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ABSTRACT

Tree-ring data from bur oak (Quercus macrocarpa) and
ponderosa pine (Pinus ponderosa) were used to investigate the
relationship between annual ring width and soil moisture in
the Black Hills area of western South Dakota and eastern
Wyoming. Soil moisture values were developed from a water
balance model (SNWBAL), using climate data from weather

stations in the area.

The response between the tree-ring chronologies and
climate and water-balance variables shows a strong relation
between annual ring growth and precipitation and soil
moisture. The best variable combinations for reconstructing

the local drought history were identified from this analysis.

Several statistical approaches were used to check the
internal consistency of the data and to determine the

relationship between the various data sets.

A scenario for further study, especially for the
reconstruction of past climate variables was drawn based on

the results of response analysis.
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Chapter I.

INTRODUCTION

Development in the Great Plains of the United States, from
the present into next century is related to the availability
of water from both surface and groundwater systems. As
population grows, water demand will increase dramatically.
As in many places of the world today, reasonable management
and use of available water resources is a vital issue for the

Great Plains.

Tree rings indicate that from 1750 to 1964 the Great
Plains experienced extensive droughts near 1756, 1820, 1862,
1934 and 1956 (Meko, 1992). The climatic and historical
records for Rapid City, South Dakota, show that the Black
Hills area has shared similar drought events (Miller, 1986).
Are these droughts a periodic event in the Great Plains, or
are they related only to random climate variation? What is
the probability of drought occurrence during the past hundred
years? How often do droughts occur, and what is the
probability of severe drought in the future? Based on our
present knowledge, it is difficult to provide a clear answer

to these questions.
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Many paleoclimatic approaches have been used to
investigate the occurrence and effect of drought on earth's
ecosystem. These include analysis of tree rings, ice cores,
pollen profiles, and geomorphology. Some methods, such as
pollen analysis and geomorphologic analog, are less precise
than others because they focus on time scales of decades to
thousands of years or more. While these methods can detect
trends of environmental change measured in hundreds or
thousands of years, they lack high resolution for decadal,
annual, or seasonal variations. Despite accurate dating and
precise chemical analysis, ice core studies are confined to
high elevation and high 1latitude 1locations. Also, the
expense involved in such studies generally limits their wide
use. In contrast, dendrochronological methods provide an
efficient way to study climate and environmental variations
with high resolution and reasonable cost. The time period
covered by tree-ring studies is considerably shorter than
that by the methods discussed above and tree-ring studies are
best done in areas where the environmental factors of
interest 1limit tree growth (Fritts, 1976; Fritts and Swetnanm,

1989, Baumgartner et al, 1989).

Until quite recently, only limited dendrochronological
work had been done in the Black Hills. Records from the

International Tree-Ring Data Bank (ITRDB) show that from the
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late 1950s to the late 1960s, H.E. Weakly developed five
juniper (Juniperus, spp) chronologies collected in the
Missouri River Basin of South Dakota. In the early 1960's,
Harold C. Fritts (HCF) worked on ponderosa pine chronologies
from the boundary of South Dakota and Nebraska. In the early
1980's the research group led by Charles W. Stockton (CWS)
developed two ponderosa pine chronologies near the Black

Hills.

The Black Hills are part of the Great Plains region and
considerably more work has been done in that large region
using some of the methods mentioned above. Some of the more
significant studies are those of Thomas (1962), Borchert
(1971), and Perry (1980), who analyzed climatic records and
found a rhythmic return of drought in the Great Plains at
about 20-year intervals. Mitchell, Stockton and Meko (1979)
discussed the evidence for a 22-year cycle in drought area
from tree-ring chronologies in the western United states, and
found a weak phase link between reconstructed drought and the

Hale solar cycle.

Oladipo (1987) studied the power spectra and coherence
of precipitation from 407 climate stations and concluded that
there is no evidence of periodicity in drought in the Great

Plains. Currie (1981,1989) found that there are 18.6-year
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and ll-year drought rhythms in the Great Plains and claimed
out that Oladipo's failure to find periodicity was due to
inappropriate methodology. Using tree-ring chronologies
developed from 58 sites from the fringes of the Great Plains,
Meko (1992) found no clear evidence for a 22-year or 18.6
drought cycle. Also the historic 'dust bowl' drought in the
early 1930s, which is unique in the long-term history, was
less persistent over several years than some earlier
droughts. Thus, based on Meko's results, which included a
much wider data base than previous studies, there is no tree-
ring evidence for a rhythmic occurrence of drought in the

Great Plains during the period of 1750-1964.

The lack of periodicity in drought does not mean that
knowledge of drought history is unimportant. Since the first
settlement of the Black Hills in 1870s, the local environment
has shifted from forest land to pasture and farms. Even a
moderate drought may bring a huge loss to the farmers and
local economy. Studying drought and understanding the
history of drought in the Great Plains remains a vital issue
for both scientific research and local economic development

of the Black Hills area.

The main objective of this paper is to use newly

developed tree-ring chronologies of bur oak (Quercus
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macrocarpa) and ponderosa pine (Pinus ponderosa) from the

Black Hills to investigate the relationship of tree-ring
growth to the water balance, and to find the appropriate
candidate variables for reconstructing local drought history

from the tree-ring chronologies.

Since the 1950s, following the pioneering research of
A.E. Douglass (1914) and Edmund Schulman (1951), a number of
studies have successfully used tree-ring chronologies, along
with environmental information, to analyze the relationship
between tree-ring growth and climatic variables, such as
precipitation and temperature (Fritts, 1976; Hughes et al,
1982, Schweigruber,1988; Fritts, 1991). The conventional
methods for dealing with tree-ring growth and climate
variation have largely focused on the relations between these
variables, or combined variables such as Palmer Drought
Severity Index (PDSI) (Palmer, 1965). Many researchers have
pointed out that tree-ring growth responds to various
environmental, physiological, and genetic factors acting on
trees at different stages of the growing season. Therefore,
there is no simple way to explain tree-ring growth based on
a single factor. Even the most successful climate
reconstructions have many 'unexplained variations', which may
not be just a noise component but worthwhile environmental

signals that probably could be restored by some appropriate
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techniques.

One goal of this study is to investigate the value of
climatological water balance modeling for reducing the
unexplained variation in tree rings from the Black Hills by
more concisely expressing the drought signal in tree rings.
To achieve this goal, the strength of the relationship
between tree-rings and traditional climate variables (e.g.,
precipitation, temperature) will be compared with the
strength of the relationship between tree-rings and secondary
drought variables (e.g., soil moisture) output from a

climatological water balance model.

Previous dendrochoronological studies in the Black Hills
area concentrated on ponderosa pine and its growth
dependence on local climate. Schulman (1956) studied the

relationship of chronologies from Douglas-fir (Pseudotsuga

menziesii) and limber pine (Pinus flexilis) to precipitation

records in the Missouri River Basin and found a very high
correlation with annual precipitation. For the period 1896
to 1950, the correlation coefficient was as high as 0.45 to
0.567. Partial- correlation analysis of ponderosa pine
chronologies from the western Great Plains shows that growth
in ponderosa pine 1is well related to total annual

precipitation (Stockton and Meko, 1983).
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Bur oak has not been previously used as a sample species
for dendrochronological work in the Black Hills. Research in
North America and Europe has shown that various oak species
have considerable potential for dendroclimatological studies.
The growth response of oak species to climate is generally
strong and the growth pattern is relatively stable with few
missing rings (Eckstein,1982; Cook,1982). Will (1946)
reported a relationship between major drought and growth
variations of bur oak from near Bismarck, North Dakota.
Lawson (1978) found that bur oak from eastern Nebraska cross-
dated and that growth variation was highly correlated with
local climate data. Blasing and Duvick (1981) found a strong

signal for annual precipitation in white oak (Quercus alba)

chronologies from Iowa.

The study uses various statistical methods, such as
general correlation analysis, correlation field analysis,
factor analysis, spectra analysis and response function
analysis, to examine the drought signal in a newly developed
set of bur oak and ponderosa pine chronologies from the
Black Hills. From these analysis the best combination of
tree-ring chronologies and climate variables is identified

for the further study.
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CHAPTER 2
DESCRIPTION OF PROJECT

§2.1 Physiography

The Black Hills are located in the northwestern quarter
of the Great Plains, within the boundaries of 101°W to 104°W
longitude and 43°N to 45°N latitude. Most of the region is
in the western part of South Dakota with a smaller portion in
the northeastern corner of Wyoming(Fig.2-1). The area is
characterized by its high mountains. The highest elevation,
7,595 ft above sea level, is in northern part of the Black

Hills, about 35 miles south of Spearfish.

Rising from the eastern edge of the rolling plains, the
Black Hills form a unique physiographic feature between the

Rocky Mountains and the Great Plains.

The high mountains are composed of igneous rocks and the
lower elevations of limestone with smooth topography.
Valleys are filled with Quaternary alluvium and weathering

debris from ridges.

The parent soil material of the Black Hills area was

laid down in past ages by glaciers, water and wind. The more
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Montana

South Dakota

STl

Wyoming

Figure 2-1. Map of Northern Great Plains showing
location of study area
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rugged terrain has been developed for livestock grazing. The
lower elevations with relatively gentle topography have been

used for irrigated agriculture for more than a hundred years.

The northern part of the Black Hills has more abundant
annual rainfall and better growth conditions than the
southern part. Like other parts of the Great Plains, the
Black Hills suffered severe drought and great dust storms in

the 1930s 'Dust Bowl' (Lawson & Baker, 1981).

§2.2 Climate

The Black Hills share some of the <climatic
characteristics of the much larger semi-arid to arid region
of the Great Plains. There are, however, differences because
the Black Hills are higher than surrounding parts of the
Great Plains. Climate records show that sunshine is
abundant, with the percentage of maximum annual sunshine
hours at Rapid City averaging 54% in winter and 60-73.5% over
most other months of the year. The 1long term average
relative humidity oscillates around 40% in May, July, August
and September. In other months it is much higher, around 50-
70%. The spring-summer combination of low relative humidity

and abundant sunshine results in a high potential
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evapotranspiration rate. These details will be discussed

later in the Penman model calculation of Appendix I.

Monthly mean temperature in the Black Hills area ranges
from 6°F in winter to 73°F in summer as measured at Rapid
City, and the monthly temperature departure varies greatly in
winter-spring during 1900-1990(Fig 2-2). There is an obvious
seasonal variation, but the regional variation is not great.
From climate records of 31 stations, it seems that the whole
Black Hills area has had the same climate variation trend
throughout the period of record. The average correlation
among all stations is 0.80 for monthly mean temperature and

about 0.60 for monthly precipitation.

Precipitation in the Black Hills is unevenly distributed
in space and time. The highest precipitation is concentrated
in the north near Spearfish with another center near Edgemont
and Oelrichs in the south. The wet center shifts toward the
northeast during the winter. Precipitation is also very
unevenly distributed within the yeaf: in the spring-summer
season (Apr-Aug), the percentage of annual precipitation is
71.3% for Rapid City and 68.9% for Hot Springs. According to
Miller(1986), the regional climate regime is characterized by
summer thunderstorms which produce a large portion of the

summer precipitation. From April to August, moist air moves
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from the southeast towards the Rocky Mountains. Moisture
condenses from the ascending current at the higher elevations
of the Black Hills and reaches the ground as rainfall. The
monthly precipitation from 1900 to 1990 is plotted in Figure

2-3.

Historical records show that many of the main droughts
in the Black Hills occurred during spring and summer, and
were characterized by low soil moisture in the growing
season. The plots for 1934 and 1936 illustrate failure of

spring and summer precipitation.

The climate conditions of the Black Hills in winter
result from arctic air masses moving from north to south over
the area. Snowfall is normally 1light; the highest mean
monthly snowfall on record was 2.69 inches in March. On the
average, total snowfall is only about 14.3% of the annual
precipitation. A mid-winter warming forms the so called
'banana belt' on the eastern slopes of the Black Hills
(Miller, 1986). In the spring, temperatures are generally

unsettled; spring snows may occur in May or even in June.

Summer in the Black Hills is usually warm, and most
summer precipitation comes from thunderstorms. There is very

little rainfall in the autumn, and snow may occur as early as
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Total record is from 1900 to 1990. The 50-year mean monthly
precipitation is plotted on the position of 1991. Apr-Aug is
the main season of ppt. The lowest monthly ppt occurrences in
the Apr-Aug season are: Apr 1984: O

The highest occurrences are: Apr 1941: 6.47; May 1962: 9.21.

Driest year was 1936: 7.51; wettest year was 1962: 28.89.

The highest monthly ppt occurred in July 1905: 9.66 inches.

.04; May 1936: 0.09.
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September. During spring and summer, a south to north
atmospheric circulation governs the annual distribution of
monthly precipitation. Because the average elevation of the
Black Hills is 5000-6000 feet, which is 2000 feet higher than
the eastern part of Great Plains, and also because the Black
Hills stand between the Rocky Mountains and the Great Plains,
the moisture conveyance has a significant impact on the

vegetation growth.

§2.3 Vegetation

The vegetation of the Black Hills varies according to
elevation and topography. The forested area is dominated by
ponderosa pine growing in virtually pure stands, except on
cooler and moister sites, where it is replaced by White

Spruce (Picea glauca). Quaking Aspen (Populus tremuloides)

is the dominant species on burned-over sites. 1In the drier
and lower southern area, oak spreads as a diverse age group
or as isolated trees. Most tree-ring samples from this study

were collected from sites at high elevations.
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Chapter 3. DATA COLLECTION AND TREATMENT

§3.1. Climate data

Climate data for this study were obtained from various
sources. Monthly precipitation and temperature data for
numerous stations were provided by Matthew J. Bunkers at the
Department of Meteorology of the South Dakota School of Mines,
Rapid City, South Dakota. This data is referred to as the
"original" data. Two subsets of monthly precipitation and
temperature data adjusted specifically for application to
historical studies were also used. The first is the
Historical Climate Network (HCN) data set (Karl et al 1990),
obtained from computer files at the Tree-ring Laboratory (TRL)
at the University of Arizona. The second is the National
Drought Atlas (NDA) data set (Willeke et al, 1991), obtained
also from files at TRL. Palmer Drought Severity Index (PDSI)
was also included in the NDA data set.

Monthly wind speed, relative humidity, and other data needed
for the Penman-method computation of potential
evapotranspiration were obtained from Miller (1986) and other
wind speed records from the publication "Monthly Local
Climatological Data"™ (NOAA). All climate stations used in

this study are plotted in Figure 3-1.
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Identifying information on the stations in the

'original', HCN and NDA data sets is listed in Table 3.1, 3.2

and 3.3. The listed data include years with some missing
data.

Table 3.1 Climate Stations -- original data
ID St. Name Latitude Long. BgYr EdYr Elev CID#
04 Ardmore 2N 43 03 103 39 1914 1990 3550 39023605
05 Bell Four. 44 40 103 51 1909 1990 3017 39055901
06 Buskala Ra. 44 13 103 49 1948 1982 6110 39124604
07 Camp Crook 45 33 103 58 1896 1990 3120 39129401
08 Cottonwood 43 58 101 52 1910 1990 2414 39197205
09 Custer 43 47 103 36 1912 1990 5480 39208704
10 Deadwood 44 23 103 44 1910 1990 4670 39220704
11 Edgemont 43 18 104 49 1980 1990 3460 39255705
12 Fort Meade 44 24 103 28 1898 1990 3330 39306905
13 Hermosa 43 50 103 12 1906 1990 3291 39377504
14 Hill Land 44 20 101 53 1949 1990 2530 39385705
15 Hot Springs 43 26 103 28 1908 1990 3560 39400704
16 Lead 44 21 103 46 1909 1990 5350 39483404
17 Milesvill 44 32 101 34 1949 1990 2220 39554401
18 Newell 44 43 103 25 1908 1990 2860 39605401
19 Oelrichs 43 11 103 14 1891 1990 3340 39621205
20 Phillip 2N 44 04 101 39 1948 1990 2241 39655205
22 Redig 45 23 103 23 1915 1990 3070 39706201
24 Spearfish 44 30 103 52 1898 1990 3640 39788204
25 Rapid City 44 03 103 04 1888 1990 3165 39694705
27 Deer Field 44 00 103 47 1931 1990 6060 39223104
28 Dumont 2 EN 44 15 103 46 1910 1969 6140 39240904
29 Dupree 45 03 103 16 1922 1990 2370 39242901
30 Faith 45 02 102 02 1927 1990 2570 39285201
31 Ludlow 45 51 103 23 1924 1990 3050 39504801
32 Murdo 43 53 100 42 1908 1990 2320 39580106
33 Orman Dam 44 44 103 40 1907 1974 2933 39635701
34 Pierre 44 23 100 17 1893 1990 1726 39659706
35 Vale 44 37 103 24 1909 1978 2773 39855201
36 Sundance WY 44 24 104 21 1916 1990 1800

37 Newcastl WY 43 51 104 13 1907 1990 4315
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Table 3.2 Climate Records -- HCN Data

ID Sta. Name Latitude Longitude Years Elev.
4007 HOT SPRINGS 43 26 103 28 1897-1987 3535
6947 RAPID CITY 44 5 103 16 1888-1987 3370
1905 COLONY WY 44 56 104 12 1914-1987 3570
5830 LUSK, WY 42 46 104 28 1889-1987 5020
6660 NEWCASTLE, WY 43 51 104 13 1906-1987 4315
Table 3.3 Climate Records -- NDA Data

ID Sta. Name Latitude Longitude Years Elev.
39044007 Hot Springs 43:26 103:28 1908-1990 3535
39056947 Rapid City 44:05 103:16 1897-1990 3370
39065891 Murdo 43:53 100:43 1908-1990 2300
39066597 Pierre FAA AP 44:23 100:17 1900-1990 1726
39051872 Cottonwood 43:58 101:52 1910-1990 2414

To use the most reliable data set and at the same time
provide as much information as possible, it is necessary to
examine the quality of each data set. The procedure used
includes handling missing records, checking homogeneity over
time, and specifying the better or best data set for use in

subsequent data processing.

A. Estimating the missing records
There are 24 stations whose monthly climate records have
missing data. The computer program CLIFILL, written in

August, 1981, by M.K. Cleaveland and then modified by Robert
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Lofgren of the Tree Ring Laboratory, University of Arizona,
has been used to estimate the missing monthly climate records.
The main principle used in calculating the missing monthly
values is to set the missing station as the predictand and the
nearby stations which satisfy a pre-determined correlation
threshold as the predictors in a simple regressién equation.
Because of the characteristics of the Black Hills, the
stations in the north and south regions are grouped and
estimated separately. Both groups use the same criterion for
their estimations. The correlation coefficient (7) between
the estimated station and another nearby station is used as
the threshold for entry of variables in the regression. For
temperature, the threshold was set to 720.750, for

precipitation, to 720.450.

B. Homogeneity test

Because some climate stations changed their locations
during the period of observation, it was necessary to check
the homogeneity of the data set in order to reduce any
artificial bias introduced into the climate time series. The
double mass plot has been applied to perform the data
examination.

The double mass plot is based on the assumption that
under the same climate regime, if the two adjacent stations

are kept in the same observation routines throughout their
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history, the accumulative values of one plotted against
another will form a straight line. Some stations did not show
homogeneity, such as station #13, where the location had been
changed often. For other stations, such as station #11, the
record was too short to be used. All other stations with
problems of this kind were discarded, leaving 25 stations for

use in later analysis.

C. Comparing data from different sources
Some stations have climate data in two or more networks, each
of which was originally processed in different ways to handle
missing data and inhomogeneity. It is important, therefore,
to find the best or 'most suitable' data set for the analysis.
Time series plots for July temperature and precipitation at
Rapid City, which is in all three networks (original, HCN and
NDA), are shown in Figure 3-2. The plots show that the HCN
precipitation is 1lower than the original precipitation
especially in 1924-1930, the early 1950s and most high-
precipitation years before 1970. For temperature, both HCN
and NDA data are lower than the original. The differences
among these three data sets are not quite parallel through
time. The comparison points out the inherent uncertainty in
climate as measured by instrumental records. The differences
in the plot in Fig 3.2 suggest that choice of data set might

have a large bearing on results of statistical analysis (e.gq.,
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correlation) relating tree rings to climate.

For the sake of convenience, the original data processed by
CLIFILL were used in the following analysis. These data have
the longest records and maintain relatively high variations in
extreme values of low precipitation and high temperature,

while the other data sets tended to smooth these variations.

4 Calculation of climate departures

The high elevation of the Black Hills makes the seasonal
temperature change sharp. The instrumental records also
emphasize the large seasonal variations in precipitation (Fig
2-3). Seasonal climate series were derived from monthly

series as describing below.

It is convenient to use climate departures in the data
analysis rather than the original climate records because
tree-ring growth is sensitive to the departures from ordinary
conditions (Schulman, 1956; Fritts, 1976; Cook. 1990; Meko,

1992).

Departures of precipitation were calculated by dividing
the monthly observations by the average value for the month

for a 'normal period'. The 'normal period' is defined as a
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long time span during which there are few extreme anomalies.
The normal period selected for the Black Hills is 1940-1990.
Monthly temperature departures were derived by subtracting the
1940-1990 mean from the observations. The seasonal departure
for precipitation has computed by dividing seasonal-total
precipitation by the 'normal' value for the season. The
seasonal departure of temperature was computed as the average
of monthly departures for the season. For stations whose
records did not cover the normal period, a slight adjustment

was made to define the normal period (Table 3.4).

Table 3.4 Normal Period for Climate Data

Station ID # Begin Yr End Yr
#14,20 1950 1990
#28,33,35 1940 1969
others 1940 1990

For comparison with other seasonal methods (Graumlich,
1987, Fritts, 1976) taking into consideration the tree-growth
season, an annual precipitation series for each station was
formed by summing precipitation data for January to August of

the current year and the previous September to December.
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§3.2. DEVELOPING TREE-RING CHRONOLOGIES

Tree-ring chronologies used in this study were developed
from samples collected as part of a National Science
Foundation supported project, " A Dendroclimatic Study of
Drought in the Northern Great Plains" (Grant No. ATM 9017155).
Principal Investigators on the grant are David Meko, from the
Laboratory of Tree Ring Research, University of Arizona,
Carolyn Hull Sieg, from the Rocky Mountain Forest and Range
Experiment Station, and Arthur DeGaetano, of the South Dakota
School of Mines. Tree-ring samples were collected under the

direction of Dr. Siegq.

A total of 23 chronologies have been used to build a
local tree-ring data set: 16 are bur oak and the remainder are
ponderosa pine. Sample locations are shown on Figure 3-3, and

the site information is given in Table 3.5.
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Figure 3-3. Tree-ring sample sites.

MFH is merged into site

THO; HNK is the combination of sites HNK, ORD, ORC, WIL, SNY

and CRW. Symbols for ORD, SNY,

CRW,

and WIL are omitted

because the sites are too close together for plotting.
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Table 3.5 Information on Tree-Ring Sites

No ID Sp. Latitude Longitude Elevation Merged

from to into’
01l CRW Q 44:35:27 103:43:07 3380 3400 HNK
02 CSP Q 43:45:15 103:23:30 4400 4400
03 SNY Q 44:18:30 103:26:45 3730 3740 HNK
04 MFH Q 44:40:00 104:19:00 4000% THO
05 HNK Q 44:20:00 103:41:07 4800 HNK
06 ORD Q 44:22:15 103:41:07 4920 5000 HNK
07 ORC Q 44:23:18 103:40:36 4671 4671 HNK
09 WIL Q 44:26:52 103:37:55 3800 4000 HNK
10 PPK P 43:23:52 103:41:13 4848 4848
11 PLG P 43:30:00 103:53:00 4450 4780 PLG
12 FDF Q 44:28:16 104:40:57 4000t
13 FRW Q 44:29:06 103:41:01 4160 4160
16 CRY Q 43:57:41 103:18:40 4040 4040
17 GCE Q 43:45:56 103:21:08 3960 4100
18 THO Q 44:35:00 104:00:00 4000t THO
25 ROC Q 43:56:60 103:22:45 4200 4800
26 BHM P 43:47:15 103:26:00 5800 5800
27 BLR Q 44:20:35 103:26:00 3600 3600
28 VET P 44:05:00 103:30:15 4600 4600 UPC
29 REN P 43:54:39 103:28:50 5440 5440
30 HTL P 43:53:38 103:28:50 5000 5000 UPC
31 BTD P 43:41:00 103:26:30 4560 4560 PLG
38 UPC P 43:52:30 103:31:00 5800 5900 UPC
Note:
No --- serial number for cross-referencing with larger Great
Plains collection.
SP --- species, P for ponderosa pine, Q for bur oak.
5 IS The ID specified in this column is the merged ID, as in

Figure 3-3, elevation unit is ft.
Station names are listed in APPENDIX II.
According to conventional methods, each site should have

at least 20 trees, with 2 cores taken from each tree. This
requirement was not reached for several sites because there

were not enough trees available and some cores were seriously
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rotted toward the center of the tree. The sample size is
sufficiently large, however, to satisfy the requirements of
statistical analysis. Later in the data analysis, several
adjacent sites which have close 1loadings in their first
principal component were merged into one site. Examples are
HNK, PLG and THO; their chronologies are combinations of
several neighboring samples in order to guarantee a large

sample size and enhance the climatic signal.

1. Developing site chronology

After field colléction, cores were transported to the
Laboratory of Tree Ring Research at the University of Arizona.
Standard procedures were used in mounting, surfacing, cross-
dating and measuring the samples (Stokes and Smiley,1968;

Fritts, 1976; Holmes et al, 1986).

To affirm the cross-dating results, the computer program
COFECHA was used to flag possible dating and measuring errors
(Holmes 1983,1986). The COFECHA results are listed in Table

3.6.

Table 3.6 shows that pine generally has higher serial
correlation and higher mean sensitivity than oak; sites UPC

and FRW are exceptions. The high correlation within each site



39

indicates that the cross-dating is reliable and that the

samples for a given site are under the same environmental

regime.
Table 3.6 Cross-Dating and Measuring Statistics
( List of COFECHA Results )
site sp' Lc?  Chronol. Ser. Avg Sample
ID Byr’ Eyr* corr® Ms sz’ vyr®

BHM P s 1660 1990 0.717 0.337 33 9106
GCP P s 1703 1990 0.736 0.410 25 3750
REN P s 1281 1991 0.616 0.355 32 9036
UpPC P s 1543 1991 0.455 0.306 17 5229
PIG P s 1646 1991 0.606 0.386 9 2192
PPK P s 1654 1991 0.591 0.458 16 3380
THO Q n 1747 1990 0.516 0.265 10 1212
FRW Q n 1858 1990 0.631 0.342 12 o84
FDF Q n 1807 1990 0.692 0.257 14 1527
HNK Q n 1733 1991 0.444 0.226 12 1501
BLR Q n 1751 1990 0.608 0.232 13 1988
CRY Q s 1883 1991 0.571 0.280 28 2391
CSP Q s 1775 1990 0.538 0.221 10 1169
GCE Q s 1767 1991 0.619 0.260 40 5110
ROC Q s 1717 1990 0.581 0.218 10 1780
Note: 1--- species. P is pine, Q is oak;

2--- sample location on the Black Hills area, s for

south region, n for north region;

3--- beginning year of the chronology:

4--- ending year of the chronology:;

5--- serial correlation;

6--- average mean-sensitivity;

7--- sample size (number of cores):;

8--- total number of measured rings (years) used to

build the chronology.

Table 3.6 also lists the sample ages for each site.

The

oldest sample is from REN, which begins in 1281; the youngest

sample is from CRY, which begins in year 1883.
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Tree-ring chronologies for each site were formed by using
program ARSTAN, developed by Cook (1985) and modified by
Holmes et al (1986). The program describes the 'age trend'
and produces the necessary standardization (Fritts,
1976,1991; Graybill, 1982). Tree-ring data commonly possess
two components which are unrelated to climatic variation and
need to be removed from the time series before such data are
analyzed with climate data. Those two unwanted components
are: 1i) a quasi-deterministic component related to the
changing geometry of the growing tree and ii) a stochastic
component related to the persistence of climatic effects of
one year on physiological status of the tree in ensuing years,
and also related to forest stand dynamics. The first
component was removed by fitting a negative exponential or
spline curve to the ring-width series. Trends shared in
common at the site are not removed because they are thought to
be generated by large-scale variation of climate (Fritts,
1976) . The second portion of unwanted component was removed
by fitting the tree-ring chronology to an autoregressive or
moving-average model (Box & Jenkins, 1976, Fritts, 1976, Meko,
1981; Biondi, 1987, Cook, 1990). With program ARSTAN, the
'age trend' and other non-climatic variations unique to
individual trees and sites were removed by fitting a cubic-
spline function. By using a spline length of 70 years, a

large part of climatic variation common to trees in this
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region was preserved. For removing the autoregressive
component, an AR(1) model was used for most chronologies; some
chronologies required an AR(2) or more higher order model.
The model order was automatically chosen by the AIC (Akaike

Information Criterion) [Holmes et al, 1986].

As a result of running the ARSTAN program, three versions
of each chronologies were developed for future analysis:

ARStan, STanDard and RESidue.

The RES version is the residuals from autoregressive
modeling. This 'prewhifened' series is more suitable than the
STD or ARS series for later analysis. Table 3.7 lists the
basic statistics for each chronology after running ARSTAN.
Statistics are based on the common period 1916-1990. From
this table, we can see the following:

1) Pine generally has a higher standard deviation than oak.
The higher variance in pine chronologies may be related to
higher sensitivity of pine to environmental variation.

2) The skew coefficients indicate that pine-chronologies are
generally closer to a normal distribution than oak
chronologies.

3) The high value of V,, (variance due to autoregression)
indicates that both pine and oak are very strongly affected by

the previous year's growth, except for sites BHM, CRY, FRW and
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BLR.

4) Except for site UPC, all tree-ring sites have a high
percentage of the variance explained by the first eigenvector.
This means that within each site, most samples have a strong
common signal.

5) Generally, the standard deviations decrease from the
whole interval -- column 4-5 in Table 3.6 -- to the common
period. Sites REN, FRW, THO and CRY have the highest
percentage of reduction, which ranges from 13% to almost 20%.
Only GCE shows a slight increase (3%) of standard deviation in
common period. The decrease may be caused by the larger
sample size in the common period. 1In most sites, the small
decrease (less than 10%) of the standard deviation
demonstrates a consistent growth behavior at those sites
through time. Hence the entire chronology is reliable to be

used in the analysis.
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Table 3.7 Summary of Chronology Statistics (List of
ARSTAN Results)

ID stdv Skew Kurt V(%) AR Vlieg Cd %
BHM 0.241 -0.448 0.670 17.2 3 Sii37 0.830
GCP 0.307 0.160 0.623 32.7 1 56.23 0.326
REN 0.254 -0.066 2.578 28.9 4 41.99 18.898
UPC 0.159 -0.220 0.311 41.8 2 29.27 0.000
PIG 0.265 -0.196 0.467 23.7 5 45.39 6.038
PPK 0.297 0.178 0.134 35.2 4 47.87 8.081
THO 0.246 0.218 0.820 22.1 1 49.01 19.919
FRW 0.300 0.276 -=0.221 8.9 1 54.94 15.667
FDF 0.219 0.328 -=0.445 26.4 1 53.93 5.936
HNK 0.169 0.533 1.088 20.7 1 43.35 5.325
BLR 0.186 0.300 0.966 18.7 2 51.17 8.602
CRY 0.203 0.196 -0.298 15.4 3 49.55 13.300
CSP 0.187 0.849 1.212 56.8 1 56.89 6.952
GCE 0.188 0.342 -0.388 28.7 1 43.36 -3.191
ROC 0.182 0.736 1.273 25.5 1 53.71 9.890

Stdv —-—— Standard deviation for whole interval:

Skew -—— Skewness coefficient;

Kurt - Kourtosis coefficient; :

Vld) —— Variance due to autoregression;

AR —— Order of autoregression;

Vleg —-— Percentage of variance explained by 1st

eigenvector;
cd (%) --- Decrease of Standard deviation from total

period to common period.

Nine bur oak and six ponderosa pine chronologies are

plotted for the common period 1916 to 1990 in Figure 3-4. The

plots show that the high growth in 1932 and 1986 is prominent

in all oak chronologies and low growth in 1939 and 1985 is

prominent in pine chronologies.

pine and oak have a distinct difference:

The plot also shows that the

pine chronologies

have much less variance during the 1940s-1960s and much higher
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in the 1980s than oak chronologies. Exceptions are oak
chronologies CSP and HNK, which have similar variation to pine

chronologies in 1940s-1960s.

The six Ponderosa pine chronologies co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>