wet. For these analyses only the

period during which the chronologies overlap, A.D. 570-1988, is considered.

Single Years

Only a few individual years in the length of the record are extreme in both

precipitation and temperature. The year 1121 is problematic. In the precipitation

reconstruction, 1121 was identified as an extremely dry year. In the temperature

reconstruction, 1120 was identified as an extremely cool year. Because of the lagged

model, a reconstructed extremely cool year in 1120 results from narrow SEP tree-rings in

1121. This suggests two possibilities, neither of which would have been beneficial for local

populations. Either 1120/1121 was an extreme cool/dry sequence or the 1121 drought

was locally severe enough that it adversely impacted the high elevation bristlecones whose

growth is not normally limited by moisture deficits. A cross-check of individual extreme

climatic years (Tables 3 and 6) reveals no other years with extremely narrow rings at both

low and high elevations. Also, in the length of the record, there are thirty-one years with

more severe low elevation drought than 1121. In none of these years did SEP bristlecone
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exhibit extreme low growth. This suggests an 1120/1121 cool/dry couplet as more likely.

A similar situation to 1120/1121 occurs in 898/899. A.D. 899 is an extremely high

precipitation year and also a year when SFP tree-rings are narrow, resulting in an

extremely cool year being reconstructed in 898. Either the high precipitation of 899

adversely impacted bristlecone pine growth due to the amount of and duration of

snowpack on the Peaks or 898/899 was an extreme cool/wet sequence. For reasons

similar to those discussed in the 1120/1121 situation, the latter explanation seems more

likely. Just one instance of overlap in extremely cool and extremely wet individual years

occurs. 804 is reconstructed as a high precipitation year and as an extremely cool year.

1720 is the only year that is both an extremely warm and extremely wet year. Extremely

warm and extremely dry years are reconstructed in 1956 and 1977.

Cool/Dry, Cool/Wet, Warm/Dry, and Warm/Wet Intervals

The different climatic combinations of cool/dry, cool/wet, warm/dry, and

warm/wet affected local populations in distinct ways. Through the varied elevations

transected by the U.S. 89 project, productive agricultural areas either expanded or

contracted with changing climatic conditions. Warm/wet intervals would offer a wide

agricultural belt. Expansion could occur both in the uplands, due to the warmth, and in the

lowlands due to the wetness. In contrast, cool/dry intervals would present fewer land use

options. Such conditions would grant a narrower ribbon of productive farm land with

contraction from both the uplands and the lowlands. Cool/wet intervals would favor
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lowland agriculture with contraction from the uplands and expansion toward the lowlands.

Agricultural productivity during warm/dry periods, on the other hand, would benefit from

the use of the higher elevation zones (see Petersen 1988 for a similar approach that

focuses on latitudinal rather than elevational changes).

Figure 11 is a time-series plot of the smoothed temperature reconstruction

superimposed on the smoothed precipitation reconstruction. Also included are horizontal

bars that identify the extreme low and high intervals for both climatic variables identified

earlier (Tables 4 and 7). The periods when the bars overlap represent intervals when

extreme conditions occur in both temperature and precipitation. The cool/dry, cool/wet,

warm/dry, and warm/wet intervals longer than one year are presented in Table 9.

In total, 42 intervals were identified in the 1,419-year period of record including

eleven cool/dry, twelve cool/wet, ten warm/dry, and nine warm/wet periods. The duration

of the intervals ranges from fifteen to two years. The average duration for cool/dry and

warm/wet periods is six years, whereas the duration for cool/wet and warm/dry intervals is

seven and eight years, respectively.

Cool/dry conditions would have been particularly difficult for high elevation non-

irrigation agricultural communities. These conditions occur for short durations twice in the

7th century (663-664, 696-700) and once in the early 10th century (900-902). In the late

11th century cool/dry conditions persist for eight years (1094-1101). This could have been

a difficult adjustment period for local populations as it follows a 1077 to 1084 warm/wet

interval. The relatively cold 13th century contains a single five year cool/dry period (1215-
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1219), the 14th century has two (1347-1355, 1360-1364), and the 16th and 17th centuries

have one each (1517-1527, 1667-1671). Two seven-year cool/dry periods are present in

the 19th century (1818-1824, 1842-1848). There are no cool/dry intervals in the 8th, 9th,

12th, 15th, 18th, or 20th centuries. As there has not been an extreme cool/dry period since

the 1842 to 1848 interval, there is no analog in the modern instrumental record for this

climatic combination.

Table 9. Cool/Dry, Cool/Wet, Warm/Dry, and Warm/Wet
Extreme Intervals from AD 570 to 1988.

Cool/Dry D Cool/Wet D Warm/Dry D Warm/Wet D

663-664 2 683-695 13 706-717 12 1077-1084 8

696-700 5 729-732 4 1090-1091 2 1370-1380 11

900-902 3 804-806 3 1390-1395 6 1427-1434 8

1094-1101 8 852-859 8 1435-1443 9 1688-1695 7

1215-1219 5 1268-1271 4 1529-1533 5 1720-1721 2

1347-1355 9 1330-1334 5 1586-1593 8 1743-1744 2

1360-1364 5 1512-1514 3 1736-1742 7 1758-1761 4

1517-1527 11 1640-1647 8 1753-1757 5 1792-1799 8

1667-1671 5 1677-1683 7 1778-1790 13 1983-1988 6

1818-1824 7 1763-1771 9 1951-1964 14

1842-1848 7 1835-1840 6

1912-1926 15

D = Duration of interval in years.

Cool/wet conditions are the most common type identified. They occur once each in

the 7th and 8th centuries (683-695, 729-732) and twice in the 9th (804-806, 852-859).
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Interestingly, after 859 there is a hiatus of extreme cool/wet circumstances for 410 years.

Such conditions return in the mid 13th (1268-1271) and 14th (1330-1334) centuries.

There was a short single cool/wet period in the 16th (1512-1514) century, two in the 17th

(1640-1647, 1677-1683), and one period each in the 18th, 19th, and 20th centuries (1763-

1771, 1835-1840, 1912-1926).

The 1950s drought in the Southwest provides a nice modern analog for extreme

warm/dry conditions. Such conditions occur once in the early 8th century (706-717) and

then again briefly 374 years later in the late 11th century (1090-1091). There is a 300 year

hiatus in extreme warm/dry circumstances, which do not return until the late 14th century

(1390-1395). There is one warm/dry period in the 15th century (1435-1443), two in the

16th (1529-1533, 1586-1593), three in the 18th (1736-1742, 1753-1757, 1778-1790), and

one in the 20th century (1951-1964).

Warm/wet intervals were the least common type recognized. The first one

identified is in the late 11th century (1077-1084). The next was 287 years later in the late

14th century (1370-1380). The 15th and 17th centuries contain one warm/wet period each

(1427-1434, 1688-1695). Six of the nine warm/wet periods occur after 1688 including

four in the 18th century (1720-1721, 1743-1744, 1758-1761, 1792-1799). The final

warm/wet interval identified in the reconstructions is the one we are currently

experiencing.



86

Comparing Changes in Variance

Intervals of high or low variance in precipitation and temperature were compared for

periods of overlap (Figure 12, Table 10). A total of eleven overlapping intervals were

discovered. They range in duration from five to 58 years. Four periods were determined

with high variance in both temperature and precipitation (617-630, 887-894, 1725-1782,

1795-1805) and four with low variance in both climatic variables (745-755, 1034-1039,

1180-1186, 1440-1471). Two intervals had high variability in temperature and low

variability in precipitation (704-708, 1360-1369). A single period (793-822) displayed

high variability in precipitation and low in temperature.

Table 10. Periods when Variability in Precipitation and Temperature Overlap

HV Both D LV Both D 1W-T
LV-P

D HV-P
LV-T

D

617-630 14 745-755 12 704-708 5 793-822 30

887-894 8 1034-1039 6 1360-1369 10

1725-1782 58 1180-1186 7

1798-1805 8 1440-1471 32

HV= High Variability
LV= Low Variability

-T = Temperature
-P= Precipitation

D= Duration of interval in years.

From Figure 12 it is apparent that there are long periods when the variance

structure of both climatic variables is dominated by either HV or LV intervals. From 1100

to 1500 low variance prevailed and there was a nearly complete absence of HV intervals.
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From 1600 to 1900 high variability and a lack of LV intervals was the norm with a long

period of temperature and precipitation HV overlap in the 18th century.

SUNSET CRATER ERUPTION

The agriculturally beneficial effects of the ashfall from the AD. 1060s Sunset

Crater eruption, primarily due to the moisture retention and fertilization qualities of

volcanic cinders, have long been suggested as a catalyst for population increase and

culture change in the Flagstaff area (Colton 1946). To investigate the potential effects of

this eruption on local populations, we compared Flagstaff area tree growth with tree

growth from nearby areas unaffected by the eruption. Also, in light of the reconstructed

temperature and precipitation analyses, we scrutinized the climatically interesting second

half of the A.D. 1000s in more detail.

Figure 13 is a time-series plot of precipitation sensitive tree-ring chronologies from

Flagstaff and five surrounding areas during the 11th century. In general, there is a high

degree of agreement among the six chronologies. The absence of an abrupt positive or

negative departure in Flagstaff area tree growth from that of nearby areas has three

implications. First, the chronologies provide no hint as to the timing of the eruption.

Second, there was no 1060s ashfall-induced surge in Flagstaff tree growth suggesting that

tree growth was not enhanced through moisture retention from ashfall. Finally, the spatial

coherence of the 1067 extremely dry year make it clear that this was a regional drought

year and that extremely low Flagstaff area tree growth during this year was independent of
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Sunset Crater effects. In fact, most of the very low growth years are evident in all the

chronologies and are indicative of regional dryness.

The earlier climatic analyses disclose a twenty year midcentury wet interval ending

in 1066 and followed by the extreme drought year in 1067. Following the 1067 drought,

all of the tree-ring chronologies recover quickly to average or above average values

except the chronology from the Coconino Plateau. This suggests that conditions to the

west of Flagstaff may have remained dry into the mid 1070s while they turned wet

elsewhere, especially to the east. In the climatic reconstructions, the eight-year 1077 to

1084 warm/wet period followed. For this period, high tree growth (wet) is more

pronounced in the Flagstaff area than in neighboring areas and there are some low growth

(dry) years in the 1080s in surrounding areas that are absent from the Flagstaff and

Coconino chronologies (Figure 12). Warm conditions persisted, but switched to a two

year extreme warm/dry period from 1090 to 1091. The chronologies north and east of

Flagstaff also exhibit low growth (dryness) during this two year period. This was followed

closely by an interval when dry conditions persisted, but the warmth was replaced by cold

in the ensuing 1094-1101 cool/dry period. During this interval, the chronologies to the

north, south, and east followed Flagstaff with low growth (dry), while Coconino, to the

west, diverged with high growth (wet).

Our data suggest that, in the mid to late 11th century, the Flagstaff area would

have been ripe for population increases spurred by climatic conditions independent of the

Sunset Crater eruption. The 1047-1066 wet interval, while regional in spatial scale, was
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pronounced in the Flagstaff area and may have led to in situ population growth and

expansion. This wet interval overlaps with a period of above average temperatures and

extremely low variability in temperature (1034-1065). This adds thermal predictability and

a lack of extremes to a midcentury wet scenario. The quick recovery from the 1067

drought sustained favorable conditions locally and may have encouraged immigration.

There was a 25-year extremely warm period from 1067 to 1091. The 1077 to 1084

extreme warm/wet interval, in particular, offered unprecedented climatic conditions for

high elevation agriculture while some neighboring regions were suffering from localized

dry spells.

FROST RING RECORD

Frost rings are tree rings that have been damaged by cold. They form during

occasional circumstances when the growing season is disrupted by the intrusion of

prolonged subfreezing temperatures. The anatomical damage within the annual ring is

caused by intercellular ice formation (Glerum and Farrar 1966) and leaves a permanent

record of the cold event within a thin layer of wood in certain tree species. It has been

suggested that at least two nights of subfreezing temperatures during the growing season

are required for frost ring damage to occur (Glock 1951). If the cold event occurs during

the first part of the growing season the frost damage is in the earlywood (larger, thin-

walled cells) of the ring of that year; if the cold event occurs during the latter part of the

growing season the frost damage is in the latewood (smaller, dark, thick-walled cells) of
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the ring of that year. In addition to their ability to record cold events, frost rings are useful

to dendrochronologists as "marker" rings in crossdating samples.

Some rings in the high elevation San Francisco Peaks bristlecone pine trees contain

frost damage. As the damage is primarily in or near the latewood, most of the cold snaps

are thought to be late summer or early fall events. The growing season for high elevation

Pinus aristata in the Rocky Mountains is thought to be from late June to late August or

early September (Brunstein 1996; LaMarche and Stockton 1974). Our fieldwork suggests

a similar growing season in the Peaks. The 1965 latewood SFP frost ring, which also

occurred in subalpine bristlecone pine trees in California, Nevada, and Colorado, is

thought to have been formed during a severe cold snap on September 16th and 17th. A

1902 earlywood event in the Snake Range of Nevada is thought to have occurred during

the first week of July (LaMarche and Hirschboeck 1984).

The frost ring record for the SFP bristlecone is presented in Table 11. Frost rings

were detected in 73 different years. Some were relatively minor and found only in a single

specimen; others were more severe and found in most of the trees sampled for a given

year. Sixty-seven of the events were recorded in or near the latewood (late summer/early

fall), while only six were recorded in the earlywood (spring/early summer). The earlywood

events tend to cluster: three in the mid 400s (435, 443, 449) and two in the early 1600s

(1615, 1625). The other is in 896 and precedes the 897-902 cold interval.

No frost rings were found in the earliest 621 years of the chronology. The earliest

latewood frost-ring is in 43 B.C. This may be due to fewer available samples in the earlier
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part of the chronology but could also indicate conditions unfavorable for frost ring

formation during this period.

Table 11. The San Francisco Peaks (SFP) Frost Ring Record.

Year TRI Comments

43 BC ab 1.20 Very Strong; Precedes Cold Interval: 43-22 BC

AD 268' 1.13 Precedes Cold Interval: 268-279

322 0.79

393' 1.05

411 1.30 Follows Warm Interval: 402-410

435' 0.98 Group of mid 5 ffi C. earlywood frost rings

443 0.92

449' 1.14

469 0.96 Precedes Cold Interval: 470-486

479 0.85 Within Cold Interval: 470-486

484' 0.97 Within Cold Interval: 470-486

497 0.83

522 1.08

536' 0.78 Within Cold Interval: 534-553

541 0.75 Within Cold Interval: 534-553

627' 0.47 Very Strong; Extreme Cold Year

681 0.76 Precedes Cold Interval: 683-700

687b 0.41 Within Cold Interval: 683-700; Extreme Cold Year

694 0.50 Within Cold Interval: 683-700

743 0.96
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Year TRI Comments

796 1.06

849 0.85 Within Cold Interval: 846-859

858 0.69 Within Cold Interval: 846-859

889 1.14 Within Warm Interval: 878-893

896' 1.12 Earlywood; Precedes Cold Interval: 897-902

904 1.07 Follows Cold Interval: 897-902

909 1.10

918 0.89

934 1.36

950 1.02

956 1.01

972 1.20

973' 1.11

982 1.38

1004 1.08

1041 1.16

1057 0.95

1076 1.22 Within Warm Interval: 1067-1091

1092 1.26 Precedes Cold Interval: 1094-1120

1101 0.86 Within Cold Interval: 1094-1120

1109 0.76 Within Cold Interval: 1094-1120

1171 1.15
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Year TRI Comments

1329' 1.08 Precedes Cold Interval: 1330-1364

1356 0.79 Within Cold Interval: 1330-1364

1358 0.70 Within Cold Interval: 1330-1364

1408' 1.18 Within Warm Interval: 1390-1443

1417 1.16 Within Warm Interval: 1390-1443

1422 1.18 Within Warm Interval: 1390-1443

1453e 0.97

1472 1.07

1490' 1.06

1544 1.19

1569 0.89

1595' 1.04 Follows Warm Interval: 1586-1593

1615''' 1.01 Earlywood

1625' 0.97 Earlywood

1640" 0.79 Within Cold Interval: 1636-1653

1651 0.74 Within Cold Interval: 1636-1653

1680" 0.64 Within Cold Interval: 1661-1683; Extreme Cold Year

1702 0.79

1712 1.40 Within Warm Interval: 1708-1721

1732" 1.17

1748' 0.78

1761 1.29 End of Warm Interval:1753-1761; Precedes Cold Interval 1763-
1771

1810 0.94 Beginning of Cold Interval: 1810-1825
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Year TRI Comments

1828' 1.07

1882' 1.17

1884b 0.76 Very Strong

1923 0.76 Within Cold Interval: 1912-1931

1941'1' 1.18 Within Warm Interval: 1932-1970

1965' 1.32 Very Strong

Our date of 43 B.C. is a calendar date. This same frost ring is reported in other locations

(Brunstein 1996; LaMarche and Hirschboeck 1984) asoccurring in -42, the tree-ring

chronology date. This one-year discrepancy is due to the fact that, for statistical purposes,

tree-ring chronologies contain a zero year while the historical calendar does not; thus,

reported tree-ring dates before the A.D./B.C. boundary often follow historical calendar

dates by a year.

We compared the frost ring record with the periods of extreme reconstructed

climate listed in Tables 3-9. A frost ring year was considered to be associated with an

extreme climate interval if the frost ring was formed during the interval or within two

years of the beginning or ending date of the interval.

Brunstein (1996) found that in Colorado, years with bristlecone pine latewood

frost rings were years with colder than normal summer temperatures and shorter than

average growing seasons. Cool overall temperatures can contribute to frost ring formation

by delaying the onset of cambial growth at the beginning of the growing season and
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delaying cell maturation at the end of the growing season, making such trees vulnerable to

the onset of early freezes (LaMarche and Hirschboeck 1984). We found that SEP frost

rings are often produced during cold intervals; however, they can form in varied climatic

scenarios. Of the 67 SEP latewood frost rings, 27 (40%) are associated with reconstructed

extreme cold intervals. Ten (15%) are associated with reconstructed extremely warm

conditions, and 30 (45%) are independent of reconstructed extreme temperatures.

The latewood frost rings are not disproportionately affiliated with periods of high

or low variance in either temperature or precipitation. They also seem to occur

independently of precipitation regimes. They form during both extreme wet and extreme

dry periods with fourteen (25%) of the 55 post A.D. 570 latewood frost rings associated

with extreme wet intervals and thirteen (24%) with extreme dry intervals. Eight frost rings

are associated with extreme cool/wet periods, four with cool/dry periods, and one each

with warm/dry and warm/wet intervals.

As frost rings can form under varied climatic scenarios, caution is urged in their

interpretation. All that is required is a cold snap sometime during the growing season.

However, frost rings that formed during reconstructed cold intervals offer some

corroboration for the accuracy of these portions of the reconstructions, and they also

reinforce the idea that many frost rings occur during periods when overall climate

conditions are cooler than normal. The cold interval frost rings tend to be more severe

than the other frost rings. They affect more samples and cause more internal cellular

damage.



98

Frost ring formation during warm intervals is somewhat counterintuitive and

unexpected. While this occurred ten times in the record, the damage is usually slight, and a

lower percentage of trees is affected. We favor an explanation where unusually warm late

summer or early fall daytime temperatures extend the growing season. Trees whose

growth is prolonged at the end of the growing season are more susceptible to sudden

occurrences of subfreezing temperatures as the season progresses. The cold events

responsible for warm period frost rings are usually less intense than those responsible for

frost rings formed during cold intervals.

CONCLUSIONS

Three periods in Flagstaff area prehistory are thought to have been times of acute

shifts in settlement. These include the initial occupation of the area and the period of

abandonment. Conditions during the third, a period of population increase in the mid-llth

century, are discussed in the Sunset Crater section above. We offer the following guideline

of general climatic conditions in the Flagstaff area for the times of initial occupation and

abandonment of the Flagstaff area. We do not claim that these environmental conditions

caused culture change, but provide them as a background within which to place the

existing social groups at the time of settlement shifts.

Before this project, the initial occupation of the Flagstaff area was thought to be

around A.D. 700 or 750. It is now thought to be somewhat earlier. From a climatic

perspective an 8th century occupation makes sense, as it follows late 7th century cool/dry
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conditions unfavorable for high elevation dryland farming. Of particular relevance is the

number one ranked cool interval (683-700) in the record, which is punctuated by three

associated frost rings. There is also a long dry period from 696 to 724. Prior to 683,

generally favorable conditions existed from 572 to 612, 618 to 660, and 670 to 682.

Conditions after 758 are generally favorable also, without extreme cold until the early

800s and without cool/dry until 900. Also noteworthy is a long period of low variance in

temperature from 740 to 829.

It is difficult to pinpoint a single environmental factor as leading to the

abandonment of the region, rather, we suggest that high elevation agricultural conditions

were generally poor for some time prior to the evacuation of the population. Cold

conditions began to dominate around 1195 and lasted through 1271; in fact, there is a

complete lack of reconstructed warm intervals between 1155 and 1367. Also, the last

decade of the 1200s was a dry interval, but dry conditions go well beyond the "Great

Drought". In the 102 year period from 1167 to 1268 there is only one eight year

reconstructed wet period. In addition, precipitation was repeatedly below average during a

46-year period of low variance from 1180 to 1219. Favorable conditions return briefly

around 1325 and then again in the mid 1360s.
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APPENDIX B

A 2100-year comparison of reconstructed temperature from tree-rings,
frost damaged rings, and explosive volcanic eruptions

This paper will be submitted to the journal Geophysical Research Letters

Introduction

Some tree-ring studies have shown the frequency and magnitude of large explosive

volcanic eruptions to influence not only interannual, but also decadal and multidecadal

scale temperature variability (Scuderi, 1990; Briffa et al., 1998). Large volcanic eruptions

disrupt general atmospheric circulation, and there may be regional-scale and seasonal

patterns of temperature decreases or increases (Lough and Fritts, 1987). Evidence from

the 20th century suggests that volcanic effects on temperature are relatively small (Sear et

al., 1987); however, many proxy records of temperature from past centuries demonstrate

greater effects (Jones et al, 1995). This discrepancy may be partly due to the

superimposition of 20th century volcanic effects on an atmosphere already influenced by

the industrial greenhouse effect. It is well known that explosive volcanism modulates

tropospheric temperatures to some degree by increasing the stratospheric aerosol load

which effectively reduces solar radiation receipts (Lamb, 1970; Rampino and Self 1984).

Less well known is the extent to which explosive volcanism has influenced temperature
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variability on decadal scales over the last two millennia. Also uncertain are the eruptions

that were the most climatically effective and the magnitude of the consequent temperature

decreases. Uncertainty increases in the early part of the record as the resolution, reliability,

and completeness of both the temperature records and the volcano records degrade with

time.

The historic record provides some clues regarding the timing and severity of many

past eruptions (Newhall and Self, 1982; Simkin and Siebert, 1994). In many cases

however, the historic record is unsatisfactory. Fortunately, a relatively well dated proxy

record exists. Large volcanic eruptions produce extensive amounts of SO2 gas which is

converted to sulphuric acid aerosol and deposited globally. Acidity and sulphate data from

annual layers in ice cores provide a proxy record of past volcanic activity (Hammer et al.,

1980; Moore et al., 1991; Zielinski et al., 1994; Langway et al., 1995; Clausen et al.,

1995; Zielinski 1995, Cole-Dai et al., 1997). These annual archives produce dates with

resolution nearly to the calendar year, with the associated dating error increasing with

depth.

Tree-ring chronologies from the montane upper treeline, where growth is most

limited by temperature, can be used as proxy records of temperature (LaMarche, 1974a;

Scuderi, 1990; Salzer, 2000). When the records of known eruptions and ice core recorded

eruptions are compared to the tree-ring record of paleotemperature, the impact of past

eruptions on temperature can be assessed. In addition, the climatic effects of large

eruptions have been linked to cellular damage (frost-rings) in high elevation conifers
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(LaMarche and Hirschboeck 1984). When these frost damaged tree-rings are

dendrochronologically dated to the calendar year they can be used to confirm cold weather

outbreaks during that year and to suggest timing for eruptions with unknown or less

resolved dates.

This study uses a calibrated and verified reconstruction of annual mean-maximum

temperature generated from northern Arizona tree-rings spanning the period from100 BC

to AD 1996 to investigate the link between decadal scale temperature decline and

explosive volcanism. Anomalous cool intervals revealed in the temperature reconstruction

are compared to the historic record of past large explosive volcanic eruptions, the record

of eruptions inferred from Greenland and Antarctic ice core data, and the frost-ring record

to evaluate the effect of past eruptions on temperature.

Data and Methods

Upper-treeline bristlecone pine (Pinus aristata), whose ring-width variability is a

function of temperature, were sampled in the San Francisco Peaks (SFP) of northern

Arizona at approximately 3536 m elevation, where temperature is most limiting to growth.

Core samples from living trees, standing dead trees, and sawed cross-sections from

subfossil logs were collected. Standard dendrochronological procedures using both

graphical and statistical crossdating techniques ensured exact year assignment to each

individual tree-ring (Stokes and Smiley 1968; Holmes 1983). Crossdating the deadwood

samples with the living tree specimens extended the chronologies back in time. The
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individual growth rings of each sample were measured to the nearest 0.01 mm. The

measured series were converted to standardized tree-ring indices by fitting a modified

negative exponential curve, a straight line, or a negatively sloped line to the series; this

process removes the age/size related growth trend and transforms the ring-width

measurement values into ring-width index values for each individual ring in each series

(Fritts 1976). To create the mean site chronology, the annual standardized indices of tree

growth were averaged. The chronology exhibits strong sample depth through time, which

ensures that reconstruction accuracy is not diminished in the earlier portion of the

chronology (Wigley et al. 1984). In total, 234 series (130 trees) were used. The sample

depth peaks at 66 series in AD 1100 and in 1350; 58 series reach back to AD 1000, 22 to

AD 500, and 9 to 100 BC.

The reconstruction calibration uses Fort Valley Experimental Research Station

climate data from an elevation of 2239 m, at a distance of-4.5 km from the tree-ring sites,

and spanning the period 1909-1994. The tree-ring chronology correlated most

significantly and positively with monthly mean-maximum temperatures. Net

photosynthesis in upper treeline pines is most influenced by the length of the warm season

and daily maximum temperatures (Tranquillini, 1964; Schulze et al., 1968; Mooney et al.,

1966). The period from January through December prior to the growth year is the interval

when mean-maximum temperatures have the most significant effect upon tree growth.

Radial growth of the stem in bristlecone pines depends on reserves of stored food

produced during earlier periods (Fritts, 1969; LaMarche, 1973; LaMarche and Stockton,
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1974). Monthly mean-maximum values for this period were averaged for the years 1909

to 1994 to create the final climate series used in reconstructing annual mean-maximum

temperature. A linear regression equation was generated from the period of data overlap;

this retrodicts past temperatures for the length of the tree-ring chronology. The regression

model uses a lagged relationship where mean-maximum annual temperature at year (t-1)

can be reconstructed from tree-ring index at year (t). The chronology explains 46% of the

variance in the temperature data over the 1909 to 1994 calibration period. Validation was

done with the PRESS (Weisberg 1985) method. Crossvalidation statistics indicate a

successful reconstruction, and residual analysis does not indicate any violations of model

assumptions. The temperature reconstruction captures the low-frequency variability, with

the decadal-scale swings in temperature successfully mimicked by the tree-ring

chronology. This low frequency correspondence between high elevation tree-ring

chronologies and temperature is consistent with the work of others (LaMarche, 1974b;

LaMarche and Stockton, 1974; Crraumlich, 1993; Scuderi, 1993).

From the temperature reconstruction, 28 anomalous cold intervals were identified

using a ten-year smoothing spline. These periods are between five and 50 years in length

and diverged from mean conditions by at least 1.1 standard deviation. Decadal scale

variability has been emphasized for several reasons. First, it is intrinsic within the data set.

Second, Briffa et al. (1998) have shown that eruptions can reduce hemispheric

temperatures on decadal and multidecadal timescales. Third, numerous studies document

climate variability on decadal scales in both the instrumental records (Cayan et a/.,1998;



Dettinger et a/.,1998) and tree-ring records (Fritts, 1991; Dettinger et al., 1998). Further,

historic records have shown the climatic effects of large or multiple eruptions to continue

for many years after the event(s). For example, Chinese records indicate six consecutive

failed harvests and widespread famine after the large eruption in the 1 century BC;

German and Scandinavian histories recount at least nine consecutive years of crop damage

after the 1453 eruption of Kuwae in the South Pacific (Pang, 1993).

Results

There is a strong correspondence among the 28 reconstructed cold periods, frost-

damaged rings, and large explosive volcanic eruptions (Fig. 1, Table 1). Of the 28 cold

intervals, 19 can be matched with known eruptions with a Volcanic Explosivity Index

(VEI) value of � 4, including 12 of 13 since AD 1000. Twenty-one of the 28 cold intervals

correspond to volcanic signals in ice cores, including all 13 of the cold periods since AD

1000. Only seven of the identified cold intervals do not correspond to either a known

eruption with a VEI �4 or an ice core signal from Greenland or Antarctica (Table 1). All

of these are before AD 1000, when the volcanic and ice core records are less reliable.

Frost-rings are evident in 24 of the 28 intervals, including four of the seven that do not

correspond to a known eruption or ice core signal; this suggests the possibility of

unknown, unrecorded eruptions. Many of the earlier cold periods could have been

tentatively matched with poorly dated eruptions, but this was avoided due to the large

dating uncertainties in the volcanic history. Note that those eruptions dated with less than
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A = Well Dated Large Explosive Volcanic Eruptions (Simkin and Siebert, 1994)
o = Frost-Rings in Bristlecone Pine in Arizona and Colorado

(Salzer, 2000; Brunstein, 1996)
+ = Ice Core Volcanic Signals from GISP2 (Zielinski, 1995)
* = Ice Core Volcanic Signals from Antarctica (Moore et al., 1991)

Figure 1. 28 reconstructed cool intervals with associated volcanic eruptions,
frost-rings, and ice core volcanic signals.
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Table 1. Reconstructed Cool Intervals with Frost-Rings, Ice Core Signals, and Volcanic Eruptions

Cool Interval T(°C) Frost Ring(s)	 Ice Core Signal(s)	 Eruption(s) VET

1. 43-22 BC -2.6	 43BC, 34BC 43Be	 Etna, Sicily 44BC, 36BC

2. 94-103 -1.0 94

3. 177-194 -1.5 180 182'	 Taupo, NZ 177±10 6+

4. 230-235 -1.5 230

5. 268-279 -1.6 268, 273 265', 268z	 Ilopango, El Salvador 260±100 6

6. 368-381 -1.3 378

7. 470-486 -1.2 471, 479, 484 473'	 Vesuvius, Italy 472 4

8. 534-553 -1.7 536, 541, 544 530'	 Must Veil of 536)

9. 663-669 -1.3

10. 683-700 -2.7 681, 687, 689, 692', 696-697',	 Bona-Churchill, AK 700±200 6

694, 699 703'	 Bezymianni, Kam. 700±50 4?

11. 729-736 -1.4

12. 804-824 -1.4 804,809 823-824'

13.846-859 -1.9 849,858 854'	 Fumas, Azores 840±100 4

14. 897-902 -1.6 896, 903, 904 898', 901z,	 Ksudach, Kam. 900+50 5
903'	 Tolbachik, Kam. 900? 4

15. 987-991 -1.6

16.1094-1120 -1.5 1092, 1101, 1104', 1105'	 Hekla, Iceland 1104 5

1109 Asama, Japan 1108 5
Oshima, Japan 1112 4

17. 1195-1219 -1.6 1192, 1199, 1195', 1206'	 Okataina, NZ 1180±20

1200, 1208, 1214

18. 1225-1245 -1.2 1225, 1229, 1228', 1230', 1227-1231 1

1237
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Table 1. (continued)

Cool Interval	 T(°C) Frost Ring(s)	 Ice Core Signal(s) 	 Eruption(s)	 VEI

19. 1258-1271	 -1.5	 1260
	

1259'-'"Ah,	 El Chichon, Mex.*
12691701 	Oshima, Japan 1267	 4

20.1330-1364 	-1.7	 1329, 1341, 1356, 	 1329', 1345',	 Cerro Bravo, Col. 1325±75	 4

1358	 1339/46/48'	 Etna, Sicily 1329	 3?
Mono Craters, Cal. 1345,L20	 4
Inyo Craters, Cal. 1350±50	 4
El Chichon, Mex. 1350±75	 P
Oraejajokull, Ice. 1362	 5

21. 1512-1527	 -1.2

22. 1599-1612	 -1.5	 1609

1510"	 Billy Mitchell, SW Pac.1580±20@ 6
Hekla„ Iceland 1510	 4

1599 1,1600, Ruiz, Columbia 1595	 4
1601'4, 1602d ,	 Hekla„ Iceland 1597	 4
1603', 1605'	 Huaynaputina, Peru 1600	 6?

Momotombo, Nic. 1605	 4
Colima, Mex. 1606	 4

23.1636-1653 -2.3	 1640, 1643,	 1640/41",	 Raung, Java 1638	 4?

1648, 1651	 1642', 1646	 Llaima, Chile 1640	 4
Komaga-Take, Japan 1640	 5
Kelut, Java 1641	 4?
Parker, Phil.' 1641	 6
Maldan, Indon. 1646 	 4?
Santorini, Greece 1650	 4?

24.1661-1683 -1.8	 1660, 1663, 1671,	 1664166h,	 Long Island, NG 1660±20	 6

1677, 1680, 1683	 1667', 1668',	 Teon, Banda Sea 1660	 4?
1673174d ,	 Guagua Pichincha, Ecu. 1660	 4
1680'	 Katla, Iceland 1660	 4

Usu, Japan 1663	 5
Shikotsu, Japan 1667	 5
Gamkonora, Ind°. 1673	 5?
Tongkoko, Ind°. 1680	 5?

25. 1763-1771	 -2.2	 1761, 1766
	

1766', 1768"	 Peteroa, Chile 1762	 4
Jorullo, Mexico 1764	 4
Hekla, Iceland 1766	 4
Cotopaxi, Ecuador 1768	 4
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Table 1. (continued)

Cool Interval	 AT(°C) Frost Ring(s)	 Ice Core Signal(s) 	 Eruption(s)	 VEI

26.1810-1825 	-1.7	 1810, 1817	 1808m,	 Soufriere, St. Vincent 1812	 4

1809/10/11',	 Awu, Indonesia 1812	 4?

1810%1810/11 d ,	 Suwanose-Jima, Ryukyu 1813	 4

1815',	 Mayon, Philippines 1814	 4

1816', 1816/17 d 	Tambora, Lesser Sunda Is. 1815 7
Raung, Java 1817	 4
Colima, Mexico 1818	 4
Usu, Japan 1822	 4
Galunggung, Java 1822	 5
Isanotski, Aleutians 1825	 4

27.1835-1854 -1.4	 1835, 1837,	 1832/35/36',	 Cosiguina, Nicaragua 1835	 5

1847, 1852	 1832/34/36/37/38,	 nekla, Iceland 1845	 4

1835', 1846', 1854'	 Fonualei, Tonga 1846	 4?
Usu, Japan 1853	 4
Chikurachlci, Kurile Is. 1853	 5?
Sheveluch, Kamchatka 1854	 5

28. 1911-1930 -1.8	 1912, 1923	 1912,  1915/17/24'	 Lolobau, New Britain 1911	 4
Taal, Philippines 1911	 4
Novarupta, Alaska 1912	 6
Colima, Mexico 1913	 4?
Salcura-Jima, Japan 1914	 4
Agrigan, Mariana Is. 1917	 4
Katla, Iceland 1918	 4
Kelut, Java 1919	 4
Manam, New Guinea 1919	 4
Raikoke, Kurile Is. 1924	 4
Iriomote-Jima, Ryuku Is. 1925 4?
Komaga-Take, Japan 1929	 4

Eruption Dates and VET magnitude from Simkin and Siebert 1994

Ice Core Data: (zZielinski, 1995; °Clausen et al., 1995; tangway et al., 1995; mMoore et al., 1991;

11-lannner et al., 1980; 'Cole-Dai et al., 1997)

AT = difference between highest reconstructed annual mean-maximum temperature estimate in decade

preceding cool interval and lowest estimate in cool interval. Calculated from nonsmoothed data.

(see Stothers, 1984; Baille, 1994)

*suggested source for 1259 (see Palais et al. 1992)

@Uncorrected date for Billy Mitchell - When corrected yields a date near A.D. 1500 (see Briffa et al.

1998)
*Parker eruption formerly thought to be Awu (see Briffa et al. 1998)
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annual precision that are listed in Table 1 have previously been assigned to specific ice

core signals by other authors.

Discussion

Considerable evidence of anomalous atmospheric phenomena dates a large

eruption, possibly Etna, to 44 BC (Stothers and Rampino, 1983a; Pang, 1991). The

climatic influence of this eruption is evident in the northern Arizona tree-ring data. The 44

BC eruption is temporally coincident with a widespread and severe 43 BC frost-ring, and

with the reconstructed cold interval from 43-22 BC (Fig. 1, #1). This cold period exhibits

the second greatest estimated decrease in temperature in the reconstruction (-2.6°C). The

temperature decrease begins in 43 BC. This implies that the 44 BC eruption was explosive

and sulphur rich, but whether Etna or another unknown northern hemisphere eruption is

responsible remains unknown. There are Greenland Ice Sheet Project 2 (GISP2) (for all

references to GISP2 see Zielinski et a/.,1994 and Zielinski, 1995) volcanic signals in 43

BC and 53 BC There is no evidence for decreased temperature associated with the very

large volcanic signal and high optical depth estimates for 53 BC suggested by Zielinski

(1995). There is, however, another frost-ring in 34 BC and the pattern of tree growth

suggests a two stage event with the first and stronger eruptive episode in 44 BC and an

additional pulse in 35 BC. This presents the interesting possibility that the ice layer dating

may be nine or ten years off at this depth.

The eruption of Taupo, New Zealand (VEI 6+) with a suggested date of AD 177±
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10 and a GISP2 volcanic signal at AD 182, correspond well with the reconstructed 177-

194 cool interval (Fig. 1, #3). A frost-ring in Colorado bristlecone pine in 180 (for all

references to Colorado frost-rings see Brunstein, 1996) and a growth minimum in the

Arizona bristlecone in 179 suggest a 177-179 eruption date. Despite its southern

hemisphere location, this eruption apparently distributed aerosols globally in sufficient

amounts to influence climate in western North America.

The 268-279 cool interval (Fig. 1, #5) is matched in the GISP2 ice core record by a

four year signal from 265-268. The tree-ring data show a 268 frost-ring, making a mid

260s eruption likely. The eruption of Ilopango, El Salvador, with an uncorrected

radiocarbon date of 260 ± 100, has been suggested as the source of the ice core signals

(Zielinski et a/.,1994; Zielinski, 1995). There is a high level of uncertainty in the dating of

Ilopango, and other eruptions may be involved in the cooling. Unfortunately, the dating of

the other potential candidates also suffers from poor resolution. Along with the 268

Arizona frost-ring event, the Colorado frost-ring record exhibits additional 263 and 273

events, suggesting sustained cool temperatures during this interval and possibly multiple

eruptions.

The 470-486 cool period (Fig. 1, #7) corresponds to the 472 Italian eruption of

Vesuvius recorded in the GISP2 core at 473. The cool period begins in 470, and frost-

rings in 469 and 471 imply that cooling in western North America occurred before 472.

Additional Arizona frost-rings are recorded in 479 and 484. Interestingly, there is an

earlier A.D. 79 Vesuvius eruption with a stronger ice core signal (Zielinski, 1995) that is
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not associated with decadal scale reconstructed cooler temperatures. This could be a result

of low climate sensitivity during the earlier event, or possibly multiple large eruptions

occurred in the 470s and not in the 1st century.

The 534-553 cool interval (Fig. 1, #8) coincides with historic evidence of an

atmospheric dust-veil in 536 (Stothers, 1984, Baillie, 1994). Frost-rings occur in 536 and

541 in the Arizona data and 536 and 544 in the Colorado record. There is a volcanic signal

in the GISP2 ice core at 530. The temperature reconstruction, dust-veil, and frost-ring

dates strongly suggest an eruption in 535 or 536. There may have been multiple large

eruptions in this interval; at least two are indicated during the period, but the source

volcanoes are currently unknown.

The cool period with the largest reconstructed decrease in temperature (-2.7°C.)

is 683-700 (Fig.!, #10). Multiple large eruptions occurred during this interval. The GISP2

ice core contains three signals: 692, 696-697, and 703. Five frost-rings are evident: 681,

687, 689, 694, and 699. Zielinski (1995) identifies two eruptions: Bezymanny in

Kamchatka, 700 ± 50 and Bona-Churchill in Alaska, 700 ± 200 as responsible for the

latter two ice core signals. The tree-ring and ice-core data hint at three to five eruptions,

but at slightly different times. The reconstructed cool interval begins in 683 and three of

the five frost-rings are in the 680s, so an eruption pattern beginning in the early to mid

680s and ending before 700 fits the tree-ring data. The ice core data suggest a pattern

beginning in 690 and ending in the early 700s. Shifting the ice core dates ten years earlier

results in the frost-ring and ice core signals lining up fairly well, with 687, the most severe
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frost-ring, corresponding to 696-697, the strongest ice core signal. Regardless of the exact

timing, the interval centered on the 680s and 690s was volcanically active and the

consequent temperature decrease in northern Arizona substantial.

The 846-859 cool period (Fig. 1, #13) contains Arizona frost-rings in 849 and 858

and a GISP2 ice core signal in 854. An eruption in the Azores is dated by uncorrected 14C

to 840 ± 100. The tree-ring data suggest possibly two eruptions, one in the mid to late

840s and one in 856 or 857.

Three frost-rings, 896, 903, and 904, bracket the 897-902 cool interval (Fig. 1,

#14). There is a 901-903 GISP2 ice core signal. The Kamchatkan eruptions of Tolbachik,

roughly dated to 900, and of Ksudach, (900 ± 50 uncorrected 14C) may be partly

responsible for the cooling.

The 1094-1120 cool period (Fig.1, #16) is associated with three frost-rings: 1092,

1101, and 1109. The GISP2 ice core record shows a signal at 1104, and the eruption of

the Icelandic volcano Hekla is dated to 1104. Japanese eruptions of Asama in 1108 and

Oshima in 1112 also occur within this cool interval. The Hekla and Mama eruptions can

be tentatively linked to the cooling in the second half of the 1100 decade and possibly the

early 1110s; the Oshima eruption matches cooling in the mid 1110s. There is no firmly

dated known record of volcanic activity that corresponds to the Arizona tree-ring record

of cooling in the 1094-1103 decade.

Five frost-rings occur within the 1195-1219 cool period (Fig.1, #17): 1192, 1199,

1200, 1208, and 1214. The A.D. 1200 occurrence is a notable frost-ring event in the



120

western U.S.A. (LaMarche and Hirschboeck 1984). Two GISP2 ice-core signals are

evident, one in 1195 and one in 1206. The data suggest at least two, and possibly more,

eruptions occurred in this interval. The only known extremely large eruption dated near

this interval is Okataina (Tarawera) in New Zealand (1180 ±20 uncorrected 14C).

However, it is likely that other, as yet unidentified, climatically effective eruptions also

occurred.

The 1225-1245 cool interval (Fig.1, #18) is associated with three frost rings: 1225,

1229, 1237, and a 1228-1230 GISP2 signal. It is likely that at least two eruptions,

including one which was very large, are involved. Langway et al. (1995) have identified

1228 as a prominent bipolar volcanic event, with ice core signals in Greenland and

Antarctica from an as yet unidentified source.

The 1258-1271 cool period (Fig.1, #19) is distinguished by a very strong 1259

volcanic signal. A frost-ring in 1260 follows. The 1259 ice layer has been identified as a

widespread volcanic event in polar ice cores (Langway et al., 1988). The source volcano

for the 1259 eruption is unknown, but El Chichon, Mexico has been suggested (Palais et

al., 1992). A conspicuous large ring in precipitation sensitive Southwestern tree-ring

chronologies may be related to this. In addition to the large 1259 event, Oshima is also

thought to have erupted during this cool interval in 1267, and there is a 1269/70 signal in

Antarctic ice cores (Langway et al., 1995).

The longest cool interval in the reconstruction is the 1330-1364 period (Fig. 1,

#20). Four frost-rings (1329, 1341, 1356, 1358) are associated with this interval. The
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GISP2 core shows two signals, 1329 and 1345. Langway et al. (1995) report a bipolar

signal between 1339 and 1348. The historic record suggests that this was a volcanically

active period. There are two firmly dated eruptions, one near the beginning and one near

the end of this interval: Etna in 1329, and Oraefajokull, Iceland in 1362. Three 'VEI 4

events date to around 1350 (uncorrected "C): Cerro Bravo, Columbia (1325 ± 75),

Mono Craters, California (1345 ± 20), and Inyo Craters, California (1350 ± 50). In

addition, the plinian eruption of El Chichon dates to 1350 ± 75 (uncorrected "C). Also,

Hekla in Iceland is known to have erupted in 1341, but this is thought to be a relatively

small VEI 3 eruption. The ice core data for this period indicate at least two eruptions, one

in the late 1320s and one around 1340. The temperature reconstruction, frost-ring data,

and volcanic history imply multiple eruptions with considerable atmospheric loading and

prolonged and substantial temperature decrease in the mid 14th century.

There are no frost-rings or GISP2 ice core signals associated with the 1512-1527

cool period (Fig. 1, #21). There is, however, a 1510 Antarctic ice core signal (Moore et

al., 1991). Hekla erupted in 1510, but it is, oddly, not recorded in the northern hemisphere

ice cores. An additional very large eruption may be partly responsible for the cooling at

this time. The eruption of the volcano Billy Mitchell in the Southwest Pacific is dated by

uncorrected "C to 1580 ±20. Briffa et al. (1998) note that, when corrected, the most

likely date is around 1500. The correspondence between the 1512-1527 tree-ring

reconstructed cool interval, the 1510 Antarctic ice core acid peak, and the approximate

1500 corrected radiocarbon date intimate that a large eruption occurred between 1509-
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1512, and that Billy Mitchell is a good candidate.

Beginning in the 17th century, the historic volcanic record improves substantially,

as reflected in the number of firmly dated large eruptions that can be linked to the

reconstructed cool intervals. The 1599-1612 cool period (Fig. 1, #22) can be linked with

the 1600 eruption of Huaynaputina, Peru. Recently, the magnitude of this eruption has

been escalated to a VET 6 event, one of the largest eruptions in historic times (de Silva and

Zielinski, 1998). Additionally, Ruiz, Columbia erupted in 1595, Hekla in 1597,

Momotombo, Nicaragua in 1605, and Colima, Mexico in 1606. There is a Colorado frost-

ring in 1609, late in this cool period, but indicating the continuation of cold weather

outbreaks. Many ice cores exhibit volcanic signals from 1599-1605. The GISP2 core

shows signals in 1599, 1603, and 1605.

The 1636-1653 cool period (Fig. 1, #23) contains four frost-rings: 1640, 1643,

1648, and 1651. There are two GISP2 signals 1642 and 1646 and Cole-Dai et al. (1997)

report an Antarctic signal in 1640/41. There are two known very large eruptions:

Komaga-Take, Japan in 1640 and Parker, Philippines in 1641. This latter eruption,

formerly thought to be Awu, Indonesia, is probably a VET 6 magnitude event (see Briffa et

al., 1998). Additionally, there are five probable VET 4 size eruptions during this interval

(Table 1).

The 1661-1683 cool interval (Fig. 1, #24) is associated with six frost-rings: 1660,

1663, 1671, 1677, 1680, and 1683. There is one GISP2 signal, 1668, and two from the

Crete ice core, 1664 and 1666 (Hammer et al., 1980). Antarctic ice core data show signals
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in 1673/74 (Cole-Dai et al. 1997) and 1680 (Moore et al. 1991). Besides the large (VET

6) explosive eruption of Long Island, New Guinea in1660 ±20 (uncorrected 14C), seven

eruptions with a VET 4 are reported between 1660 and 1680 (Table 1).

The 1763-1771 cool period (Fig.1, #25) contains a frost ring and a GISP2 signal in

1766. Eruptions with a VET of 4 are reported in 1762, 1764, 1766, and 1768. There are

no extremely large (VET >4) eruptions reported for this period, but it appears the

cumulative effect of these closely spaced VET  4 events may have been sufficient to lower

temperatures.

The 1810 to 1825 cool interval (Fig. 1, #26) contains frost-rings in 1810 and 1817.

GISP2 signals occur in 1809 and 1815. This volcanic couplet is found in most ice cores.

The latter signal is from the very large, VET 7, Tambora eruption. The former is a well

replicated and substantial ice core signal from an unknown source (Dai et al., 1991). Also,

nine additional eruptions with a VEI 4 between 1812 and 1825 are reported (Table 1).

The 1835 to 1854 cool period (Fig.1, #27) contains four frost-rings (1835, 1837,

1847, 1852). There is a strong volcanic signal at both poles in 1835-1837. The volcanic

event most likely responsible is the1835, VET 5, eruption of Consiguina, Nicaragua. The

tree-ring and ice core data suggest that this was a substantial eruption, both in size and

climatic impact. This period is unusual in that additional large eruptions seem to occur at

the end of the cool interval. There is one VET _� 4 eruption in 1845, one in 1846, two in

1853, and one in 1854. An 1854 GISP2 signal has also been detected.

The 1911 to 1930 cool period (Fig.1, #28) contains frost-rings in 1912 and 1923.
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There are signals in northern hemisphere ice cores in 1912, 1915, 1917, and 1924. The

largest eruption of the period is the large VET 6 eruption of Novarupta (Katmai) on the

Alaskan Peninsula in 1912. Additionally, there are eleven other VET 4 eruptions

between 1909 and 1929 (Table 1).

The AD 94-103, 230-235, 368-381, and 804-824 cool intervals (Fig.1, #s 2, 4, 6,

12) are matched by Colorado frost-rings in AD 94, 230, 378, and 804, but there are no

known corresponding eruptions or ice core signals. Many of these intervals could be

tentatively matched with poorly dated eruptions, but more detailed dating of these early

eruptions is necessary before this is attempted. The GISP2 822/823 signal seems too late

for the 804-824 cool period unless the dating of this section of the core is off by

approximately 18 years. These cool intervals may be nonvolcanic in origin; however, the

nature of the records is consistent with the other reconstructed cool periods, making the

years 93/94, 229/230, 367/368, 377/378, and 803/804 good candidates for missing

eruptions. If volcanic in origin, additional eruptions might be expected in the longer cool

intervals.

The AD 663-669, 729-736, and 987-991 periods (Fig.1, #s 9, 11, 15) are not

matched by any firmly dated eruptions, frost-rings, or ice-core signals, suggesting that

they are nonvolcanic in origin, but this is hardly conclusive. There are two "light-rings" in

the Colorado record at 727 and 730. "Light-rings" in Picea abies are correlated with low

autumn temperature (Gindl, 1999), but have not been linked with volcanism.

Several well dated large eruptions are associated with frost-rings but not with



125

reconstructed decadal scale temperature decline in Arizona. Stothers and Rampino

(1983b) detected a volcanic signal around 626 in Mediterranean archaeological records.

While there is no corresponding ice core signal, there is an extremely powerful frost-ring

event in 627 in the SIP tree-rings supporting the archaeological evidence for a large 626

eruption and subsequent cooling. Also, there is a well replicated Arizona frost-ring in AD.

934 coincident with the eruption of Katla in Iceland. The eruption of Baitoushan in China

(1050 ± 10) is large and well dated, but apparently not very climatically effective, perhaps

due to a low sulphur content. There is a notable frost-ring event across the western USA

in 1029 and a well replicated Arizona frost-ring in 1057 that may be related to Baitoushan.

The large eruption of Kuwae, Southwest Pacific in 1452 is thought to be associated with

substantial cooling in Europe and China (Pang, 1993). The Arizona data show no

extended cool period; however, there is a strong frost-ring in 1453. Similarly, Raung, Java

in 1593 and Krakatau, west of Java, in 1883 are not associated with decadal scale cooling

but did produce frost-rings in 1595 and 1884 respectively. The large 1991 eruption of

Pinatubo, Philippines is not associated with significant cooling or frost-rings in the

northern Arizona record.

Conclusions

This study supports the idea that large eruptions and closely spaced multiple

eruptions can reduce temperatures on decadal and multidecadal scales, which has been

reported previously for the 1640s, 60s, 70s, 90s, and 1810s (Briffa et al. 1998). The data
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here support all of these periods except the 1690s. Explosive volcanism is not the only

factor contributing to temperature variability, and not all of the reconstructed cold periods

here can be matched with eruptions, nor are all large eruptions matched with

reconstructed cold periods. However, the temporal coincidence of many reconstructed

cold periods with volcanic signals in ice cores, historic records of explosive eruptions,

and/or frost damaged tree-rings suggests at least 15 additional pre-1640 decadal scale cool

intervals with volcanic connections in the last 2100 years.
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APPENDIX C

TEMPERATURE VARIABILITY, EXPLOSIVE VOLCANISM,
AND THE MESA VERDE ANASAZI:

IMPLICATIONS FOR REGIONAL ABANDONMENT

This article has been accepted for publication in the journal Kiva.

ABSTRACT

A tree-ring-based temperature reconstruction from the San Francisco Peaks of

northern Arizona is used to examine past temperature variability in relation to the known

13th century archaeological record of disruption and abandonment in the northern Anasazi

region. Three closely spaced cold periods occurred in the 1200s. These cold intervals can

be tentatively linked to climatically effective explosive volcanism as recorded in the

historical record and polar ice core record of eruptions. A particularly large volcanic event

is recorded in ice core layers at both poles in 1259. The tumultuous nature of the northern

Mesa Verde social context in the 1200s is temporally coincident with the reconstructed

temperature decrease and suggests the role of temperature variability merits additional

consideration in these circumstances and in the final abandonment of the region.
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The reasons for the initial settlement and subsequent abandonment of large areas

of the Colorado Plateau by prehistoric Anasazi agricultural societies have long been a

matter of debate and fascination for scholars and amateur archaeologists alike. Climatic

change is one popular explanation. So far, the Southwestern paleoclimatic record has

primarily yielded information on precipitation. The variability in the tree-ring width

records of most trees in the Southwest is a function of precipitation; thus, the tree-ring-

based climatic reconstructions are almost exclusively precipitation reconstructions. This

study looks at the other half of the paleoclimatic story, temperature, a variable vital to

successful crop production in high elevation areas. To investigate the possible link

between paleotemperatures and 13th century Mesa Verde Anasazi adaptive behavior and

eventual regional abandonment, I use high elevation bristlecone pine tree-rings from the

San Francisco Peaks of northern Arizona to generate a quantified, calibrated, and verified

temperature reconstruction. I discuss the role of explosive volcanism as a source of

variation in the temperature record and then compare the reconstruction to the broad

features of demographic change, aggregation, and violence revealed in the northern

Anasazi archaeological record of the 13th century.

The concept of carrying capacity, the maximum number of people that can be

supported by a given subsistence technology under prevailing environmental conditions

(Dean 1996; Hassan 1978), is a useful conceptual framework within which to view

human-environment interactions. Carrying capacity is a dynamic phenomenon. Assuming a

stasis in technology and demography, if environmental conditions decline, the carrying
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capacity also declines. When the population exceeds the carrying capacity threshold,

resource stress ensues, and population or behavioral adjustments will be necessary. From

this theoretical backdrop, the connections between climate and culture can be addressed.

If agriculturally prohibitive thermal conditions existed in the 1200s and prevented the

application of known subsistence strategies over large northern and upland areas of the

Southwest, thus substantially reducing carrying capacity, population and/or behavioral

adjustments would be expected.

MAIZE AGRICULTURE AND TEMPERATURE VARIABILITY

Environmental influences interact with maize biological processes to affect the

growth and development of the plant and, ultimately, the crop yield. An underlying and

untested assumption of this research is that northern and high elevation Anasazi maize

agriculturists would struggle to obtain a viable crop during especially cool climatic

intervals that shorten the growing season and/or generate untimely killing frosts during the

growing season. While this critical assumption remains largely untested with regard to

prehistoric populations, it can be useful to invoke the principle of uniformitarianism - that

those natural processes and relationships that hold true today also obtained in the past.

Today, maize is rarely grown where mean growing season temperature is less than 19° C

(Shaw 1988). Petersen (1988) notes that the Dolores area of Colorado is the upper
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elevational and northernmost limit that nonirrigated corn can be grown under modern

climatic conditions due to the constraints of growing season length. Would a colder

climate be bad for prehistoric Southwestern agriculturists? Exceptionally cool periods with

short growing seasons in northern and upland areas would be detrimental to corn

production, but in many areas of the Southwest cooler than average temperatures would

benefit prehistoric agriculture. Cool temperatures usually mean increased precipitation.

Precipitation sensitive tree-ring chronologies tend to show positive growth anomalies

during cool intervals and the correlation between tree growth and crop yields is normally

positive. However, trees are not corn, and cool temperatures do not necessarily mean

increased crop yields in all locations.

In addition to light, air, mineral nutrients, and adequate soil moisture, corn requires

a relatively long growing season, prefers warm nights, and is highly susceptible to killing

frosts. The often reported requirement of a growing season of 120 days for maize

primarily applies to Corn Belt dent hybrids, while some short season Southwestern maize

cultivars mature in 60 to 90 days (Meunchrath and Salvador 1995). However, cool

temperatures are detrimental to corn growth. Plant development increases with increasing

temperature to an optimal temperature of 30°C and normal growth occurs between 10

and 40°C (Tivy 1990). Cold temperatures can delay seed germination and emergence, and

prolonged cool temperatures would impede plant development and function to lengthen

the time required to bring a crop to maturity. Untimely frosts can kill plants through

dehydration or cellular damage from ice crystal formation. Frosts early in the growing
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season are often less detrimental than late growing season frosts because after seedling

emergence the active growing point of the plant remains protected underground for

approximately three weeks (Ritchie et al. 1992). Conversely, late growing season frosts

more often kill plants, and depending on the timing, can cause reduced yields or total crop

failure. Additionally, damaged cobs and kernels, from frost before crop maturation, are

texturally different due to a higher moisture content and are more susceptible to spoilage

(Meunchrath and Salvador 1995).

Thus, climatic variability, an inherent part of the system even during stable periods,

poses exceptional threats to populations whose subsistence base resides on the elevational

or latitudinal boundary of climatically determined areas capable of sustaining desired

crops. Maize was the crop of choice for the 13th century Mesa Verde Anasazi, providing

between 70 and 80% of caloric intake (Decker and Tieszen 1989), and its production in

certain areas was inherently risky. The genetic diversification of maize is closely correlated

with altitude (Doebley 1990). This implies that environmental conditions related to

altitude are important selective pressures for maize and that elevational boundary areas are

risky for maize survival. Within these areas, small changes in environmental conditions can

shift the arable boundaries and render formerly fertile agricultural land unproductive for

known maize cultivars.

Previous attempts to consider the effect of past temperature variability on Anasazi

behavior have suffered from a variety of problems, most notably a lack of appropriate

data. Currently, there are no quantified temperature reconstructions in the Southwest of
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adequate length to address these questions. Petersen (1988), in his work on the shifting

size of the dry-farming belt, uses tree-ring data from the Colorado Front Range to infer

changes in past summer warmth as influential in Anasazi behavioral patterns over 300 km

away. The distance between the source of the paleotemperature data and the

archaeological data generated some skepticism in these inferences. In addition, no attempt

was made to quantify the relationship between tree-ring index and temperature by

developing a calibration equation and transfer function to statistically retrodict

temperature. More recently, LeBlanc (1999), in his work on Southwestern prehistoric

warfare, applies the inconsistently defined European climatic sequence of a Medieval

Warm Period followed by a Little Ice Age to past Southwestern temperatures. There is

still some debate regarding the reality of these centennial-length sustained climate

intervals. Also, the utility of the concepts and their global application has come into

question (Dean 1994; Hughes and Diaz 1994).

TEMPERATURE RECONSTRUCTION

Prior to this study, no quantified temperature reconstructions that extend back to

the prehistoric occupation of the region have been developed in the Southwest. The first

step to more adequately assess the potential connection between paleotemperature and the

northern Anasazi is the development of such a reconstruction for the Colorado Plateau.
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Tree-Ring Chronology

To build a tree-ring chronology that reflects past temperature variability, I sampled

trees whose ring-width variability is a function of temperature. Such trees are found at

upper treeline where temperature is most limiting to growth processes. I developed a

chronology from San Francisco Peaks bristlecone pine (Pinus aristata). The sampling

strategy was to locate stands of ancient living trees at or near the upper treeline, which in

the San Francisco Peaks develops at approximately 3536 m. Increment core samples were

collected from older bristlecone trees on both Agassiz Peak and Humphreys Peak. Core

samples from standing dead trees and sawed cross-sections from sub-fossil logs were also

collected.

The chronology building procedure involved several steps. Mounted and sanded

specimens were subjected to standard dendrochronological procedures using both

graphical and statistical crossdating techniques to ensure exact year assignment to each

individual tree-ring (Holmes 1983; Stokes and Smiley 1968). Crossdating the deadwood

samples with the living tree specimens extended the chronologies back in time. The

individual growth rings of each sample were measured to the nearest 0.01 mm. The

measured series were converted to standardized tree-ring indices by fitting a modified

negative exponential curve, a straight line, or a negatively sloped line to the series. This

process removes the age/size related growth trend and transforms the ring-width

measurement values into ring-width index values for each individual ring in each series
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(Fritts 1976). To create the mean site chronology, the annual standardized indices of tree

growth were averaged. A single chronology was developed from samples collected at two

sites on Humphreys Peak and one site on Agassiz Peak. Using samples from three sites

rather than one strengthens the climate signal and reduces microsite noise in the

chronology. The San Francisco Peaks (SFP) chronology extends from 663 B.C. to A.D.

1997. It is remarkable not only for the length of record but also for its strong sample depth

through time. Maintaining a robust sample depth ensures that the climatic signal is not

weakened from diminishing sample size. The sample depth peaks at 66 series at A.D.1100

and again at A.D. 1350. Fifty-eight series reach back to A.D. 1000 and twenty-two to

A.D. 500.

Climate Data

The climate data used in the temperature reconstruction calibration are from the

Fort Valley Experimental Research Station, which is part of the United States Historical

Climatology Network. The station data, from an elevation of 2239 m and approximately

4.5 km from the high elevation SFP tree-ring sites, span the period 1909-1994 inclusive. It

was a considerable piece of good fortune to have this relatively long, high elevation,

quality-controlled climate station data available from a location so near the tree-ring

collection sites. Correlation and response function analysis determined that the SFP tree-

ring chronology correlated most significantly and positively with monthly mean-maximum

temperatures. The growth response of these upper-treeline bristlecone pines is toward
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increased growth with increased daytime (maximum) temperatures. Other studies have

found net photosynthesis in upper treeline pines to be most influenced by the length of the

warm season and daily maximum temperatures ( Mooney et al. 1966; Schulze et al. 1967;

Tranquillini 1964).

The strongest statistical relationship between mean-maximum temperature and the

tree-ring chronology occurred during the year prior to the year of growth. Radial growth

of the stem in bristlecone pines depends on reserves of stored food produced during earlier

periods (Fritts 1969; LaMarche 1973, 1974a; LaMarche and Stockton 1974). This

suggests that the period from January through December prior to the growth year is the

interval when mean-maximum temperatures (daytime highs) had the most significant effect

upon tree growth. Monthly mean-maximum values for this period were averaged for the

years 1909 to 1994 to create the final climate series used in the reconstruction.

Consequently, the variable being reconstructed is annual mean-maximum temperature.

This variable can be considered a general measure of how warm it gets during the

daytimes of a given year.

Reconstruction Model

To generate a quantitative temperature reconstruction, the modern part of the SFP

tree-ring chronology was compared to the instrumental mean-maximum temperature data.

A linear regression equation was generated from the period of overlap. The regression

equation retrodicts past temperatures for the period corresponding to the length of the
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tree-ring chronology. Because these trees respond to climate over a period extending into

the previous growing season, the temperature variability was statistically modeled using

linear regression and a lagged relationship where mean-maximum annual temperature at

year (t-1) can be reconstructed from tree-ring index at year (t). A simple linear regression

was used with a single predictor.

The SFP bristlecone pine tree-ring chronology explains 46% of the variance in the

temperature data over the 1909 to 1994 calibration period (Fig. 1). This compares

favorably with other tree-ring-based temperature reconstructions (Briffa et al. 1990,

1992,1994; Graumlich 1993; Jacoby and D'Arrigo 1989; Jacoby et al. 1985; Luclanan et

al. 1997; Scuderi 1993). Validation was done with the PRESS method (Weisberg 1985).

Crossvalidation statistics indicate a successful reconstruction. The validation reduction of

error statistic (RE) is 0.42. Any positive value of this statistic indicates that the model

does a better predictive job than the calibration period mean. Residual analysis does not

indicate any violations of model assumptions. The residuals are independent of both

predictor and predictand values. They are essentially normally distributed and show no

apparent trends. The Durbin-Watson and Portmanteau Q statistic demonstrate both

acceptable first-order autocorrelation and acceptable overall autocorrelation in the

residuals.

The temperature reconstruction captures the low-frequency variability, with the

decadal-scale swings in temperature successfully mimicked by the tree-ring chronology;

this is consistent with the work of others (Graumlich 1993; Graybill and Funkhowser



19

18

17

16

15

14

13
1900	 1910	 1920	 1930	 1940	 1950	 1960	 1970

Year

1980	 1990	 2000

Terrperatre Call:ration Period
1909-1994 1 .̀=0A6

142

Figure 1. Comparison of observed instrumental climate data (thick line) and
regression based values predicted by the tree-ring chronology (thin line).
Calibration is between the upper elevation bristlecone pine tree-nn chronology
(year t) and maximum annual temperature(year t-1) for the period 1909-1994
(calibration r2 = 0.46, validation RE = 0.42)
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1999; LaMarche 1974a; LaMarche and Stockton 1974; Scuderi 1993). While the SFP

temperature reconstruction is an annual estimate, the reconstruction is most reliable in the

lower frequencies. This is due to both persistence in the climate variable being

reconstructed (cool years tend to follow cool years) and to persistence in the tree-rings

(the result of tree physiological processes such as food storage and needle retention).

Analyses and explanations based on year-to-year change are not as well grounded in the

data as investigations of relatively warm and relatively cool intervals. For this reason,

greater emphasis is placed on interpretations that consider the lower-frequency component

of the temperature reconstruction. While probably most accurate locally, the

reconstruction is applicable on a regional scale (Bradley 1980).

Temperature in the 13th Century

There are many periods when reconstructed past temperatures were greater than

or less than average (Fig. 2). In general, cool periods would tend to limit agricultural

productivity in high elevation and northern zones by shortening the growing season and/or

damaging crops from growing season frosts. Warm periods, given adequate soil moisture,

would favor high elevation agriculture.

Of particular relevance to this study are the three consecutive cold periods in the

1200s: 1195-1219, 1225-1245, and 1258-1271. There are other more severe (683-700) or

longer duration (1330-1364) cool periods revealed by the reconstruction; however, the

13th century is unique due to the consecutive nature of the cold intervals. Conditions

revert rapidly to coolness following the brief recovery of temperatures to average levels
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Figure 2. San Francisco Peaks temperature reconstruction from B.C./A.D.
boundary to 1996. Data expressed as Z score values and smoothed with a 10-year

cubic smoothing spline.
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between cold episodes. The first interval (1195-1219) is the longest and most severe of the

three. The second, only five years later (1225-1245), is of comparable length but

somewhat less severe. The third (1258-1271) is shorter and of intermediate severity. The

reconstructed drop in annual mean-maximum temperature is in the range of 1.1 0 to 1.6°

C. It is difficult quantitatively to relate such a drop in mean-maximum temperatures to

changes in growing season length. Regardless, it can be said with a reasonable degree of

certainty that during periods with lower reconstructed annual mean-maximum

temperatures growing seasons were shorter and maize crops were more susceptible to

untimely frosts.

These results resemble Petersen's (1988), which demonstrated that the length of

the growing season in southwestern Colorado diminished beginning shortly after A.D.

1200. Cool summer temperatures and a tree-line retreat also occurred in the White

Mountains of California during the 1200s (LaMarche 1973, 1974b). Further, cool

temperatures are reconstructed during part or all of the 13th century in the Sierra Nevada

(Scuderi 1993) and the Canadian Rockies (Luckman et al. 1997). Mounting evidence

suggests that temperatures in western North America, particularly in the Southwest, were

relatively cool during much of the 13th centuryl.
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THE VOLCANIC CONNECTION

Two circumstances add credence to paleoenvironmental reconstructions beyond

the statistical relationship between the proxy indicator and modern instrumental data. The

first is a recognition of the reasons a recording phenomenon depends on a particular

climatic parameter. Fortunately, in dendroclimatological models of climate and ring-width

variability the associated biological processes have been studied in detail (see Fritts 1976).

The second is a geophysical explanation for the variability in the paleoclimatic record.

Potential forcing mechanisms responsible for climatic variability include ocean-atmosphere

interactions, solar variability, and explosive volcanism. The present study explores the role

of explosive volcanism in 13th century temperature variability.

Extremely large explosive volcanos can modulate tropospheric temperatures by

increasing the stratospheric aerosol load, which effectively reduces solar radiation receipts

(Lamb 1970; Rampino and Self 1984). Historic accounts provide some clues regarding the

timing and severity of many past eruptions and their cooling influence on climate. For

example, records indicate that more than 10,000 Chinese froze to death after the 1453

eruption of Kuwae in the South Pacific; areas in southern China climatically similar to

Florida reported 40 consecutive days of snow that year (Pang 1991). In general, however,

the early part of the volcanic history is marred by poor resolution, poor reliability and

incompleteness (for all references to the historical record of volcanic eruptions see SimIcin
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and Siebert 1994).

Fortunately for paleocfimatologists and volcanologists, natural recording

mechanisms leave clues about past eruptions. Large volcanic eruptions produce extensive

amounts of SO2 gas which is converted to sulphuric acid aerosol and deposited globally.

Acidity and sulphate data from annual layers in polar ice cores can provide a proxy record

of past volcanic activity (Hammer eta! 1980; Zielinski eta! 1994). The annual nature of

these archives produce dates with resolution nearly to the calendar year, with the

associated dating error increasing with depth. In the time range of interest here, the error

does not usually exceed a few years. In addition, the climatic effects of large eruptions

have been linked to cellular damage (frost-rings) in high elevation conifers (LaMarche and

Hirschboeck 1984). Frost-rings are tree rings that have been damaged by cold. Some rings

in the high elevation San Francisco Peaks bristlecone pine trees contain frost damage

(Salzer 2000). These events are dendrochronologically dated to the calendar year and can

be used to confirm cold weather outbreaks during that year and suggest timing for

eruptions with unknown or less resolved dates. In addition to SFP frost-rings, Colorado

Front Range frost-rings are also evaluated here (for all references to Colorado frost-rings

see Brunstein 1996).

Tree-ring studies (Briffa et al. 1992, 1994, 1998; Lough and Fritts 1987; Scuderi

1990) have shown that the frequency and magnitude of large explosive eruptions

influences interannual, decadal, and multidecadal-scale temperature variability. In this

study, decadal and multi-decadal scale variability is emphasized for several reasons. First,
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it is intrinsic within the tree-ring data set. Second, Briffa et al. (1998) have shown that

eruptions can reduce hemispheric temperatures on decadal and multidecadal timescales.

Third, numerous studies document climate variability on decadal scales in both the

instrumental records (Cayan et al. 1998; Dettinger et al. 1998) and tree-ring records

(Dettinger et al. 1998; Fritts 1991). Further, historic records have shown the climatic

effects of large or multiple eruptions to continue for many years after the event(s). For

example, at the same time Plutarch, Julius Caesar's biographer, described the sun as "pale

and without radiance. . ." after a large eruption in the 1st century B.C., Chinese records

indicate six consecutive failed harvests and widespread famine. German and Scandinavian

chronicles recount at least nine consecutive years of crop damage after the 1453 eruption

of Kuwae in the South Pacific (Pang 1993).

Large eruptions have been shown to affect climate on decadal scales, and past

eruptions can be inferred from the presence of acid signals in polar ice cores and frost-

rings in high elevation trees. The ice core signals are evidence that large eruptions

occurred; frost-rings are supporting evidence for the cooling climatic effect of these

eruptions. Both frost-rings and volcanic signals in ice core layers are associated with the

three 13th century cold periods.

Four Colorado frost-rings (1192, 1199, 1208, 1214) and one SFP frost-ring

(1200) occur within or just before the 1195-1219 cool period. The A.D. 1200 occurrence

is a notable frost-ring event in the western U.S.A. (LaMarche and Hirschboeck 1984).

Two volcanic signals are evident in ice cores collected by the Greenland Ice Sheet Project
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(GISP2, for all references to GISP2 see Zielinski et al. 1994 and Zielinski 1995), one in

1195 and one in 1206. The data suggest that at least two, and possibly more, large

eruptions occurred in this interval. The only known extremely large eruption dated near

this interval is Okataina (Tarawera) in New Zealand with an uncorrected radiocarbon date

of 1180 ±20. This eruption is rated with a Volcanic Explosivity Index (VET) of five. A

VET 5 eruption is very large with a cloud column > 25 km in height and significant

stratospheric injection. While VET is a useful integrated measure of eruptive magnitude, it

is limited as a measure of climatic influence because it does not incorporate the amount of

SO2 injected into the atmosphere. However, it is currently the best measure of eruption

size (for a discussion of VET see Newhall and Self 1982). It is likely that other climatically

effective eruptions occurred during the 1195-1219 cool period. Potential contributors

include the moderate to large eruptions of Etna, Italy in 1194; Hekla, Iceland in 1206; and

Reykjanes, Iceland in 1211. Other eruptions of unknown size have been tentatively dated

to around 1200. These include: Avachinsky, Kamchatka; Augustine, Alaska; Hayes,

Alaska; Shasta, California; Terceira, Azores; and Dieng, Java. Other, currently unknown,

eruptions may also have occurred.

The 1225-1245 cool interval is associated with two Colorado frost rings (1225,

1237), one SFP frost ring (1229) and two GISP2 ice core acid signals (1228, 1230). It is

likely that at least two eruptions, one very large, are involved. Ice core analyses have

identified 1228 as a prominent bipolar volcanic event with acid fallout detected at both

poles (Langway et al. 1995). The source volcano is, as yet, unidentified. The historic
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volcano record lists no extremely large known eruptions for this interval. Moderate and

large eruptions with some degree of uncertainty about the size are reported for Etna, Italy

in 1222; Reykjanes, Iceland in 1226 and 1227; Zao, Japan in 1227 and 1230;

Reykjaneshryggur, Iceland in 1231; and Kirishima, Japan in 1235. Several eruptions of

unknown size have been tentatively dated to around 1250: Sollipulli, Chile; Vulcano, Italy;

Fentale, Ethiopia; Haku-San, Japan; and Shasta, California.

The 1258-1271 cool period is distinguished by a very strong 1259 volcanic signal

in most ice cores including Greenland, Canadian, and Antarctic ice. The 1259 ice layer has

been identified as the largest and most ubiquitous volcanic event yet observed in polar ice

cores (Langway et al. 1988). The source volcano for this undoubtably extremely large

eruption is unknown, although El Chichon, Mexico has been suggested (Palais et al.

1992). A Colorado frost-ring occurs one year later in 1260. There is also a 1269/70 signal

from Antarctic ice cores (Langway et al. 1995), which points to possibly another very

large eruption. There are additional potentially climatic effective known eruptions for this

period. Two uncorrected radiocarbon dated eruptions, the large plinian eruption of

Orizaba, Mexico (1260 ±50) and the unknown sized eruption of Pelee, West Indies (1260

±20) occurred. Also, there was a moderate Icelandic eruption of Katla in 1262 and the

large (VEI 4) eruption of Oshima, Japan in 1267.
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1259 and 1815

Langway et al. (1995) list eleven major bipolar eruptive events in the last 1000

years recorded in ice cores. One is in the late 12th century (1168) and four are in the 13th

century (1228, 1259, 1278, 1287). The 1259 event is considered especially severe. Ice

core evidence left by the A.D. 1259 volcanic event is similar in magnitude to the evidence

left by the eruption of Tambora on April 5, 1815, the largest eruption in modern historic

times. Tambora is classified as a VET 7 event; no Holocene eruption has been assigned a

VET of 8 and there are only four with a VET of 7. Langway et al. (1995) place the

amplitude of the 1259 eruption as equal to or greater than Tambora. Other authors

(Hammer et al. 1980; Moore et al. 1991) estimate the magnitude of the 1259 event as

roughly 50-75% of Tambora. Zielinski (1995) gauges the stratospheric loading and optical

depth values for the 1259 event as twice that of Tambora with the 1259 acid layer

described as the largest ice core signal of the last 7000 years (Zielinski et al. 1994). The

SFP temperature reconstruction estimates that the post-1259 cool interval was

approximately 75% as cool as the cold period associated with Tambora (Salzer 2000).

There are no known European accounts of climatic cooling in the 1260s. This may be a

result of spatial variability in the climatic effects of large eruptions, or possibly European

climate was in a state of low sensitivity at the time. While it remains uncertain that the

climatic impacts of the 1259 event and Tambora were similar, the tree-ring and ice core

evidence suggest substantial climatic consequences following the 1259 event. The climatic
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effect of Tambora is extensively documented.

The year following the eruption of Tambora, 1816, has been referred to as "the

year without a summer" or "1800 and froze to death" (Harrington 1992). Mean European

temperatures were about 3°C below normal across the continent. The growing season in

the northeastern United States is estimated to have been shortened by 40-50% with

widespread crop failures reported in Europe and North America (Sigurdsson 2000:11).

Subsistence stress ensued; scarce resources triggered inflation and the doubling of wheat

prices in Europe and New York. In general, it was a time of famine, starvation, social

upheaval, and disease. There was a typhus epidemic in the United Kingdom and the first

worldwide cholera epidemic. In many ways it was the last great subsistence crisis of the

western world.

Not surprisingly, the response of some populations was migration. There were

German migrations from northern Europe east to Russia and west to the United States.

American and Canadian migrations sent people to the south and the west. It is estimated

that in the state of Vermont approximately 8% of the population left (Mills 2000). I

mention this not to claim that there are significant similarities between early 19th century

Vermont farming groups and 13th century Anasazi groups on the Colorado Plateau, but

rather to demonstrate that documented migrations of farming groups have occurred in the

past as a result of climatic cooling from explosive volcanism and to suggest that perhaps

the Anasazi and the Vermonters have at least this one thing in common.
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THE CULTURAL CLIMATE OF THE 13TH CENTURY

In the title of an article that reveals much about the northern Anasazi

archaeological record of the 1200s, Lipe (1995) refers to the century as the "turbulent

1200s." This moniker refers to a cultural climate that included elements of aggregation,

warfare, and isolationism. The ensuing and possibly inevitable culmination of these

elements' effects was the depopulation of the landscape on a regional scale. An exhaustive

and critical archaeological examination of these cultural elements is well beyond the scope

of this paper. However, their expression in the 13th century archaeological record

illustrates the disruption of the status quo at that time. It may be that the relatively cool

1200s played a role in that disruption.

The cultural manifestations mentioned above are, no doubt, behavioral adaptations

to multiple stimuli from a variety of different realms including the environment (see Dean

et al. 1994). Change is a complex process and deterministic thought regarding change is,

of course, of limited use. Yet, climatically driven subsistence stress can be a powerful

initiator of change. History books are full of such accounts. In response to such stress, a

multitude of behavioral feedbacks can occur within the domains of population distribution,

subsistence, settlement, politics, architecture, religion, technology, defense, and exchange.

These behavioral feedbacks evidence themselves in the archaeological record and can

mask earlier event(s) that led to the changing adaptive behavior, such as the inability of

much of the population to feed itself.
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The Great Drought (Douglass 1929) of the last two decades of the 13th century

has been used extensively as an explanation for the abandonment of the Four Corners

region. However, subsistence stress on a regional scale requires a regional scale stressor.

Dean et al. (1994) suggest that regional behavioral adjustments occur when major low

frequency process environmental deterioration coincides with high frequency declines and

high population densities. Modeling efforts suggest that the Great Drought is insufficient

to generate regional scale adjustments (Van West 1990, 1994), and a Great Drought

explanation, while it is coincident with the final emptying of the area, fails to

accommodate the substantial change that occurred in the earlier part of the century.

Temperature variability, on the other hand, is of the appropriate spatial and temporal scale

to be applied on a regional basis. Bradley (1980) has demonstrated that decadal scale

variability in 20th century temperature patterns is correlated across large areas of the

western United States. The reconstructed drop in temperatures begins shortly before A.D.

1200, when some major northern Anasazi social changes become apparent.

Demography

Population movement on some scale was probably the adaptational norm among

northern Anasazi groups. Thirteenth century population movement as a result of

decreased temperature, however, should leave a different archaeological pattern. A

climatic cooling catalyst and associated reduction of carrying capacity would be expected

to produce a directional change in northern and upland maize agriculturists. These
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populations were living in climatically marginal and therefore vulnerable areas, and they

had demonstrated a strong adaptation and specialization to current climatic conditions.

Anticipated movement would be southerly and/or down in elevation. Populations less

adapted to a particular economy dependent upon current climatic conditions

(nonagriculturists), or groups not on the edge of the climatically determined boundaries of

known agricultural production strategies (southern and lowland maize agriculturists)

would be less impacted and change among them would be less expected. This appears to

be the broad demographic pattern reflected in the northern Mesa Verde Anasazi

archaeological record of the 13th century.

The northern Anasazi pattern around 1200 seems to be one of disruption and

movement, with the northern boundary of occupied areas moving progressively south.

Lekson (1995:102) describes the late 1100s and 1200s as a time of significant population

movement in the northern Southwest with an eventual "sagging of the Pueblo world to the

south . . "Woodson (1999) documents the late 13th century movement of Tusayan

groups from northeastern to southeastern Arizona. Lipe (1995) describes the 1200s as a

period of contraction from the north and expansion to the south.

Some recent chronodemographic studies have dated the onset of the movement of

people south and east out of the Mesa Verde region to the 1240s or possibly as early as

A.D.1200 (Ahlstrom et al. 1995; Dean et al. 1994). In addition, these paleodemographic

data suggest a population peak in the north in the 1100s with a subsequent decline and

substantial settlement shifts toward the south in the northern Anasazi area in the late
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1100s (Dean et al. 1994). By the late 13th century, population centers had shifted to the

southern and eastern margins of the Colorado Plateau. While additional factors are

undoubtably involved, these events coincide with the increase in explosive volcanism and

the onset of cool temperatures revealed in the San Francisco Peaks temperature

reconstruction.

Aggregation

Prior to the final abandonment, two settlement trends characterize the northern

Anasazi archaeological record of the 1200s: population aggregation and the movement

away from open upland zones to canyon or canyon-head locations (Lipe 1995). The

process of aggregation is a complex phenomenon and much discussed in the literature.

Here, I cast the 13th century general trends toward residential aggregation and canyon

head settlement in the Mesa Verde area as both a direct and indirect consequences of

decreased temperature.

Cultural choices like settlement and field locations can function to modify the

environmental impact on agricultural practices. For example, the threat of frost damage

can be lessened by placing fields on warmer south-facing slopes or near canyon walls

which moderate temperatures by absorbing heat during the day and reradiating it at night.

Mesa Verde (the landform), despite its higher elevation, is warmer than those areas around

it. This is primarily due to its southwest aspect, as the whole mesa tilts toward the sun like

a giant solar collector. Modern temperature data from southwestern Colorado indicate
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that Mesa Verde enjoys considerably fewer freezing days in an average year than adjacent

areas. The average number of days from April through September with minimum

temperatures less than zero degrees C is 19 on Mesa Verde. Some nearby areas average

45 frost days in that same season (Fig. 3).

During periods when the growing season was too short in surrounding areas, Mesa

Verde fields would offer a better chance of realizing a crop. It is possible that Mesa Verde

and other large communities with viable land and food reserves would attract groups from

small outlying communities that were unable to make a crop, and that the larger

communities would grow through accretion. In this conceptual framework, 13th century

Mesa Verde aggregation would be seen as part of the regional abandonment process.

Residential aggregation represents the climatically forced depopulation of the rural

landscape. The archaeological evidence suggests that by midcentury most of the

population was residing in clusters of cliff dwellings or in large central canyon-head or

canyon-rim pueblos and that the aggregation occurred, not through planned growth, but

through the episodic addition of households or groups of households (Lipe 1995).

Given these circumstances, and assuming a temperature gradient in which

temperature decreases with increasing elevation and latitude, it is unreasonable to assume

that all northern and upland groups would find suitable land or be welcomed elsewhere.

Eventually, good space would run out and the larger communities would be unwilling or

unable to accommodate more people. After about 1240, the size of large pueblos does not

increase through time while the number of small habitations continues to decline (Lipe
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1995). This implies population decline through migration or other means. Without the

benefit of productive land or assistance, some groups might initiate conflicts. Potential

hostility would then become a positive feedback mechanism toward continued

aggregation, for protection as well as subsistence.

Violence

The archaeological evidence for the reality of Anasazi violence is extensive.

Violence is inferred from many lines of evidence including skeletal, architectural,

artifactual, and residential data (LeBlanc 1999; Wilcox and Haas 1994). These studies

place the most apparent and widespread violent interval in the Mesa Verde region in the

1200s, lasting 50 to 75 years. The timing of the peak violent episodes is consistent with

13th century volcanism, reconstructed low temperatures, and large scale aggregation. This

in no way demonstrates that the conflict resulted from temperature induced food crises,

but these large scale temporal patterns within the data are intriguing. Violence is a

reasonable outgrowth of subsistence stress, and the ethnographic record indicates groups

sometimes clash over subsistence goods or choice land.

In addition to a positive feedback for aggregation, the threat of hostility carries

additional baggage. One of the correlates of aggregation and hostility is a decrease in

mobility and eventual isolation. Evidence in the northern Mesa Verde 13th century

archaeological record that points to a lack of mobility and isolationism includes a lack of

trade goods, changes in community pattern suggesting political and economic
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independence, concern with protecting domestic water supplies, and the absence of large

game hunting (Lipe 1995). A lack of mobility limits subsistence strategies as households

are unable to disperse across the landscape. The splitting of aggregates, with circulation

across larger areas, is a favored strategy under certain environmental circumstances

(Kohler and Van West 1994). This did not occur in the 13th century and may have led to

additional feedbacks. The lack of available options escalates risk. For example, the

hedging strategy of multiple agricultural fields in a range of locations is mitigated, and

spatial confinement magnifies the effects of local drought, further increasing the risk of

crop loss and subsistence stress. At the same time, agricultural intensification is necessary

to feed the aggregated population and local resources are being depleted because the

threat of hostility precludes travel. One possible chain of adaptive behavior linked to the

environment begins with the 13th century temperature decline, and leads to increased

agricultural risk (Fig.4).

CONCLUSIONS

The role of temperature variability in northern Mesa Verde culture change and

regional abandonment has received considerable attention since Petersen (1988) suggested

shortened growing seasons beginning around A.D. 1200. The San Francisco Peaks

temperature reconstruction supports this proposition with three consecutively spaced cold
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periods reconstructed during the 1200s. Paleoclimatologists and climate modelers look for

mechanisms and processes that help explain the variability in the climate record and

advance understanding of the evolution of climate. One of the climate forcing mechanisms

responsible for temperature variability is explosive volcanism which can substantially

modulate temperature on interannual to multidecadal scales. There is strong historic and

ice core evidence for large volcanic events in the period of interest.

The impact of declining temperature on prehistoric Southwestern agriculture is not

well understood, but the repercussions of shorter growing seasons and untimely frosts

should be most detrimental in northern and upland areas. The 13th century archaeological

record in these areas exhibits considerable evidence of disruption and large scale change.

Environmental deterioration is not a prerequisite for culture change. Yet, when the two

coincide and when the pattern of change supports the inference that the two are

connected, additional investigation into their contemporaneity is indicated. The results of

this research warrant further consideration of the suggestion that the inability to grow

maize over large upland and northern areas due to cool conditions contributed to the

tumultuous nature of the social context in the 1200s and to the eventual depopulation of

the Mesa Verde region.
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ENDNOTE

'I do not consider the 13th century low frequency dip in temperature as the beginning of

the onset of a Little Ice Age. There is too much variability in the A.D. 1200-1800 northern

Arizona temperature record to support the notion of such a sustained multi-century cold

interval.
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APPENDIX D

Reconstructed Temperature and Precipitation on Millennial Timescales

from Tree Rings in the San Francisco Peaks Area of Northern Arizona

This paper will be submitted to the journal Quaternary Research

INTRODUCTION

Conditions in the natural environment, which change over time, establish limits on

human societies and other biotic communities, and there is increasing evidence that

conditions are currently changing and can change rapidly. Climatic shifts could have

tremendous impacts on modern human endeavors, and recognition of this has fueled great

scientific and political interest in past climatic parameters in order to assess modern human

influence on climate. Before human influences can be diagnosed and appraised, it is vital to

evaluate the magnitude of natural climate variability. Because the instrumental record is

relatively short, proxy records of climate provide valuable estimates of past climate

variability. This study examines two long proxy records of climate, a precipitation

reconstruction and a temperature reconstruction developed from tree-rings in northern

Arizona.

An enhanced picture of paleoclimatic variability emerges from research that targets
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past variations in both temperature and precipitation from a single region. The two

climatic variables are inextricably linked due to their connection with atmospheric

circulation. I examine changes in both variables on a millennial timescale using tree-ring-

based, annually dated, calibrated, and verified temperature and precipitation

reconstructions from the San Francisco Peaks (SFP) area of northern Arizona. In the

Sierra Nevada, Graumlich (1993) used a nonlinear response surface technique to

reconstruct both temperature and precipitation. Here, I apply an approach similar to that

of LaMarche (1974) and Graybill and Funkhowser (1999) that makes use of tree-ring data

from differing elevations to untangle two different environmental variables from the

records.

DATA AND METHODS

Ecological Model

Climatically responsive trees useful in dendroclimatology contain quantifiable

variables (e.g. ring-width) that are the result of internal tree processes that have been

directly or indirectly limited by climatic factors. It follows that the most responsive trees

are found near the climatically determined limits of their distribution such as ecotonal

boundaries, where climatic factors are most limiting. Hence, boundary areas, such as the

lower forest border and subalpine treeline, are good locations for finding climatically

sensitive tree-ring sites. Tree-ring chronologies generated from these two different

elevational zones contain different climatic signals because the limiting factors for tree
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growth at the lower forest border and the subalpine treeline are not the same. Thus, the

record of variability contained in their respective tree-ring chronologies will be distinct

(Fig. 1). Lower elevation pines (Pinus ponderosa and Pinus edulis) and Douglas-fir

(Pseudotsuga menziesii) provide information on past precipitation, while high elevation

bristlecone pine (Pinus aristata) renders details about prior temperatures. Through a

comparison of these two growth records, paleoclimatic insight unobtainable from either

record alone is generated, allowing a more complete understanding of past climate

scenarios.

Tree-Ring and Climate Data

Three lower forest border tree-ring chronologies were used in the precipitation

reconstruction. Through the process of crossdating, measured ring-width series of

construction timbers from archaeological sites are appended to the earlier portions of

measured series from living trees at the three sites to substantially lengthen the records.

The chronologies are derived from ponderosa pine (Pinus ponderosa), pifion (Pinus

edulis), and Douglas-fir (Pseudotsuga menziesii) from elevations of approximately 1890

to 2290 m in northern Arizona (Flagstaff and Canyon de Chelly) and southern Utah

(Navajo Mountain). They were originally developed as part of the Southwest Paleoclimate

Project (Dean and Robinson 1978) and are on file at the Laboratory of Tree-Ring

Research at the University of Arizona. The precipitation reconstruction calibration uses

climate data from NOAA Climate Division Two (Northeast) for Arizona over the period
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Figure 1. Ecological model of climate and tree-growth.
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1896-1988.

To build a tree-ring chronology that reflects past temperature variability, upper-

treeline bristlecone pine (Pinus aristata), whose ring-width variability is a function of

temperature, were sampled at timberline in the San Francisco Peaks (-3536 m) where

temperature is most limiting to growth. Increment core samples were collected from older

bristlecone trees on both Agassiz Peak and Humphreys Peak. Additionally, core samples

from standing dead trees and sawed cross-sections from subfossil logs were collected.

Crossdating the deadwood samples with the living tree specimens extended the

chronologies back in time. The individual growth rings of each sample were measured to

the nearest 0.01 mm. The measured series were converted to standardized tree-ring

indices by fitting a modified negative exponential curve, a straight line, or a negatively

sloped line to the series. This process removes the age/size related growth trend and

transforms the ring-width measurement values into ring-width index values for each

individual ring in each series (Fritts 1976). To create the mean site chronology, the annual

standardized indices of tree growth were averaged. A single chronology was developed

from samples collected at two sites on Humphreys Peak and one site on Agassiz Peak.

The SFP chronology extends from 663 BC to AD 1997. In total, 234 series (130 trees) are

used. The period before 266 BC is considered less reliable than the rest of the chronology

as six or fewer series cover this interval. The climate data used in the temperature

reconstruction calibration are from the Fort Valley Experimental Research Station, which

is part of the United States Historical Climatology Network. The station data, from an
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elevation of 2239 m and approximately 4.5 km from the high elevation SFP tree-ring sites,

span the period 1909-1994.

Biological Model

Correlation and response function analyses were used to investigate the climate-

tree growth relationship of the lower elevation tree-ring chronologies and precipitation.

Growth processes of lower elevation trees in the Southwest often are limited by climatic

conditions during a period before the actual growing season (Fritts 1976). Ring-width

variability can reflect changes in precipitation amounts from the fall/winter seasons prior

to the trees' growing season through the growing season of ring formation. The period

from the previous October through July of the growing season was determined to be the

interval when precipitation had the greatest effect on tree growth. Monthly values for this

period were summed for the individual years to create the final climate series used in the

reconstruction. Consequently, one variable being reconstructed is prior October through

current July precipitation.

Correlation and response function analysis determined that the SFP tree-ring

chronology correlated most significantly with monthly mean-maximum temperatures. The

results of several physiological experiments with upper treeline pines (Tranquillini 1964,

Schulze et aL 1967; Mooney et al. 1966) suggest that net photosynthesis at upper treefine

is most influenced by the length of the warm season and daily maximum temperatures. The

correlation between the chronology and mean-minimum temperatures was negative. A
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positive correlation between growth and day temperatures (maximums), and a negative

correlation between growth and night temperatures (minimums), has also been found in a

controlled experiment on Pinus taeda seedlings (Kramer 1957). One explanation for this

circumstance involves the role of respiration in net photosynthesis. Warm nights (high

minimum temperatures) would tend to deplete photosynthetic reserves and negatively

impact ring-width. Interestingly, the correlation of ring-width index with monthly mean

temperatures remains near zero as the minimum and maximum relationships cancel each

other out.

While the growth response of these upper-treeline bristlecone is complex, two

points are clear: increased growth occurs with increased daytime (maximum)

temperatures, and the largest effect of temperature on growth is not immediate. The

strongest statistical relationship between mean-maximum temperature and the tree-ring

chronology occurred during the year prior to the year of growth. Other bristlecone pine

studies (Fritts 1969, LaMarche 1973; LaMarche and Stockton 1974) have suggested that

growth, especially radial growth of the stem, depends on reserves of stored food produced

during earlier periods. On the San Francisco Peaks, the period from January through

December prior to the growth year is the interval when mean-maximum temperatures

(daytime highs) had the most significant effect upon tree growth. Monthly mean-maximum

values for this period were averaged for the years 1909 to 1994 to create the final climate

series used in the reconstruction. Accordingly, the variable being reconstructed is annual

mean-maximum temperature. This variable can be considered a general measure of how
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warm it gets during the daytimes of a given year.

Statistical Model

For the precipitation reconstruction, the October through July precipitation climate

series was log-transformed prior to the calibration. This procedure results in the climate

data being more normally distributed and more linearly related to the tree-ring data. A

stepwise multiple linear regression model was developed using the standard tree-ring

chronologies from Flagstaff Navajo Mountain, and Canyon de Chelly. The pool of

potential predictors includes nine variables: the three chronologies lagged -1, 0, and +1

years from the precipitation year (previous October - July). Predictors were allowed to

enter the model stepwise in order of importance until le reached a maximum and root-

mean-square-error (RMSE) a minimum. Three predictors were used in the final model: the

three chronologies at lag 0. The inclusion of additional predictors beyond these three does

not increase calibration R2 or decrease RMSE substantially, indicating that predictors four

through nine do not improve the quality of the reconstruction.

Validation was done using the predicted residual sum of squares (PRESS) method

(Weisberg 1985). Crossvalidation statistics indicate a successful reconstruction. The

validation reduction of error statistic (RE), which is analogous to calibration le, is 0.71.

Any positive value of this statistic indicates that the model does a better predictive job

than the calibration period mean. Also indicative of a good reconstruction, the validation

RMSE remains low and does not differ much from the calibration RMSE in this three
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predictor model. Analysis of residuals does not indicate any violations of model

assumptions. The residuals are independent of both predictor and predictand values. They

are essentially normally distributed and show no apparent trends. The Durbin-Watson and

Portmanteau Q statistic demonstrate both acceptable first-order autocorrelation and

acceptable overall autocorrelation in the residuals. The regression model explains 74% of

the variance in the precipitation with a calibration period of 1896-1988 (Fig.2B).

A similar approach was taken to create a quantitative temperature reconstruction.

The modern part of the SFP tree-ring chronology was compared to the instrumental mean-

maximum temperature data, and a linear regression equation was generated from the

period of overlap that retrodicts past temperatures for the period corresponding to the

length of the tree-ring standard chronology. Because these trees respond to climate over a

period extending into the previous growing season, the temperature variability was

statistically modeled using linear regression and a lagged relationship where mean-

maximum annual temperature at year (t-1) can be reconstructed from tree-ring index at

year (t). A simple linear regression was used with a single predictor and no log-

transforms.

The SFP chronology explains 46% of the variance in the temperature data over the

1909 to 1994 calibration period (Fig.2A). This compares favorably with some other tree-

ring based temperature reconstructions (Briffa et al. 1990, 1992, 1994; Graumlich 1993;

Jacoby and D'arrigo 1989; Jacoby et al. 1985; Lara and Villalba 1993; Luckman et al.

1997; Scuderi 1993). As with the precipitation reconstruction, validation was done with
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the PRESS (Weisberg 1985) method, crossvalidation statistics indicate a successful

reconstruction, and residual analysis does not indicate any violations of model

assumptions. The validation reduction of error statistic (RE) is 0.42.

From the precipitation reconstruction calibration (Fig. 2B), it is apparent that the

tree-ring chronologies successfully simulated both high-frequency and low-frequency

trends in the precipitation data. The temperature reconstruction calibration (Fig. 2A),

however, demonstrates that the high elevation bristlecone tree-ring chronology is able to

predominately capture the decadal and multi-decadal scale variability in temperature. This

is consistent with the work of others (Graumlich 1993; LaMarche 1974; LaMarche and

Stockton 1974; Scuderi 1993) and suggests that while the total amount of temperature

variance explained by the tree-ring chronology remains at 46%, the low-frequency decadal

scale swings in temperature are sufficiently mimicked by the tree-ring chronology.

Identifying Extreme Climatic Intervals

In this study, decadal scale variability is emphasized for two reasons. First, while

the SFP temperature reconstruction is an annual estimate, the reconstruction is most

reliable in the lower frequencies. It is apparent that much of the temperature variability

captured by the SFP tree-ring chronology is approximately at the decadal scale. Analyses

and explanations based on year-to-year change are not as well grounded in the data as are

investigations of relatively warm and relatively cool intervals. For this reason, greater

emphasis is placed on the lower-frequency component of the temperature reconstruction.
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Periods, rather than years, that deviate from the mean are more intrinsic within the data

set, and interpretations based on such are preferred. Second, numerous studies document

climate variability on decadal scales in both the instrumental records (Cayan et al. 1998;

Dettinger et al. 1998;) and tree-ring records (Fritts 1991; Dettinger et al. 1998; Grissino-

Mayer 1995).

Changes in mean climate are evident in groups of years when past reconstructed

temperatures and reconstructed precipitation differed from the long-term mean. To

identify climatic periods that were well above or below the long-term mean, a ten-year

smoothing spline (Cook and Peters 1981) was fit to the reconstructed temperature and

precipitation time series. The original and spline reconstructed values were converted to

standard deviation units, or Z scores (Johnson 1994). This technique quantifies the

deviation from the long-term average. Using the spline, periods were identified that

diverged from mean conditions by at least 1.1 sd. This reference point was proposed by

Dean (1988) to determine climate episodes potentially significant to the physical

environment and to human populations. The beginning and ending years of the extreme

climatic periods were defined using the nonsmoothed data because spline values are

influenced by preceding (past) and following (future) data. The minimum length for

periods was established at five years. The beginning year for an extreme period was

determined as that point when the original reconstructed value first substantially deviated

from mean conditions (< -0.5 or > 0.5 sd). The ending year for periods was defined as that

point when average conditions (>-0.5 and < 0.5 sd) returned for more than two
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consecutive years or when conditions substantially deviated (<-1.0 and >1.0 sd) in the

other direction for more than a single year. During each extreme period, the smoothed

reconstructed values deviate from the long-term average by at least 1.1 sd for at least one

year.

RESULTS AND DISCUSSION

Deviations from Mean Conditions

Thirty-five extreme-dry periods and 30 extreme-wet periods (Table 1) were

identified in the 1425-year precipitation reconstruction. Wet and dry periods range from a

five to twenty-six years. The driest interval was the six year period from 1818 to 1823; the

wettest was the 5 year period from 985 to 989. The longest drought is twenty-six years,

from 699 to 724. The 1905 to 1922 eighteen year period is the longest wet interval in the

precipitation reconstruction.

Many of the wet and dry periods in Table 1 correspond temporally with dry and

wet conditions elsewhere in the Southwest. Nineteen of the 35 dry periods (54 %),

including eleven of the top twelve, and nineteen of the 30 wet periods (63%) overlap with

similar severe short-term droughts and short-term wet periods described by Grissino-

Mayer (1995) for west-central New Mexico. This suggests that these episodes, especially

the most severe droughts, are often regional rather than local phenomena.



TABLE 1
Short-Term	 years and	 years) Anomalous Wet and Dry

Periods in the Reconstructed Precipitation Record

Wet Periods Anomaly Rank Dry Periods Anomaly

985-989 +2.15 1 1818-1823 -1.25

1325-1334 +1.79 2 920-924 -1.13

1743-1747 +1.61 3 1751-1757 -1.06

572-577 +1.53 4 1666-1672 -1.04

1865-1869 +1.44 5 660-664 -1.04

1060-1066 +1.42 6 1360-1364 -0.99

1978-1988 +1.26 7 1893-1904 -0.96

1833-1840 +1.23 8 1292-1300 -0.93

1615-1622 +1.14 9 1777-1783 -0.87

1718-1727 +1.05 10 1571-1593 -0.85

1564-1570 +1.05 11 1090-1101 -0.82

798-805 +1.03 12 975-984 -0.80

727-736 +1.00 13 1623-1628 -0.79

1905-1922 +0.99 14 1870-1883 -0.77

940-950 +0.91 15 1943-1947 -0.76

1687-1695 +0.90 16 1857-1861 -0.75

636-642 +0.84 17 823-832 -0.74

1427-1434 +0.83 18 877-884 -0.74

1482-1486 +0.81 19 1215-1221 -0.73

1549-1560 +0.78 20 1542-1548 -0.72

959-965 +0.78 21 611-620 -0.72

1109-1119 +0.74 22 750-757 -0.72

1504-1515 +0.74 23 1953-1972 -0.70

1192-12104 +0.73 24 1389-1393 -0.68

1049-1056 +0.71 25 1455-1464 -0.68

688-695 +0.70 26 847-851 -0.68

1159-1167 +0.68 27 1435-1450 -0.66

1378-1385 +0.66 28 699-724 -0.65

1640-1647 +0.66 29 951-957 -0.65

1760-1771 +0.55 30 991-1005 -0.64
31 1728-1742 -0.64
32 900-910 -0.56
33 1182-1191 -0.52
34 1033-1046 -0.46
35 1144-1154 -0.35

Note: Anomalies expressed as average Z score during period.
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In the analysis of the temperature data, the 663 BC to 267 BC portion was omitted

from the examination due to low sample size during this early part of the chronology.

Thirty extremely cool and 26 extremely warm intervals were identified between 266 BC

and AD 1996 (Table 2). The intervals range from five to 49 years. The coldest period

identified was an eighteen year interval from AD 683 to 700. The longest cool period was

the 35 years from 1330 to 1364. The late 20th century 49 year period from 1946 to 1996

is the warmest period identified and also the warm interval with the longest duration. It is

extremely rare in this reconstruction for temperatures to approach 20th century levels.

Only during brief intervals in the 200s BC, the early AD 400s, the mid 1500s, and the

1700s did warmth rival 20th century levels.

Although there are no other millennial length temperature reconstructions from the

Colorado Plateau to compare to our record of extreme warm and extreme cool intervals, a

comparison with two long tree-ring based reconstructions from the Sierra Nevada of

California is possible. Scuderi (1993) listed the six coldest and warmest twenty year

periods between AD 1 and 1980. Four of the six coldest and three of the six warmest

overlap with coinciding extreme periods in the SFP reconstruction. Similarly, Graumlich

(1993) identified five extremely cold and extremely warm twenty year intervals between

AD 800 and 1988. Three of the five coldest and two of the five warmest overlap with like

extreme periods in the SFP reconstruction. Expanding the comparison spatially, Briffa et

al. (1990) identified five extreme cold and extreme warm twenty year intervals between

AD 500 and 1990 for northern Fennoscandia. Four of the five coldest substantially



TABLE 2
Short-Term 0:5 years and	 years) Anomalous Cold and

Warm Periods in the Reconstructed Temperature Record

Cold Periods Anomaly Rank Warm Periods Anomaly

683-700 -1.96 1 1946-1994 +1.99

1636-1653 -1.83 2 402-410 +1.91

1911-1930 -1.46 3 1529-1534 +1.65

43-22 BC -1.44 4 1708-1721 +1.49

1195-1219 -1.38 5 1736-1744 +1.48

534-553 -1.34 6 266-228 BC +1.46

268-279 -1.34 7 1753-1761 +1.34

1330-1364 -1.27 8 238-252 +1.34

122-108 BC -1.25 9 299-311 +1.29

897-902 -1.25 10 1777-1801 +1.24

1512-1527 -1.22 11 201-194 BC +1.24

846-859 -1.15 12 89-73 BC +1.21

1810-1825 -1.13 13 1688-1698 +1.16

1763-1771 -1.12 14 840-845 +1.05

987-991 -1.00 15 673-682 +1.01

1835-1854 -1.00 16 1586-1593 +1.00

1094-1120 -0.98 17 347-352 +0.99

1661-1683 -0.98 18 591-609 +0.98

804-824 -0.96 19 878-893 +0.86

144-134 BC -0.94 20 190-163 BC +0.83

663-669 -0.93 21 1146-1155 +0.82

1599-1612 -0.90 22 706-717 +0.82

94-103 -0.88 23 1067-1091 +0.81

230-235 -0.88 24 1390-1443 +0.80

177-194 -0.87 25 16-2 BC +0.77

729-736 -0.85 26 1367-1380 +0.72

1258-1271 -0.84 27
1225-1245 -0.75 28
470-486 -0.75 29
368-381 -0.66 30

Note: Anomalies expressed as average Z score during period.

overlap with contemporaneous extreme cool periods in the SFP reconstruction,

suggesting that these events, particularly the coldest intervals, are hemispheric in scale.
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Cool/Dry, Cool/Wet, Warm/Dry, and Warm/Wet Intervals

Figure 3 is a time-series plot of the smoothed temperature reconstruction

superimposed on the smoothed precipitation reconstruction. By comparing the wet, dry,

warm, and cool periods determined above, intervals of overlap, when conditions were

either cool/dry, cool/wet, warm/dry, or warm/wet were identified (Table 3). For these

analyses only the period during which the chronologies overlap, AD 570-1988, is

considered. In total, 40 intervals greater than one year were identified in the 1,425 year

period of record, including ten cool/dry, eleven cool/wet, twelve warm/dry, and seven

warm/wet periods. The intervals range from two to twenty years, with the average

duration for cool/dry and warm/wet periods five years, and the duration for cool/wet and

warm/dry intervals seven and eight years respectively.

As there has not been a cool/dry period since the 1818 to 1823 interval, there is no

analog in the modem instrumental climatic record for cool/dry conditions. This makes it

impossible to compare reconstructed cool/dry conditions with meteorological

measurements and other modern historic records, and thus, more difficult to assess the

cultural and ecological impact of this type of climate anomaly.

The 1950s drought in the Southwest provides a nice modem analog for extreme

warm/dry conditions. This drought brought about high levels of plant mortality in

shrublands, woodlands, and forests as well as regional scale shifts in species composition

(Betancourt et al. 1993; Swetnam and Betancourt 1998). There is also evidence that the
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Figure 3. Smoothed temperature and precipitation reconstructions.
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reconstructed warm/dry interval in the late 16th century (1586-1593) may have

contributed to widespread coniferous tree mortality (Swetnam and Betancourt 1998;

Swetnam and Brown 1992).

Cold/Dry, Cold/Wet, Warm/Dry,
TABLE 3

and Warm/Wet Intervals from AD 570 to 1994

Cold/Dry	 Cold/Wet Warm/Dry Warm/Wet

663-664 688-695 706-717 1378-1380

699-700 729-736 878-884 1427-1434

823-824 804-805 1090-1091 1688-1695

847-851 987-989 1146-1154 1718-1721

900-902 1195-1204 1390-1393 1743-1744

1094-1101 1330-1334 1435-1443 1760-1761

1215-1219 1512-1515 1586-1593 1978-1988

1360-1364 1640-1647 1736-1742

1666-1672 1763-1771 1753-1757

1818-1823 1835-1840 1777-1783
1911-1922 1946-1947

1953-1972

Cool/wet conditions in the 1910s provide an analog for past cool/wet

circumstances. This is a period of extremely high runoff in the Colorado river basin

(Stockton 1975), and coincides with the end of the period of widespread channel

entrenchment (arroyo cutting) across much of the southwestern United States (Bull 1997).

While the cause(s) of the initiation and subsequent cessation of arroyo cutting episodes is

beyond the scope of this paper, the role of climate remains integral. Additionally, the

cool/wet interval beginning in 1911 may have led to a pulse of heavy tree recruitment in

Southwestern forests (Allen et al. 1998; Savage et al. 1996).

The warm/wet interval beginning in the late 1970s is the first since the 1760s and
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corresponds to a post-1976 climate regime shift in the Pacific characterized by a trend in

the Southern Oscillation with more frequent and longer lasting negative, warm phase (El

Nifio) events, resulting in abnormally wet winters and springs in the American Southwest

(Swetnam and Betancourt 1998). Associated with this climate change are a multitude of

documented changes in environmental conditions since the mid-1970s (Ebbesmeyer et al.

1991).

Medieval Warm Period and Little Ice Age

It has become a popular notion that there was a global climatic pattern of a

Medieval Warm Period (MWP) followed by a Little Ice Age (LIA). There is some

uncertainty regarding the extent and timing of these episodes given the natural spatial

variability of climate and the spatial and temporal resolution of the data used to define

them (Hughes and Diaz 1994). When Lamb's (1977) northern European dates for the

MWP (1000-1300) and LIA (1550-1850, main phase:1550-1700) are compared to the

climatic reconstructions presented above, the northern Arizona data show a high degree of

decadal and multi-decadal scale variability in both temperature and precipitation during

both the MWP and LIA. In the San Francisco Peaks data, the MWP period contains two

reconstructed extremely warm periods (1067-1091, 1146-1155) and three reconstructed

extremely cool periods (1094-1120, 1195-1219, 1225-1245). The LIA interval contains

six cool periods (1599-1612, 1636-1653, 1661-1683, 1763-1771, 1810-1825, 1835-1854)

and six warm periods (1586-1593, 1688-1698, 1708-1721, 1736-1744, 1753-1761, 1777-
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1801), although four of the six warm episodes post-date the main phase of Lamb's LIA.

The lower elevation tree-ring record of extreme wet and dry intervals is not

disproportionately affiliated with either of the two northwestern European climate

intervals. Five wet and five dry periods occur during the MWP, nine wet and seven dry

during the LIA. This is consistent with the findings of Dean (1994) for the Colorado

Plateau.

Spectral analysis of the reconstructions reveals the variance of the temperature

reconstruction is primarily concentrated at periods from -78 to 91 years, strikingly similar

to the quasi 80-90 year oscillation in the Fennoscandian paleotemperature data (Briffa et

a/.1990). The temperature reconstruction exhibits a pattern of external forcing associated

with volcanic aerosols similar to that reported by Scuderi (1990). Reconstructed

temperature minima often coincide with known climatically effective volcanic eruptions,

including the 44-32 B.C. Mt. Etna eruption(s), where annual mean-maximum

temperatures in northern Arizona are estimated to have dropped -2.6°C (Salzer 2000).

Much of the variance in the precipitation reconstruction resides at periods from

-41 to 46 years, roughly half that of the temperature reconstruction. Forcing mechanisms

responsible for the variability in the precipitation reconstruction remain unclear but

decadal scale oceanic-atmospheric interaction linked to ENSO and the Pacific Decadal

Oscillation (PDO) are a possibility. Mantua et al. (1997) found that reversals in the

prevailing polarity of the oscillation occurred around 1925, 1947, and 1977. The

predominately negative PDO between 1947 and 1976 and positive values since 1977
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correspond to dry and wet intervals in the Southwest.

Longer, intervals can be identified when, for example, warmer conditions occur

more often than cool conditions. This is the case for the period from 870-1090 although

this interval is not devoid of cool periods. Conversely, intervals cooler than they are warm,

from 1600-1685 and 1810 to 1930, are separated by a relatively, yet not consistently,

warm 18th century. Longer dry and wet intervals are harder to identify as the

precipitation reconstruction is characterized by more frequent alternating wet and dry

periods.

It has been suggested that the LIA period is marked by high interannual

temperature variability (Briffa et al. 1990). The SFP data support this notion for much of

the LIA. A running-variance calculation of overlapping 25-year periods shows high

variance in temperature from 1630 to 1815. In addition, there is a long period of

temperature and precipitation high variance overlap in the 18th century. Interestingly,

evolutionary spectral analysis of overlapping 100-year periods demonstrates that,

beginning around 1690 and through the 18th century, the spectral characteristics of both

time-series changed; the variance shifted to shorter periods. Such a change, undoubtably

linked to natural rather than anthropogenic forcing, has a myriad of implications for the

cultural-ecological landscape.
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CONCLUSIONS

The second half of the 20th century is the warmest interval in the period of record,

which suggests the possibility that warming from human activity has increased temperature

outside the range of natural variability. Further, high October through July precipitation in

the Southwest over the last 25 years, when superimposed on late 20th century anomalous

warming, has led to warm/wet conditions unprecedented in the 1425 year record in both

amplitude and duration. The high precipitation interval is within the range of natural

variability. It is, however, its association with anomalous late 20th century warmth that

makes this period unique. The warmth of the 20th century, while never exceeded, was

approached for brief intervals in the past when natural forcing mechanisms produced

considerable warmth. The research finds considerable temperature and precipitation

variability on multi-decadal scales during the MWP and LIA intervals, which further calls

into question the utility of the MWP/LIA concepts. Perhaps paleoclimatology and global

change science could best serve policy makers and human populations through a

demonstration of the spatial and temporal differences associated with these climatic

episodes, which then would enable explanations of the anomalies and a better

understanding of the underlying processes associated with climate change.
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APPENDIX E

This paper has been prepared for submission to the journal Nature

Post-1976 climate compared to fourteen centuries of reconstructed temperature and
precipitation in the American Southwest

Two independent calibrated and verified climate reconstructions from

ecologically contrasting tree-ring sites in the American Southwest provide the

opportunity to evaluate recent decadal-scale climatic trends in the context of

fourteen centuries of change. Combining precisely dated annual mean maximum

temperature and October through July precipitation reconstructions yields an

unexcelled record of climatic variability previously unavailable for the region.

Noteworthy in the reconstructions is the post-1976 warm/wet period, unprecedented

in the 1425 year record both in amplitude and duration. An increase in precipitation

following a post-1976 climate regime shift in the Pacific', while not outside the range

of past climatic variability, when superimposed on anomalous late-twentieth century

warming, has ushered in current warm/wet climatic conditions with which human

and other biotic populations are unacquainted in the period of record.
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High-resolution millennial-length paleoclimatic reconstructions are relatively rare;

most consist of a single reconstructed climatic variable from a single locality.

Reconstructions of both precipitation and temperature from a single location allow more

complete inferences about past and present climate and enable a better understanding of

recent climatic trends in the context of the late Holocene. Toward this end, I developed

two independent time-series of climatic reconstructions from tree-ring chronologies that

have distinctive climatic sensitivities. The precisely dated records of annual mean-

maximum temperature and of October-July precipitation for northern Arizona extend back

to A.D. 570 and reveal the unusual nature of post-1976 climate in the American

Southwest.

Variation in ring-width is a result of internal tree processes that have been directly

or indirectly limited by climatic factors'. Due to the contrast in trees' growth response to

climate variations at differing elevations, comparison of growth records at timberline and

at the lower forest border yields insight unobtainable from either record alone. At the

upper treeline, growth processes can be most limited by temperature', thus, ring-width

variability will reflect temperature variability. Growth processes of lower elevation pines in

the American Southwest are most limited by cold season precipitation', and so ring-width

variability reflects changes in precipitation amounts.

All sampling and processing were accomplished with the use of standard

dendrochronological methods 2' 5 to construct four mean site chronologies, three from the

lower forest border and one from the upper treeline. Long-lived bristlecone pine trees
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(Pinus aristata), both living and dead, from upper timberline elevations (-3535 m) of the

San Francisco Peaks, a stratovolcano rising out of the Colorado Plateau, are used for the

temperature reconstruction. Three lower elevation tree-ring chronologies derived from

ponderosa pine (Pinus ponderosa), pifion (Pinus edulis), and Douglas-fir (Pseudotsuga

menziesn) from plateau elevations (-1890 to 2290 m) of northern Arizona and southern

Utah are used for the precipitation reconstruction (Fig. 1). Through the process of

crossdating, measured ring-width series of building timbers from archaeological sites are

appended to the earlier portions of measured series from the lower elevation living trees to

substantially lengthen the records' for the precipitation reconstruction.

The high elevation bristlecone pine chronology correlates positively (r = 0.68) with

instrumental mean maximum temperature data from Fort Valley Experimental Research

Station which is part of the United States Historical Climatology Network. The station

data, from an elevation of 2240 m and 4.5 km from the tree-ring site, span the period

1909-1994 inclusive. Because trees respond to climate over a period often extending into

the previous growing season', the temperature variability was statistically modeled using

linear regression' and a lagged relationship where mean maximum annual temperature at

year -I can be reconstructed from tree-ring index at year /. The bristlecone pine tree-ring

chronology explains 46% of the variance in the temperature data (Fig.2a). This compares

favorably with other tree-ring based temperature reconstructions'''. The three lower

elevation pine tree-ring chronologies correlate positively (r = 0.79, 0.77, and 0.66) with

precipitation data from NOAA Climate Division Two (Northeast) for Arizona over the
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Figure 1. Location of tree-ring sites used in the temperature
(diamond) and precipitation (circle) reconstructions.
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period 1896 to 1988. The strongest correlation is between a sum of 10 months of

precipitation, October (year -I) to July (year /), and tree-ring index (year /). The

regression model explains 74% of the variance in the precipitation (Fig.2b). Residual

analyses showed no significant (0.01 one-sided, 0.02 two-sided) first-order or overall

autocorrelation in the residuals of either reconstruction, demonstrating that the climate

signals in the tree-ring chronologies are real and not a result of serial correlation.

Post-1976 climate is characterized by a trend in the Southern Oscillation with

more frequent and longer lasting negative, warm phase (El Nifio) events, resulting in

abnormally wet winters and springs in the American Southwest'. There has been recent

debate regarding the nature of the relationship between the post-1976 climate regime shift

and greenhouse gas induced global warming as time series modeling suggests post-1976

climatic behaviour occurs once every thousand years1"2 . From Fig.3, it is clear that the

temperature increase in the latter half of the twentieth century is anomalous compared to

warm periods of the past, and unusually warm/wet conditions have prevailed since the

mid-1970's. While my reconstruction data do not directly address whether the post-1976

climate shift and greenhouse warming are causally linked, the precipitation reconstruction

does exhibit decadal-scale changes in the past 1425 years, from dry periods to periods

with equal or greater amounts of precipitation than the present, suggesting that such shifts

may represent natural variability. However, when both climatic variables are considered,

the post-1976 climate history of prolonged, extreme wetness and warmth is unique in the

record.
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Figure Legend

Figure. 2. Comparison of observed instrumental climate data (thick line) and regression

based values predicted by the tree-ring chronologies (thin line). (a) Calibration between

the upper elevation bristlecone pine tree-ring chronology (year 1) and maximum annual

temperature (year -1) for the period 1909-1994 (calibration r2=0.46, validation RE=0.42).

(b) Calibration between low elevation pine tree-ring chronologies (year 1) and October

(year -1) to July (year 1) log10 precipitation for the period 1896-1988 (calibration

r2=0.74, validation RE=0.71). Tree-rings were crossdated to the calendar year and ring-

widths measured. The measured series were standardized2 by fitting either a modified

negative exponential curve, a straight line, or a negatively sloped line to the series to

create standardized tree-ring indices. The standardized indices were averaged, using a

robust mean to discount the effect of outliers. Validation for both reconstructions used the

PRESS' method. The precipitation climate series was log-transformed prior to calibration

resulting in the data being more normally distributed and more linearly related to the tree-

ring data. A stepwise multiple regression model was developed using the three tree-ring

chronologies and the precipitation data. Predictors were allowed to enter the model step-

wise in order of importance until r2 reached a maximum and root-mean-square-error a

minimum.
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1425 Years of Reconstructed Temperature and Precipitation

Thick line = precipitation
Thin line = temperature

Figure 3. The northern Arizona annual mean-maximum temperature
and July-October precipitation reconstructions (A.D. 570-1994). For

the period of instrumental record (1909-1994 Temperature; 1896-1994
precipitation) the reconstructed values were replaced with the
instrumental values. For comparative purposes, the time-series were
transformed to standardized units and smoothed using a cubic
spline to emphasize decadal-scale variability. Note the pronounced
warm/wet interval in the latter part of the 20th century.
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Additional evidence for the unprecedented nature of current conditions comes

from other millennial-length tree-ring chronologies from the American Southwest, where

recent growth trends' compare favorably with the late twentieth century warm/wet

period. Unequaled post-1976 growth  in these higher elevation chronologies has been

attributed to CO 2 enrichment1334, but may be the result of unusually warm/wet conditions.

Such conditions would favor enhanced growth at higher elevations. Both temperature and

precipitation influence growth processes with the impact of temperature increasing with

elevation'. Also, phase advances in the declining phase of the CO 2 cycle suggest a

lengthening of the active growing season since the early 1960' s15,16, which provides more

opportunity for growth of temperature limited trees. Lower elevation tree-ring

chronologies in the region do not show the post-1976 surge.

Concomitant with the climate change, documented environmental changes since

the mid-1970's support the claim that a dramatic shift has occurred. Such changes include:

sea surface temperatures'', ice-cover in the Bering Sea and the position of the Aleutian

Low' s , glacial mass balance in the northwestern United States l 'and Chine, drought

distribution and severity', oceanic ecosystem species composition and richness''', forest

ecosystem structure l°, and hydrologic processes'. These recent studies suggest that the

change is extensive, both in breadth and magnitude. There is no past analog in my record

for similar climatic conditions driving such widespread change. The 1976 shift may be a

reversal in the prevailing polarity of the Pacific Decadal Oscillation (PDO)25 . Given the

current warming trend, the environmental prospects are ominous. When the PDO shifts
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back to a negative phase, as may be the current situation, the environmental consequences

in the Southwest of the combination of drought and warmth may exceed those of the past.
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