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ABSTRACT

The Colorado River provides water to over 25 million people.  Given the importance of this water supply, it is critical to understand the hydrologic variables in the Colorado River Basin.  In this dissertation, I reconstructed hydrologic conditions (soil moisture, snowpack) in the Upper Colorado River Basin (UCRB) and examined different factors that influence water supply in the region (climate oscillations, oceanic-atmospheric variability).

Firstly, I reconstructed soil moisture in the UCRB.  Principal components analysis (PCA) and k-Nearest Neighbor (k-NN) techniques were used to regionalize the gridded data.  Correlated tree-ring chronologies (TRCs) were used as predictor variables in stepwise linear regression (SLR) to determine the optimal regression model with the highest skill.  Soil moisture was successfully reconstructed for the various regions with R2 values ranging from 0.42 to 0.78.  Reconstructions that used TRCs based on ponderosa pines or pinyon pines were more statistically skillful.  Secondly, I reconstructed snowpack in the Upper Green River Basin (UGRB).  I used PCA to regionalize the data.  I used TRCs and climate signals (Southern Oscillation Index (SOI), Pacific Decadal Oscillation (PDO)) as predictor variables in SLR.  The snowpack reconstruction using only TRCs had an R2 value of 0.21, while the reconstruction that included the SOI had an R2 value of 0.58, demonstrating the value of including climate oscillations in regional reconstruction efforts.  Lastly, I reconstructed snowpack in the UGRB, including a regionally specific sea surface temperature (SST) index as a predictor variable.  The SST index was identified using singular value decomposition (SVD) to determine a SST region that was teleconnected with UGRB snowpack.  Using a teleconnected SST region increased reconstructive skill and resulted in an R2 value of 0.63.
The major contributions of this dissertation are the first soil moisture reconstruction in the United States, the first successful snowpack reconstruction in the UGRB, and conclusive evidence that using climate signals and regionally specific SST indices as predictor variables can augment reconstructive skill.  Soil moisture data can be used to enhance understanding of paleoenvironments and help forecast future water availability.  Reconstructed snowpack data for the UGRB will allow for a better understanding of hydrologic variability in the region.
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1.0
INTRODUCTION
Regions across the western United States (US) are currently experiencing prolonged drought conditions.  This precipitation deficit results in lower reservoir levels and decreased streamflows.  Decreased water availability and increased populations have stressed the water supply in several areas.  The Colorado River Basin (CRB) provides water to seven US states and parts of Mexico, and services over 25 million people.  Rising temperatures and growing populations compound the already excessive demand for water from the CRB.  An understanding of past hydrologic conditions in the CRB would provide valuable information for water supply managers.  Determination of the factors that contribute to water availability (climate oscillations, oceanic-atmospheric relationships), will help alleviate economic, social, and environmental issues associated with water shortages in the future.
This research project will focus on three objectives:

· Reconstruction of soil moisture in the Upper Colorado River Basin (UCRB) using tree-ring chronologies

· Improvement of existing snowpack reconstructions in the Upper Green River Basin (UGRB) using climate signals

· Improvement of existing snowpack reconstructions in the UGRB using pacific ocean climatic variability

1.1
Research Hypothesis #1

Research Hypothesis #1:
Soil moisture in the Upper Colorado River Basin (UCRB) can be skillfully reconstructed using tree-ring chronologies
Soil moisture is an important factor in the global hydrologic cycle, but existing reconstructions of soil moisture are limited.  In this study, I will use tree-ring chronologies to reconstruct annual soil moisture in the Upper Colorado River Basin (UCRB).  Principal components analysis (PCA) and k-Nearest Neighbor (k-NN) techniques will be used to regionalize the gridded soil moisture data.  I will correlate tree-ring chronologies with regional soil moisture data and then utilize stepwise linear regression (SLR) to identify the best predictor combinations for each soil moisture region.  I hypothesis that I will be able to successfully reconstruct soil moisture using tree-ring chronologies.  Soil moisture data can be used to augment existing hydrologic reconstructions, enhance understanding of paleoenvironments, and help forecast future water availability.

1.2
Research Hypothesis #2

Research Hypothesis #2:
Statistical skill of snowpack reconstructions in the  Upper Green River Basin (UGRB) can be improved by incorporating climate signals

The Green River is the largest tributary of the Colorado River.  Given snowpack is the primary driver of streamflow, information on the long-term regional snowpack (regionalized April 1st Snow Water Equivalent (SWE)) variability would provide useful information for water managers and planners.  Previous research efforts were unable to develop skillful SWE reconstructions using tree-ring chronologies in the Upper Green River Basin (UGRB) of Wyoming due to limited tree-ring chronologies in the area.  This research will use Principal Components Analysis (PCA) to regionalize April 1st snowpack data in the UGRB.  Recent research efforts developed six new tree-ring chronologies in and adjacent to the UGRB.  These new chronologies, along with 38 existing chronologies, will correlated with the regionalized SWE data.  Stepwise linear regressions will be performed to obtain a reconstruction of UGRB regional April 1st SWE.  Climate signals (Pacific Decadal Oscillation (PDO) and Southern Oscillation Index (SOI)) will be introduced to the predictor variables and an additional regression will be performed.  I hypothesize that inclusion of the PDO and SOI will results in increased statistical skill for the reconstructed April 1st SWE.  The availability of a reconstructed SWE for the UGRB will allow for a better understanding of long-term hydrologic variability in the region. 

1.3
Research Hypothesis #3

Research Hypothesis #3:  
Statistical skill of snowpack reconstructions in the Upper Green River Basin (UGRB) can be improved by incorporating Pacific Ocean climatic variability

This study builds on my second research hypothesis.  Reconstructions of hydrologic variables are commonly created using tree-ring chronologies.  Incorporating climate signals has been shown to increase reconstructive skill.  My third hypothesis is that incorporation of a regionally specific sea surface temperature (SST) index will greatly improve reconstructive skill.  In this study, I will perform April 1st snow water equivalent (SWE) reconstructions in the Upper Green River Basin (UGRB).  The standard predictor pool of tree-ring chronologies will be augmented first with climate signals (Southern Oscillation Index (SOI), Pacific Decadal Oscillation (PDO)) and then with Pacific Ocean SSTs.  Pacific Ocean SSTs that are teleconnected with UCRB SWE will be identified using singular value decomposition (SVD).  This will identify coupled regions of climate (SSTs) and hydrology (SWE).  Stepwise linear regression will be used to identify the best predictor combinations.  I believe that including non-spatially biased SST indices will improve the reconstructive skill of the models.  Reconstructed snowpack (April 1st snow water equivalent (SWE)) for the UGRB will provide information on the long-term variability of snowpack and assist in determining the effectiveness of current regional weather modification efforts.  

2.0
SOIL MOISTURE RECONSTRUCTIONS IN THE UPPER COLORADO
RIVER BASIN USING TREE-RING CHRONOLOGIES
2.1  
Research Hypothesis #1

Soil moisture in the Upper Colorado River Basin (UCRB) can be skillfully reconstructed using tree-ring chronologies.

2.2  
Objectives

· Obtain gridded soil moisture data for the UCRB

· Regionalize soil moisture data using principal components analysis (PCA)

· Obtain a predictor pool of tree-ring chronologies after correlating with regional soil moisture and testing for stability

· Reconstruct soil moisture for the identified regions

· Compare results with other regional hydrologic reconstructions (snowpack, streamflow)

2.3 
Abstract

Soil moisture is an important factor in the global hydrologic cycle, but existing reconstructions of historic soil moisture are limited. We used tree-ring chronologies to reconstruct annual soil moisture in the Upper Colorado River Basin (UCRB). Gridded soil moisture data were spatially regionalized using principal components analysis and k-Nearest Neighbor techniques. We correlated moisture sensitive tree-ring chronologies in and adjacent to the UCRB with regional soil moisture and tested the relationships for temporal stability. Chronologies that were positively correlated and stable for the calibration period were retained. We used stepwise linear regression to identify the best predictor combinations for each soil moisture region. The regressions explained 42 to 78% of the variability in soil moisture data. We performed reconstructions for individual soil moisture grid cells to enhance understanding of the disparity in reconstructive skill across the regions. Reconstructions that used chronologies based on ponderosa pines (Pinus ponderosa) and pinyon pines (Pinus edulis) explained more variance in the datasets. Reconstructed soil moisture data was standardized and compared with standardized reconstructed streamflow and snow water equivalent data from the same region. Soil moisture and other hydrologic variables were highly correlated, indicating reconstructions of soil moisture in the UCRB using tree-ring chronologies successfully represent hydrologic trends.
2.4 
Data

 
Soil moisture grid cell data is available in Appendix A.  The tree-ring chronologies used in this study are available in Appendix B.  Regression equations for the soil moisture cells and regions are available in Appendix C.  Validation statistics for the regression models are available in Appendix D.

2.5 
Publication Information
Anderson, S., G. Tootle, and H. Grissino-Mayer, 2012.  Reconstructions of Soil Moisture for the Upper Colorado River Basin using Tree-Ring Chronologies.  Journal of the American Water Resources Association.  In Press.
3.0
SNOWPACK RECONSTRUCTSION INCORPORATING CLIMATE CHANGE  

 
IN THE UPPER GREEN RIVER BASIN
3.1  
Research Hypothesis #2
Statistical skill of snowpack reconstructions in the Upper Green River Basin (UGRB) can be improved by incorporating climate signals.
3.2  
Objectives

· Obtain snow water equivalent (SWE) data for the UGRB

· Regionalize April 1st SWE using principal components analysis (PCA)

· Obtain a predictor pool of tree-ring chronologies after correlating with regional April 1st SWE and testing for stability

· Reconstruct April 1st SWE using tree-ring chronologies

· Obtain reconstructed climate indices for the Pacific Decadal Oscillation (PDO) and the Southern Oscillation Index (SOI)

· Reconstruct April 1st SWE using tree-ring chronologies and climate signals

· Compare results from models generated with the two predictor pools

3.3  
Introduction

The Green River, which runs through Wyoming and Utah, is the largest tributary to the Colorado River in the Upper Colorado River Basin (UCRB).  The accumulation and spring-summer melt of snowpack in the Upper Green River Basin (UGRB) is the primary driver of streamflow in the Green River.  The UGRB is bounded by the Wyoming Range to the west, the Gros Ventre Range to the north, and the Wind River Range to the east.  The UGRB headwaters were first studied as part of the Lake Powell Research Project (Stockton and Jacoby, 1976), where tree-ring data were used to examine long-term variability in streamflow by reconstructing headwater gage records and main-stem river gage records.  In the 1976 report, two headwaters gage reconstructions were completed for the Green River at Warren Bridge, WY and New Fork River, WY.

Recent research has attempted to update and improve the results obtained by Stockton and Jacoby (1976).  Two projects directed at new and/or improved streamflow reconstructions included Timilsena et al. (2007) and Woodhouse et al. (2006).  Timilsena et al. (2007) attempted reconstructions at three gage locations in the UGRB in Wyoming.  These sites were located near the city of Green River (WY), at the Green River at Warren Bridge, and at the East Fork River near Big Sandy.  For the Green River at Warren Bridge and the East Fork River near Big Sandy, Timilsena et al. (2007) determined that an insufficient number of predictors (i.e., tree-ring chronologies) were available for the reconstruction regression model.  For the Green River near Green River (WY), they obtained an R2 value of 0.40 and, again, attributed this to a lack of tree-ring chronologies in the region.

Woodhouse et al. (2006) likewise developed a reconstruction for the Green River near the Green River streamflow station.  This reconstruction did show a slightly higher amount of overall streamflow variance explained (R2 = 0.48) when compared to Timilsena et al. (2007), but the study also raised concerns regarding the heavy reliance on tree-ring chronologies from northern Colorado and Utah due to few updated chronologies being available in southwest Wyoming.  Recently, six new tree-ring chronologies were developed (Watson et al., 2009) in and adjacent to the UGRB.  This resulted in successful reconstructions of nine streamflow gages in the UGRB (Barnett et al., 2010) including the improvement in explained variance of the Green River near Green River station (R2 = 0.60).

Few snowpack reconstruction studies have been conducted in the UCRB.  Woodhouse (2003) focused on the Gunnison River basin region in western Colorado.  The variance explained by the reconstruction was 63% and the reconstruction extended back 431 years.  The study determined that variability in the twentieth century represented the long-term record for the region’s general characteristics (mean, standard deviation).  The twentieth century, however, lacked extreme events that occurred in the first half of the 431-year reconstruction (Woodhouse, 2003).  Timilsena and Piechota (2008) regionalized and reconstructed Snow Water Equivalent (SWE) for the UCRB.  The study regionalized 39 snow course stations into four distinct regions in the UCRB (Region 1 - Eastern, Region 2 - Western, Region 3 - Southern, and Region 4 - Northern).  The variance explained by the 480-year reconstructions was 61% for Region 1, 44% for Region 2, and 58% for Region 3 (Timilsena and Piechota, 2008).  Region 4, which spatially coincides with the UGRB, was eliminated from the reconstruction because it had limited correlation with the tree-ring chronologies and none of the chronologies were suitable for use in a regional reconstruction (Timilsena and Piechota, 2008).  Given that incorporation of the six new tree-ring chronologies (Watson et al., 2009) resulted in the successful reconstruction of nine headwaters in the UGRB (Barnett et al., 2010), I hypothesized that the incorporation of these chronologies would increase the ability of successfully reconstructing snowpack in Region 4 (UGRB).

Graumlich et al. (2003) presented a unique approach in which Pacific Ocean climate variability (specifically the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)) were used in developing streamflow reconstructions for the Yellowstone River.  Tree-ring chronology data were supplemented with reconstructed indices that represented ENSO and PDO.  Initially, a simple regression model was developed using local tree-ring chronologies that yielded a regression that explained 42% of streamflow variation.  Next, ENSO and PDO indices were incorporated into a new model that resulted in an improved regression capable of explaining 52% of streamflow variation.  Given the close proximity of the Yellowstone River to the UGRB and the establishment of ENSO and PDO signals in UGRB snowpack (McCabe and Dettinger, 2002; Hunter et al., 2006; Aziz et al., 2010), I hypothesized that incorporation of these climate signals would further improve the statistical skill of a snowpack reconstruction in the UGRB. 

The objective of the current research is to produce the first skillful reconstruction of UGRB snowpack.  The novel approach of the incorporation of Pacific Ocean climate variability in the form of ENSO and PDO builds on previous research efforts in the region and may result in the successful reconstruction of regional snowpack.  Following the reconstruction of regional snowpack, the data will be analyzed for information regarding drought duration and drought potential, as compared to data available from regional streamflow gages.

3.4  
Area of Study

The Green River, which runs through Wyoming and Utah, is the largest tributary to the Colorado River in the Upper Colorado River Basin (UCRB).  The accumulation and spring-summer melt of snowpack in the Upper Green River Basin (UGRB) is the primary driver of streamflow in the Green River.  The UGRB is bounded by the Wyoming Range to the west, the Gros Ventre Range to the north, and the Wind River Range to the east.  The UGRB is shown in the location map below (Figure 3–1).
[image: image1.emf]
FIGURE 3–1:   
Map illustrating the location of applicable snow course stations, new and previously utilized tree-ring chronologies, the streamflow gage, and the four   regions identified by Timilsena and Piechota (2008) 
3.5  
Data

3.5.1
Snowpack Data

Snow course data were collected from the United States Department of Agriculture (USDA), Natural Resources Conservation Service (NRCS) website.  Snow course data for three stations located in Region 4 (as identified by Timilsena and Piechota, 2008) were obtained from 1940 to 1980 (Appendix E).  The data provide yearly average April 1st snow water equivalent (SWE) for each of the three stations (Figure 3–1, Table 3–1).  

TABLE 3–1: 

Snow course location data and period of record 

	Station
	Latitude
	Longitude
	Period of Record

	Snider Basin
	42.50
	–110.53
	1937–2009 

	Kendall
	43.25
	–110.02
	1938–2009 

	Loomis Park
	43.17
	–110.13
	1939–2009 


3.5.2
Tree-Ring Chronologies

As with research hypothesis #1, tree-ring data were obtained from the International Tree-Ring Data Bank (ITRDB) website.  The available data include recent chronologies for the basin as described in Woodhouse et al. (2006).  Forty-four residual chronologies in the vicinity of the UCRB were identified for the original Timilsena and Piechota (2008) study.  Watson et al. (2009) developed six new tree-ring chronologies in and adjacent to the UGRB.  These chronologies were incorporated in the current research efforts.  The 50 tree-ring chronologies selected for analysis are shown in Figure 3–1 and Table 3–1 (Appendix F).  The residual tree-ring chronology type was used (Timilsena and Piechota, 2008) because this chronology type most closely retains the statistical properties of hydrological data (Crockett et al., 2010).
TABLE 3–2:  
Location data and species classification for the tree-ring  
 


chronologies in and adjacent to the UGRB
	Chronology
	Latitude
	Longitude
	Species

	Almont Triangle
	38.73
	–106.80
	Douglas-fir

	Bennett Creek
	40.67
	–105.52
	Ponderosa pine

	Boulder Ridge Road
	40.98
	–105.67
	Ponderosa pine

	Cathedral Creek
	38.08
	–107.00
	Douglas-fir

	Cochetopa Dome
	38.25
	–106.67
	Ponderosa pine

	Collins Gulch
	39.83
	–108.20
	Pinyon pine

	Dillon
	39.60
	–105.90
	Douglas-fir

	Douglas Pass
	39.60
	–108.80
	Douglas-fir

	Dutch John Mountain
	40.95
	–109.38
	Pinyon pine

	Eagle Rock
	39.38
	–105.17
	Ponderosa pine

	Encampment
	41.15
	–106.78
	Douglas-fir

	Fossil Butte Nat'l Mnmt.
	41.87
	–110.80
	Limber pine

	Gould Reservoir
	38.60
	–107.58
	Pinyon pine

	Green Mountain Reservoir
	39.85
	–106.23
	Douglas-fir

	Jamestown
	40.13
	–105.42
	Ponderosa pine

	Jefferson County Colorado II
	39.68
	–105.20
	Ponderosa pine

	LaBarge Creek
	42.50
	–110.65
	Limber pine

	Land's End
	39.00
	–108.15
	Douglas-fir

	McDougal Pass
	42.80
	–110.60
	Limber pine

	McPhee
	37.58
	–108.58
	Pinyon pine

	Mesa de Maya
	37.10
	–103.62
	Ponderosa pine

	Montrose
	38.38
	–108.02
	Pinyon pine

	New North Park II
	40.95
	–106.33
	Douglas-fir

	Nutter's Ridge
	39.97
	–110.33
	Pinyon pine

	Peak to Peak
	40.02
	–105.52
	Douglas-fir

	Piceance
	40.05
	–108.30
	Pinyon pine

	Plug Hat Butte
	40.78
	–108.97
	Pinyon pine

	Princeton I
	38.80
	–106.22
	Pinyon pine

	Princeton II
	38.80
	–106.23
	Douglas-fir

	Pumphouse
	39.95
	–106.52
	Pinyon pine

	Red Canyon
	39.70
	–106.73
	Pinyon pine

	Red Pine Canyon
	40.57
	–109.92
	Pinyon pine

	Rifle
	39.67
	–107.88
	Pinyon pine

	Rustic
	40.72
	–105.58
	Ponderosa

	Sargents
	38.40
	–106.43
	Douglas-fir


TABLE 3–2: 

Continued

	Chronology
	Latitude
	Longitude
	Species

	Sheep Pen Canyon II
	37.07
	–103.27
	Ponderosa pine

	Slickrock
	38.02
	–108.92
	Pinyon pine

	Stultz Trail
	38.33
	–105.27
	Douglas-fir

	Trail Gulch
	39.72
	–106.98
	Pinyon pine

	Unaweep Canyon
	38.83
	–108.57
	Pinyon pine

	Vasquez Mountain
	40.03
	–106.07
	Douglas-fir

	Well's Draw
	39.73
	–110.02
	Pinyon pine

	Wet Mountains
	37.90
	–105.15
	Douglas-fir

	Wild Rose
	39.02
	–108.23
	Pinyon pine

	Anderson Ridge East
	42.45
	–108.87
	Limber pine

	Anderson Ridge Rim
	42.49
	–108.93
	Douglas-fir

	Boulder Lake East
	42.85
	–109.63
	Douglas-fir

	Fremont Lake
	42.96
	–109.77
	Douglas-fir

	Fremont Lake Southeast
	42.92
	–109.80
	Limber pine

	Red Canyon Upper
	42.63
	–108.62
	Limber pine


3.5.3
Pacific Ocean Climate Signals

Similar to Graumlich et al. (2003), I used the reconstructed Southern Oscillation Index (SOI) created by Stahle et al. (1998).  This data set was obtained from the National Climatic Data Center (NCDC) and the National Oceanic and Atmospheric Administration (NOAA) Climate Reconstructions website.  This index consisted of winter season (December, January, February) SOI from 1706 to 1977.  
We used a reconstructed Pacific Decadal Oscillation (PDO) created by D’Arrigo et al. (2001).  This data set was also obtained from the NCDC and NOAA Climate Reconstruction website.  It consisted of an annual record from 1700 to 1979.  The winter SOI (December of the previous year, January and February of the current year) and the previous year average PDO index were used in the regression models.

3.6  
Methods

3.6.1
Principal Components Analysis

PCA is a tool to reduce the size of the dataset while retaining critical information (Richman, 1986; Knapp et al., 2002).  Data from the three snow course stations within the UGRB were analyzed using varimax rotated principal components analysis (PCA) to identify similar regions.  I used an eigenvalue cutoff of 1.0 to identify the principal components, retained components that explained 10% or greater variance in the snow course data, and used a factor-loading cutoff of 0.6 (Timilsena and Piechota, 2008) to select relevant cells.
3.6.2
Correlation and Stability

Also as in research hypothesis #1, my regional data was correlated with each of the tree-ring chronologies using Pearson’s correlation method.  In this study, the residual tree-ring chronologies for the year of growth (y), the previous year (y–1), and the subsequent year (y+1) were included in the regression models (Fritts, 1976; Fritts et al., 1979; Graumlich et al,. 2003; Timilsena and Piechota, 2008).  Chronologies that were positively and significantly (P < 0.05) correlated with SWE were retained (Timilsena and Piechota, 2008).  To test for temporal stability between tree-ring and soil moisture data, correlation coefficients between the two were calculated for a 25-year moving window (Biondi and Waikul, 2004).  I retained chronologies that were positively correlated with SWE at a confidence of 90% or greater for all windows, indicating a temporally stable relationship.

3.6.3
Stepwise Linear Regression

 
See section 2.6.4 for research hypothesis #1 for an explanation of stepwise linear regression (SLR).  In this study, multiple SLRs were performed for the various predictor pools (tree-ring chronologies, SOI, PDO).

3.6.4
Drought Analysis

Reconstructed and observed SWE data were examined for drought conditions.  Similar to Timilsena and Piechota (2008), a drought event was defined as a standardized yearly SWE value of less than the mean (zero, due to standardization).  The duration of the drought was defined as the number of consecutive years that the standardized April 1st SWE was less than the mean.

Drought duration based on SWE was also compared with drought duration based on data from unimpaired water-year streamflow stations.  A 385-year record of reconstructed streamflow data for the Green River at Warren Bridge, near Daniel, WY was obtained from Barnett et al. (2010).  These data were combined with observed streamflow data for this gage station.  Similar to the SWE data, a drought event was defined as a series of consecutive years that the water-year streamflow values were less than the mean.  Drought duration was defined as the number of consecutive years that the water-year streamflow was less than the mean.  Per Timilsena and Piechota (2008), drought duration was examined for 3-, 5-, and 10-year moving averages.
3.7
Results

3.7.1
Snow Course Stations

Per Timilsena and Piechota (2008), varimax rotated PCA was performed to confirm the existence of the snowpack region.  The three snow course stations in that region were identified as the leading principal component.  A regional April 1st SWE value was created by normalizing data from these three stations to a mean of zero and standard deviation of one (Timilsena and Piechota, 2008).  
3.7.2
Tree Ring Chronologies

During pre-screening, all of the tree-ring chronologies originally selected by Timilsena and Piechota (2008) were eliminated from the model, substantiating the claims made in their paper.  The six new tree-ring chronologies developed by Watson et al. (2009) underwent the same pre-screening criteria.  One of these chronologies was found to be both stable and highly correlated (95%) with regional April 1st SWE.  None of the lagged chronologies (y–1, y+1) passed pre-screening.  The chronology that passed prescreening is located at Fremont Lake (Table 3–2, Appendix G).  

3.7.3
SWE Reconstructions

Two regression models were developed to obtain the SWE reconstruction with the highest level of explained variance.  Both regression models used the Fremont Lake tree-ring chronology developed by Watson et al. (2009).  The first model used a period of record of 1940–1980 for calibration, per Timilsena and Piechota (2008).  This model retained the Fremont Lake chronology and explained 21% of the variance in SWE records.  The second model incorporated the reconstructed SOI data from Stahle et al. (1998) and the reconstructed PDO data from D’Arrigo et al. (2001).  To include the SOI, the period of record for calibration was reduced by three years.  The period still began in 1940, but the ending year was reduced from 1980 to 1977 given the fact that the reconstructed SOI data end in 1977.  In this model, the Fremont Lake chronology and the SOI were retained but the PDO was rejected.  This model provided an R2 value of 0.58 (Table 3–3).
TABLE 3–3:
Validation statistics used for determining statistical skill and model accuracy for the model using only tree-ring chronologies and for the model using tree-ring chronologies and the Southern Oscillation Index (SOI)

	Model
	Calibration Period
	R2
	Predicted R2
	Sign Test
(Hit/Miss)
	D-W
	RMSE

	TRCs
	1940–1980
	0.21
	0.14
	26/15
	2.15
	0.88

	TRCs + SOI
	1940–1977
	0.58
	0.50
	32/6
	1.86
	0.66


The validation statistics for the regression model involving tree-ring chronologies and climate signals were very strong.  The R2 statistics indicated that 58% of data variation was explained in the model and reconstructed values will explain 50% of historical variation.  This method of leave-one-out cross validation determines the accuracy of the model for predicting future values by ensuring that the variance explained has not been overestimated by the regression model (Barnett et al., 2010).  Sign test results showed that the direction of change between the observed SWE data and the reconstructed SWE matched favorably.  The Durbin-Watson statistic revealed very little autocorrelation within the predictors included in the model using tree-ring chronologies and the SOI (R2 = 0.58).  The low value of the root mean square error (RMSE) value indicated an accurate fit of the model and the lack of variance inflation factor (VIF) verified that the model had not been over fit.  Figure 3–2 shows the calibration period for the two models, along with the observed values for that time period. 

The second model, which included the SOI, provides a statistically stronger reconstruction of regional April 1st SWE.  This model was used to reconstruct SWE to 1706 (Figure 3–3, Appendix H).  The reconstructed SOI data, which begin in 1706, was the controlling factor for the length of the reconstruction.  
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FIGURE 3–2: 
Graphical representation of the calibration period for the two models alongside the observed record for this period  
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FIGURE 3–3:  
Graphical representation of the reconstructed normalized April  1st SWE, showing deviation from the mean (0.00): (a) Reconstructed annual values, (b) Reconstructed values using a 5-year moving average (end-year), (c) Reconstructed values using a 10-year Moving Average (end-year)

3.7.4
Drought Analysis

The 3-, 5-, and 10-year moving average drought analyses for normalized SWE and for streamflow were compared to analyze the short- and long-term drought potential for the UGRB region.  When comparing reconstructed water-year streamflow for the gage at Green River at Warren Bridge, near Daniel, WY (per Barnett et al., 2010) to the reconstructed regional UGRB April 1st SWE (1706 to 1939), deficit snowpack was the primary driver of prolonged drought.  The comparison of yearly below average water-year streamflows revealed that approximately 75% of the years corresponded to below average regional April 1st SWE (Figure 3–4). 
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FIGURE 3–4: 
Drought duration analysis for the reconstructed period with  shaded years indicating a level (SWE or streamflow) below the mean: (a) 3-year moving average, (b) 5-year moving average, (c) 10-year moving average

For this analysis, the water-year streamflow was standardized (mean of zero, standard deviation of one) for comparison to snowpack.  Water-year drought consistently related to deficit snowpack for the same period (Table 3–4).  The values displayed were the cumulative deficit for the drought period.
TABLE 3–4: 
Comparative cumulative deficit statistics for streamflow and SWE during drought periods

	Drought Period
	Streamflow: Cumulative Deficit
	SWE: 
Cumulative Deficit

	
	(Standardized)
	(Standardized)

	1706–1711
	–3.8
	–2.1

	1735–1740
	–4.3
	–2.8

	1803–1809
	–6.6
	–3.1

	1844–1848
	–4.8
	–2.3

	1931–1935
	–5.5
	–3.5


3.8
Discussion
Incorporation of the six additional TRCs from Watson et al. (2009) allowed for a reconstruction of the UGRB region that explained 21% of the SWE variance.  While this was an improvement, this was not considered a statistically skillful reconstruction.  Inclusion of the SOI from Stahle et al. (1998) resulted in the first statistically skillful reconstruction (R2 = 0.58) of SWE in this region. 

Timilsena and Piechota (2008) reconstructed SWE for three of the four regions they identified.  These reconstructions explained 44–61% of the variance.  The reconstruction generated in this study for the UGRB with the additional TRCs and the SOI explains 58% of the variance, indicating that this reconstruction is similar in statistical skill to the results obtained by Timilsena and Piechota (2008).  However, the reconstructions generated in Timilsena and Piechota (2008) have a start date of 1500, allowing for a 480-year reconstruction.  The SOI data start in 1706, which limited my model, but still allowed for a 271-year reconstruction.  It is possible that omission of the SOI data set in favor of a Nino 3.4 data set or an alternate SOI data set may decrease the statistical skill of the reconstruction, but may allow for a longer period.

Examination of the drought statistics shows the relationship between snowpack deficit and streamflow deficit.  Given the strong relationship between snowpack drought years and streamflow drought years, the magnitude of spring snowpack can be used to predict the severity of a potential drought.  This information is critical for decisions regarding water supply for the UGRB and UCRB regions.  An understanding of historic highs and lows with regard to water availability will help water planners understand the potential extreme conditions possible in the region.  If the severity of a drought can be determined at the beginning of the summer, necessary precautions can be taken to conserve available water for later months, potentially thwarting the economic and political pressures associated with water shortages.
3.9 
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4.0
USING PACIFIC OCEAN CLIMATE VARIABILITY TO IMPROVE 
 
HYDROLOGIC RECONSTRUCTIONS
4.1  
Research Hypothesis #3
Statistical skill of snowpack reconstructions in the Upper Green River Basin (UGRB) can be improved by incorporating Pacific Ocean climatic variability.
4.2  
Objectives

· Obtain snow water equivalent (SWE) data for the UGRB

· Regionalize April 1st SWE using principal components analysis (PCA)

· Obtain a predictor pool of tree-ring chronologies after correlating with regional April 1st SWE and testing for stability

· Reconstruct April 1st SWE using tree-ring chronologies

· Obtain reconstructed climate indices for the Pacific Decadal Oscillation (PDO) and the Southern Oscillation Index (SOI)

· Reconstruct April 1st SWE using tree-ring chronologies and climate signals

· Obtain Pacific Ocean Sea Surface Temperature (SST) data

· Use singular value decomposition (SVD) to identify regions of the Pacific Ocean that are teleconnected with UGRB SWE

· Reconstruct April 1st SWE using tree-ring chronologies and Pacific Ocean SSTs

· Compare results from models generated with the three predictor pools

4.3
Introduction
Tree-ring chronologies are key predictors in reconstructions of hydrologic variables.  Tree-ring chronologies have been used throughout the world to develop information about historic climate because ring widths can provide an annual record of temperature and moisture conditions for a region.  This study demonstrates the value that climate signals and sea surface temperatures can bring to dendrohydrological reconstructions.  To accomplish this, a reconstruction is performed using only tree-ring chronologies as predictor variables.  The predictor pool is then augmented with climate signals and sea surface temperatures and another reconstruction is developed.  The two results are compared to determine whether there is an improvement in reconstruction skill.

This study focused on the Green River (Wyoming and Utah), located in the Upper Colorado River Basin (UCRB) and the largest tributary to the Colorado River.  Snowpack in the UCRB serves as a natural reservoir, storing water during the winter and releasing it during the spring and summer snowmelt seasons, comprising 50 to 80% of the annual streamflow (Natural Resources Conservation Service, 2011).  In 2005, the State of Wyoming implemented a Weather Modification Pilot Project where ground-based generators released silver iodide into the atmosphere to increase snowpack.  A target area for this program was the Wind River Range, the eastern boundary of the Upper Green River Basin (UGRB) and the northern portion of the UCRB.  The National Center for Atmospheric Research (NCAR) will evaluate potential increases in snowpack associated with weather modification (Wyoming Weather Modification Pilot Program, 2011).  Snowpack measurements for the UCRB, however, date back only to the mid-1900s, restricting the assessment of long-term variability of snowpack in the region.

The first reconstruction study of the UGRB achieved reconstruction models that explained 40% of the variance in streamflow (Stockton and Jacoby, 1976).  Woodhouse et al. (2006) continued this research and created a reconstruction model for a streamflow gage on the Green River with an explained variance of 48%.  The reconstruction relied heavily on tree-ring chronologies located in northern Colorado and Utah because of the limited availability of updated tree-ring chronologies in Wyoming (Woodhouse et al., 2006).  Watson et al. (2009) later developed six new chronologies in the foothills of the Wind River Range.  These new chronologies allowed Watson et al. (2009) to reconstruct streamflow at multiple headwater gages on the Wind River with explained variances ranging from 40% to 64%.  Barnett et al. (2010) were subsequently able to reconstruct streamflow at nine gage sites in the UGRB by incorporating the six tree-ring chronologies created by Watson et al. (2009). 

Woodhouse (2003) examined snowpack in western Colorado.  Using tree-ring chronologies as predictor variables, she created a reconstruction model that spanned 431 years and explained 63% of the variance in snowpack.  Timilsena and Piechota (2008) reconstructed regionalized snow water equivalent (SWE) for the UCRB.  Reconstruction models were created for the eastern, western, and southern UCRB for a 480-year period, with explained variances in SWE of 61%, 44%, and 58%, respectively.  The northern region of the UCRB spatially coincides with the UGRB.  Reconstruction attempts in this region failed because of limited regional tree-ring chronologies (Timilsena and Piechota, 2008).  

Graumlich et al. (2003) used Pacific Ocean climate variability to develop streamflow reconstructions for the Yellowstone River, located immediately north of the UGRB.  Graumlich et al. (2003) captured Pacific Ocean climate variability using interdecadal to decadal climate signals (Southern Oscillation Index (SOI), Pacific Decadal Oscillation (PDO)).  Results showed that including climate indices increased the variance explained by the regression model from 52% to 59% (Graumlich et al., 2003).

The use of a Pacific Ocean sea surface temperature (SST) region that is teleconnected with SWE may improve reconstruction skill compared to the use of predefined climate indices.  Coupled relationships between oceanic SST variability and hydrologic variability have been studied using singular value decomposition (SVD).  SVD can identify regions of the ocean that are teleconnected with hydrologic variability (Uvo et al., 1998; Rajagopalan et al., 2000; Shabbar and Skinner, 2004; Tootle et al., 2008; Soukup et al., 2009).  Tootle and Piechota (2006) used SVD to determine the relationship between Pacific and Atlantic Ocean SSTs and continental United States (U.S.) streamflow.  Aziz et al. (2010) identified relationships between western U.S. snowpack and Pacific Ocean SST variability.

Given the successful streamflow reconstructions in the UGRB (Barnett et al., 2010), the first hypothesis is that the incorporation of the new tree-ring chronologies (Watson et al., 2009) will result in a successful reconstruction of UGRB SWE.  The second hypothesis states that incorporation of climate signals will further improve snowpack reconstruction skill in the UGRB.  The third hypothesis is that the application of SVD to Pacific Ocean SSTs and UGRB SWE will result in the identification of a teleconnected Pacific Ocean SST region that will improve UGRB snowpack reconstruction skill.

The incorporation of climate variability in the form of Pacific Ocean SSTs builds on previous research efforts in the region.  The overarching objective is an improved reconstruction of UGRB snowpack that will assist NCAR in their ongoing evaluation of the weather modification program and the establishment of a process for using oceanic variability to augment hydrologic reconstructions.  

4.4  
Area of Study

Our study focused on the Green River (Wyoming and Utah), located in the Upper Colorado River Basin (UCRB) and the largest tributary to the Colorado River (Figure 4–1).  Snowpack in the UCRB serves as a natural reservoir, storing water during the winter and releasing it during the spring and summer snowmelt seasons, comprising 50 to 80% of the annual streamflow (Natural Resources Conservation Service (NRCS), 2011).  In 2005, the State of Wyoming implemented a Weather Modification Pilot Project where ground-based generators released silver iodide into the atmosphere to increase snowpack.  A target area for this program was the Wind River Range, the eastern boundary of the Upper Green River Basin (UGRB) and the northern portion of the UCRB.  The National Center for Atmospheric Research (NCAR) will evaluate potential increases in snowpack associated with weather modification (Wyoming Weather Modification Pilot Program, 2011).  Snowpack measurements for the UCRB, however, date back only to the mid-1900s, restricting the assessment of long-term variability of snowpack in the region.
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FIGURE 4–1:  
Location map showing the Upper Green River Basin, tree-ring  chronologies, SNOTEL stations, and the streamflow gage
4.5  
Data

4.5.1
Snowpack Data

We identified 20 SNOTEL stations in and adjacent to the UGRB.  Of these 20 stations, 12 have continuous historical data from 1961 to the present (Figure 4–1, Table 4–1, Appendix I).  SNOTEL data are available from the NRCS website.  I used April 1st SWE data to represent winter snowpack (Woodhouse, 2003).

TABLE 4–1:  
Location data for SNOTEL stations

	Station
	Latitude
	Longitude
	Period of Record

	Big Sandy Opening
	42.65
	–109.27
	1961–2009 

	Blind Bull Summit
	42.97
	–110.62
	1948–2009

	East Rim Divide
	43.13
	–110.20
	1936–2009

	Elkhart Park
	43.00
	–109.77
	1961–2009

	Granite Creek
	43.35
	–110.43
	1930–2009

	Gros Ventre Summit
	43.38
	–110.13
	1948–2009

	Kendall
	43.25
	–110.02
	1938–2009

	Loomis Park
	43.17
	–110.13
	1939–2009

	New Fork Lake
	43.12
	–109.95
	1961–2009

	Snider Basin
	42.50
	–110.53
	1937–2009

	Spring Creek Divide
	42.53
	–110.67
	1948–2009

	Triple Peak
	42.77
	–110.58
	1961–2009


4.5.2
Tree-Ring Chronologies

Tree-ring chronologies were obtained from three sources: the International Tree-Ring Data Bank (ITRDB) website, recent paleohydrologic studies in the UGRB (Gray et al., 2004b; Gray et al., 2004c; Gray et al., 2007), and recent tree-ring collections in and adjacent to the UGRB (Watson et al., 2009).  I obtained data for 99 tree-ring chronologies from four different species of trees.  Of the 99 chronologies, 33 were created from Douglas-firs (Pseudotsuga menziesii), 30 from pinyon pines (Pinus edulis), 10 from limber pines (Pinus flexilis), and 26 from ponderosa pines (Pinus ponderosa).  These four species have been found to be moisture sensitive (Fritts, 1976).  The residual tree-ring chronology type was used (Timilsena and Piechota, 2008) for all 99 chronologies (Figure 4–1, Table 4–2, Appendix J), the chronology type that more closely retains similar statistical properties of hydrological data (Crockett et al., 2010).

TABLE 4–2:  
Location data for tree-ring chronologies location in and adjacent to the UCRB
	Chronology
	Latitude
	Longitude
	Species

	Almont Triangle
	38.73
	-106.80
	Douglas-fir 

	Anderson Ridge East
	42.45
	-108.87
	Limber pine

	Anderson Ridge Rim
	42.49
	-108.93
	Douglas-fir

	Bear Canyon
	45.07
	-108.52
	Limber pine

	Bennett Creek
	40.67
	-105.52
	Ponderosa pine 

	Big Thompson II
	40.42
	-105.28
	Douglas-fir 

	Black Forest East
	39.50
	-104.22
	Ponderosa pine 

	Boulder Lake East 
	42.85
	-109.63
	Douglas-fir

	Boulder Ridge Road
	40.98
	-105.67
	Ponderosa pine 

	Bryce Point
	37.60
	-112.15
	Douglas-fir

	Carter Mountain
	44.32
	-109.21
	Limber pine

	Cathedral Creek
	38.08
	-107.00
	Douglas-fir 

	Clarks Fork of the Yellowstone
	44.58
	-109.08
	Douglas-fir

	Coal Bench
	37.62
	-112.00
	Pinyon pine

	Cochetopa Dome
	38.25
	-106.67
	Ponderosa pine 

	Collins Gulch
	39.83
	-108.20
	Pinyon pine

	Cooks Canyon
	44.22
	-107.37
	Ponderosa pine

	Crags Hotel
	39.93
	-105.30
	Ponderosa pine 

	Deer Mountain II
	40.37
	-105.58
	Ponderosa pine 

	Deer Springs Mesa
	37.30
	-112.18
	Pinyon pine

	Dillon
	39.60
	-105.90
	Douglas-fir

	Douglas Pass
	39.60
	-108.80
	Douglas-fir

	Dry Park
	38.25
	-108.33
	Pinyon pine 

	Dutch John Mountain
	40.95
	-109.38
	Pinyon pine

	Eagle Rock
	39.38
	-105.17
	Ponderosa pine 

	Eldorado Canyon III
	39.93
	-105.30
	Douglas-fir 

	Elevenmile Reservoir
	38.87
	-105.43
	Ponderosa pine 

	Encampment
	41.15
	-106.78
	Douglas-fir

	Escalante Forks Update
	38.67
	-108.35
	Pinyon pine 

	Fossil Butte NM
	41.87
	-110.80
	Limber pine

	Fremont Lake
	42.96
	-109.77
	Douglas-fir

	Fremont Lake Southeast
	42.92
	-109.80
	Limber pine

	Gould Reservoir
	38.60
	-107.58
	Pinyon pine 

	Great Sand Dunes Lower
	37.78
	-105.50
	Ponderosa pine 

	Green Mountain Reservoir
	39.85
	-106.23
	Douglas-fir


TABLE 4-2: 

Continued

	Chronology
	Latitude
	Longitude
	Species

	Hogback Rampart Hills
	37.38
	-108.12
	Limber pine 

	Hot Sulphur Springs
	40.07
	-106.13
	Douglas-fir

	Jamestown
	40.13
	-105.42
	Ponderosa pine 

	Jefferson County Colorado II
	39.68
	-105.20
	Ponderosa pine 

	Kim
	37.23
	-103.25
	Ponderosa pine 

	LaBarge Creek
	42.50
	-110.65
	Limber pine

	Land's End
	39.00
	-108.15
	Douglas-fir

	Lily Lake
	40.32
	-105.55
	Douglas-fir 

	Lower Henderson Canyon
	37.65
	-111.97
	Pinyon pine

	McDougal Pass
	42.80
	-110.60
	Limber pine

	McGee Gulch
	38.85
	-106.02
	Douglas-fir 

	McPhee
	37.58
	-108.58
	Pinyon pine 

	Mesa de Maya
	37.10
	-103.62
	Ponderosa pine 

	Meyer Ranch
	39.55
	-105.27
	Ponderosa pine 

	Montrose
	38.38
	-108.02
	Pinyon pine 

	Mount Everts
	44.98
	-110.67
	Douglas-fir

	North Park Update
	40.95
	-106.33
	Douglas-fir

	Nutter's Ridge
	39.97
	-110.33
	Pinyon pine

	Owl Canyon II
	40.78
	-105.18
	Pinyon pine 

	Peak to Peak
	40.02
	-105.52
	Douglas-fir 

	Piceance
	40.05
	-108.30
	Pinyon pine

	Plat Bradbury
	37.47
	-106.30
	Ponderosa pine 

	Plug Hat Butte
	40.78
	-108.97
	Pinyon pine

	Pool Table Pines
	37.78
	-106.82
	Ponderosa pine 

	Princeton I
	38.80
	-106.22
	Pinyon pine 

	Princeton II
	38.80
	-106.23
	Douglas-fir 

	Pumphouse
	39.95
	-106.52
	Pinyon pine 

	Red Canyon
	39.70
	-106.73
	Pinyon pine

	Red Canyon Upper
	42.63
	-108.62
	Limber pine

	Red Creek
	38.53
	-107.22
	Douglas-fir 

	Red Pine Canyon
	40.57
	-109.92
	Pinyon pine

	Ridge Road
	39.38
	-104.20
	Ponderosa pine 

	Rifle
	39.67
	-107.88
	Pinyon pine

	Roadsite
	38.10
	-106.37
	Ponderosa pine 

	Round Prarie
	37.50
	-103.53
	Pinyon pine 

	Round Valley Draw
	37.42
	-111.88
	Pinyon pine

	Rustic
	40.72
	-105.58
	Ponderosa pine 


TABLE 4-2: 

Continued

	Chronology
	Latitude
	Longitude
	Species

	Sapinero Mesa
	38.32
	-107.20
	Ponderosa pine 

	Sargents
	38.40
	-106.43
	Douglas-fir 

	Seedhouse
	40.75
	-106.85
	Douglas-fir 

	Seedhouse Road
	40.75
	-106.85
	Douglas-fir

	Sheep Pen Canyon I
	37.07
	-103.27
	Pinyon pine 

	Skutumpah Road 1
	37.50
	-112.07
	Pinyon pine

	Skutumpah Road 2
	37.47
	-112.10
	Pinyon pine

	Slickrock
	38.02
	-108.92
	Pinyon pine 

	Soap Creek
	38.53
	-107.32
	Ponderosa pine 

	South Fork
	37.67
	-106.65
	Ponderosa pine 

	Stultz Trail
	38.33
	-105.27
	Douglas-fir 

	Terrace Lake Pines
	37.38
	-106.28
	Ponderosa pine 

	Trail Gulch
	39.72
	-106.98
	Pinyon pine

	Trapper Canyon
	44.48
	-107.62
	Douglas-fir

	Unaweep Canyon
	38.83
	-108.57
	Pinyon pine

	Unaweep Canyon
	38.50
	-108.34
	Pinyon pine

	Upper Henderson Canyon
	37.72
	-111.93
	Douglas-fir

	Valley View Ranch
	39.07
	-104.43
	Douglas-fir 

	Vasquez Mountain
	40.03
	-106.07
	Douglas-fir

	Vedauwoo
	41.15
	-105.37
	Ponderosa pine 

	Well's Draw
	39.73
	-110.02
	Pinyon pine

	Wet Mountains
	37.90
	-105.15
	Douglas-fir 

	Whiskey Mountain
	43.43
	-109.55
	Douglas-fir

	Wild Rose
	39.02
	-108.23
	Pinyon pine

	Wilson Ranch
	37.63
	-106.68
	Ponderosa pine 

	Wood River Canyon
	43.94
	-109.21
	Limber pine

	Yovimpa Point
	37.47
	-112.25
	Douglas-fir


4.5.3
Climate Indices

We used SOI data from the Climate Research Unit available from the National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratory (ESRL) website.  Monthly data are available from 1866 to 2006.  I averaged the monthly SOI data to create an annual SOI.  Similar to Graumlich et al. (2003), I also used the PDO, an interdecadal oscillation that shifts phases every 20 to 30 years.  I used annual reconstructed PDO data (1470–1998) (Shen et al., 2006) from the National Climatic Data Center (NCDC) and NOAA Climate Reconstruction website.  I used climate data from the previous year to adjust for the oceanic lag.

4.5.3
Sea Surface Temperatures

Smith and Reynolds (2002) used instrumental-based data to reconstruct SSTs with a resolution of 2⁰ by 2⁰.  The boundaries used for the Pacific Ocean range from 20⁰ south to 60⁰ north latitude and 120⁰ east to 80⁰ west longitude, creating 2,792 individual cells (data points).  Their dataset is available from 1854 to the present and is updated monthly by NOAA using the Extended Reconstructed Sea Surface Temperature (ERSST) system and the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) (Smith et al., 2008).  I obtained the data from the National Center of Atmospheric Research (NCAR) Climate Analysis Section website.

Evans et al. (2002) developed a reconstructed SST dataset with a resolution of 5⁰ by 5⁰.  The boundaries used for the Pacific Ocean ranged from 60⁰ south to 65⁰ north latitude and 110⁰ east to 65⁰ west longitude, creating 925 individual cells (data points).  There are three portions to this dataset.  The first is an instrumental-based reconstruction of Pacific Ocean SSTs (Kaplan et al., 1998).  The second is a coral-based reconstruction of SSTs created using thirteen annually averaged coral-derived oxygen isotopes (Evans et al., 2002).  The third is a tree-based reconstruction of SSTs created using tree-ring proxy indicators (Evans et al., 2002).  The instrumental-based dataset begins in 1856, the coral-based dataset begins in 1800, and the tree-based dataset begins in 1590.  All three datasets terminate in 1990.  I obtained these data from the National Climatic Data Center (NCDC) and NOAA Climate Reconstruction website.
4.6  
Methods

4.6.1
Principal Components Analysis
See section 3.6.1 for research hypothesis #2 for an explanation of principal components analysis.

4.6.2
Correlation and Stability

As in research hypothesis #1 and 2, my regional data was correlated with each of the tree-ring chronologies using Pearson’s correlation method.  In this study, chronologies that were positively and significantly (p < 0.05) correlated with SWE were retained (Timilsena and Piechota, 2008).  To test for temporal stability between tree-ring and SWE data, correlation coefficients between the two were calculated for a 20-year moving window (Biondi and Waikul, 2004).  I retained chronologies that were positively correlated with SWE at a confidence of 90% or greater for all windows, indicating a temporally stable relationship.

4.6.3
Singular Value Decomposition

Singular value decomposition (SVD) is a statistical technique used to identify coupled relationships between two spatiotemporal fields (Tootle et al., 2008).  SVD isolates important modes of variability when identifying relationships between datasets involving grid point arrays and time series (Bretherton et al., 1992, Wallace et al., 1992).  SVD analyzes two data fields to find pairs of spatial patterns that explain the mean-squared temporal covariance between the two fields (Bretherton et al., 1992).  SVD was first used in the field of atmospheric sciences by Prohaska (1976) to determine the relationship between monthly mean surface air temperatures over the U.S. and hemispheric sea level pressure patterns.  Subsequent studies have used SVD to identify coupled relationships between hydrologic factors and SSTs (Tootle and Piechota, 2006; Aziz et al., 2010).  

We used SVD to determine relationships between Pacific Ocean SSTs and UGRB SWE.  The Smith and Reynolds (2002) SST dataset was selected because it provides a larger overlap in the period of record between SSTs and SWE and because it has a smaller grid size.  I standardized the Pacific Ocean SSTs and SWE anomalies and created matrices.  The time dimension of each matrix must be equivalent, while the spatial component can vary in dimension.  The time dimension is the overlapping period of record between SWE data and available Pacific Ocean SST data (lagged one year to SWE).  The spatial component is comprised of 12 individual SNOTEL stations for the SWE dataset and 2,792 cells for the SST dataset.  

We created a covariance matrix for the two spatiotemporal matrices, providing physical information to determine the relationship between Pacific Ocean SST cells and UGRB SWE.  SVD of the covariance matrix resulted in two matrices of singular vectors (left and right) and one matrix of singular values.  The left singular vector matrix contained Pacific Ocean SST data and the right singular vector matrix contained SWE data.  I projected the first column of the Pacific Ocean SST matrix onto the standardized Pacific Ocean SST anomalies matrix, generating the first temporal expansion series (1st TES) for Pacific Ocean SST data.  I projected the first column of the SWE matrix onto the standardized SWE anomalies matrix, generating the 1st TES for SWE data.  The Pacific Ocean SST 1st TES was correlated with SWE and the SWE 1st TES was correlated with Pacific Ocean SSTs, resulting in heterogeneous correlation values for each SWE station and for each Pacific Ocean SST cell.  The correlation of the SWE 1st TES with the Pacific Ocean SST matrix revealed the Pacific Ocean SST region that is teleconnected to UGRB April 1st SWE.  The correlation of the Pacific Ocean SST 1st TES with the SWE matrix revealed the UGRB SNOTEL stations that were teleconnected with the identified Pacific Ocean SST region.

We created an index for the Pacific Ocean SST region using all Pacific Ocean SST grid cells that were teleconnected (greater than 95% confidence) with UGRB SWE (Appendix K).  SVD is useful in the statistical analysis of two spatiotemporal fields, but there are conditions that must be satisfied for SVD to be used correctly (Newman and Sardeshmukh, 1995).  The first three modes must explain a significant amount of the variance of the two fields for SVD to be effective in identifying the coupled variability (Newman and Sardeshmukh, 1995). 

4.6.4
Use of Proxy-Based Pacific Ocean SSTs

The Smith and Reynolds (2002) dataset is limited because it begins in 1860.  The three portions of the Evans dataset predate this dataset.  I overlaid the Pacific Ocean SST region identified from the Smith and Reynolds dataset onto a map of the Evans dataset.  Grid cells in the Evans dataset indentified within the spatial region established by the S&R dataset were used to form a Pacific Ocean SST index for each of the three portions of the Evans dataset (Appendix K).  

4.6.5
Stepwise Linear Regression

See section 2.6.4 for research hypothesis #1 for an explanation of stepwise linear regression (SLR).  In this study, multiple SLRs were performed for the various predictor pools (tree-ring chronologies, SOI, PDO, Pacific Ocean SST regions).
4.7
Results
4.7.1
SWE and Predictor Variables

PCA identified one component with an eigenvalue greater than 1.0.  All 12 SNOTEL stations were identified within this component, indicating that the 12 stations are statistically similar on an annual basis.  The 12 stations were averaged to form a regional April 1st SWE (Woodhouse, 2003).

Of the 99 tree-ring chronologies tested, 19 were positively correlated with SWE at 95% confidence or greater.  Stability testing identified two stable chronologies: Rifle (pinyon pine) and Soap Creek (ponderosa pine) (Figure 4–1, Appendix L).  These two chronologies were retained.  None of the six tree-ring chronologies developed by Watson et al. (2009) passed pre-screening for UGRB snowpack.  The new chronologies were not used in these reconstructions and the first hypothesis therefore could not be accepted.  

The Rifle and Soap Creek chronologies were within 450 km (280 miles) of the sub-basin and are located within the UCRB.  Given the easterly-southeasterly movement of weather systems across the western United States, and the rigorous prescreening used to identify tree-ring chronologies that were responding to climate signals seen in the predictand (SWE), I believe the selected chronologies are accurate representations of the climate experienced by the UGRB.  While several chronologies are geographically closer to the SNOTEL sites, these chronologies do not represent the climate signal seen by the SNOTEL stations as well.  This can be attributed to the different responsiveness of species to hydrologic conditions, the effects of location site conditions (aspect, slope), and potential masking effects of regional disturbances, such as insects and wildfire, that were not detected during chronology development.

SVD was applied to the Smith and Reynolds SSTs dataset and UGRB SWE.  The squared covariance fraction for the first mode showed that 93% of variance was explained, indicating a strong relationship between Pacific Ocean SSTs and UGRB SWE.  The second and third modes explained 4% and 1% of variance, respectively.  Given the high percentage of variance explained (98%) in the first three modes, SVD was applicable for this research (Newman and Sardeshmukh, 1995).    

The Pacific Ocean SST region identified by SVD is defined as 20⁰ south to 15⁰ north latitude and 170⁰ west to 80⁰ west longitude (Figure 4–2).  All 12 SWE stations were identified as significant.  A closer examination revealed the region was located in the equatorial Pacific Ocean and was similar to the Niño 3.4 region, a region used to measure the strength of the El Niño-Southern Oscillation (ENSO) (NCAR, 2011).  Previous studies identified ENSO as a climatic driver of snowpack in the UGRB (McCabe and Dettinger, 2002; Hunter et al., 2006). 


[image: image6.emf]
FIGURE 4–2: 
Map identifying the region of the Pacific Ocean that is  teleconnected with UGRB SWE

4.7.2
Regression Models

SLR was performed and six regression models were developed (Appendix M).  The first regression model used (only) tree-ring chronologies (TRCs) as predictors.  The second regression model used TRCs and climate indices (SOI, PDO).  The third regression model used TRCs and the Pacific Ocean SST index developed from the Smith and Reynolds dataset.  The fourth, fifth, and sixth regression models used TRCs and the Pacific Ocean SST indices developed from the three portions of the Evans dataset.  

The first regression model explained 34% of the variance and retained the Soap Creek chronology (Tables 4–3 and 4–4).  The second regression model included climate indices (SOI, PDO).  When climate indices (SOI, PDO) were added to the predictor pool, the SOI was retained and the PDO was rejected, indicating the SOI provides the model with information not captured in the tree-ring chronologies.  With the addition of the SOI to the model, R2 improved by 23%, with an explained variance of 57%.  Graumlich et al. (2003) found similar results when using the SOI to reconstruct streamflow in the Yellowstone region.  In that study, the reconstruction using of tree-ring chronologies resulted in an adjusted R2 that explained 42% of streamflow variance.  The addition of climate signals improved adjusted R2 by 10% (Graumlich et al., 2003).  The improved reconstructive skill of the model that includes climate signals (SOI) is similar in magnitude to the results seen by Graumlich et al. (2003).

TABLE 4–3:  
Regression model component details

	Model
	Predictors
	A/Ra
	Retained Predictors

	1
	TRCs
	2/1
	Soap Creek (TRC)

	2
	TRCs,

Climate
	4/3
	Soap Creek (TRC),

SOI,  Rifle (TRC)

	3
	TRCs,

SSTs (S&R)
	3/3
	Soap Creek (TRC),

S&R SST, Rifle (TRC)

	4
	TRCs,

SSTs (Evans–Inst.)
	3/2
	Soap Creek (TRC),

Evans SST (Inst)

	5
	TRCs,

SSTs (Evans–Coral)
	3/2
	Evans SST (Coral),

Soap Creek (TRC)

	6
	TRCs,

SSTs (Evans–Tree)
	3/2
	Soap Creek (TRC),

Evans SST (Tree)


aA/R represents available predictors/retained predictors
TABLE 4–4:  
Performance and validation statistics for SLRs 

	Model
	Predictors
	R2
	Pred. 
R2
	S
	D-W
	Sign Test 
(agree/disagree)

	1
	TRCs
	0.34
	0.26
	4.81
	2.24
	22/9

	2
	TRCs, Climate
	0.57
	0.45
	4.06
	2.23
	26/5

	3
	TRCs, SSTs (S&R)
	0.63
	0.52
	3.76
	2.38
	26/5

	4
	TRCs, SSTs (Evans–Inst.)
	0.60
	0.52
	3.81
	2.29
	25/6

	5
	TRCs, SSTs (Evans–Coral)
	0.65
	0.57
	3.58
	2.04
	27/4

	6
	TRCs, SSTs (Evans–Tree)
	0.45
	0.33
	4.48
	2.38
	25/6


Regression models 3–6 included SST indices.  SLR retained the SST index in all four models.  This shows that regionalized SSTs are useful predictors for reconstructing SWE because they provide the model with hydrologic variability information that is not captured by tree-ring chronologies.  Three of the models (models 3, 4, and 5) resulted in an R2 value that was greater than the R2 produced using predefined climate indices (SOI).  The sixth model used a tree-based SST index and resulted in an R2 of 45%.  While this value is less than the 57% of variance explained by the model using the SOI, it is still an improvement over the first model (tree-ring chronologies).  The model using a tree-based SST index extends back to 1590, while the climate signal model is limited by the SOI reconstruction, which dated back to 1866.  The regression models that included SST indices explained 45–65% of the variance.

4.7.3
Statistical and Visual Analysis

For the six models, the difference between predicted R2 and the R2 value is less than 12%, indicating the models were not over-fitted (Table 4–4).  The standard error for each of the six of the regressions is low (Table 4–4), indicating that all six regression models are statistically valid.  The D-W statistics for all six regressions were close to 2.0, suggesting little to no autocorrelation for any of the regressions (Table 4–4).  The sign test for model 1 was significant at P < 0.05, while the sign test results for models 2–6 were significant at P < 0.01 (Table 4–4).  The graphical results of the six models were examined against the observed values over the calibration period (Figure 4–3).  No smoothing was performed to allow accurate interpretation of peaks and valleys.  
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FIGURE 4–3: 
Graphical representation of the six regression models over the calibration period:  (a)  the model using tree-ring chronologies (only) and the model using SOI, (b) models using instrumental-based SSTs (Evans et al., 2002; Smith and Reynolds, 2002), and (c) models using the coral-based and tree-based SSTs (Evans et al., 2002)

4.8
Discussion 

Barnett et al. (2010) reconstructed annual water-year streamflow for nine unimpaired gages in the UCRB, including USGS gage #09211200.  This gage is located on the Green River at the lower boundary of the UGRB (Figure 4–1).  Given that snowpack provides 50–80% of yearly streamflow in the UGRB (Natural Resources Conservation Service, 2011), a comparison of reconstructed water-year streamflow to the SWE reconstructions may provide insight on which SWE regression model (1 thru 6) is most appropriate.  R2 values between observed streamflow and the six reconstructed SWEs (for the calibration period, 1961–1991) ranged from 0.27 to 0.41.  The R2 value between observed streamflow and observed SWE (1961–1991) was 0.50.  

Reconstructed streamflow data were obtained from 1615 to 1960 (Barnett et al., 2010).  SWE data were reconstructed from 1545 to 1960 (model 1), 1867 to 1960 (model 2), 1861 to 1960 (model 3), 1857 to 1960 (model 4), 1801 to 1960 (model 5), and 1591 to 1960 (model 6).  The period examined was determined by the overlap between the reconstructed streamflow and the reconstructed SWE.  The streamflow data and SWE data were standardized (mean of zero, standard deviation of one) and a 25-year (end year) filter was applied (Figure 4–4). 
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FIGURE 4–4: 
Graphical representation of standardized reconstructed hydrologic data (streamflow and SWE) over time, with graphs (a)–(f) corresponding to SWE reconstruction models 1–6, respectively


The second and third models (Figure 4–4b and 4–4c) align closely with the reconstructed streamflow.  The fourth model (Figure 4–4d) tends to underestimate the highs and overestimates the lows.  While the trends are similar, the extremes exhibited by streamflow are much more pronounced than those captured by the SWE reconstruction.  The fifth model (Figure 4–4e) reflects the opposite of the trends expressed by streamflow.  The sixth model (Figure 4–4f) has periods where the two reconstructions are well aligned, but there is opposite trending where the SWE reconstruction is low while the streamflow reconstruction is high, and vice versa.  From the visual inspection, the second and third models (SOI and Smith and Reynolds SSTs) are most similar to the reconstructed streamflow.  In addition to a visual inspection, streamflow was correlated with SWE for each model.  The second and third models (SOI and Smith and Reynolds SSTs) have R2 values of 0.34 and 0.40, respectively.  These are much higher than the other four models (0.07 to 0.17).  This confirms the results of the visual inspection.
4.8.1 
Conclusion


This study discovered a stronger correlation between streamflow and the SWE models using the SOI and the Smith and Reynolds SSTs than with other SWE models for the calibration period and the reconstruction period.  This validates the second hypothesis.  The reconstruction using the Smith and Reynolds SSTs was more highly correlated with regional streamflow data over the reconstruction period than the model using the SOI (0.63 to 0.59), validating the third hypothesis.  

If the UGRB were not an ENSO-influenced region (Graumlich et al., 2003), using the SOI as a predictor variable would not have resulted in improvement of regression model skill.  While the incorporation of teleconnected SST regions provided limited improvement over traditional climate signals (SOI) in this study, many regions exist that are not influenced by established climate patterns.  The identification of teleconnected SST regions may prove helpful in improving regression model skill when the hydrologic predictand (snowpack, streamflow) is located in a region not influenced by traditional climatic phenomena.  

Investigation into past climatic and hydrologic variability can provide important insights into future water availability.  This study skillfully reconstructed UGRB snowpack and developed a greater understand of the linkages between SSTs and regional climatic change.  A heightened understanding of past hydrological variability in the UGRB will provide insight into future adaptation and sustainability of the basin and is critical for the evaluation of recent weather modification efforts in the region.
4.9 
Publication Information

Anderson, S., O. Aziz, G. Tootle, H. Grissino-Mayer, and A. Barnett, 2012.  Using Pacific Ocean Climatic Variability to Improve Hydrologic Reconstructions.  Journal of Hydrology.  In Press.
5.0
FUTURE WORK
Given the importance of water in the Colorado River Basin, coupled with the recent ecological changes brought about by the pine beetle, future research should focus on determining what drives variation in soil moisture.  Comparisons could be made between available soil moisture datasets.  The addition of new tree-ring chronologies could augment reconstructive skill.

The use of snow course and SNOTEL data, in conjunction, expands the period of record, which could improve the statistical skill of the reconstruction models from my second hypothesis.  Given the success seen when incorporating climate signals (SOI) in Region 4, reconstructions could be reexamined in Regions 1, 2, and 3, this time including climate signals.  
Further research could examine the impact of Atlantic Ocean SSTs on regional reconstructions for a complete representation of oceanic-atmospheric variability or the inclusion of the North Atlantic Oscillation and Atlantic Multidecadal Oscillation data.  Including Atlantic Ocean oscillations and Atlantic SSTs may result in increased reconstruction skill.  Additional studies could use different seasonal components of climate signals in reconstructions.  This study used annual SOI and annual PDO.  The use of shorter periods (June – December) or winter indices (November – January) may improve reconstruction skill.

Attempts to improve the proxy-based datasets created by Evans et al. (2002) would be beneficial given the length of the reconstructed SST values.  While the Smith and Reynolds index provided an increased level of accuracy for the reconstructions, the index limits the reconstruction length because it begins in 1854.  The Evans datasets use tree- and coral-based data, which extended the length of the reconstructed SST data and increases the potential length of the reconstruction.  Alternatively, the biological data used to create the Evans datasets (tree-ring data, coral isotopes) could be used in a raw form to further enhance the predictor pool. 

6.0
ENVIRONMENTAL POLICY
There are several factors that can influence the natural environmental hydrologic cycle.  Weather modification is one of these factors.  Beginning in 2005, the state of Wyoming has been attempting to augment the natural snowpack in three mountain ranges that feed the Colorado River.  These mountain ranges are the Wind River Range, the Sierra Madres, and the Medicine Bows.  While weather modification efforts may appear to successfully generate more snow in a given region, other factors must be considered.  
The natural, cyclical pattern of weather makes it difficult to determine if additional snowpack is of natural or anthropogenic origin.  Additionally, the creation of generator cites for cloud seeding can disrupt natural ecosystems and indigenous species while the expulsion of cloud seeding chemicals (silver iodide) can negatively impact the environment.  Lastly, extraction of moisture over the targeted mountain ranges may result in drier conditions (and decreased precipitation) in regions to the east of the weather modification efforts.  These are all areas that need to be explored before weather modification is accepted on a large scale.
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APPENDIX A: 
Latitude and Longitude for Soil Moisture Cells
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1 43.25 -109.75 43 40.25 -106.75 84 38.25 -107.75

2 42.75 -110.25 44 40.25 -106.25 85 38.25 -107.25

3 42.75 -109.75 45 39.75 -111.25 86 38.25 -106.75

4 42.75 -109.25 46 39.75 -110.75 87 37.75 -111.75

5 42.25 -110.75 47 39.75 -110.25 88 37.75 -111.25

6 42.25 -110.25 48 39.75 -109.75 89 37.75 -110.75

7 42.25 -109.75 49 39.75 -109.25 90 37.75 -110.25

8 42.25 -109.25 50 39.75 -108.75 91 37.75 -109.75

9 42.25 -108.75 51 39.75 -108.25 92 37.75 -109.25

10 42.25 -107.75 52 39.75 -107.75 93 37.75 -108.75

11 41.75 -110.25 53 39.75 -107.25 94 37.75 -108.25

12 41.75 -109.75 54 39.75 -106.75 95 37.75 -107.75

13 41.75 -109.25 55 39.75 -106.25 96 37.25 -111.75

14 41.75 -108.75 56 39.25 -111.25 97 37.25 -111.25

15 41.75 -108.25 57 39.25 -110.75 98 37.25 -110.75

16 41.75 -107.75 58 39.25 -110.25 99 37.25 -110.25

17 41.25 -110.75 59 39.25 -109.75 100 37.25 -109.75

18 41.25 -110.25 60 39.25 -109.25 101 37.25 -109.25

19 41.25 -109.75 61 39.25 -108.75 102 37.25 -108.75

20 41.25 -109.25 62 39.25 -108.25 103 37.25 -108.25

21 41.25 -108.75 63 39.25 -107.75 104 37.25 -107.75

22 41.25 -108.25 64 39.25 -107.25 105 37.25 -107.25

23 41.25 -107.75 65 39.25 -106.75 106 37.25 -106.75

24 41.25 -107.25 66 38.75 -111.25 107 36.75 -111.25

25 40.75 -110.75 67 38.75 -110.75 108 36.75 -110.75

26 40.75 -110.25 68 38.75 -110.25 109 36.75 -110.25

27 40.75 -109.75 69 38.75 -109.75 110 36.75 -109.75

28 40.75 -109.25 70 38.75 -109.25 111 36.75 -109.25

29 40.75 -108.75 71 38.75 -108.75 112 36.75 -108.75

30 40.75 -108.25 72 38.75 -108.25 113 36.75 -108.25

31 40.75 -107.75 73 38.75 -107.75 114 36.75 -107.75

32 40.75 -107.25 74 38.75 -107.25 115 36.75 -107.25

33 40.75 -106.75 75 38.75 -106.75 116 36.25 -109.75

34 40.25 -111.25 76 38.25 -111.75 117 36.25 -109.25

35 40.25 -110.75 77 38.25 -111.25 118 36.25 -108.75

36 40.25 -110.25 78 38.25 -110.75 119 36.25 -108.25

37 40.25 -109.75 79 38.25 -110.25 120 36.25 -107.75

38 40.25 -109.25 80 38.25 -109.75 121 36.25 -107.25

39 40.25 -108.75 81 38.25 -109.25 122 35.75 -108.75

40 40.25 -108.25 82 38.25 -108.75 123 35.75 -108.25

41 40.25 -107.75 83 38.25 -108.25 124 35.75 -107.75

42 40.25 -107.25


APPENDIX B: 
Tree-Ring Chronology Data for Calibration Period
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Anderson Ridge East ARE

Boulder Lake BLE

Freemont Lake FMT

Louis Lake Road LLR

Beef Basin BFB

Terrace Lake Pines TLP

Wilson Ranch WSR

Platt Bradbury PBB

Cochetopa Dome COD

Dutch John Mtn. DJM

Dry Park DRY

Escalante Forks update EFU

Green Mtn. Res. GMR

Harmon Canyon HAR

McGee Gulch MCG

McDougal Pass MDP

Montrose MTR

Navajo Canyon NAV

No Man's Mesa  NMM

Plug Hat Butte PLU

Princeton Douglas-fir PRD

Princeton Pinyon PRP

Nutter's Ridge NUR

Pump House PUM

Red Creek RCK

Sapinero Mesa SAP

Sargents SAR

South Fork SFK

Slickrock SLK

Trail Gulch TRG

Unaweep Canyon UNA

Well's Draw WED

Wild Rose  WIL
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1948 1.132 1.354 1.397 1.372 1.420

1.244 0.894

0.929 1.142

1949 1.261 1.436 1.525 1.339 1.251

1.279 1.110

0.989 1.644

1950 0.952 1.300 1.441 1.333 0.921

0.341 0.839

0.448 0.428

1951 1.011 1.771 1.719 1.118 0.230

0.091 0.481

0.315 0.724

1952 1.283 1.210 1.265 1.131 1.016

0.673 1.007

0.748 1.077

1953 0.991 0.814 1.160 0.878 0.398

0.654 0.831

1.187 1.018

1954 0.918 0.845 1.176 0.869 0.877

0.079 0.341

0.357 0.164

1955 0.671 0.602 0.649 0.562 0.609

0.318 0.264

0.456 0.028

1956 0.772 0.683 0.802 0.700 0.255

0.368 0.355

0.494 0.934

1957 1.023 0.964 1.078 1.010 0.786

0.935 0.653

0.994 1.203

1958 0.854 0.726 0.789 1.012 1.101

0.745 0.608

0.935 1.150

1959 0.500 0.744 0.908 0.902 0.192

0.329 0.503

0.513 0.610

1960 0.564 0.516 0.878 0.952 1.090

1.068 0.892

0.769 1.141

1961 0.470 0.420 0.575 0.986 0.743

0.728 0.793

0.691 0.153

1962 0.815 1.058 1.160 0.896 0.911

1.110 0.859

0.941 0.814

1963 1.055 0.891 1.172 1.260 0.918

0.288 0.423

0.512 0.297

1964 0.964 0.658 0.887 1.182 1.191

0.765 0.764

0.831 1.027

1965 1.198 1.016 1.285 1.184 1.302

1.252 1.204

1.107 1.318

1966 1.008 1.015 1.271 1.453 1.453

0.849 1.181

0.991 1.316

1967 1.283 0.933 1.141 1.625 0.885

0.760 0.913

1.292 0.385

1968 1.264 0.917 1.289 1.567 0.807

1.154 1.106

1.538 0.854

1969 1.415 1.103 1.417 1.939 1.164

1.342 1.366

1.623 1.197

1970 0.737 0.715 0.903 1.459 1.026

1.366 1.026

1.452 1.288

1971 0.862 0.680 0.979 0.904 0.770

0.737 0.767

0.963 1.279

1972 0.886 1.101 1.218 1.097 1.150

0.088 0.781

0.539 1.244

1973 1.081 1.219 1.126 1.313 1.462

1.084 0.929

1.228 1.107

1974 1.013 1.180 1.140 1.150 0.740

0.486 0.875

0.524 1.202

1975 1.285 0.937 1.242 1.249 1.227

1.239 1.031

1.151 1.153

1976 1.426 1.117 1.363 1.235 0.879

0.434 1.214

0.937 0.994

1977 0.829 0.773 0.730 1.002 0.257

0.125 0.393

0.316 0.778

1978 1.343 1.010 1.203 1.235 1.082

1.144 0.532

0.875 1.014

1979 1.085 0.836 1.015 1.025 1.129

0.524 0.723

1.013 0.875

1980 1.482 1.156 1.239 1.627 1.013

0.510 0.928

0.931 0.891

1981 1.586 0.843 1.167 1.996 0.733

0.302 0.693

0.589 0.248

1982 1.418 0.947 1.069 1.878 0.982

0.750 0.923

0.885 0.681

1983 1.400 1.254 1.358 1.414 1.857

1.094 1.242

1.647 0.950

1984 1.708 1.263 1.399 1.902 1.955

1.416 1.088

1.231 1.202

1985 1.769 1.050 0.983 1.958 2.067

1.792 1.228

1.607 1.067

1986 1.187 1.450 1.141 1.384 2.210

2.417 1.524

1.294 1.357

1987 1.460 1.277 1.435 1.841 1.688

1.281 1.396

1.142 1.089

1988 0.883 0.643 0.756 1.377 1.982

1.873 1.002

1.019 1.223

1989 1.448 0.426 0.520 1.757 1.095

1.153 1.269

0.775 0.465

1990 1.308 0.734 0.735 1.340 1.158

1.528 1.261

0.874 0.847

1991 1.356 1.018 0.758 1.486 1.020

1.771 1.257

1.062 0.828

1992 1.206 0.623 0.732 1.604 1.402

1.950 1.507

1.312 0.870

1993 1.528 1.010 0.920 2.011 1.155

1.461 1.238

0.995 1.146

1994 1.357 0.900 0.842 1.637 0.759

2.010 1.108

0.997 0.673

1995 1.535 1.095 1.106 1.540 1.013

2.122 1.698

1.130 1.230


[image: image12.emf]Year DJM DRY EFU GMR HAR MCG MDP MTR NAV

1948 0.963 1.030 0.925 1.063 1.452 1.094 1.146 1.409

1.117

1949 1.388 1.092 1.029 1.205 1.619 1.416 0.994 1.421

1.359

1950 1.315 0.829 0.604 1.103 1.366 1.015 1.089 1.155

0.648

1951 1.067 0.554 0.241 1.359 1.068 0.664 1.134 0.669

0.431

1952 1.510 1.112 0.757 1.229 1.433 1.174 0.977 1.439

1.375

1953 0.742 0.563 0.283 1.046 0.761 0.951 1.084 0.805

0.703

1954 0.657 0.616 0.762 0.238 0.757 0.804 0.966 0.527

0.764

1955 0.507 0.849 0.863 0.645 1.130 0.695 1.045 1.049

0.910

1956 0.744 0.687 0.223 1.243 0.657 1.005 0.824 0.846

0.750

1957 1.293 1.114 1.140 1.205 1.211 1.182 0.955 1.408

1.096

1958 0.708 1.237 0.965 1.261 1.139 0.937 0.816 1.188

1.181

1959 0.960 0.532 0.172 0.928 0.500 0.628 0.960 0.719

0.466

1960 0.884 1.106 1.196 1.383 0.782 1.227 0.995 1.411

1.278

1961 0.540 0.865 0.585 0.839 0.571 0.810 0.950 1.249

0.873

1962 1.224 1.067 1.152 1.228 1.060 1.182 0.853 1.448

0.759

1963 0.998 0.716 1.101 0.583 0.720 0.510 0.999 1.294

0.803

1964 0.956 0.556 0.405 0.539 0.827 1.018 1.115 1.185

0.959

1965 1.232 1.224 1.416 1.085 1.435 1.274 1.023 1.438

1.211

1966 0.695 0.831 1.256 0.897 1.360 1.135 1.254 1.238

1.081

1967 1.137 0.622 0.710 1.180 1.090 0.792 1.375 1.029

0.889

1968 0.888 0.662 0.751 0.728 1.218 1.023 1.140 0.585

0.934

1969 0.721 0.816 1.387 0.825 1.313 1.442 1.180 1.192

1.128

1970 1.233 0.867 1.173 1.444 0.958 1.376 1.232 0.974

1.027

1971 1.110 1.057 0.972 1.191 0.594 1.141 1.058 0.784

0.865

1972 0.924 0.750 1.010 0.853 0.828 0.866 1.025 0.728

0.692

1973 1.123 1.459 1.585 1.278 1.378 1.080 1.226 1.259

1.355

1974 1.009 1.106 0.844 1.577 0.527 0.526 1.141 0.795

0.778

1975 1.210 1.200 1.267 1.359 1.490 1.220 1.050 0.697

1.231

1976 0.983 0.574 1.188 1.114 0.862 0.901 1.167 0.690

0.782

1977 0.422 0.333 0.000 0.517 0.221 1.099 0.861 0.079

0.480

1978 1.020 1.204 0.999 0.995 0.991 0.455 1.050 0.733

1.393

1979 0.843 1.423 1.567 0.905 0.979 1.166 0.796 1.368

1.348

1980 1.103 1.300 1.517 0.981 1.274 0.891 1.006 1.000

1.171

1981 1.176 0.841 0.631 0.938 0.914 0.766 1.096 0.731

0.630

1982 0.935 1.054 1.475 1.182 1.099 1.103 1.126 1.137

1.161

1983 1.573 1.207 1.666 1.341 1.760 1.362 1.230 1.096

1.304

1984 1.304 1.039 1.418 1.628 1.319 1.111 1.372 1.042

1.146

1985 1.163 1.168 1.558 1.732 1.147 1.523 1.071 1.336

1.297

1986 1.400 1.228 1.669 1.908 1.832 1.271 1.134 1.075

1.447

1987 1.186 1.295 1.572 1.074 1.539 1.565 1.351 1.162

1.397

1988 1.052 0.843 0.960 0.939 1.501 1.349 1.199 0.773

1.249

1989 0.665 0.669 1.031 0.797 0.738 1.519 0.991 0.858

0.672

1990 1.239 0.909 0.670 0.507 1.001 1.306 0.941 0.585

0.779

1991 1.277 0.962 0.853 0.927 1.187 1.258 0.994 0.920

0.931

1992 0.945 1.141 1.407 0.780 0.708 1.099 0.994 0.930

1.614

1993 1.120 1.083 1.208 1.120 1.395 1.139 1.217 0.903

1.311

1994 1.001 0.822 0.728 0.453 0.671 1.141 1.361 0.613

0.916

1995 1.268 1.190 1.604 0.868 1.634 1.609 1.280 1.016

1.040


[image: image13.emf]Year NMM PLU PRD PRP NUR PUM RCK SAP SAR

1948 1.044 1.000 1.135 1.515 0.983 0.828 1.161 1.427 1.133

1949 1.327 1.412 1.459 1.472 1.301 1.206 1.014 1.767 1.124

1950 0.962 1.062 0.861 1.158 1.103 0.807 0.874 0.999 0.591

1951 0.832 0.739 0.631 1.234 0.768 1.133 0.726 1.084 0.964

1952 1.557 1.150 1.160 1.052 1.135 1.407 0.861 0.906 0.897

1953 0.701 0.877 0.993 0.925 0.869 1.002 1.043 0.744 1.229

1954 0.968 0.683 0.584 0.869 0.918 0.521 0.499 0.229 0.203

1955 0.895 0.733 0.727 0.966 0.998 0.929 1.061 0.713 0.237

1956 0.581 0.135 0.984 0.899 0.605 1.013 0.937 0.596 0.817

1957 1.219 0.912 1.226 1.130 0.928 1.416 0.973 0.861 0.998

1958 1.118 0.670 1.150 1.124 1.029 1.123 1.077 0.865 1.236

1959 0.225 0.037 0.473 0.686 0.575 1.007 0.644 0.779 0.481

1960 0.932 0.842 0.938 1.025 0.698 1.017 0.794 1.090 0.944

1961 0.434 0.403 0.869 1.087 0.707 0.669 0.503 0.476 0.454

1962 1.036 1.155 1.112 1.121 1.096 1.672 0.879 0.959 0.836

1963 0.682 0.542 0.595 0.975 0.902 1.245 0.631 0.490 0.811

1964 0.853 0.528 0.763 0.466 0.893 0.745 0.700 0.935 0.678

1965 1.024 1.480 1.573 1.070 1.283 1.219 1.372 1.991 1.465

1966 0.879 0.792 1.486 1.113 1.399 0.719 1.188 1.143 1.644

1967 0.883 0.866 0.676 0.557 1.401 0.922 0.700 0.370 0.130

1968 0.863 0.814 1.026 0.761 1.209 0.864 1.032 0.880 0.508

1969 1.116 1.025 1.786 1.185 1.558 1.161 1.334 1.254 0.924

1970 0.496 1.292 1.413 1.175 1.219 1.052 1.122 1.011 1.045

1971 0.700 1.431 1.386 1.066 1.054 1.053 1.201 0.897 0.657

1972 0.692 0.760 0.664 0.771 1.023 1.070 0.923 0.518 0.867

1973 0.957 1.560 1.036 0.941 1.096 1.544 1.160 0.809 0.938

1974 0.637 1.078 0.161 0.405 0.484 1.191 1.065 0.822 1.047

1975 1.244 1.310 1.674 1.110 1.332 1.178 1.246 0.852 0.928

1976 1.003 1.125 0.590 0.693 1.008 0.694 1.035 0.982 0.695

1977 0.217 0.086 0.493 0.551 0.446 0.266 0.469 0.278 0.310

1978 1.123 1.207 0.529 0.495 0.891 1.064 0.930 1.115 1.124

1979 0.947 1.015 1.083 0.851 1.017 1.518 0.849 0.930 1.082

1980 1.038 0.988 0.957 0.964 1.207 1.331 0.789 0.748 0.827

1981 0.767 0.989 0.258 0.569 1.132 0.897 0.356 0.270 0.304

1982 1.042 1.275 1.002 0.977 1.146 1.124 0.900 0.900 0.938

1983 1.180 1.384 1.447 1.114 1.357 1.612 1.219 0.830 1.118

1984 0.710 1.416 1.118 0.996 1.262 1.669 1.333 1.016 1.394

1985 1.022 1.492 1.531 1.262 1.031 1.757 1.404 1.417 1.858

1986 1.004 1.498 1.137 1.003 1.155 1.362 1.371 1.394 2.138

1987 0.932 1.356 1.606 1.200 0.950 1.147 0.881 1.222 1.424

1988 0.982 1.163 0.860 0.827 0.908 0.780 0.717 0.909 0.768

1989 0.682 0.443 1.055 0.640 0.842 1.146 0.725 1.009 0.666

1990 0.359 0.997 1.434 0.867 1.016 0.686 0.396 0.902 0.797

1991 0.936 1.176 1.034 0.914 0.965 1.118 0.828 0.996 0.870

1992 0.915 1.189 1.194 0.712 0.748 0.690 0.828 0.869 1.187

1993 1.040 1.191 0.725 0.816 0.855 1.203 0.904 1.060 1.402

1994 0.753 0.745 1.310 1.010 0.735 0.606 0.775 0.743 0.724

1995 1.230 1.414 1.316 1.057 1.195 1.097 1.155 1.587 1.710


[image: image14.emf]Year SFK SLK TRG UNA WED WIL

1948 1.189 1.104 0.734 0.881 1.023 1.255

1949 1.634 1.445 1.216 1.569 1.526 1.347

1950 0.650 0.899 0.938 0.888 1.128 0.656

1951 0.547 0.669 0.730 0.551 0.998 0.373

1952 0.930 1.151 1.448 1.243 1.468 1.458

1953 1.054 0.500 0.779 0.508 0.811 0.914

1954 0.674 0.916 0.070 0.817 1.088 0.451

1955 0.482 0.932 1.132 1.162 1.062 1.071

1956 0.417 0.206 0.944 0.296 0.588 0.183

1957 0.930 1.244 1.466 1.205 1.219 1.286

1958 0.742 1.095 0.879 1.008 1.057 1.319

1959 0.699 0.351 0.525 0.015 0.434 0.379

1960 1.008 1.005 0.943 0.896 0.790 0.825

1961 0.583 0.717 0.635 0.248 0.612 0.503

1962 0.828 0.822 1.366 0.999 1.161 0.858

1963 0.433 0.958 0.900 0.432 0.848 0.183

1964 0.764 0.371 0.903 0.730 0.978 0.666

1965 1.468 1.369 1.131 1.173 1.624 1.100

1966 1.272 1.062 0.917 0.938 1.478 0.679

1967 1.040 0.848 1.233 0.967 1.644 0.344

1968 0.883 0.944 0.853 0.529 1.412 0.571

1969 1.616 0.927 1.376 1.126 1.675 0.930

1970 0.939 0.977 1.117 0.877 1.342 1.158

1971 0.905 0.766 1.118 0.689 0.978 0.743

1972 0.897 1.080 0.719 0.869 1.215 0.602

1973 0.927 1.324 1.398 1.390 1.418 1.635

1974 0.418 0.828 1.137 0.759 0.642 1.037

1975 0.978 1.193 1.271 1.070 1.579 1.268

1976 0.985 1.102 0.884 0.926 0.971 0.836

1977 0.300 0.233 0.000 0.202 0.271 0.417

1978 0.766 1.079 1.250 0.990 0.830 1.335

1979 0.654 1.444 1.663 1.352 1.113 1.238

1980 0.770 1.335 1.195 1.058 1.267 1.011

1981 1.024 0.869 0.494 0.478 1.175 0.806

1982 0.535 0.766 1.526 1.074 1.286 1.382

1983 1.459 1.495 1.453 1.396 1.620 1.927

1984 0.983 0.971 1.546 1.151 1.333 1.766

1985 1.157 1.411 1.653 1.378 1.315 1.852

1986 1.622 1.310 1.957 1.078 1.147 1.608

1987 1.332 1.518 1.672 1.167 1.231 1.548

1988 1.032 1.328 0.774 1.050 1.101 1.242

1989 0.781 0.798 1.563 0.721 0.891 0.907

1990 1.390 0.494 0.463 0.505 0.909 0.640

1991 1.307 0.891 1.436 0.881 0.877 1.079

1992 1.720 1.385 0.795 0.841 0.932 1.409

1993 1.049 1.190 1.550 1.156 1.060 1.296

1994 1.387 0.837 0.841 0.747 0.831 1.062

1995 1.971 1.516 1.323 1.151 1.463 1.682


APPENDIX C: 

Soil Moisture Equations by Region and Cell
[image: image15.emf]Region PredictorsRetained Equation (SM = Soil Moisture)

R1 15 3 SM =  -29932 + 1040 SLK + 3268 DRY + 2016 WED

R2 10 1 SM =  -17391 + 4603 PUM

R3 24 4 SM =  -24180 + 1697 WIL + 961 WSR + 1856 EFU + 1286 TLP

R4 5 2 SM =  -26715 + 3349 FMT + 2855 NUR

ALL 20 4 SM =  -24638 + 971 EFU + 1231 PUM + 1841 WED + 1185 WIL

Cell PredictorsRetained Equation (SM = Soil Moisture)

1 0 x x

2 4 2 SM =  -22695 + 5330 NUR + 4475 BLE

3 5 2 SM =  -24416 + 4477 NUR + 4558 BLE

4 3 1 SM =  -20387 + 5723 PLU

5 6 2 SM =  -20610 + 5433 WSR + 5178 DJM

6 8 2 SM =  -23528 + 3200 HAR + 4429 DJM

7 2 1 SM =  -26308 + 5501 NUR

8 0 x x

9 0 x x

10 0 x x

11 3 1 SM =  -27425 + 6224 FMT

12 1 1 SM =  -26932 + 2360 WED

13 0 x x

14 0 x x

15 0 x x

16 2 2 SM =  -28004 + 2683 BLE + 1967 WED

17 7 3 SM =  -25055 + 1737 WED + 3189 RCK + 3121 FMT

18 12 2 SM =  -25190 + 3595 DJM + 2705 RCK

19 6 1 SM =  -24526 + 2628 PLU

20 2 1 SM =  -26251 + 2605 PLU

21 5 2 SM =  -28709 + 1710 PLU + 1568 LLR

22 9 2 SM =  -27699 + 1773 PLU + 1220 LLR

23 9 2 SM =  -26691 + 3034 PUM + 2292 WED

24 9 3 SM =  -26031 + 4125 WSR + 4296 DJM + 1790 TRG

25 19 3 SM =  -23813 + 3602 ARE + 3683 PUM + 4999 WSR

26 15 3 SM =  -25686 + 2087 TLP + 4220 WSR + 2429 WIL

27 15 2 SM =  -27363 + 5304 WSR + 2835 WIL

28 14 2 SM =  -27056 + 2153 WSR + 2111 WIL

29 8 2 SM =  -27597 + 2294 NUR + 1575 WIL

30 3 1 SM =  -24689 + 3348 WED

31 1 1 SM =  -18125 + 2365 TRG

32 5 2 SM =  -16635 + 3370 PUM + 3409 GMR

33 4 1 SM =  -10722 + 4355 GMR

34 12 2 SM =  -22046 + 5376 WED + 5221 PUM

35 14 2 SM =  -24140 + 5174 WED + 3497 PUM

36 16 2 SM =  -28384 + 4258 WED + 2377 DRY

37 10 2 SM =  -28862 + 3767 WED + 2546 DRY

38 14 2 SM =  -28200 + 2851 WED + 2034 DRY

39 10 2 SM =  -25719 + 2634 WED + 1541 WIL

40 1 1 SM =  -20178 + 3200 PBB


[image: image16.emf]Cell PredictorsRetained Equation (SM = Soil Moisture)

41 0 x x

42 6 1 SM =  -14587 + 5508 PUM

43 0 x x

44 0 x x

45 15 3 SM =  -26043 + 3070 ARE + 3366 WED + 3235 TRG

46 19 2 SM =  -27043 + 5179 WED + 3215 PUM

47 17 2 SM =  -28394 + 2972 WIL + 2526 WED

48 21 2 SM =  -28556 + 1789 TLP + 3707 SLK

49 11 2 SM =  -28073 + 3678 TLP + 2633 SLK

50 16 3 SM =  -27068 + 2378 TLP + 1955 SLK + 2178 TRG

51 11 2 SM =  -22598 + 3100 PBB + 2750 WIL

52 8 2 SM =  -18816 + 2855 TLP + 3376 TRG

53 8 2 SM =  -17729 + 3419 TRG + 1788 WIL

54 4 1 SM =  -17209 + 4114 PUM

55 3 2 SM =  -16505 + 2694 PUM + 2284 GMR

56 18 3 SM =  -27203 + 4227 WSR + 3111 PUM + 3047 WIL

57 19 4 SM =  -28544 + 891 EFU + 2852 PUM + 3125 WED + 1856 WIL

58 18 2 SM =  -30895 + 4407 DRY + 2553 WED

59 16 2 SM =  -29507 + 3854 DRY + 2663 SLK

60 14 4 SM =  -27180 + 2304 TLP - 2178 BFB + 2285 UNA + 3273 SLK

61 17 2 SM =  -26019 + 1506 PBB + 3374 UNA

62 18 2 SM =  -25548 + 2627 WIL + 2681 WED

63 20 3 SM =  -22747 + 3282 TLP + 2625 WIL + 3925 PUM

64 15 3 SM =  -17962 + 2266 WIL + 4861 TRG + 3176 PRP

65 11 3 SM =  -18928 + 3844 TRG + 4093 PRP + 2919 DJM

66 17 3 SM =  -28084 + 2377 WIL + 2830 WSR + 2109 PUM

67 17 3 SM =  -29614 + 1921 WIL + 1588 PUM + 1900 EFU

68 17 2 SM =  -31587 + 3845 DRY + 1773 WED

69 16 2 SM =  -29752 + 3713 DRY + 2187 UNA

70 17 3 SM =  -28373 + 1851 WIL + 2673 SLK + 1049 TLP

71 21 2 SM =  -26538 + 984 TLP + 3782 SLK

72 12 2 SM =  -26575 + 2412 TLP + 2436 SLK

73 25 4 SM =  -24939 + 755 EFU + 1962 PBB + 2394 MTR + 1201 SAR

74 13 2 SM =  -21427 + 4405 MTR + 4586 RCK

75 11 3 SM =  -19388 + 2472 RCK + 3712 PRP + 2608 PUM

76 8 1 SM =  -25623 + 5109 WED

77 14 3 SM =  -28449 + 2941 DRY + 1734 SLK + 1990 WED

78 13 3 SM =  -31406 + 2894 DRY + 1081 SLK + 1937 WED

79 17 3 SM =  -31899 + 3157 DRY + 1728 NUR + 1911 SLK

80 16 2 SM =  -29449 + 2826 DRY + 3601 SLK

81 16 2 SM =  -27885 + 2026 TLP + 4922 SLK

82 23 3 SM =  -23165 + 1093 TLP + 3855 SLK + 1066 TRG

83 14 3 SM =  -20889 + 1515 EFU + 1856 PBB + 2696 MTR

84 15 6 SM =  -23037 + 3173 MTR + 3139 RCK + 4619 WED - 2808 HAR + 3178 DRY - 2448 UNA

85 6 2 SM =  -21967 + 3019 MTR + 3296 RCK

86 3 1 SM =  -22079 + 4242 RCK

87 7 1 SM =  -25969 + 5333 WED


[image: image17.emf]Cell PredictorsRetained Equation (SM = Soil Moisture)

88 9 2 SM =  -28411 + 2701 DRY + 3393 NMM

89 8 2 SM =  -30804 + 3526 DRY + 2539 WED

90 15 3 SM =  -30643 + 1403 PBB + 2670 DRY + 2877 SLK

91 16 2 SM =  -28824 + 2000 TLP + 6124 SLK

92 18 2 SM =  -27363 + 1467 TLP + 6188 SLK

93 22 3 SM =  -22312 + 1669 TLP + 3837 SLK + 3210 DRY

94 19 3 SM =  -17469 + 1065 EFU + 3640 WED + 4913 DRY

95 24 3 SM =  -13663 + 2899 TLP + 2966 EFU + 1575 TRG

96 6 1 SM =  -28613 + 4412 WED

97 5 1 SM =  -28921 + 3515 WED

98 10 3 SM =  -31466 + 3819 WED + 3998 DRY - 2047 HAR

99 10 3 SM =  -31057 + 2528 WED + 722 SLK + 3329 DRY

100 9 2 SM =  -31193 + 2618 WED + 4175 DRY

101 15 2 SM =  -30045 + 3319 NAV + 3098 SLK

102 17 2 SM =  -27373 + 4196 DRY + 3300 SLK

103 19 3 SM =  -26414 + 5263 DRY + 2304 WED + 2909 NAV

104 23 3 SM =  -22194 + 1249 TLP + 3302 EFU + 3649 NAV

105 21 3 SM =  -21199 + 3517 PBB + 3077 EFU + 3379 DRY

106 14 2 SM =  -20053 + 5518 TLP + 4695 EFU

107 7 1 SM =  -29597 + 2592 SLK

108 12 2 SM =  -30324 + 1656 WIL + 2477 NAV

109 15 3 SM =  -30579 + 1572 PBB + 2313 NAV + 2074 SLK

110 12 2 SM =  -30799 + 3675 NAV + 1739 WED

111 14 2 SM =  -29679 + 1567 EFU + 2935 NAV

112 14 2 SM =  -28990 + 2977 NAV + 1527 SLK

113 16 6 SM =  -30427 + 3366 DRY + 2319 NAV - 1967 NMM + 2500 NUR - 1256 PLU + 1879 SLK

114 17 2 SM =  -27458 + 2607 EFU + 2420 WIL

115 18 3 SM =  -24312 + 3412 EFU + 1668 WIL + 1886 PBB

116 13 2 SM =  -29694 + 1818 BFB + 3481 NAV

117 17 2 SM =  -29499 + 2551 BFB + 2880 NAV

118 17 3 SM =  -28951 + 1350 TLP + 1838 BFB + 2584 NAV

119 20 3 SM =  -29615 + 2763 NAV + 1220 SFK + 1180 EFU

120 17 2 SM =  -27589 + 1924 EFU + 1976 NAV

121 13 3 SM =  -28014 + 5815 DRY + 5373 NUR - 2113 HAR

122 18 3 SM =  -28679 + 3526 NAV + 1672 SFK + 1582 MTR

123 19 2 SM =  -27213 + 2164 TLP + 2747 SLK

124 14 2 SM =  -24582 + 1553 BFB + 1695 EFU


APPENDIX D: 
Regression Validation Statistics by Region and Cell
[image: image18.emf]Region VIF S PRESS D-W R-SqR-Sq (adj)R-Sq (pred)

R1 1.688 - 3.106 1111 64924103 1.47 0.69 0.66 0.62

R2 1.000 1738 151022738 1.18 0.42 0.41 0.37

R3 2.492 - 3.128 1240 78096744 1.31 0.78 0.76 0.74

R4 1.317 1520 115177554 1.07 0.46 0.44 0.40

ALL 1.639 - 2.810 935 44522570 1.31 0.76 0.74 0.71

Cell VIF S PRESS D-W R-SqR-Sq (adj)R-Sq (pred)

1 x x x x x x x

2 1.136 2408 292856985 1.54 0.44 0.42 0.37

3 1.136 2099 223577294 1.07 0.47 0.45 0.41

4 1.000 3155 494320236 1.08 0.33 0.31 0.27

5 1.263 3080 479894795 1.82 0.45 0.42 0.38

6 1.606 2578 339548265 1.87 0.41 0.38 0.33

7 1.000 2175 231732398 1.04 0.28 0.26 0.23

8 x x x x x x x

9 x x x x x x x

10 x x x x x x x

11 1.000 2031 206614444 1.40 0.41 0.39 0.35

12 1.000 1530 116186578 1.12 0.20 0.19 0.14

13 x x x x x x x

14 x x x x x x x

15 x x x x x x x

16 1.212 1547 121087358 0.86 0.37 0.35 0.30

17  1.408 - 1.710 1745 158002311 1.16 0.53 0.50 0.45

18 1.085 1683 147372121 1.04 0.39 0.37 0.30

19 1.000 1626 133068930 1.41 0.28 0.26 0.21

20 1.000 1388 97033239 1.23 0.34 0.33 0.28

21 1.215 1061 56919320 1.26 0.49 0.47 0.43

22 1.215 1144 66295409 0.80 0.42 0.39 0.34

23 1.249 1498 113994070 1.17 0.50 0.48 0.43

24  1.433 - 1.494 1899 188629293 1.49 0.67 0.65 0.61

25 1.126 - 1.668 2164 244737758 1.24 0.68 0.66 0.62

26  1.670 - 3.016 2628 353357035 1.01 0.63 0.60 0.56

27 1.452 2175 237558298 1.12 0.62 0.60 0.57

28 1.452 1386 97212351 1.19 0.54 0.52 0.49

29 1.131 1136 65062495 1.00 0.47 0.44 0.40

30 1.000 1717 147368979 0.86 0.29 0.27 0.23

31 1.000 2954 442011021 0.61 0.10 0.08 0.01

32 1.775 2661 361048049 0.90 0.38 0.35 0.30

33 1.000 2226 245169688 1.43 0.31 0.30 0.26

34 1.249 2306 262126274 1.31 0.62 0.61 0.59

35 1.249 1836 166813252 1.21 0.64 0.62 0.60

36 1.211 1606 130665502 1.12 0.55 0.53 0.49

37 1.211 1815 167489887 0.99 0.45 0.43 0.38

38 1.211 1249 79009634 1.22 0.51 0.49 0.45

39 1.267 1427 102999334 0.90 0.47 0.45 0.41

40 1.000 2374 279171588 0.91 0.18 0.16 0.12


[image: image19.emf]Cell VIF S PRESS D-W R-SqR-Sq (adj)R-Sq (pred)

41 x x x x x x x

42 1.000 1984 201527060 1.51 0.44 0.43 0.38

43 x x x x x x x

44 x x x x x x x

45  1.437 - 1.465 2440 308562415 1.07 0.57 0.55 0.50

46 1.249 1863 174722219 1.20 0.62 0.60 0.57

47 1.267 1595 127054230 1.02 0.59 0.57 0.54

48 1.264 1431 100401694 1.42 0.66 0.65 0.63

49 1.264 2091 218297263 1.15 0.63 0.62 0.59

50  1.384 - 1.551 1704 152769405 1.01 0.68 0.66 0.62

51 1.573 2037 208264218 0.99 0.52 0.50 0.46

52 1.281 2176 247537940 0.97 0.61 0.59 0.54

53 1.797 1820 171627902 1.26 0.57 0.55 0.50

54 1.000 1829 170655264 1.31 0.34 0.33 0.27

55 1.775 1866 176488151 1.02 0.40 0.37 0.32

56  1.500 - 2.130 2391 293330580 0.97 0.63 0.60 0.57

57  1.639 - 2.810 1701 148593786 1.18 0.71 0.68 0.65

58 1.211 1354 92431204 1.41 0.62 0.60 0.57

59 2.268 1376 94906247 1.53 0.64 0.62 0.60

60  1.717 - 3.372 1469 110817666 1.31 0.67 0.64 0.60

61 1.365 1273 81711591 1.19 0.59 0.57 0.54

62 1.267 1366 93321146 1.03 0.63 0.62 0.59

63  1.571 - 2.473 1984 200805768 1.36 0.77 0.75 0.73

64  1.19 - 1.882 2076 225122065 1.70 0.71 0.69 0.65

65  1.106 - 1.364 1813 164834921 1.40 0.68 0.66 0.64

66  1.500 - 2.130 1678 143555077 1.14 0.64 0.62 0.58

67  1.625 - 2.323 1313 87398410 1.72 0.70 0.67 0.65

68 1.211 1170 70914198 1.45 0.59 0.57 0.52

69 2.022 1140 67219277 1.74 0.67 0.66 0.62

70  1.637 - 2.751 1220 75446817 1.59 0.75 0.73 0.71

71 1.264 979 48171739 1.61 0.74 0.73 0.71

72 1.264 1541 122443780 1.23 0.62 0.61 0.57

73  1.355 - 2.286 1220 77034719 1.65 0.69 0.66 0.62

74 1.168 2057 215692488 1.31 0.53 0.51 0.46

75  1.267 - 1.579 2076 224164087 1.45 0.47 0.43 0.37

76 1.000 1749 152939087 0.99 0.48 0.47 0.43

77  1.688 - 3.160 1497 115471828 1.46 0.58 0.56 0.51

78  1.688 - 3.160 1224 78412940 1.86 0.61 0.59 0.54

79  1.309 - 2.673 1076 60600846 1.98 0.70 0.68 0.65

80 2.268 1180 71342422 1.85 0.72 0.70 0.68

81 1.264 1409 98294383 1.57 0.76 0.75 0.73

82  1.384 - 1.551 1096 61649715 1.59 0.78 0.76 0.74

83  1.323 - 1.975 1495 113533220 1.03 0.58 0.55 0.51

84  1.587 - 4.126 1077 64626911 1.83 0.79 0.75 0.71

85 1.168 1811 166206506 0.94 0.41 0.39 0.34

86 1.000 2052 209797405 0.80 0.23 0.22 0.17

87 1.000 1926 185019832 1.20 0.45 0.44 0.40


[image: image20.emf]Cell VIF S PRESS D-W R-SqR-Sq (adj)R-Sq (pred)

88 1.451 1888 182244975 1.30 0.38 0.35 0.29

89 1.211 1612 131030983 1.19 0.47 0.44 0.40

90  1.363 - 2.542 1339 93424165 1.62 0.67 0.65 0.61

91 1.264 1826 165838165 1.59 0.71 0.70 0.68

92 1.264 1583 124646162 1.78 0.74 0.73 0.71

93  1.302 - 2.373 1530 119335888 1.61 0.76 0.74 0.72

94  1.629 - 3.320 1681 142647028 1.43 0.70 0.68 0.66

95  1.392 - 2.137 1415 101043477 1.55 0.83 0.82 0.81

96 1.000 1882 175493084 0.87 0.37 0.36 0.32

97 1.000 1926 184545600 0.84 0.26 0.25 0.20

98  1.442 - 2.890 1426 104686064 1.46 0.51 0.48 0.43

99  1.688 - 3.160 1571 129699980 1.42 0.54 0.51 0.45

100 1.211 1686 146408645 1.35 0.50 0.48 0.43

101 2.367 1402 100327267 1.35 0.65 0.64 0.61

102 2.268 1465 109106250 1.22 0.68 0.66 0.64

103  1.312 - 2.829 1435 106955156 1.48 0.77 0.76 0.73

104  1.582 - 2.595 1600 133265201 1.52 0.77 0.75 0.72

105  1.643 - 3.334 1657 139328987 1.69 0.77 0.76 0.74

106 1.350 3006 458265521 1.23 0.71 0.70 0.67

107 1.000 1430 102378450 0.91 0.28 0.26 0.21

108 2.412 1357 93646670 1.31 0.52 0.49 0.45

109  1.618 - 2.823 1311 88695285 1.48 0.63 0.61 0.57

110 1.306 1305 87298683 1.64 0.55 0.53 0.49

111 2.215 1060 57436793 1.70 0.65 0.64 0.61

112 2.367 947 46059699 1.17 0.66 0.65 0.61

113  1.780 - 3.629 838 40734180 1.72 0.81 0.79 0.74

114 2.108 1065 57134866 2.19 0.80 0.79 0.77

115  1.766 - 2.368 1563 128896607 1.90 0.74 0.72 0.69

116 2.102 1492 115775176 1.43 0.58 0.56 0.51

117 2.102 1322 91117951 1.57 0.68 0.66 0.62

118  1.819 - 2.454 1402 102704519 1.48 0.71 0.68 0.65

119  1.402 - 2.337 999 52178000 1.66 0.71 0.69 0.66

120 2.215 900 42146317 2.06 0.69 0.68 0.64

121  1.465 - 2.631 1220 79354083 1.86 0.70 0.68 0.63

122  1.340 - 1.742 1262 84578527 1.47 0.67 0.64 0.60

123 1.264 1250 79256385 1.71 0.70 0.69 0.66

124 2.189 1072 60200098 1.51 0.62 0.61 0.56


APPENDIX E:
Snow Course Data
[image: image21.emf]Year Snider Basin Kendall Loomis Park Average

1939 9.4 10.2 12.2 10.60

1940 6.6 13.4 11 10.33

1941 9.9 11.8 9.8 10.50

1942 9.4 11.8 8.9 10.03

1943 22.5 30.5 27.1 26.70

1944 10.2 11 11.8 11.00

1945 10 11.3 10.6 10.63

1946 17.5 17.8 18.8 18.03

1947 11.7 17 16.6 15.10

1948 12.8 9.4 14.6 12.27

1949 17.1 21.4 19.9 19.47

1950 18 18.5 27.1 21.20

1951 21.4 21.4 26.1 22.97

1952 17.5 16.7 20.7 18.30

1953 13.3 14.4 17.9 15.20

1954 18 16.2 22.2 18.80

1955 12.4 11.9 15.2 13.17

1956 20.9 20.7 26.8 22.80

1957 15.5 17.2 18.3 17.00

1958 15 12.4 15.5 14.30

1959 15 14.2 17.4 15.53

1960 10.5 11 12.9 11.47

1961 7.4 9.6 10.4 9.13

1962 19.9 20.4 21.7 20.67

1963 12.7 12 14.5 13.07

1964 14.6 11.5 16 14.03

1965 25.6 26.6 28.5 26.90

1966 9.4 8.1 10.6 9.37

1967 17.2 16.2 18.2 17.20

1968 11.9 8.6 15.1 11.87

1969 16.4 16.2 19.7 17.43

1970 13.7 12.5 17.2 14.47

1971 25 27.9 27.3 26.73

1972 22.5 23.9 27.1 24.50

1973 10.9 8.8 11.3 10.33

1974 16.6 18.5 19.5 18.20

1975 16.8 12.8 18 15.87

1976 19.5 17.7 21.1 19.43

1977 4.3 4.9 6.4 5.20

1978 20.9 22.7 26.7 23.43

1979 15.8 15.7 19 16.83

1980 17.2 14.1 18.5 16.60


APPENDIX F: 
Tree-Ring Chronology Data for the Calibration Period
[image: image22.emf]Chronology Number of Dated Series Average Mean Sensitivity Average Autocorrelation

1 Almont Triangle 45 0.455 0.633

2 Bennett Creek 38 0.449 0.698

3 Boulder Ridge Road 36 0.299 0.728

4 Cathedral Creek 58 0.540 0.545

5 Cochetopa Dome 62 0.552 0.701

6 Collins Gulch 33 0.309 0.680

7 Dillon 50 0.465 0.669

8 Douglas Pass 24 0.303 0.782

9 Dutch John Mountain 73 n/a 0.790

10 Eagle Rock 38 0.430 0.637

11 Encampment 38 0.379 0.709

12Fossil Butte Nat'l Monument 20 0.262 0.748

13 Gould Reservoir 54 0.400 0.599

14 Green Mountain Reservoir 27 0.367 0.711

15 Jamestown 26 0.381 0.657

16 Jefferson County Colorado II 28 0.399 0.691

17 LaBarge Creek n/a n/a n/a

18 Land's End 37 0.217 0.800

19 McDougal Pass 36 0.210 0.831

20 McPhee 61 0.441 0.630

21 Mesa de Maya 17 0.442 0.696

22 Montrose 55 0.451 0.638

23 New North Park II 28 0.396 0.603

24 Nutter's Ridge 21 n/a 0.750

25 Peak to Peak 32 0.305 0.715

26 Piceance 36 0.251 0.736

27 Plug Hat Butte 49 0.474 0.443

28 Princeton I 37 0.390 0.658

29 Princeton II 57 0.477 0.612

30 Pumphouse 43 0.428 0.608

31 Red Canyon 34 0.378 0.687

32 Red Pine Canyon 21 n/a 0.710

33 Rifle 33 0.424 0.657

34 Rustic 39 0.431 0.706

35 Sargents 40 0.486 0.593

36 Sheep Pen Canyon II 58 0.550 0.630

37 Slickrock 32 0.506 0.448

38 Stultz Trail 24 0.372 0.728

39 Trail Gulch 42 0.529 0.455

40 Unaweep Canyon 64 0.556 0.476

41 Vasquez Mountain 30 0.285 0.756

42 Well's Draw 31 n/a 0.800

43 Wet Mountains 21 0.661 0.488

44 Wild Rose 50 0.534 0.547

45 Anderson Ridge East 28 0.324 0.708

46 Anderson Ridge Rim 53 0.244 0.765

47 Boulder Lake East  41 0.345 0.786

48 Fremont Lake 70 0.312 0.770

49 Fremont Lake Southeast 35 0.454 0.804

50 Red Canyon Upper 41 0.280 0.685


[image: image23.emf]Year 1 2 3 4 5 6 7 8 9 10 11 12 13

1939 781 535 973 966 1209 645 1145 921 0.474 643 580 1009 1142

1940 660 694 1189 489 623 1051 730 949 1.096 870 771 932 1082

1941 1150 1098 1067 1408 1490 1209 1273 1058 0.847 1253 1148 1074 1167

1942 1154 1162 1223 1420 1261 1175 1409 1233 1.406 984 1252 876 1363

1943 794 1517 974 843 1228 944 986 750 0.761 734 1088 974 1169

1944 909 1219 956 1346 1015 1158 838 1140 0.99 1086 592 1214 1018

1945 508 1288 1444 829 1015 1076 905 778 1.129 624 1244 927 1090

1946 794 630 1074 1012 356 891 694 1045 0.355 895 932 958 1182

1947 1546 1297 1105 1756 1358 1285 1416 893 1.479 1101 1325 1297 1355

1948 1094 621 873 1593 1080 921 920 1073 0.968 1487 701 935 912

1949 1131 1064 818 1637 1568 1086 1028 1074 1.367 1159 1177 1378 1242

1950 600 671 873 178 228 982 798 1082 1.205 900 1079 1031 1002

1951 1070 890 827 355 869 844 1337 741 0.946 748 1156 1054 708

1952 835 973 979 1097 1235 1048 954 824 1.414 1007 964 991 1194

1953 1197 1094 949 886 1006 906 887 936 0.577 838 744 827 764

1954 355 108 1010 579 209 978 213 951 0.583 254 703 1083 335

1955 989 1014 1177 592 428 771 788 984 0.575 1216 481 930 887

1956 1052 792 684 588 1368 856 1217 782 0.906 660 957 680 779

1957 1072 957 755 1345 1331 1241 1129 1150 1.452 1189 1142 1010 1074

1958 1291 1027 1053 1099 1091 977 994 1227 0.723 1164 663 893 1218

1959 244 876 793 254 537 584 500 464 0.979 767 599 866 593

1960 1263 1001 842 924 1281 1146 900 1154 0.919 1078 1016 1083 1097

1961 663 1044 1018 303 186 722 714 849 0.586 1059 726 688 696

1962 1083 753 1148 1244 1138 1400 1317 1186 1.381 1085 1029 944 1310

1963 742 363 807 674 476 588 807 847 1.033 126 703 1093 639

1964 870 835 681 814 1345 752 445 805 0.936 993 682 979 960

1965 1625 1096 1324 1597 1402 1313 1581 982 1.236 1301 1078 862 1155

1966 1291 446 1312 971 1209 885 860 1157 0.662 820 1182 1088 580

1967 481 1303 1152 559 241 1083 685 975 1.154 1289 1142 1042 810

1968 806 823 853 1519 1059 766 640 945 0.909 627 1026 1022 775

1969 1462 1411 1370 1543 1312 1147 1356 1129 0.747 1422 861 875 834

1970 1430 1209 957 1420 1245 1186 1083 1023 1.297 994 1107 981 899

1971 1012 1071 897 518 1162 694 1127 834 1.142 1126 1171 1096 1023

1972 912 1064 915 492 1090 1074 766 771 0.882 947 863 1030 846

1973 1143 1184 819 1260 977 1124 1075 1054 1.107 944 1067 1014 1281

1974 995 1140 1200 677 1180 979 1368 1123 0.981 747 1292 856 1161

1975 1170 1409 1218 1083 1065 1156 867 1180 1.177 1185 1264 794 1057

1976 720 498 972 498 943 854 1034 975 0.908 815 1265 1012 497

1977 96 918 848 529 746 372 874 471 0.356 1115 662 621 336

1978 1325 711 695 903 1102 1307 968 931 1.133 872 949 1258 1154

1979 1044 737 823 799 924 985 1033 929 0.922 983 934 1075 1325

1980 872 882 733 814 946 998 935 930 1.165 1136 963 927 1125


[image: image24.emf]Year 14 15 16 17 18 19 20 21 22 23 24 25 26

1939 793 394 848

1.050

940

1.037

607 851 963 715 0.79 551 938

1940 918 1094 731

0.953

1114

1.164

862 960 576 740 0.906 1016 1019

1941 928 944 1020

0.932

1007

1.044

1404 1178 1421 948 1.475 890 1238

1942 1170 1176 1220

1.100

1322

1.111

1272 1123 1299 1082 1.158 1219 1175

1943 1261 1130 1119

0.938

1086

0.992

1013 871 1010 642 0.763 959 908

1944 523 749 1110

1.051

992

1.129

812 1258 1031 991 0.899 754 915

1945 963 1183 1102

1.035

816

1.127

889 1078 1029 1144 1.028 806 1189

1946 1188 1001 931

0.883

898

1.025

569 1037 765 679 0.62 1063 961

1947 1064 1171 1635

1.206

1240

1.173

1074 1440 1193 1324 1.433 1267 1171

1948 984 1006 1268

1.122

957

0.856

1031 962 1233 968 0.893 1042 961

1949 1043 1208 910

1.095

972

0.822

1087 1015 1190 889 1.257 964 1141

1950 1088 808 1047

0.972

885

1.017

713 94 936 1209 1.032 885 1017

1951 1150 814 1018

0.935

885

1.049

614 1220 530 1118 0.654 1035 715

1952 1065 1098 1004

0.896

906

0.986

1460 610 1344 882 1.182 952 1179

1953 919 1107 843

0.936

1035

1.055

682 1354 710 651 0.834 954 805

1954 257 240 295

1.164

920

0.879

1159 1295 549 562 0.944 577 878

1955 951 986 985

0.897

1017

0.988

827 1195 1091 453 1.054 1205 959

1956 1494 969 724

0.871

836

0.766

765 712 872 1195 0.647 917 830

1957 1127 1217 1183

1.062

1096

0.993

1530 1443 1365 1353 1.092 1060 1097

1958 1143 1071 1145

0.945

1172

0.882

1243 1329 1069 978 1.101 1156 1105

1959 767 1141 922

1.096

764

1.038

544 818 647 701 0.578 1028 496

1960 1315 874 1247

0.993

906

1.039

1323 1266 1317 823 0.878 802 1082

1961 646 1189 1129

0.881

879

0.928

666 1247 1082 1014 0.891 1105 877

1962 1216 841 825

1.027

996

0.901

972 930 1276 1490 1.3 1075 1242

1963 531 400 331

1.293

735

1.086

923 158 1067 644 0.906 697 544

1964 691 715 1207

1.179

1065

1.075

820 1102 973 589 0.944 1082 812

1965 1240 1128 1237

1.129

1172

0.994

1358 1304 1255 1069 1.329 1185 1190

1966 904 584 356

1.175

979

1.215

1053 869 1056 926 1.278 990 896

1967 1235 1433 988

1.015

777

1.259

817 797 885 1180 1.206 1536 1140

1968 634 1122 883

0.831

1001

0.877

648 723 546 898 0.969 940 809

1969 910 1190 1106

1.187

1108

1.038

1075 1460 1241 1098 1.373 1219 892

1970 1522 1112 1129

0.963

913

1.065

812 871 1006 951 0.917 980 1109

1971 973 655 1071

0.549

836

0.990

1164 700 796 1088 0.872 701 942

1972 829 970 1019

0.987

834

0.945

765 106 773 1454 0.917 958 1014

1973 1253 795 947

1.074

1039

1.090

1393 1417 1280 1125 1.131 937 1112

1974 1486 669 1096

0.984

1079

1.021

896 1157 786 1449 0.377 1014 1123

1975 1070 1291 1291

1.031

1038

0.947

1341 907 761 849 1.473 1330 1090

1976 819 814 901

1.112

861

1.112

814 1597 811 873 0.968 921 1140

1977 413 598 842

0.716

548

0.761

236 1070 280 1121 0.419 1070 486

1978 1257 725 888

1.054

988

0.978

1491 656 1028 892 1.105 921 1147

1979 911 862 1267

0.880

944

0.842

1377 1319 1560 824 1.135 926 1193

1980 994 517 982

1.056

927

1.137

1209 831 1045 933 1.21 669 1140


[image: image25.emf]Year 27 28 29 30 31 32 33 34 35 36 37 38 39

1939 973 910 828 867 855 0.729 561 546 845 749 869 897 977

1940 1065 552 375 922 1126 1.255 1002 658 664 743 790 881 525

1941 1298 1327 1622 1119 1208 1.282 1382 1340 920 1285 1613 1179 1345

1942 1183 1374 1439 1022 1131 1.219 1064 1189 1294 1443 1196 1401 1107

1943 1005 1190 743 917 800 1.366 669 1057 1303 1140 781 1128 953

1944 1035 1032 1044 708 692 0.904 1069 1060 856 1720 1331 822 800

1945 1088 921 928 917 1018 0.822 1047 1354 852 1096 1154 837 537

1946 648 837 962 828 496 0.451 620 739 433 1143 783 810 476

1947 1595 1469 1361 1203 1270 1.441 1206 1474 1193 1166 966 1535 1299

1948 991 1357 1095 794 651 0.705 956 626 1383 1292 1068 1114 820

1949 1378 1300 1418 1272 1094 1.264 1060 1449 1219 1465 1353 936 1300

1950 992 955 783 718 858 0.999 913 681 574 110 776 743 901

1951 673 1083 607 1175 994 0.829 883 921 1206 1182 607 817 731

1952 1177 904 1185 1296 1217 1.094 1046 913 1052 750 1190 948 1523

1953 917 892 977 822 874 0.722 761 1016 1396 354 537 723 688

1954 713 883 618 521 381 0.968 783 372 124 783 990 564 204

1955 800 1011 791 1096 1134 0.682 866 866 543 1135 993 909 1359

1956 232 924 1042 1044 929 0.836 743 923 1287 267 252 999 995

1957 1119 1197 1255 1342 1430 1.13 1098 1264 1246 1385 1379 1074 1446

1958 850 1096 1134 938 971 1.076 902 1040 1410 1435 1148 1130 741

1959 161 663 461 925 688 0.528 565 900 413 735 342 975 491

1960 1078 1114 984 983 928 0.911 905 971 1183 1003 1120 825 1071

1961 629 1082 900 639 560 0.81 535 1376 564 1124 800 1272 722

1962 1372 1157 1125 1713 1518 1.311 1376 1009 1094 864 881 965 1460

1963 668 959 615 949 711 1.162 590 349 985 150 1013 571 821

1964 634 432 816 618 624 0.828 669 549 769 690 415 1236 872

1965 1607 1285 1577 1268 1171 1.421 1231 1372 1665 942 1472 1282 1131

1966 845 1163 1386 617 957 0.936 867 613 1612 782 1064 1085 853

1967 888 562 617 975 927 1.23 1082 1221 -142 938 784 1499 1181

1968 843 888 986 873 794 0.896 803 878 806 884 910 1066 783

1969 1068 1289 1696 1168 1152 1.214 1122 1383 1228 1829 944 1433 1319

1970 1311 1243 1239 964 1018 0.662 984 994 1213 1059 1000 1324 978

1971 1374 1116 1213 1003 958 0.947 1118 1116 675 1426 775 799 986

1972 654 734 547 999 805 0.904 1065 925 1012 886 1117 1035 661

1973 1454 1007 941 1432 1389 1.191 1217 1047 1043 1021 1310 685 1412

1974 969 364 205 941 1240 0.476 811 1017 1068 357 763 139 1001

1975 1204 1390 1707 1055 934 1.566 1162 1480 914 722 1163 1375 1111

1976 1022 680 577 606 523 1.346 1209 647 736 1081 1075 704 763

1977 99 681 530 411 291 0.048 182 899 455 1377 194 855 59

1978 1223 630 636 1303 1381 1.332 1284 852 1408 838 1211 648 1431

1979 1068 1129 1119 1426 1645 0.991 1128 760 1109 1344 1531 895 1610

1980 998 1172 982 1084 984 1.12 972 629 815 980 1236 859 909


[image: image26.emf]Year 40 41 42 43 44 45 46 47 48 49 50

1939 1011 846 1.126 665 902 1.065 1.069 1.168 1.008 0.993 1.175

1940 401 1044 1.031 659 1186 1.027 1.08 0.416 0.7 0.637 0.788

1941 1639 1070 1.739 1732 1585 1.261 1.043 1.306 1.005 1.598 1.109

1942 1421 1157 1.113 1748 1734 0.892 1.042 1.219 1.265 1.386 0.91

1943 615 1231 0.516 740 1162 1.055 0.986 1.187 1.103 0.973 1.03

1944 868 887 1.22 911 1061 1.186 1.067 1.178 1.182 1.392 0.902

1945 980 1050 1.107 472 933 1.049 0.987 1.203 0.893 0.83 1.015

1946 934 1140 0.437 472 724 0.931 1.089 1.047 1.03 0.938 1.291

1947 986 1240 1.379 1714 934 1.253 1.505 1.593 1.332 1.549 1.437

1948 912 868 1.063 1450 1225 0.979 1.066 0.851 1.137 1.163 0.783

1949 1589 1156 1.629 951 1228 1.135 1.228 1.189 1.233 1.032 1.044

1950 803 756 0.936 96 524 0.77 0.978 1.047 1.118 0.85 1.078

1951 527 1260 0.681 646 450 0.935 1.184 1.524 1.38 1.267 1.275

1952 1341 989 1.606 1213 1611 1.266 1.087 0.787 0.864 0.616 1.133

1953 536 1105 0.512 716 775 0.879 0.788 0.712 0.984 0.756 0.78

1954 907 557 0.955 245 452 0.888 0.785 0.946 1.004 1.154 1.034

1955 1262 875 1.112 980 1197 0.714 0.775 0.699 0.55 0.54 0.807

1956 318 939 0.57 777 189 0.945 0.954 0.917 0.942 0.717 0.911

1957 1358 1461 1.116 1170 1486 1.172 1.169 1.143 1.164 1.162 0.998

1958 1085 963 1.034 1275 1258 0.895 0.881 0.772 0.803 0.796 1.208

1959 30 759 0.413 886 264 0.621 0.772 0.89 1.004 0.94 0.799

1960 1108 952 0.936 1170 995 0.791 0.733 0.704 0.925 0.968 0.951

1961 411 693 0.62 1131 583 0.77 0.846 0.731 0.683 0.795 0.814

1962 1240 1056 1.479 811 1000 1.116 1.217 1.365 1.354 1.214 0.976

1963 565 974 0.736 291 259 1.242 1.296 0.882 1.125 0.842 1.115

1964 891 673 0.884 907 892 1.005 0.89 0.759 0.84 1.466 0.849

1965 1360 1141 1.661 1026 1220 1.193 1.051 1.192 1.284 1.186 1.055

1966 1013 878 1.347 620 646 0.969 1.042 1.002 1.105 0.952 0.964

1967 1015 1007 1.6 1066 431 1.221 1.111 0.942 0.985 1.213 1.223

1968 560 1024 0.925 959 768 1.125 0.983 0.952 1.154 1.035 1

1969 1280 1358 1.478 946 1069 1.257 1.297 1.131 1.223 1.209 1.101

1970 946 965 0.9 1451 1167 0.558 0.745 0.723 0.707 0.419 0.981

1971 746 928 0.818 615 687 0.889 0.73 0.824 0.982 0.866 0.924

1972 979 963 1.066 479 649 0.94 1.014 1.234 1.19 0.81 1.132

1973 1508 1074 1.394 1398 1677 1.158 0.985 1.154 1.007 1.254 0.65

1974 758 1090 0.419 557 831 1.015 1.149 1.055 1.042 1.042 1.107

1975 1124 903 1.704 1014 1169 1.239 1.102 0.883 1.135 0.894 1.385

1976 986 764 0.682 350 707 1.274 1.168 1.115 1.209 0.899 0.981

1977 216 741 0.341 970 440 0.632 0.568 0.746 0.554 0.673 0.872

1978 1230 1104 1.054 231 1423 1.216 1.259 1.111 1.259 1.083 1.34

1979 1524 1134 1.487 1658 1092 0.92 0.883 0.851 0.914 0.614 1.005

1980 1076 791 1.189 1141 883 1.345 1.106 1.197 1.193 1.548 1.012


APPENDIX G: 
Data for Retained Tree-Ring Chronology
[image: image27.emf]Year FMT Year FMT Year FMT Year FMT Year FMT Year FMT

1706 0.817 1745 1.187 1784 0.889 1823 1.237 1862 1.1 1901 0.722

1707 0.77 1746 1.274 1785 0.821 1824 0.755 1863 0.961 1902 0.762

1708 0.717 1747 1.135 1786 1.006 1825 0.961 1864 0.683 1903 1.015

1709 0.977 1748 1.288 1787 1.04 1826 1.253 1865 0.907 1904 1.023

1710 0.912 1749 1.091 1788 0.97 1827 1.167 1866 1.472 1905 1.015

1711 0.908 1750 1.125 1789 1.206 1828 1.512 1867 1.099 1906 1.026

1712 0.928 1751 1.365 1790 1.072 1829 0.881 1868 1.326 1907 1.403

1713 1.057 1752 0.897 1791 1.284 1830 0.773 1869 0.87 1908 1.372

1714 1.435 1753 1.097 1792 1.213 1831 0.789 1870 0.914 1909 1.204

1715 0.902 1754 0.877 1793 0.741 1832 1.094 1871 0.566 1910 1.178

1716 1.167 1755 0.99 1794 1.332 1833 1.21 1872 0.96 1911 0.779

1717 0.503 1756 0.368 1795 0.165 1834 0.738 1873 1.161 1912 1.191

1718 0.895 1757 1.07 1796 1.419 1835 1.054 1874 1.075 1913 1.366

1719 1.316 1758 0.982 1797 1.078 1836 0.987 1875 1.289 1914 1.388

1720 1.054 1759 0.757 1798 0.793 1837 1.473 1876 0.872 1915 0.864

1721 0.494 1760 0.731 1799 1.318 1838 1.168 1877 0.873 1916 1.188

1722 0.833 1761 1.135 1800 0.823 1839 1.556 1878 0.907 1917 1.059

1723 1.346 1762 0.779 1801 0.712 1840 0.76 1879 0.778 1918 1.243

1724 0.802 1763 0.901 1802 1.205 1841 1.181 1880 0.786 1919 0.475

1725 0.764 1764 1.099 1803 0.802 1842 0.476 1881 1.082 1920 0.577

1726 1.368 1765 0.95 1804 0.629 1843 1.264 1882 0.7 1921 1.077

1727 1.169 1766 1.064 1805 0.695 1844 0.936 1883 0.938 1922 0.89

1728 1.404 1767 1.08 1806 0.84 1845 0.766 1884 1.124 1923 1.097

1729 0.324 1768 0.994 1807 0.874 1846 0.846 1885 1.279 1924 0.629

1730 1.277 1769 0.931 1808 0.705 1847 0.903 1886 0.905 1925 1.137

1731 0.811 1770 1.073 1809 0.786 1848 0.695 1887 0.869 1926 1.13

1732 0.959 1771 1.156 1810 1.167 1849 1.189 1888 1.018 1927 1.234

1733 1.468 1772 0.939 1811 1.197 1850 1.031 1889 0.533 1928 1.272

1734 1.266 1773 1.006 1812 1.168 1851 0.892 1890 1.111 1929 1.019

1735 0.515 1774 0.621 1813 1.003 1852 0.895 1891 0.995 1930 1.07

1736 0.941 1775 1.175 1814 0.982 1853 1.3 1892 0.983 1931 0.781

1737 0.841 1776 1.214 1815 0.977 1854 1.46 1893 0.596 1932 0.687

1738 0.737 1777 1.126 1816 1.186 1855 0.782 1894 1.072 1933 0.744

1739 0.642 1778 0.862 1817 0.922 1856 0.693 1895 1.188 1934 0.466

1740 0.958 1779 1.031 1818 0.858 1857 0.868 1896 0.772 1935 1.026

1741 1.007 1780 1.308 1819 0.889 1858 1.024 1897 0.98 1936 0.84

1742 0.934 1781 0.851 1820 1.186 1859 0.751 1898 1.14 1937 1.137

1743 0.828 1782 0.563 1821 1.229 1860 0.651 1899 0.733 1938 1.06

1744 0.701 1783 1.015 1822 0.62 1861 1.048 1900 0.887 1939 1.008


APPENDIX H: 
Reconstructed Snow Water Equivalent

Equation: 

SWE = - 2.1016 + 2.1605 * FMT + 0.10538 * SOI 
Normalized Reconstruction
[image: image28.emf]Year SWE Year SWE Year SWE Year SWE Year SWE Year SWE

1706 -0.625 1745 -0.209 1784 -0.946 1823 0.747 1862 0.523 1901 -1.042

1707 -0.225 1746 -0.501 1785 0.070 1824 -0.886 1863 0.218 1902 0.455

1708 -0.811 1747 -0.695 1786 0.740 1825 -1.320 1864 0.080 1903 -0.526

1709 0.488 1748 1.313 1787 -0.062 1826 0.923 1865 -0.612 1904 1.035

1710 -0.609 1749 -0.579 1788 -0.708 1827 0.161 1866 1.045 1905 -0.699

1711 -0.333 1750 -0.071 1789 0.519 1828 0.391 1867 0.281 1906 -1.097

1712 -0.367 1751 0.733 1790 0.884 1829 -0.494 1868 0.393 1907 0.582

1713 -0.431 1752 0.606 1791 0.538 1830 -0.222 1869 -1.346 1908 0.271

1714 0.709 1753 0.364 1792 -0.254 1831 -0.137 1870 0.117 1909 0.621

1715 -0.149 1754 -0.276 1793 -1.187 1832 0.322 1871 -0.412 1910 1.324

1716 0.573 1755 0.727 1794 0.882 1833 -0.138 1872 -0.008 1911 -0.438

1717 -0.441 1756 -1.391 1795 -2.012 1834 -1.098 1873 0.248 1912 -0.036

1718 -0.656 1757 0.207 1796 0.769 1835 -0.175 1874 0.063 1913 0.689

1719 0.119 1758 -0.013 1797 0.547 1836 0.140 1875 0.340 1914 0.079

1720 0.003 1759 -0.932 1798 -0.015 1837 0.789 1876 -0.170 1915 -1.533

1721 -1.500 1760 -0.777 1799 0.315 1838 0.254 1877 -1.228 1916 0.615

1722 -0.217 1761 0.681 1800 -0.881 1839 0.444 1878 -0.235 1917 0.580

1723 -0.038 1762 -0.893 1801 0.065 1840 -0.779 1879 0.071 1918 1.423

1724 -0.483 1763 -0.515 1802 0.743 1841 0.471 1880 0.235 1919 -2.105

1725 0.212 1764 0.308 1803 -0.863 1842 -0.938 1881 0.024 1920 -1.851

1726 0.107 1765 0.227 1804 -1.762 1843 0.468 1882 -0.853 1921 0.529

1727 -0.280 1766 0.098 1805 -0.010 1844 -0.340 1883 0.490 1922 0.582

1728 0.866 1767 0.380 1806 0.411 1845 -0.577 1884 0.112 1923 0.850

1729 -1.134 1768 0.289 1807 -0.530 1846 -0.573 1885 -0.189 1924 -1.544

1730 0.726 1769 -0.625 1808 -0.225 1847 0.227 1886 -0.363 1925 1.090

1731 -0.532 1770 -0.754 1809 -0.160 1848 -1.050 1887 0.553 1926 -0.451

1732 -0.191 1771 -0.122 1810 0.066 1849 0.096 1888 -0.216 1927 -0.124

1733 1.482 1772 0.350 1811 0.334 1850 -0.092 1889 -1.890 1928 0.507

1734 0.489 1773 0.583 1812 0.644 1851 0.255 1890 0.519 1929 0.729

1735 -1.100 1774 -1.191 1813 0.320 1852 -0.961 1891 -0.163 1930 -0.344

1736 0.217 1775 0.141 1814 -0.283 1853 0.129 1892 0.059 1931 -1.407

1737 -0.752 1776 0.624 1815 -0.606 1854 1.523 1893 -0.328 1932 -1.015

1738 -0.690 1777 0.237 1816 -0.716 1855 -0.082 1894 1.022 1933 -0.619

1739 -0.062 1778 0.016 1817 -0.078 1856 -1.539 1895 0.321 1934 -0.582

1740 -0.447 1779 0.083 1818 -0.083 1857 -0.196 1896 -0.669 1935 0.139

1741 -0.548 1780 0.374 1819 -0.155 1858 -0.015 1897 -0.642 1936 -0.865

1742 0.431 1781 -0.062 1820 0.878 1859 -0.329 1898 0.291 1937 -0.125

1743 -0.212 1782 -0.926 1821 0.155 1860 -0.490 1899 0.399 1938 0.134

1744 -0.977 1783 -0.654 1822 -1.138 1861 0.525 1900 -0.237 1939 0.953


Standardized Reconstruction

[image: image29.emf]Year SWE Year SWE Year SWE Year SWE Year SWE Year SWE

1706 -0.759 1745 -0.155 1784 -1.225 1823 1.234 1862 0.908 1901 -1.365

1707 -0.178 1746 -0.579 1785 0.250 1824 -1.139 1863 0.466 1902 0.810

1708 -1.029 1747 -0.861 1786 1.224 1825 -1.770 1864 0.266 1903 -0.616

1709 0.859 1748 2.057 1787 0.058 1826 1.491 1865 -0.741 1904 1.653

1710 -0.737 1749 -0.693 1788 -0.880 1827 0.383 1866 1.668 1905 -0.867

1711 -0.336 1750 0.045 1789 0.903 1828 0.718 1867 0.557 1906 -1.446

1712 -0.384 1751 1.215 1790 1.434 1829 -0.569 1868 0.720 1907 0.995

1713 -0.477 1752 1.030 1791 0.931 1830 -0.174 1869 -1.807 1908 0.542

1714 1.179 1753 0.677 1792 -0.220 1831 -0.051 1870 0.319 1909 1.051

1715 -0.067 1754 -0.252 1793 -1.577 1832 0.616 1871 -0.451 1910 2.073

1716 0.982 1755 1.206 1794 1.431 1833 -0.051 1872 0.137 1911 -0.487

1717 -0.492 1756 -1.872 1795 -2.775 1834 -1.447 1873 0.509 1912 0.096

1718 -0.804 1757 0.449 1796 1.267 1835 -0.106 1874 0.241 1913 1.151

1719 0.322 1758 0.130 1797 0.944 1836 0.353 1875 0.643 1914 0.264

1720 0.153 1759 -1.206 1798 0.127 1837 1.295 1876 -0.099 1915 -2.078

1721 -2.031 1760 -0.980 1799 0.607 1838 0.518 1877 -1.636 1916 1.043

1722 -0.166 1761 1.138 1800 -1.131 1839 0.794 1878 -0.192 1917 0.992

1723 0.093 1762 -1.148 1801 0.243 1840 -0.984 1879 0.252 1918 2.216

1724 -0.553 1763 -0.600 1802 1.229 1841 0.834 1880 0.490 1919 -2.910

1725 0.457 1764 0.596 1803 -1.106 1842 -1.215 1881 0.184 1920 -2.542

1726 0.304 1765 0.479 1804 -2.412 1843 0.828 1882 -1.091 1921 0.917

1727 -0.258 1766 0.291 1805 0.134 1844 -0.345 1883 0.861 1922 0.995

1728 1.407 1767 0.701 1806 0.746 1845 -0.690 1884 0.311 1923 1.385

1729 -1.499 1768 0.569 1807 -0.622 1846 -0.684 1885 -0.127 1924 -2.094

1730 1.204 1769 -0.759 1808 -0.178 1847 0.479 1886 -0.379 1925 1.733

1731 -0.624 1770 -0.947 1809 -0.084 1848 -1.377 1887 0.952 1926 -0.506

1732 -0.129 1771 -0.028 1810 0.245 1849 0.288 1888 -0.166 1927 -0.031

1733 2.302 1772 0.658 1811 0.634 1850 0.015 1889 -2.598 1928 0.886

1734 0.860 1773 0.995 1812 1.085 1851 0.519 1890 0.902 1929 1.208

1735 -1.450 1774 -1.582 1813 0.614 1852 -1.248 1891 -0.088 1930 -0.351

1736 0.464 1775 0.354 1814 -0.263 1853 0.337 1892 0.235 1931 -1.897

1737 -0.944 1776 1.056 1815 -0.732 1854 2.362 1893 -0.328 1932 -1.327

1738 -0.854 1777 0.493 1816 -0.892 1855 0.029 1894 1.635 1933 -0.751

1739 0.058 1778 0.171 1817 0.035 1856 -2.087 1895 0.615 1934 -0.697

1740 -0.501 1779 0.270 1818 0.028 1857 -0.135 1896 -0.823 1935 0.351

1741 -0.648 1780 0.692 1819 -0.076 1858 0.126 1897 -0.784 1936 -1.108

1742 0.776 1781 0.059 1820 1.425 1859 -0.329 1898 0.572 1937 -0.033

1743 -0.160 1782 -1.197 1821 0.374 1860 -0.563 1899 0.729 1938 0.344

1744 -1.271 1783 -0.802 1822 -1.505 1861 0.911 1900 -0.196 1939 1.535


APPENDIX I: 
SNOTEL Data
[image: image30.emf]Year

Granite Creek

East Rim Divide

Kendall

Loomis Park

Snider Basin

Spring Creek Divide

Gros Ventre Summit

Blind Bull Summit

Big Sandy Opening

Elkhart Park

New Fork Lake

Triple Peak

Average SWE

1961 10.9 8.9 9.6 10.4 7.4 21.2 12.2 22.9 11.5 10.8 8.9 18.3 12.8

1962 18.8 17.4 20.4 21.7 19.9 39.7 20.9 38.7 18.0 19.7 14.5 30.8 23.4

1963 11.0 9.1 12.0 14.5 12.7 24.7 11.7 22.3 9.9 12.0 8.7 19.3 14.0

1964 18.0 12.6 11.5 16.0 14.6 24.6 21.6 25.3 11.7 12.4 10.2 22.3 16.7

1965 27.8 21.0 26.6 28.5 25.6 43.2 24.2 38.1 20.7 21.9 17.5 39.7 27.9

1966 15.3 9.6 8.1 10.6 9.4 20.3 11.0 22.9 11.5 8.8 6.3 20.1 12.8

1967 20.2 15.5 16.2 18.2 17.2 33.4 17.6 35.7 14.0 13.6 9.8 28.8 20.0

1968 15.9 12.8 8.6 15.1 11.9 25.8 10.7 27.7 12.8 12.0 9.5 21.5 15.4

1969 18.6 15.5 16.2 19.7 16.4 30.1 14.8 33.8 19.1 16.9 12.8 24.5 19.9

1970 20.1 15.7 12.5 17.2 13.7 29.3 14.8 31.4 10.6 12.8 10.4 27.2 18.0

1971 30.0 20.4 27.9 27.3 25.0 42.4 23.7 44.8 23.4 21.3 16.5 39.7 28.5

1972 27.8 21.9 23.9 27.1 22.5 42.6 21.6 43.6 25.4 20.7 19.8 37.3 27.9

1973 13.6 10.6 8.8 11.3 10.9 21.3 10.5 21.6 9.7 12.2 10.0 18.7 13.3

1974 27.1 17.8 18.5 19.5 16.6 34.3 18.1 45.6 15.3 15.4 12.6 32.0 22.7

1975 18.8 16.2 12.8 18.0 16.8 28.2 13.8 31.4 14.6 13.4 12.0 26.5 18.5

1976 26.6 19.6 17.7 21.1 19.5 36.0 18.3 43.9 18.0 16.9 12.6 34.2 23.7

1977 6.3 6.8 4.9 6.4 4.3 9.4 7.0 8.6 5.6 7.1 5.4 8.1 6.7

1978 24.8 21.3 22.7 26.7 20.9 39.1 16.3 39.5 20.4 20.7 17.1 40.1 25.8

1979 19.6 15.8 15.7 19.0 15.8 25.3 13.8 28.5 19.2 14.0 11.6 24.5 18.6

1980 17.2 15.7 14.1 18.5 17.2 29.0 11.7 39.5 18.7 12.8 10.6 29.4 19.5

1981 8.5 5.3 5.4 12.9 5.2 14.2 9.0 13.8 8.0 8.4 5.9 10.7 8.9

1982 26.7 17.2 19.4 20.8 22.1 35.8 20.1 41.1 18.3 20.3 14.9 36.0 24.4

1983 17.8 12.1 12.3 13.3 12.4 24.8 13.3 22.8 15.4 12.9 10.4 21.3 15.7

1984 15.7 9.6 12.0 12.5 11.0 22.6 14.0 22.5 11.6 12.7 8.3 20.3 14.4

1985 16.2 10.4 10.8 13.3 10.5 19.8 11.5 21.1 12.4 10.5 6.9 23.6 13.9

1986 24.5 18.5 24.3 29.3 20.8 42.7 20.6 44.6 20.3 18.5 16.5 39.0 26.6

1987 11.6 10.9 11.0 13.0 8.8 17.1 8.7 17.1 11.8 10.5 9.6 16.0 12.2

1988 14.2 9.0 11.1 13.1 12.4 21.3 9.6 20.6 8.4 6.8 8.0 22.1 13.1

1989 22.5 12.8 13.6 19.3 14.7 30.2 14.6 26.6 12.9 11.9 10.7 27.0 18.1

1990 14.3 10.5 12.0 14.5 12.1 20.4 11.8 18.2 11.7 9.7 10.4 18.3 13.7

1991 12.0 9.8 10.8 14.1 10.3 19.9 13.2 19.9 12.8 10.8 9.7 17.6 13.4

1992 8.5 7.1 6.1 8.3 8.2 15.8 9.1 13.3 8.0 9.9 7.5 11.0 9.4

1993 19.7 12.0 11.5 16.3 14.4 27.1 13.1 22.6 13.4 13.2 10.7 22.0 16.3


[image: image31.emf]Year

Granite Creek

East Rim Divide

Kendall

Loomis Park

Snider Basin

Spring Creek Divide

Gros Ventre Summit

Blind Bull Summit

Big Sandy Opening

Elkhart Park

New Fork Lake

Triple Peak

Average SWE

1992 8.5 7.1 6.1 8.3 8.2 15.8 9.1 13.3 8.0 9.9 7.5 11.0 9.4

1993 19.7 12.0 11.5 16.3 14.4 27.1 13.1 22.6 13.4 13.2 10.7 22.0 16.3

1994 12.7 7.4 10.1 11.2 9.4 16.9 9.9 18.9 13.1 10.1 7.8 16.2 12.0

1995 16.6 8.7 11.3 13.6 11.6 26.0 14.6 24.0 17.0 13.8 9.5 20.5 15.6

1996 23.2 16.6 20.8 23.9 24.0 35.1 18.6 35.3 15.7 15.0 15.4 34.1 23.1

1997 29.1 16.9 23.7 27.4 23.5 36.8 22.5 41.5 19.1 18.2 15.3 36.9 25.9

1998 16.8 12.5 14.2 16.6 12.3 21.8 14.6 24.3 12.2 12.7 10.6 21.8 15.9

1999 21.7 13.9 15.2 18.6 16.4 29.6 16.0 29.0 16.3 14.0 12.5 29.2 19.4

2000 15.0 11.7 14.6 17.7 12.3 22.5 11.1 24.9 11.4 12.2 10.9 22.7 15.6

2001 10.9 7.9 8.3 11.3 8.8 16.9 9.7 15.5 9.8 11.0 8.8 15.4 11.2

2002 12.6 9.2 10.1 14.5 9.8 20.4 13.0 21.0 12.1 10.0 9.0 20.4 13.5

2003 14.9 10.8 13.1 17.3 13.7 25.9 13.2 23.0 12.0 13.6 10.9 25.0 16.1

2004 13.9 9.7 10.1 12.9 11.2 21.2 9.8 20.1 12.0 10.9 9.0 17.3 13.2

2005 13.1 9.4 10.6 15.1 13.8 24.2 10.5 19.1 15.4 12.3 11.2 20.0 14.6

2006 21.1 11.1 14.8 19.9 18.7 31.4 12.5 28.5 15.4 14.3 11.0 30.5 19.1

2007 9.9 5.4 8.0 9.4 10.0 19.0 9.5 20.4 10.9 9.5 7.9 17.4 11.4

2008 19.2 9.7 12.8 16.9 14.1 24.3 13.2 26.3 13.7 11.2 9.8 26.5 16.5

2009 16.6 10.0 11.7 16.3 14.4 27.2 14.6 26.6 12.3 12.7 11.7 24.5 16.6


APPENDIX J: 
Tree-Ring Chronology Data for Calibration Period
[image: image32.emf]Chronology Identifier Chronology Identifier

Anderson Ridge East ARE Eagle Rock EAG

Anderson Ridge Rim ARR Eldorado Canyon III EC3

Boulder Lake East BLE Elevenmile Reservoir ELR

Freemont Lake  FMT Encampment ENC

Freemont Lake Southeast FSE Escalante Forks Update EFU

Red Canyon Upper RCU Fossil Butte National Monument FBM

Bear Canyon BEA Gould Reservoir GOR

Carter Mountain CAM Great Sand Dunes Lower GSD

Cook's Canyon COC Green Mountain Reservoir GMR

Trapper Canyon TRC Hogback Rampart Hills HRH

Wood River Canyon WRC Hot Sulphur Springs HOT

Red Pine Canyon RPC Jamestown JAM

Dutch John Mountain DJM Jefferson County Colorado II JC2

Nutter's Ridge NUR Kim KIM

Well's Draw WED Land's End LAE

Clarks Fork of the Yellowstone CFY Lily Lake LIL

Mount Everts MOE Lower Henderson Canyon LHC

Seedhouse SEE McGee Gulch MGG

McDougal Pass MDP McPhee MCP

LaBarge Creek LBC Mesa de Maya MDM

Unaweep Canyon 1 UC1 Meyer Ranch MER

Whiskey Mountain WHM Montrose MON

Almont Triangle ALT North Park Update NPU

Bennett Creek BEN Owl Canyon II OC2

Big Thompson II BT2 Peak to Peak P2P

Black Forest East BFE Piceance PIC

Boulder Ridge Road BRR Plat Bradbury PLB

Bryce Point BRP Plug Hat Butte PHB

Cathedral Creek CAC Pool Table Pines PTP

Coal Bench COA Princeton I PR1

Cochetopa Dome COD Princeton II PR2

Collins Gulch COL Pumphouse PUM

Crags Hotel CRH Red Canyon REC

Deer Mountain II DM2 Red Creek RED

Deer Springs Mesa DSM Ridge Road RIR

Dillon DIL Rifle RIF

Douglas Pass DOU Roadsite ROA

Dry Park DRY Round Prarie ROP


[image: image33.emf]Chronology Identifier

Round Valley Draw RVD

Rustic RUS

Sapinero Mesa SAM

Sargents SAR

Seedhouse Road SER

Sheep Pen Canyon I SPC

Skutumpah Road 1 SR1

Skutumpah Road 2 SR2

Slickrock SLI

Soap Creek SOC

South Fork SOF

Stultz Trail STT

Terrace Lake Pines TLP

Trail Gulch TRG

Unaweep Canyon 2 UC2

Upper Henderson Canyon UHC

Valley View Ranch VVR

Vasquez Mountain VAM

Vedauwoo VED

Wet Mountains WEM

Wild Rose WIR

Wilson Ranch WIL

Yovimpa Point YOP


[image: image34.emf]Year ARE ARR BLE FMT FSE RCU BEA CAM COC TRC

1961 0.77 0.846 0.731 0.683 0.795 0.814 0.957 0.98 0.827 1.166

1962 1.116 1.217 1.365 1.354 1.214 0.976 0.94 0.981 1.481 1.127

1963 1.242 1.296 0.882 1.125 0.842 1.115 1.191 1.163 1.001 1.403

1964 1.005 0.89 0.759 0.84 1.466 0.849 1.113 1.046 0.97 0.84

1965 1.193 1.051 1.192 1.284 1.186 1.055 1.328 0.999 1.203 1.18

1966 0.969 1.042 1.002 1.105 0.952 0.964 0.95 0.896 0.759 0.176

1967 1.221 1.111 0.942 0.985 1.213 1.223 1.15 1.08 1.266 1.488

1968 1.125 0.983 0.952 1.154 1.035 1 1.183 1.142 1.021 1.153

1969 1.257 1.297 1.131 1.223 1.209 1.101 1.085 1.4 1.196 1.043

1970 0.558 0.745 0.723 0.707 0.419 0.981 0.972 1.067 1.097 1.205

1971 0.889 0.73 0.824 0.982 0.866 0.924 0.875 0.686 1.111 0.506

1972 0.94 1.014 1.234 1.19 0.81 1.132 0.938 0.842 0.989 1.121

1973 1.158 0.985 1.154 1.007 1.254 0.65 0.595 1.132 0.829 1.129

1974 1.015 1.149 1.055 1.042 1.042 1.107 1.289 1.016 0.767 0.528

1975 1.239 1.102 0.883 1.135 0.894 1.385 1.28 0.913 1.512 0.984

1976 1.274 1.168 1.115 1.209 0.899 0.981 1.187 1.177 1.162 0.978

1977 0.632 0.568 0.746 0.554 0.673 0.872 1.213 0.969 1.152 0.701

1978 1.216 1.259 1.111 1.259 1.083 1.34 1.227 1.103 0.99 1.444

1979 0.92 0.883 0.851 0.914 0.614 1.005 1.005 0.777 0.909 1.202

1980 1.345 1.106 1.197 1.193 1.548 1.012 1.25 1.142 0.809 0.706

1981 1.316 1.24 0.79 1.044 1.298 1.167 1.295 1.184 1.228 1.247

1982 1.048 1.074 1.027 0.975 1.151 0.905 1.275 1.043 1.167 1.194

1983 1.057 1.016 1.258 1.28 1.133 0.921 1.157 1 1.203 1.034

1984 1.354 1.073 1.108 1.201 2.022 0.925 0.991 1.179 1.296 0.738

1985 1.375 1.114 0.9 0.755 0.997 0.921 0.456 0.692 0.868 0.533

1986 0.74 1.106 1.37 1.093 1.095 0.825 1.052 0.931 0.996 1.354

1987 1.126 1.127 0.997 1.299 1.164 0.934 0.616 1.353 0.912 1.099

1988 0.606 0.532 0.544 0.572 0.784 0.955 1.291 1.09 0.595 1.084

1989 1.327 0.856 0.668 0.651 0.525 1.209 1.436 0.874 0.902 0.673

1990 1.107 1.304 1.048 0.978 0.682 0.883 1.214 0.747 1.287 1.228

1991 1.077 1.083 1.154 0.938 1.55 1.523 1.166 1.131 1.097 1.166


[image: image35.emf]Year WRC RPC DJM NUR WED CFY MOE SEE MDP LBC

1961 0.968 0.81 0.5864 0.891 0.6201 0.716 0.599 0.794 0.928 0.881

1962 1.024 1.311 1.3811 1.3 1.4788 1.199 1.624 0.977 0.901 1.027

1963 1.34 1.162 1.0326 0.906 0.7358 1.391 1.503 0.965 1.086 1.293

1964 1.203 0.828 0.9364 0.944 0.8841 1.001 0.876 1.222 1.075 1.179

1965 0.948 1.421 1.2359 1.329 1.6614 1.101 1.324 1.037 0.994 1.129

1966 0.702 0.936 0.6621 1.278 1.3469 0.799 0.631 1.143 1.215 1.175

1967 1.154 1.23 1.1541 1.206 1.6002 0.962 1.237 1.128 1.259 1.015

1968 1.098 0.896 0.9085 0.969 0.9252 0.983 1.378 1.038 0.877 0.831

1969 1.286 1.214 0.7468 1.373 1.4781 0.678 1.18 1.243 1.038 1.187

1970 0.992 0.662 1.297 0.917 0.8995 1.155 1.075 0.943 1.065 0.963

1971 0.556 0.947 1.1424 0.872 0.8183 0.824 1.102 0.925 0.990 0.549

1972 0.89 0.904 0.8823 0.917 1.0661 1.126 0.919 0.754 0.945 0.987

1973 1.263 1.191 1.1065 1.131 1.3939 0.936 1.139 1.181 1.090 1.074

1974 1.048 0.476 0.9806 0.377 0.4186 1.023 1.084 1.327 1.021 0.984

1975 1.143 1.566 1.1769 1.473 1.7043 1.162 0.92 0.891 0.947 1.031

1976 1.381 1.346 0.9084 0.968 0.6816 1.235 0.989 0.952 1.112 1.112

1977 1.016 0.048 0.3558 0.419 0.341 0.598 0.402 0.862 0.761 0.716

1978 0.621 1.332 1.1329 1.105 1.0541 1.18 1.378 0.874 0.978 1.054

1979 0.923 0.991 0.9217 1.135 1.4865 0.895 0.801 0.915 0.842 0.880

1980 1.008 1.12 1.1647 1.21 1.1889 1.288 0.828 0.753 1.137 1.056

1981 1.081 1.17 1.1839 1.055 1.1169 1.284 0.939 1.421 1.158 1.073

1982 1.219 1.192 0.8982 1.066 1.2832 1.09 0.879 1.199 1.048 1.095

1983 1.106 0.999 1.5685 1.285 1.6919 1.071 0.816 1.063 1.159 1.000

1984 1.235 1.403 1.1867 1.117 1.1484 0.668 1.206 1.065 1.101 1.076

1985 0.937 0.983 1.0103 0.858 1.0437 0.226 1.013 0.922 0.868 0.857

1986 0.934 0.94 1.2756 1.044 1.066 1.589 1.304 1.097 1.081 1.042

1987 1.293 1.067 1.0529 0.856 1.0562 1.182 0.807 0.896 1.194 1.190

1988 0.789 1.015 0.9092 0.884 1.0505 0.742 1.192 0.814 0.978 0.957

1989 0.81 0.598 0.5654 0.849 0.7961 0.956 0.851 0.829 0.871 0.781

1990 0.538 0.435 1.2943 1.094 0.8612 0.815 1.037 1.238 0.859 0.863

1991 1.112 1.535 1.2931 0.978 1.1213 1.125 0.931 0.872 0.987 0.882


[image: image36.emf]Year UC1 WHM ALT BEN BT2 BFE BRR BRP CAC COA

1961 0.399 0.578 663 1044 1131 1026 1018 815 303 832

1962 1.223 0.986 1083 753 578 787 1148 1042 1244 1129

1963 0.555 0.247 742 363 369 321 807 952 674 529

1964 0.894 0.875 870 835 739 1076 681 953 814 839

1965 1.275 1.192 1625 1096 880 1350 1324 1097 1597 940

1966 0.956 0.632 1291 446 310 787 1312 1036 971 894

1967 0.984 0.425 481 1303 1252 1246 1152 799 559 918

1968 0.55 0.758 806 823 1074 725 853 1214 1519 972

1969 1.235 1.056 1462 1411 824 799 1370 1294 1543 1130

1970 0.903 1.149 1430 1209 1164 975 957 644 1420 1078

1971 0.732 0.661 1012 1071 974 763 897 824 518 1072

1972 0.962 0.641 912 1064 850 964 915 970 492 1143

1973 1.434 1.671 1143 1184 1268 946 819 1232 1260 1303

1974 0.71 0.813 995 1140 388 825 1200 648 677 810

1975 1.079 1.16 1170 1409 1363 1157 1218 1066 1083 1367

1976 0.94 0.698 720 498 457 917 972 952 498 1272

1977 0.222 0.459 96 918 466 1105 848 673 529 173

1978 1.187 1.425 1325 711 1439 525 695 1181 903 1385

1979 1.435 1.079 1044 737 1552 930 823 1103 799 1377

1980 0.995 0.869 872 882 1119 1268 733 1136 814 1262

1981 0.453 0.737 504 1148 464 1150 998 691 324 1375

1982 1.191 1.353 1071 879 766 864 1128 1104 916 1182

1983 1.419 1.706 991 1076 1581 1651 1142 1325 1680 1328

1984 1.054 1.385 1133 1130 949 873 933 1056 1459 1172

1985 1.313 1.485 1371 610 836 1681 1092 1224 1003 1235

1986 0.949 1.237 1392 1344 793 1065 1256 881 1651 915

1987 1.083 1.256 1469 913 1279 1000 1069 1384 1490 1147

1988 0.969 0.993 629 821 270 1442 878 1296 706 1170

1989 0.702 0.743 776 648 1422 242 1059 753 652 859

1990 0.545 0.617 877 969 1295 1078 1130 946 1440 587

1991 1.03 1.139 1485 1142 1149 808 854 833 1329 937


[image: image37.emf]Year COD COL CRH DM2 DSM DIL DOU DRY EAG EC3

1961 186 722 1261 1229 500 714 849 911 1059 944

1962 1138 1400 894 944 1270 1317 1186 1083 1085 1083

1963 476 588 523 323 522 807 847 721 126 617

1964 1345 752 1196 633 1161 445 805 682 993 835

1965 1402 1313 1178 1610 1267 1581 982 1402 1301 1000

1966 1209 885 457 507 1109 860 1157 844 820 681

1967 241 1083 1223 1006 1100 685 975 656 1289 1282

1968 1059 766 1033 500 1034 640 945 835 627 1196

1969 1312 1147 1150 1373 1238 1356 1129 1004 1422 984

1970 1245 1186 1290 980 598 1083 1023 1013 994 1246

1971 1162 694 1069 974 809 1127 834 1131 1126 761

1972 1090 1074 1090 894 820 766 771 748 947 743

1973 977 1124 711 1214 1514 1075 1054 1537 944 1015

1974 1180 979 987 630 913 1368 1123 1029 747 758

1975 1065 1156 1110 1368 1426 867 1180 1095 1185 1022

1976 943 854 836 727 1035 1034 975 509 815 872

1977 746 372 533 593 -14 874 471 456 1115 984

1978 1102 1307 726 1209 1668 968 931 1507 872 1080

1979 924 985 1055 1189 1314 1033 929 1444 983 1082

1980 946 998 823 641 1129 935 930 1132 1136 921

1981 309 988 1080 691 1021 609 977 684 1101 807

1982 1014 1168 899 1174 1315 1086 1060 1055 905 745

1983 1167 1396 1140 1404 1164 1403 1244 1205 1299 1278

1984 1303 1130 743 1035 991 1830 1656 985 834 1108

1985 1030 1201 1303 876 1178 1240 1269 1146 1281 1047

1986 1294 1153 1321 1385 1056 1097 1340 1213 1151 1066

1987 912 1119 1277 1136 1083 879 1038 1222 1136 1293

1988 1206 819 1086 746 952 781 1250 696 1312 1327

1989 378 780 1037 516 502 915 583 661 775 1320

1990 1058 706 836 1266 495 707 659 1062 746 738

1991 940 1042 944 908 1247 1101 854 1047 1328 1570


[image: image38.emf]Year ELR ENC EFU FBM GOR GSD GMR HRH HOT JAM

1961 1054 726 665 688 696 699 646 797 446 1189

1962 979 1029 1250 944 1310 962 1216 939 1378 841

1963 186 703 1070 1093 639 465 531 970 1132 400

1964 1015 682 471 979 960 766 691 1211 647 715

1965 1080 1078 1487 862 1155 1221 1240 1115 1190 1128

1966 1192 1182 1209 1088 580 825 904 877 699 584

1967 1247 1142 657 1042 810 996 1235 1113 1137 1433

1968 931 1026 745 1022 775 1093 634 852 830 1122

1969 1402 861 1408 875 834 1460 910 1318 1230 1190

1970 1081 1107 1121 981 899 1296 1522 991 1183 1112

1971 813 1171 900 1096 1023 795 973 731 1062 655

1972 726 863 912 1030 846 897 829 995 1025 970

1973 972 1067 1479 1014 1281 1035 1253 960 1228 795

1974 902 1292 733 856 1161 795 1486 942 1388 669

1975 1276 1264 1175 794 1057 1180 1070 1202 887 1291

1976 820 1265 1068 1012 497 1024 819 750 533 814

1977 913 662 -8 621 336 686 413 888 735 598

1978 349 949 1131 1258 1154 786 1257 988 1121 725

1979 1075 934 1578 1075 1325 967 911 1034 1079 862

1980 826 963 1412 927 1125 1112 994 771 818 517

1981 687 879 456 960 797 807 914 1357 814 1101

1982 1276 1117 1367 905 984 789 1232 753 1034 943

1983 1386 1381 1404 1013 1345 1444 1286 1328 1221 1253

1984 1146 1179 1132 1435 1109 1057 1487 996 1428 713

1985 1173 704 1212 1351 1280 1377 1425 794 1111 1145

1986 752 1336 1283 1079 1234 1173 1497 1303 1227 1013

1987 1309 995 1191 857 1290 1106 471 879 890 1404

1988 1280 1092 699 905 904 1143 904 1259 945 914

1989 755 415 886 946 625 785 828 722 828 1034

1990 926 999 616 858 836 1042 556 1147 969 970

1991 1125 885 863 723 996 1058 1107 1279 895 1159


[image: image39.emf]Year JC2 KIM LAE LIL LHC MGG MCP MDM MER MON

1961 1129 968 879 949 941 715 666 1247 1007 1082

1962 825 1018 996 1143 1173 1238 972 930 812 1276

1963 331 108 735 897 389 328 923 158 268 1067

1964 1207 950 1065 1015 1058 1079 820 1102 929 973

1965 1237 1097 1172 992 1087 1388 1358 1304 1035 1255

1966 356 673 979 996 879 1066 1053 869 607 1056

1967 988 636 777 1346 1127 588 817 797 1442 885

1968 883 886 1001 1032 1207 954 648 723 1029 546

1969 1106 1546 1108 1070 1347 1604 1075 1460 1320 1241

1970 1129 776 913 1057 752 1354 812 871 1200 1006

1971 1071 1140 836 941 779 968 1164 700 905 796

1972 1019 354 834 952 1008 626 765 106 800 773

1973 947 1302 1039 861 1286 1013 1393 1417 888 1280

1974 1096 1239 1079 1188 354 270 896 1157 839 786

1975 1291 480 1038 1204 1289 1295 1341 907 1485 761

1976 901 1516 861 1004 1098 762 814 1597 855 811

1977 842 1369 548 823 114 1066 236 1070 754 280

1978 888 767 988 1157 1559 237 1491 656 820 1028

1979 1267 898 944 1157 1227 1185 1377 1319 775 1560

1980 982 1152 927 692 1250 786 1209 831 784 1045

1981 730 674 1016 1057 1482 657 746 719 940 773

1982 714 1023 1108 945 1142 1023 921 612 937 1231

1983 1435 863 1215 799 1400 1369 1402 1375 1303 1173

1984 767 609 1211 891 775 930 983 1002 744 1063

1985 1257 1193 1062 936 1103 1444 1277 1145 1150 1377

1986 1167 761 1420 966 729 1060 1409 783 1292 1047

1987 1049 1605 949 939 1201 1433 1266 1617 1301 1178

1988 1263 1415 1108 877 1322 1085 1153 1700 1175 755

1989 874 956 653 851 954 1317 647 -13 785 937

1990 1062 1314 757 943 557 971 665 1246 975 665

1991 975 717 911 1320 821 1141 1032 445 1506 1148


[image: image40.emf]Year NPU OC2 P2P PIC PLB PHB PTP PR1 PR2 PUM

1961 1014 1236 1105 877 848 629 750 1082 900 639

1962 1490 1162 1075 1242 1095 1372 1256 1157 1125 1713

1963 644 804 697 544 597 668 622 959 615 949

1964 589 777 1082 812 1001 634 621 432 816 618

1965 1069 1173 1185 1190 1197 1607 1563 1285 1577 1268

1966 926 399 990 896 996 845 1265 1163 1386 617

1967 1180 963 1536 1140 1284 888 536 562 617 975

1968 898 1083 940 809 1337 843 1224 888 986 873

1969 1098 800 1219 892 1397 1068 1389 1289 1696 1168

1970 951 1121 980 1109 1150 1311 1063 1243 1239 964

1971 1088 952 701 942 783 1374 850 1116 1213 1003

1972 1454 516 958 1014 575 654 1042 734 547 999

1973 1125 1122 937 1112 1233 1454 913 1007 941 1432

1974 1449 727 1014 1123 600 969 639 364 205 941

1975 849 1347 1330 1090 1175 1204 1240 1390 1707 1055

1976 873 731 921 1140 958 1022 1278 680 577 606

1977 1121 942 1070 486 426 99 392 681 530 411

1978 892 1096 921 1147 1007 1223 665 630 636 1303

1979 824 1428 926 1193 1058 1068 995 1129 1119 1426

1980 933 1037 669 1140 925 998 1070 1172 982 1084

1981 670 958 1040 1113 636 968 909 673 317 708

1982 1027 1109 1048 1191 1034 1226 700 1192 1068 1114

1983 1513 1459 1155 1298 1521 1296 1094 1230 1408 1450

1984 1303 1122 694 1300 1040 1285 1148 1058 1028 1337

1985 1000 718 844 1092 1398 1331 1456 1351 1415 1405

1986 1638 1193 739 909 1076 1271 1320 952 988 983

1987 621 982 883 999 943 1150 1268 1255 1435 924

1988 1012 925 835 867 918 969 1011 764 718 681

1989 551 610 1026 750 748 337 1090 737 954 1170

1990 1013 1352 890 744 964 932 1287 1068 1305 603

1991 1131 1170 1140 923 1075 1150 870 1049 910 1170


[image: image41.emf]Year REC RED RIR RIF ROA ROP RVD RUS SAM SAR

1961 560 655 1215 535 643 1370 756 1376 532 564

1962 1518 1091 714 1376 1032 915 1049 1009 1126 1094

1963 711 759 476 590 351 74 814 349 585 985

1964 624 865 991 669 722 1221 816 549 1123 769

1965 1171 1484 1189 1231 1759 905 984 1372 2002 1665

1966 957 1084 714 867 1698 773 944 613 899 1612

1967 927 665 1021 1082 359 1059 820 1221 189 -142

1968 794 1089 1128 803 1265 712 1156 878 1053 806

1969 1152 1344 1037 1122 1851 1589 1394 1383 1365 1228

1970 1018 1011 889 984 1884 786 677 994 934 1213

1971 958 1138 836 1118 706 1500 515 1116 884 675

1972 805 861 1022 1065 1328 671 1038 925 586 1012

1973 1389 1151 855 1217 1109 2440 1306 1047 977 1043

1974 1240 1028 768 811 497 1003 711 1017 946 1068

1975 934 1207 1042 1162 1215 488 1407 1480 964 914

1976 523 950 1132 1209 865 851 1149 647 1056 736

1977 291 491 872 182 1155 1357 128 899 350 455

1978 1381 1100 703 1284 143 695 1424 852 1336 1408

1979 1645 956 1034 1128 910 1676 1095 760 1000 1109

1980 984 853 1200 972 840 966 959 629 791 815

1981 959 517 1120 924 341 361 1044 1239 409 384

1982 1498 1137 964 1137 756 774 981 1011 1181 1195

1983 1159 1301 1253 1286 1590 1414 1092 1201 985 1180

1984 1286 1311 1168 1294 876 757 626 1113 1045 1327

1985 1300 1300 1746 1211 1481 1126 1132 623 1378 1683

1986 1098 1160 1282 1099 690 726 1008 1403 1205 1747

1987 889 798 518 840 1516 1475 1308 779 1074 944

1988 657 759 1233 815 1045 600 1051 818 753 498

1989 1189 837 672 880 1180 499 782 786 929 687

1990 485 616 1052 511 1205 913 492 1260 932 927

1991 1296 1109 767 1153 728 993 840 942 999 953


[image: image42.emf]Year SER SPC SR1 SR2 SLI SOC SOF STT TLP TRG

1961 773 957 874 803 800 590 666 1272 760 722

1962 950 1026 1301 1235 881 1119 970 965 1231 1460

1963 934 415 696 606 1013 599 521 571 291 821

1964 1150 928 888 903 415 935 964 1236 993 872

1965 1022 1240 1140 1234 1472 1522 1598 1282 1384 1131

1966 1081 996 994 1041 1064 918 1295 1085 862 853

1967 1120 1015 1234 1153 784 716 983 1499 808 1181

1968 1011 960 1224 1274 910 1009 840 1066 1221 783

1969 1191 1486 1303 1421 944 1301 1600 1433 1324 1319

1970 947 1226 758 728 1000 719 824 1324 1260 978

1971 912 1378 1047 1172 775 1110 887 799 577 986

1972 800 887 900 1213 1117 977 886 1035 216 661

1973 1165 1074 1167 1466 1310 1013 966 685 1264 1412

1974 1276 721 726 732 763 904 471 139 562 1001

1975 885 954 1262 1373 1163 985 1122 1375 1363 1111

1976 956 1075 1055 924 1075 1011 1055 704 428 763

1977 885 1148 218 88 194 548 391 855 391 59

1978 857 831 1282 1564 1211 1347 924 648 1318 1431

1979 928 1444 1166 1270 1531 1031 793 895 585 1610

1980 790 681 1227 1317 1236 954 956 859 679 909

1981 1378 678 1047 976 718 712 1149 584 507 355

1982 1184 1318 860 1030 715 1135 600 1083 947 1550

1983 1005 1156 1245 1217 1534 1143 1491 1304 1157 1264

1984 1096 1158 747 686 916 804 897 974 1314 1228

1985 928 1297 1087 1211 1315 1324 1134 1142 1505 1313

1986 1065 982 923 949 1212 1424 1454 1084 1871 1521

1987 923 1348 954 963 1390 892 1113 1107 769 1193

1988 829 731 1089 1181 1178 934 840 1134 1405 468

1989 860 623 861 705 630 773 710 675 712 1382

1990 1187 818 471 723 502 712 1321 1162 1204 322

1991 882 886 957 825 1021 1247 1159 603 1273 1380


[image: image43.emf]Year UC2 UHC VVR VAM VED WEM WIR WIL YOP

1961 411 906 1172 693 1179 1131 583 933 804

1962 1240 946 550 1056 1331 811 1000 1026 959

1963 565 775 512 974 1032 291 259 533 868

1964 891 1037 1068 673 747 907 892 1115 1078

1965 1360 1036 1081 1141 992 1026 1220 1378 976

1966 1013 933 567 878 942 620 646 1210 921

1967 1015 1088 1550 1007 1293 1066 431 826 1145

1968 560 1189 338 1024 960 959 768 1187 1151

1969 1280 1122 1340 1358 1338 946 1069 1394 1232

1970 946 931 706 965 1064 1451 1167 915 611

1971 746 766 602 928 727 615 687 727 965

1972 979 984 521 963 1009 479 649 873 1112

1973 1508 1273 845 1074 988 1398 1677 1073 1269

1974 758 596 686 1090 1220 557 831 943 662

1975 1124 1235 925 903 927 1014 1169 1119 1116

1976 986 1029 427 764 1042 350 707 1212 803

1977 216 656 892 741 1032 970 440 302 654

1978 1230 865 934 1104 606 231 1423 786 1064

1979 1524 1036 1536 1134 825 1658 1092 969 1163

1980 1076 1027 1344 791 802 1141 883 1121 1080

1981 446 1227 548 1147 1234 168 742 756 691

1982 1251 1048 1396 900 1104 1104 1332 1062 1184

1983 1572 1199 1500 1331 839 2073 1644 1277 1337

1984 1181 981 709 1333 1095 799 1359 988 891

1985 1394 1192 1266 1075 1094 1277 1462 1137 1142

1986 1055 1016 574 1167 1156 702 1209 1334 1003

1987 1170 1134 1083 892 721 1406 1212 1128 1230

1988 1028 1163 1111 957 1191 738 972 753 1171

1989 764 906 526 747 872 692 725 1173 842

1990 563 785 1267 940 859 1130 597 1086 869

1991 1109 989 1121 848 829 947 1096 1092 1056


APPENDIX K: 
Sea Surface Temperature Indices Indentified by SVD
Smith and Reynolds Sea Surface Temperatures

[image: image44.emf]Year S&R Year S&R Year S&R Year S&R

1860 2536.34 1898 2533.37 1936 2562.43 1974 2521.61

1861 2549.87 1899 2575.01 1937 2568.84 1975 2500.83

1862 2544.58 1900 2599.38 1938 2532.92 1976 2563.89

1863 2540.61 1901 2562.74 1939 2572.48 1977 2589.78

1864 2541.69 1902 2593.98 1940 2621.60 1978 2575.02

1865 2536.93 1903 2548.84 1941 2636.58 1979 2592.48

1866 2534.01 1904 2565.30 1942 2561.98 1980 2596.29

1867 2528.26 1905 2619.05 1943 2560.34 1981 2572.18

1868 2540.21 1906 2556.78 1944 2566.75 1982 2629.62

1869 2534.84 1907 2549.97 1945 2557.71 1983 2632.06

1870 2528.10 1908 2514.36 1946 2557.85 1984 2572.28

1871 2546.01 1909 2479.39 1947 2562.46 1985 2555.45

1872 2511.02 1910 2478.05 1948 2542.09 1986 2604.46

1873 2509.55 1911 2536.53 1949 2532.91 1987 2642.73

1874 2504.51 1912 2552.78 1950 2515.80 1988 2556.80

1875 2522.98 1913 2542.35 1951 2578.23 1989 2555.82

1876 2535.90 1914 2579.29 1952 2575.31 1990 2598.37

1877 2570.41 1915 2559.32 1953 2586.00 1991 2615.75

1878 2570.10 1916 2486.97 1954 2532.95 1992 2628.31

1879 2540.33 1917 2477.10 1955 2496.16 1993 2621.96

1880 2540.63 1918 2568.94 1956 2518.82 1994 2614.29

1881 2554.53 1919 2566.95 1957 2611.97 1995 2598.54

1882 2530.03 1920 2549.12 1958 2616.51 1996 2576.56

1883 2552.21 1921 2522.62 1959 2588.99 1997 2663.80

1884 2578.56 1922 2518.37 1960 2568.53 1998 2615.63

1885 2579.26 1923 2549.69 1961 2556.14 1999 2526.46

1886 2526.90 1924 2518.88 1962 2543.67 2000 2551.21

1887 2537.05 1925 2558.23 1963 2593.00 2001 2579.76

1888 2611.98 1926 2575.02 1964 2535.52 2002 2613.47

1889 2572.79 1927 2545.96 1965 2597.49 2003 2614.99

1890 2532.50 1928 2550.59 1966 2582.11 2004 2618.47

1891 2569.99 1929 2550.97 1967 2554.75 2005 2602.44

1892 2500.67 1930 2598.49 1968 2576.73 2006 2610.51

1893 2492.95 1931 2582.60 1969 2610.23 2007 2568.82

1894 2513.12 1932 2561.46 1970 2548.55

1895 2565.42 1933 2513.64 1971 2505.21

1896 2596.06 1934 2546.30 1972 2610.52

1897 2578.32 1935 2552.96 1973 2543.06


Instrumental-Based Sea Surface Temperatures (Evans)
[image: image45.emf]Year Inst Year Inst Year Inst Year Inst

1856 -0.1415 1894 -0.3756 1932 0.0914 1970 -0.5041

1857 -0.3283 1895 0.0946 1933 -0.3996 1971 -0.3785

1858 -0.2525 1896 0.6177 1934 -0.0503 1972 0.6944

1859 -0.2071 1897 0.0876 1935 -0.0011 1973 -0.5752

1860 -0.4289 1898 -0.2402 1936 0.1842 1974 -0.3629

1861 -0.3983 1899 0.4650 1937 -0.0092 1975 -0.7309

1862 -0.5147 1900 0.4615 1938 -0.3212 1976 0.2863

1863 -0.3778 1901 0.0282 1939 0.3031 1977 0.2634

1864 0.2740 1902 0.5581 1940 0.7447 1978 0.0255

1865 0.5687 1903 -0.2718 1941 0.7726 1979 0.3829

1866 0.4133 1904 0.2351 1942 -0.2660 1980 0.1505

1867 0.2689 1905 0.6478 1943 0.0740 1981 0.0754

1868 0.4152 1906 -0.1019 1944 0.1022 1982 0.9510

1869 -0.3490 1907 -0.0931 1945 -0.0170 1983 0.5539

1870 -0.4687 1908 -0.4919 1946 -0.0709 1984 -0.0570

1871 -0.2993 1909 -0.7281 1947 0.0040 1985 -0.0937

1872 -0.6106 1910 -0.6979 1948 -0.0250 1986 0.4848

1873 -0.5331 1911 0.0203 1949 -0.3763 1987 0.7886

1874 -0.5702 1912 0.0069 1950 -0.4559 1988 -0.3115

1875 -0.5364 1913 0.0474 1951 0.3130 1989 0.0688

1876 -0.0567 1914 0.5286 1952 0.0989 1990 0.4222

1877 1.0060 1915 0.0681 1953 0.2245

1878 0.2355 1916 -0.7864 1954 -0.3911

1879 -0.2946 1917 -0.5336 1955 -0.6578

1880 0.0135 1918 0.3808 1956 -0.2677

1881 -0.1084 1919 0.3397 1957 0.6393

1882 -0.2431 1920 -0.1038 1958 0.4118

1883 0.0110 1921 -0.2513 1959 0.1878

1884 0.2642 1922 -0.3436 1960 0.1006

1885 0.3141 1923 0.1269 1961 -0.1406

1886 -0.3604 1924 -0.5402 1962 -0.1496

1887 -0.0722 1925 0.3495 1963 0.3120

1888 0.7645 1926 0.2438 1964 -0.3667

1889 -0.1419 1927 0.0054 1965 0.5386

1890 -0.3188 1928 -0.1073 1966 0.0670

1891 0.1198 1929 0.1390 1967 -0.2107

1892 -0.7613 1930 0.6550 1968 0.2610

1893 -0.7726 1931 0.2143 1969 0.4351


Coral-Based Sea Surface Temperatures (Evans)

[image: image46.emf]Year Coral Year Coral Year Coral Year Coral Year Coral

1800 0.2950 1839 0.4781 1878 0.3920 1917 -0.3974 1956 -0.1014

1801 0.1299 1840 0.4322 1879 -0.0129 1918 0.0829 1957 0.2871

1802 -0.1848 1841 0.1301 1880 -0.0314 1919 0.1373 1958 0.2947

1803 -0.1846 1842 0.2530 1881 0.1640 1920 -0.1099 1959 0.0621

1804 0.0263 1843 0.1908 1882 -0.3025 1921 -0.0496 1960 -0.2446

1805 -0.1418 1844 0.1660 1883 -0.2905 1922 -0.1029 1961 -0.1209

1806 -0.1763 1845 0.2479 1884 0.0880 1923 0.0202 1962 -0.0910

1807 0.2327 1846 0.2042 1885 0.2301 1924 -0.1307 1963 0.1809

1808 0.0705 1847 0.2062 1886 -0.0834 1925 0.0434 1964 -0.2524

1809 0.0581 1848 -0.1649 1887 0.0696 1926 -0.0426 1965 0.4040

1810 -0.2225 1849 -0.1672 1888 0.1418 1927 -0.1500 1966 -0.2084

1811 -0.2232 1850 0.1750 1889 -0.0579 1928 -0.3128 1967 -0.2638

1812 0.1146 1851 0.2145 1890 -0.3319 1929 -0.2124 1968 0.0463

1813 0.0754 1852 0.1364 1891 -0.0259 1930 0.3007 1969 0.2269

1814 -0.0671 1853 0.2569 1892 -0.1232 1931 -0.0309 1970 -0.3010

1815 -0.0367 1854 0.3053 1893 -0.1263 1932 -0.1171 1971 -0.2677

1816 -0.0710 1855 0.2159 1894 -0.2284 1933 -0.3707 1972 0.6159

1817 0.0690 1856 0.3916 1895 -0.2303 1934 0.0430 1973 -0.2169

1818 0.1149 1857 0.0890 1896 0.0728 1935 0.0918 1974 -0.2234

1819 0.1330 1858 -0.0086 1897 -0.2982 1936 0.0818 1975 -0.3986

1820 0.2800 1859 -0.0110 1898 -0.1917 1937 0.1716 1976 0.3478

1821 0.0960 1860 0.1825 1899 0.0572 1938 0.0819 1977 0.1326

1822 -0.0213 1861 0.1904 1900 -0.0227 1939 0.3778 1978 0.0273

1823 0.0775 1862 0.1774 1901 -0.0151 1940 0.6270 1979 0.3119

1824 -0.2236 1863 0.1651 1902 0.3963 1941 0.7087 1980 0.2332

1825 -0.1613 1864 0.3748 1903 0.0882 1942 -0.0924 1981 -0.1391

1826 -0.0744 1865 0.3457 1904 0.1599 1943 -0.1889 1982 0.6603

1827 0.1522 1866 0.3437 1905 0.4498 1944 -0.3233 1983 0.2340

1828 0.1397 1867 0.2339 1906 0.0987 1945 -0.3905 1984 -0.0209

1829 0.0442 1868 0.2088 1907 -0.1992 1946 -0.0355 1985 -0.0322

1830 0.2819 1869 0.0554 1908 -0.2868 1947 -0.1957 1986 0.5942

1831 0.2393 1870 -0.0102 1909 -0.3072 1948 -0.0663 1987 0.6389

1832 -0.0523 1871 0.0860 1910 -0.1723 1949 -0.3564 1988 -0.0504

1833 -0.0367 1872 -0.2423 1911 0.0273 1950 -0.5625 1989 0.1372

1834 -0.2817 1873 -0.0098 1912 -0.0151 1951 0.2981 1990 0.4051

1835 -0.1017 1874 0.0006 1913 0.1570 1952 0.0437

1836 0.0573 1875 -0.0173 1914 0.3009 1953 0.1896

1837 0.2808 1876 0.1219 1915 0.0948 1954 -0.3335

1838 0.6382 1877 0.3482 1916 -0.0700 1955 -0.3068


Tree-Based Sea Surface Temperatures (Evans)
[image: image47.emf]Year Tree Year Tree Year Tree Year Tree Year Tree

1590 -0.0542 1628 -0.1270 1666 -0.3006 1704 -0.3744 1742 -0.0732

1591 -0.0735 1629 0.0332 1667 -0.1433 1705 -0.3039 1743 0.0388

1592 0.0237 1630 -0.0035 1668 -0.0587 1706 -0.4481 1744 -0.0586

1593 -0.0095 1631 0.2126 1669 -0.0514 1707 -0.1554 1745 0.2486

1594 0.1197 1632 0.3266 1670 -0.1843 1708 -0.2287 1746 -0.0619

1595 -0.0012 1633 0.4627 1671 0.0310 1709 0.2464 1747 -0.2209

1596 -0.0772 1634 0.4886 1672 0.0253 1710 0.0913 1748 0.0356

1597 0.0310 1635 0.2082 1673 -0.0678 1711 0.1489 1749 0.0674

1598 -0.1818 1636 0.0751 1674 -0.0898 1712 0.1876 1750 0.2277

1599 -0.0530 1637 -0.0149 1675 -0.0842 1713 -0.0585 1751 -0.2733

1600 -0.3125 1638 -0.1187 1676 -0.3025 1714 -0.3952 1752 -0.2566

1601 -0.3314 1639 -0.0032 1677 -0.3142 1715 -0.3890 1753 -0.3371

1602 -0.3672 1640 0.3311 1678 -0.4536 1716 -0.3747 1754 -0.5281

1603 -0.4182 1641 0.3352 1679 -0.3550 1717 -0.0881 1755 -0.5133

1604 -0.3096 1642 0.1373 1680 -0.2249 1718 0.1028 1756 -0.6780

1605 -0.4163 1643 -0.1287 1681 -0.0369 1719 0.3228 1757 -0.2087

1606 -0.1968 1644 -0.2830 1682 0.3512 1720 0.3997 1758 -0.0729

1607 0.0114 1645 -0.1382 1683 0.3710 1721 0.3862 1759 -0.3036

1608 0.1137 1646 -0.1090 1684 0.1057 1722 0.4594 1760 -0.2382

1609 -0.0196 1647 0.0352 1685 0.3465 1723 0.1742 1761 0.1913

1610 0.1140 1648 -0.1306 1686 0.4099 1724 -0.1902 1762 -0.0843

1611 0.1040 1649 0.1413 1687 0.2374 1725 0.1102 1763 0.3153

1612 -0.2006 1650 0.3042 1688 0.2264 1726 0.0208 1764 0.1531

1613 -0.1680 1651 0.3922 1689 -0.0411 1727 -0.0424 1765 0.3202

1614 -0.1384 1652 0.0636 1690 -0.2838 1728 -0.2232 1766 0.1740

1615 -0.0919 1653 -0.1078 1691 0.1381 1729 -0.4020 1767 -0.0354

1616 -0.0710 1654 -0.1156 1692 0.1573 1730 -0.4872 1768 -0.0628

1617 -0.0159 1655 -0.1142 1693 0.2626 1731 -0.1813 1769 -0.1835

1618 -0.1833 1656 -0.0058 1694 0.3025 1732 -0.1446 1770 -0.0086

1619 -0.1079 1657 -0.0391 1695 -0.3807 1733 0.0546 1771 -0.1556

1620 -0.1366 1658 -0.2093 1696 -0.4842 1734 -0.0378 1772 -0.3617

1621 -0.1785 1659 -0.1878 1697 -0.6009 1735 -0.0189 1773 -0.3905

1622 -0.2751 1660 -0.1369 1698 -0.4411 1736 0.0717 1774 -0.1753

1623 -0.3797 1661 -0.0824 1699 -0.0705 1737 0.2146 1775 -0.1765

1624 -0.4700 1662 -0.0926 1700 0.2875 1738 -0.1861 1776 -0.1944

1625 -0.3651 1663 -0.3783 1701 -0.1219 1739 -0.2562 1777 -0.2097

1626 -0.2831 1664 -0.6927 1702 -0.4663 1740 -0.1732 1778 -0.0894

1627 -0.3906 1665 -0.5226 1703 -0.4815 1741 -0.4127 1779 -0.1735


[image: image48.emf]Year Tree Year Tree Year Tree Year Tree Year Tree

1780 -0.1265 1818 -0.5982 1856 0.0066 1894 -0.3424 1932 0.1579

1781 -0.3156 1819 -0.6096 1857 0.0834 1895 -0.2534 1933 -0.2667

1782 0.1373 1820 -0.2151 1858 -0.3487 1896 -0.1188 1934 -0.0448

1783 0.2791 1821 -0.3197 1859 -0.2825 1897 0.1438 1935 -0.0284

1784 0.0419 1822 -0.2562 1860 -0.1933 1898 0.0471 1936 0.0588

1785 -0.0086 1823 -0.0653 1861 -0.2729 1899 -0.0194 1937 -0.1408

1786 0.0942 1824 0.1429 1862 -0.4114 1900 0.2624 1938 -0.2769

1787 -0.0255 1825 0.1029 1863 -0.4209 1901 0.0936 1939 0.1333

1788 -0.5110 1826 0.2407 1864 -0.1461 1902 0.4417 1940 0.4771

1789 -0.3733 1827 0.1619 1865 -0.1075 1903 -0.1925 1941 0.5505

1790 -0.1335 1828 0.4304 1866 -0.1806 1904 0.4450 1942 0.2377

1791 0.1956 1829 0.4166 1867 -0.0571 1905 0.5485 1943 0.1069

1792 0.5222 1830 -0.0861 1868 0.1595 1906 0.3568 1944 -0.0017

1793 0.2423 1831 -0.1907 1869 -0.0672 1907 0.2134 1945 -0.2997

1794 0.3724 1832 0.3497 1870 -0.3149 1908 -0.1182 1946 -0.0630

1795 0.2234 1833 0.2275 1871 -0.2657 1909 -0.4677 1947 -0.1262

1796 -0.1273 1834 0.1813 1872 -0.1097 1910 -0.0428 1948 -0.0935

1797 -0.0999 1835 -0.0178 1873 -0.0858 1911 0.3010 1949 -0.3271

1798 0.0437 1836 0.1138 1874 0.0379 1912 0.1542 1950 -0.3291

1799 -0.0343 1837 -0.0936 1875 -0.0068 1913 0.3834 1951 -0.1641

1800 -0.1653 1838 0.2161 1876 -0.0871 1914 0.4375 1952 -0.0737

1801 0.0610 1839 0.2136 1877 -0.0531 1915 0.0603 1953 -0.2389

1802 -0.0195 1840 -0.0662 1878 -0.2154 1916 -0.0696 1954 -0.2283

1803 0.2329 1841 -0.2928 1879 -0.2052 1917 -0.0637 1955 -0.4848

1804 0.2217 1842 -0.0560 1880 0.0748 1918 0.3410 1956 -0.3968

1805 0.1184 1843 -0.0138 1881 0.1300 1919 0.3111 1957 0.0596

1806 0.0447 1844 0.0480 1882 -0.1568 1920 0.1114 1958 -0.0574

1807 -0.1396 1845 0.2681 1883 -0.0034 1921 -0.1817 1959 0.0181

1808 -0.0678 1846 -0.2153 1884 0.2664 1922 -0.0671 1960 -0.1389

1809 -0.0408 1847 -0.1338 1885 -0.0679 1923 0.1772 1961 0.0124

1810 -0.1754 1848 0.0203 1886 0.0220 1924 -0.1969 1962 0.0513

1811 -0.3153 1849 -0.1332 1887 0.1160 1925 0.2680 1963 0.2135

1812 -0.2920 1850 -0.3187 1888 0.0427 1926 0.1468 1964 0.2082

1813 -0.3190 1851 0.0305 1889 -0.0472 1927 0.0584 1965 0.1711

1814 -0.0520 1852 0.0082 1890 0.0189 1928 0.0452 1966 0.0343

1815 -0.1885 1853 -0.3221 1891 -0.3756 1929 0.1903 1967 0.1336

1816 -0.0293 1854 -0.3119 1892 -0.2773 1930 0.3439 1968 -0.1810

1817 -0.6645 1855 0.1873 1893 -0.2821 1931 0.2442 1969 -0.03216


[image: image49.emf]Year Tree

1970 -0.4723

1971 -0.2394

1972 0.1139

1973 -0.7292

1974 -0.2139

1975 -0.1947

1976 0.0432

1977 0.1141

1978 0.2014

1979 0.4339

1980 0.2844

1981 0.3247

1982 0.3661

1983 0.3927

1984 0.0183

1985 0.1084

1986 0.1546

1987 0.0238

1988 -0.0385

1989 -0.0202

1990 -0.0808


APPENDIX L:
Data for Retained Tree-Ring Chronologies

Tree-Ring Chronology:  RIFLE

[image: image50.emf]Year Rifle Year Rifle Year Rifle Year Rifle Year Rifle

1545 824 1578 1178 1611 1088 1644 997 1677 1077

1546 1288 1579 844 1612 1041 1645 626 1678 1421

1547 1005 1580 441 1613 776 1646 542 1679 974

1548 1065 1581 1018 1614 1384 1647 1253 1680 1769

1549 1621 1582 934 1615 1412 1648 689 1681 1042

1550 1156 1583 606 1616 1364 1649 1109 1682 573

1551 731 1584 449 1617 1102 1650 1335 1683 1463

1552 848 1585 507 1618 1333 1651 1042 1684 661

1553 1222 1586 1007 1619 1112 1652 1350 1685 148

1554 995 1587 841 1620 995 1653 689 1686 606

1555 1062 1588 1047 1621 1453 1654 226 1687 1228

1556 1116 1589 1199 1622 611 1655 1632 1688 1330

1557 1217 1590 404 1623 825 1656 839 1689 1213

1558 501 1591 894 1624 960 1657 898 1690 1123

1559 1233 1592 735 1625 909 1658 1155 1691 1146

1560 998 1593 1113 1626 833 1659 1107 1692 822

1561 870 1594 1138 1627 1093 1660 957 1693 1023

1562 1072 1595 1265 1628 1126 1661 656 1694 1063

1563 1172 1596 1098 1629 876 1662 1087 1695 674

1564 1285 1597 1048 1630 1265 1663 842 1696 1057

1565 1460 1598 594 1631 623 1664 832 1697 1021

1566 1045 1599 1224 1632 584 1665 933 1698 1065

1567 725 1600 364 1633 1599 1666 787 1699 1158

1568 1088 1601 1038 1634 489 1667 901 1700 1032

1569 1063 1602 1258 1635 520 1668 729 1701 1195

1570 1148 1603 1318 1636 1311 1669 1430 1702 1084

1571 1153 1604 1316 1637 953 1670 576 1703 659

1572 1060 1605 1012 1638 1060 1671 894 1704 707

1573 932 1606 1015 1639 949 1672 1459 1705 1184

1574 544 1607 654 1640 1192 1673 1369 1706 895

1575 992 1608 1008 1641 933 1674 1448 1707 817

1576 1158 1609 1017 1642 1096 1675 897 1708 825

1577 1526 1610 1232 1643 797 1676 1414 1709 1047


[image: image51.emf]Year Rifle Year Rifle Year Rifle Year Rifle Year Rifle

1710 720 1743 1288 1776 1112 1809 782 1842 736

1711 1044 1744 746 1777 639 1810 1067 1843 1258

1712 1169 1745 1071 1778 919 1811 1567 1844 1098

1713 907 1746 1482 1779 1089 1812 1178 1845 112

1714 534 1747 1316 1780 820 1813 814 1846 665

1715 1006 1748 451 1781 1127 1814 469 1847 299

1716 1172 1749 1478 1782 645 1815 1124 1848 1387

1717 729 1750 707 1783 970 1816 1279 1849 2020

1718 1240 1751 1083 1784 1673 1817 1063 1850 1346

1719 1236 1752 700 1785 977 1818 1170 1851 264

1720 1410 1753 1317 1786 441 1819 930 1852 1153

1721 672 1754 764 1787 1322 1820 406 1853 1511

1722 374 1755 752 1788 741 1821 1453 1854 1056

1723 872 1756 650 1789 1022 1822 984 1855 757

1724 1129 1757 950 1790 1840 1823 972 1856 789

1725 1340 1758 1433 1791 1271 1824 330 1857 711

1726 1573 1759 980 1792 1236 1825 962 1858 978

1727 1264 1760 1085 1793 564 1826 1287 1859 796

1728 505 1761 1270 1794 816 1827 1113 1860 1229

1729 1020 1762 890 1795 884 1828 1618 1861 250

1730 947 1763 693 1796 1196 1829 385 1862 1834

1731 831 1764 1023 1797 1698 1830 1078 1863 1147

1732 808 1765 454 1798 433 1831 928 1864 1066

1733 1017 1766 1142 1799 1341 1832 1448 1865 892

1734 1795 1767 792 1800 1146 1833 654 1866 1527

1735 59 1768 1439 1801 855 1834 513 1867 1466

1736 735 1769 1321 1802 1149 1835 1048 1868 949

1737 885 1770 1017 1803 794 1836 1014 1869 886

1738 1358 1771 1112 1804 499 1837 1330 1870 912

1739 1236 1772 828 1805 832 1838 1580 1871 605

1740 599 1773 612 1806 1075 1839 1215 1872 1490

1741 1388 1774 768 1807 988 1840 1319 1873 895

1742 952 1775 1329 1808 901 1841 1174 1874 664


[image: image52.emf]Year Rifle Year Rifle Year Rifle Year Rifle

1875 603 1908 794 1941 1382 1974 811

1876 1038 1909 1207 1942 1064 1975 1162

1877 508 1910 994 1943 669 1976 1209

1878 944 1911 1254 1944 1069 1977 182

1879 315 1912 1197 1945 1047 1978 1284

1880 1146 1913 1156 1946 620 1979 1128

1881 782 1914 1459 1947 1206 1980 972

1882 727 1915 903 1948 956 1981 924

1883 1301 1916 1328 1949 1060 1982 1137

1884 1396 1917 1115 1950 913 1983 1286

1885 1243 1918 962 1951 883 1984 1294

1886 801 1919 706 1952 1046 1985 1211

1887 880 1920 1308 1953 761 1986 1099

1888 938 1921 1463 1954 783 1987 840

1889 483 1922 1045 1955 866 1988 815

1890 1145 1923 895 1956 743 1989 880

1891 1006 1924 1064 1957 1098 1990 511

1892 1003 1925 1119 1958 902 1991 1153

1893 570 1926 1435 1959 565 1992 1075

1894 358 1927 1383 1960 905 1993 1208

1895 1356 1928 863 1961 535 1994 716

1896 314 1929 1089 1962 1376 1995 1460

1897 1357 1930 885 1963 590 1996 971

1898 865 1931 739 1964 669 1997 1119

1899 938 1932 1275 1965 1231 1998 1252

1900 895 1933 1066 1966 867 1999 1052

1901 955 1934 539 1967 1082

1902 462 1935 1167 1968 803

1903 1116 1936 579 1969 1122

1904 1044 1937 1129 1970 984

1905 1254 1938 1322 1971 1118

1906 1370 1939 561 1972 1065

1907 1371 1940 1002 1973 1217


Tree-Ring Chronology:  Soap Creek

[image: image53.emf]Year Soap  Year Soap  Year Soap  Year Soap  Year Soap 

1545 580 1578 1005 1611 859 1644 805 1677 910

1546 1114 1579 1068 1612 1048 1645 807 1678 1041

1547 1143 1580 885 1613 864 1646 803 1679 1062

1548 1034 1581 1014 1614 1203 1647 979 1680 1300

1549 984 1582 1152 1615 1291 1648 1304 1681 1212

1550 1052 1583 1125 1616 1251 1649 1200 1682 921

1551 1142 1584 544 1617 1109 1650 1329 1683 1221

1552 1061 1585 792 1618 1448 1651 1220 1684 894

1553 1117 1586 1059 1619 822 1652 774 1685 365

1554 801 1587 1106 1620 788 1653 1001 1686 920

1555 1216 1588 1276 1621 1058 1654 558 1687 751

1556 1206 1589 1238 1622 786 1655 1103 1688 1016

1557 956 1590 825 1623 845 1656 908 1689 1126

1558 598 1591 1076 1624 806 1657 1061 1690 1305

1559 1124 1592 547 1625 752 1658 797 1691 1097

1560 1268 1593 919 1626 806 1659 1238 1692 1266

1561 947 1594 1299 1627 1280 1660 1105 1693 1165

1562 847 1595 460 1628 1229 1661 902 1694 718

1563 1027 1596 1336 1629 899 1662 1076 1695 887

1564 1243 1597 954 1630 810 1663 800 1696 1032

1565 902 1598 548 1631 873 1664 633 1697 1210

1566 1497 1599 1355 1632 760 1665 932 1698 1159

1567 1001 1600 912 1633 1261 1666 894 1699 1395

1568 993 1601 1356 1634 887 1667 687 1700 677

1569 1192 1602 887 1635 1107 1668 698 1701 778

1570 1654 1603 973 1636 929 1669 1269 1702 1170

1571 757 1604 1080 1637 1475 1670 1064 1703 1026

1572 863 1605 1340 1638 920 1671 927 1704 962

1573 1402 1606 1050 1639 803 1672 1372 1705 1174

1574 381 1607 1024 1640 1220 1673 996 1706 1144

1575 899 1608 1320 1641 751 1674 1037 1707 904

1576 659 1609 1093 1642 1121 1675 793 1708 991

1577 1205 1610 1182 1643 1038 1676 927 1709 1081


[image: image54.emf]Year Soap  Year Soap  Year Soap  Year Soap  Year Soap 

1710 1151 1743 1123 1776 805 1809 1008 1842 805

1711 1052 1744 1118 1777 693 1810 873 1843 977

1712 1159 1745 1244 1778 874 1811 952 1844 846

1713 697 1746 997 1779 894 1812 1110 1845 933

1714 664 1747 1139 1780 701 1813 1179 1846 645

1715 1084 1748 1185 1781 1126 1814 1184 1847 752

1716 1046 1749 1306 1782 1081 1815 853 1848 1036

1717 989 1750 948 1783 1056 1816 1041 1849 1144

1718 1176 1751 1239 1784 1233 1817 926 1850 985

1719 1293 1752 1136 1785 1034 1818 1039 1851 750

1720 1153 1753 957 1786 1125 1819 1050 1852 1327

1721 951 1754 1226 1787 1082 1820 1160 1853 1242

1722 938 1755 833 1788 978 1821 700 1854 1083

1723 517 1756 336 1789 1010 1822 957 1855 969

1724 1172 1757 1182 1790 1332 1823 1058 1856 923

1725 1291 1758 934 1791 1074 1824 785 1857 1108

1726 1233 1759 738 1792 1061 1825 1064 1858 1057

1727 873 1760 1200 1793 884 1826 1070 1859 971

1728 1130 1761 1073 1794 1088 1827 782 1860 1133

1729 811 1762 983 1795 617 1828 1132 1861 916

1730 1064 1763 911 1796 814 1829 1028 1862 1149

1731 1062 1764 1007 1797 887 1830 1120 1863 1180

1732 1196 1765 756 1798 698 1831 815 1864 913

1733 1279 1766 917 1799 1210 1832 1121 1865 1003

1734 1020 1767 1097 1800 707 1833 1030 1866 1222

1735 834 1768 1075 1801 1028 1834 794 1867 1196

1736 599 1769 947 1802 1129 1835 1307 1868 1061

1737 741 1770 1092 1803 1197 1836 921 1869 1261

1738 1144 1771 1194 1804 854 1837 1096 1870 999

1739 1052 1772 1062 1805 1038 1838 959 1871 846

1740 526 1773 681 1806 868 1839 958 1872 1160

1741 801 1774 1128 1807 922 1840 1139 1873 1250

1742 1099 1775 854 1808 900 1841 1117 1874 765


[image: image55.emf]Year Soap  Year Soap  Year Soap  Year Soap 

1875 1267 1908 886 1941 1071 1974 904

1876 1068 1909 1182 1942 981 1975 985

1877 1065 1910 1062 1943 1205 1976 1011

1878 640 1911 977 1944 1061 1977 548

1879 745 1912 972 1945 1268 1978 1347

1880 736 1913 987 1946 853 1979 1031

1881 1062 1914 1171 1947 1120 1980 954

1882 962 1915 936 1948 1047 1981 712

1883 1123 1916 1264 1949 1040 1982 1135

1884 1030 1917 944 1950 854 1983 1143

1885 1326 1918 1150 1951 1127 1984 804

1886 928 1919 946 1952 984 1985 1324

1887 1106 1920 950 1953 823 1986 1424

1888 965 1921 1332 1954 705 1987 892

1889 681 1922 940 1955 929 1988 934

1890 1040 1923 943 1956 878 1989 773

1891 979 1924 1028 1957 1115 1990 712

1892 888 1925 1045 1958 998 1991 1247

1893 924 1926 817 1959 988 1992 927

1894 1282 1927 1109 1960 1219 1993 813

1895 968 1928 1286 1961 590 1994 858

1896 770 1929 1097 1962 1119 1995 1565

1897 1097 1930 1286 1963 599 1996 1132

1898 745 1931 406 1964 935 1997 900

1899 932 1932 1070 1965 1522 1998 1151

1900 621 1933 734 1966 918 1999 1129

1901 997 1934 597 1967 716

1902 820 1935 1043 1968 1009

1903 1084 1936 1108 1969 1301

1904 821 1937 713 1970 719

1905 1028 1938 1122 1971 1110

1906 1010 1939 1048 1972 977

1907 1328 1940 999 1973 1013


APPENDIX M: 
Reconstructed Snow Water Equivalent
[image: image56.emf]Predictors Reconstruction Equation

TRCs 4.667 + 0.013670 SOAP

TRCs + Climate 2.596 + 0.007944 SOAP + 0.008115 RIFLE + 3.611 SOI

TRCs + SSTs (S&R) 222.786 + 0.006507 SOAP - 0.08508 S&R + 0.007993 RIFLE

TRCs + SSTs (Evans – Inst.) 6.551 + 0.012457 SOAP - 7.218 INST

TRCs + SSTs (Evans – Coral) 6.661 + 0.012451 SOAP - 10.469 CORAL

TRCs + SSTs (Evans – Tree) 4.595 + 0.014014 SOAP - 7.755 TREE

SOAP = Soap Creek Tree-Ring Chronology

RIFLE = Rifle Tree-Ring Chronology

SOI = Southern Oscillation Index

S&R = SST Index (Smith and Reynolds)

INST = SST Index (Evans Instrumental)

CORAL = SST Index (Evans Coral)

TREE = SST Index (Evans Tree)


Using Tree-Ring Chronologies

[image: image57.emf]Year TRCs Year TRCs Year TRCs Year TRCs Year TRCs

1545 12.60 1582 20.41 1619 15.90 1656 17.08 1693 20.59

1546 19.90 1583 20.05 1620 15.44 1657 19.17 1694 14.48

1547 20.29 1584 12.10 1621 19.13 1658 15.56 1695 16.79

1548 18.80 1585 15.49 1622 15.41 1659 21.59 1696 18.77

1549 18.12 1586 19.14 1623 16.22 1660 19.77 1697 21.21

1550 19.05 1587 19.79 1624 15.69 1661 17.00 1698 20.51

1551 20.28 1588 22.11 1625 14.95 1662 19.38 1699 23.74

1552 19.17 1589 21.59 1626 15.69 1663 15.60 1700 13.92

1553 19.94 1590 15.94 1627 22.16 1664 13.32 1701 15.30

1554 15.62 1591 19.38 1628 21.47 1665 17.41 1702 20.66

1555 21.29 1592 12.14 1629 16.96 1666 16.89 1703 18.69

1556 21.15 1593 17.23 1630 15.74 1667 14.06 1704 17.82

1557 17.74 1594 22.42 1631 16.60 1668 14.21 1705 20.72

1558 12.84 1595 10.96 1632 15.06 1669 22.01 1706 20.31

1559 20.03 1596 22.93 1633 21.90 1670 19.21 1707 17.02

1560 22.00 1597 17.71 1634 16.79 1671 17.34 1708 18.21

1561 17.61 1598 12.16 1635 19.80 1672 23.42 1709 19.44

1562 16.25 1599 23.19 1636 17.37 1673 18.28 1710 20.40

1563 18.71 1600 17.13 1637 24.83 1674 18.84 1711 19.05

1564 21.66 1601 23.20 1638 17.24 1675 15.51 1712 20.51

1565 17.00 1602 16.79 1639 15.64 1676 17.34 1713 14.19

1566 25.13 1603 17.97 1640 21.34 1677 17.11 1714 13.74

1567 18.35 1604 19.43 1641 14.93 1678 18.90 1715 19.49

1568 18.24 1605 22.98 1642 19.99 1679 19.18 1716 18.97

1569 20.96 1606 19.02 1643 18.86 1680 22.44 1717 18.19

1570 27.28 1607 18.67 1644 15.67 1681 21.24 1718 20.74

1571 15.02 1608 22.71 1645 15.70 1682 17.26 1719 22.34

1572 16.46 1609 19.61 1646 15.64 1683 21.36 1720 20.43

1573 23.83 1610 20.82 1647 18.05 1684 16.89 1721 17.67

1574 9.88 1611 16.41 1648 22.49 1685 9.66 1722 17.49

1575 16.96 1612 18.99 1649 21.07 1686 17.24 1723 11.73

1576 13.68 1613 16.48 1650 22.83 1687 14.93 1724 20.69

1577 21.14 1614 21.11 1651 21.34 1688 18.56 1725 22.31

1578 18.41 1615 22.31 1652 15.25 1689 20.06 1726 21.52

1579 19.27 1616 21.77 1653 18.35 1690 22.51 1727 16.60

1580 16.76 1617 19.83 1654 12.29 1691 19.66 1728 20.11

1581 18.53 1618 24.46 1655 19.75 1692 21.97 1729 15.75


[image: image58.emf]Year TRCs Year TRCs Year TRCs Year TRCs Year TRCs

1730 19.21 1767 19.66 1804 16.34 1841 19.94 1878 13.42

1731 19.18 1768 19.36 1805 18.86 1842 15.67 1879 14.85

1732 21.02 1769 17.61 1806 16.53 1843 18.02 1880 14.73

1733 22.15 1770 19.59 1807 17.27 1844 16.23 1881 19.18

1734 18.61 1771 20.99 1808 16.97 1845 17.42 1882 17.82

1735 16.07 1772 19.18 1809 18.45 1846 13.48 1883 20.02

1736 12.86 1773 13.98 1810 16.60 1847 14.95 1884 18.75

1737 14.80 1774 20.09 1811 17.68 1848 18.83 1885 22.79

1738 20.31 1775 16.34 1812 19.84 1849 20.31 1886 17.35

1739 19.05 1776 15.67 1813 20.78 1850 18.13 1887 19.79

1740 11.86 1777 14.14 1814 20.85 1851 14.92 1888 17.86

1741 15.62 1778 16.61 1815 16.33 1852 22.81 1889 13.98

1742 19.69 1779 16.89 1816 18.90 1853 21.65 1890 18.88

1743 20.02 1780 14.25 1817 17.33 1854 19.47 1891 18.05

1744 19.95 1781 20.06 1818 18.87 1855 17.91 1892 16.81

1745 21.67 1782 19.44 1819 19.02 1856 17.28 1893 17.30

1746 18.30 1783 19.10 1820 20.52 1857 19.81 1894 22.19

1747 20.24 1784 21.52 1821 14.24 1858 19.12 1895 17.90

1748 20.87 1785 18.80 1822 17.75 1859 17.94 1896 15.19

1749 22.52 1786 20.05 1823 19.13 1860 20.16 1897 19.66

1750 17.63 1787 19.46 1824 15.40 1861 17.19 1898 14.85

1751 21.60 1788 18.04 1825 19.21 1862 20.37 1899 17.41

1752 20.20 1789 18.47 1826 19.29 1863 20.80 1900 13.16

1753 17.75 1790 22.88 1827 15.36 1864 17.15 1901 18.30

1754 21.43 1791 19.35 1828 20.14 1865 18.38 1902 15.88

1755 16.05 1792 19.17 1829 18.72 1866 21.37 1903 19.49

1756 9.26 1793 16.75 1830 19.98 1867 21.02 1904 15.89

1757 20.82 1794 19.54 1831 15.81 1868 19.17 1905 18.72

1758 17.43 1795 13.10 1832 19.99 1869 21.90 1906 18.47

1759 14.76 1796 15.79 1833 18.75 1870 18.32 1907 22.82

1760 21.07 1797 16.79 1834 15.52 1871 16.23 1908 16.78

1761 19.33 1798 14.21 1835 22.53 1872 20.52 1909 20.82

1762 18.10 1799 21.21 1836 17.26 1873 21.75 1910 19.18

1763 17.12 1800 14.33 1837 19.65 1874 15.12 1911 18.02

1764 18.43 1801 18.72 1838 17.78 1875 21.99 1912 17.95

1765 15.00 1802 20.10 1839 17.76 1876 19.27 1913 18.16

1766 17.20 1803 21.03 1840 20.24 1877 19.23 1914 20.67


[image: image59.emf]Year TRCs Year TRCs Year TRCs

1915 17.46 1952 18.12 1989 15.23

1916 21.95 1953 15.92 1990 14.40

1917 17.57 1954 14.30 1991 21.71

1918 20.39 1955 17.37 1992 17.34

1919 17.60 1956 16.67 1993 15.78

1920 17.65 1957 19.91 1994 16.40

1921 22.88 1958 18.31 1995 26.06

1922 17.52 1959 18.17 1996 20.14

1923 17.56 1960 21.33 1997 16.97

1924 18.72 1961 12.73 1998 20.40

1925 18.95 1962 19.96 1999 20.10

1926 15.84 1963 12.86

1927 19.83 1964 17.45

1928 22.25 1965 25.47

1929 19.66 1966 17.22

1930 22.25 1967 14.45

1931 10.22 1968 18.46

1932 19.29 1969 22.45

1933 14.70 1970 14.50

1934 12.83 1971 19.84

1935 18.92 1972 18.02

1936 19.81 1973 18.51

1937 14.41 1974 17.02

1938 20.00 1975 18.13

1939 18.99 1976 18.49

1940 18.32 1977 12.16

1941 19.31 1978 23.08

1942 18.08 1979 18.76

1943 21.14 1980 17.71

1944 19.17 1981 14.40

1945 22.00 1982 20.18

1946 16.33 1983 20.29

1947 19.98 1984 15.66

1948 18.98 1985 22.77

1949 18.88 1986 24.13

1950 16.34 1987 16.86

1951 20.07 1988 17.43


Using Tree-Ring Chronologies and Climate Indices (SOI)

[image: image60.emf]Year TRCs + Climate Year TRCs + Climate Year TRCs + Climate Year TRCs + Climate

1867 23.41 1904 19.29 1941 16.82 1978 19.62

1868 18.62 1905 22.36 1942 13.80 1979 18.90

1869 16.63 1906 15.29 1943 17.67 1980 17.11

1870 19.92 1907 25.01 1944 20.98 1981 14.19

1871 13.68 1908 15.34 1945 20.16 1982 21.09

1872 23.34 1909 22.81 1946 15.91 1983 16.88

1873 26.70 1910 20.14 1947 18.42 1984 16.06

1874 14.34 1911 25.08 1948 19.25 1985 22.44

1875 19.69 1912 17.73 1949 18.62 1986 22.76

1876 20.48 1913 16.29 1950 16.02 1987 15.33

1877 16.79 1914 21.29 1951 24.17 1988 11.29

1878 8.85 1915 14.02 1952 16.39 1989 18.54

1879 11.68 1916 24.01 1953 14.51 1990 14.63

1880 22.32 1917 21.45 1954 11.78 1991 20.68

1881 20.21 1918 27.26 1955 17.85 1992 15.02

1882 14.01 1919 16.01 1956 18.86 1993 14.42

1883 19.90 1920 16.81 1957 24.04 1994 11.23

1884 21.20 1921 25.38 1958 16.20 1995 21.99

1885 21.84 1922 20.93 1959 13.22 1996 18.26

1886 14.03 1923 18.54 1960 19.25 1997 20.86

1887 21.06 1924 18.09 1961 12.68 1998 17.25

1888 19.56 1925 21.20 1962 22.61 1999 19.29

1889 7.34 1926 19.85 1963 13.54

1890 20.74 1927 20.85 1964 14.30

1891 20.55 1928 20.80 1965 26.62

1892 16.78 1929 21.66 1966 13.48

1893 16.45 1930 21.66 1967 15.12

1894 19.26 1931 11.91 1968 18.05

1895 22.04 1932 22.86 1969 22.76

1896 10.37 1933 14.63 1970 13.89

1897 16.73 1934 12.05 1971 21.53

1898 13.08 1935 20.31 1972 22.87

1899 19.68 1936 16.61 1973 17.53

1900 15.37 1937 17.54 1974 18.67

1901 15.92 1938 22.54 1975 23.31

1902 13.10 1939 18.64 1976 25.24

1903 20.62 1940 18.74 1977 8.64


Using TRCs and Tree-Based Sea Surface Temperatures (Evans)

[image: image61.emf]Year Tree Year Tree Year Tree Year Tree Year Tree

1591 20.09 1628 24.85 1665 23.03 1702 21.94 1739 20.78

1592 12.83 1629 18.18 1666 21.18 1703 22.59 1740 13.95

1593 17.29 1630 15.69 1667 16.55 1704 21.81 1741 17.16

1594 22.87 1631 16.86 1668 15.49 1705 23.95 1742 23.20

1595 10.11 1632 13.60 1669 22.83 1706 22.98 1743 20.90

1596 23.33 1633 19.73 1670 19.90 1707 20.74 1744 19.96

1597 18.56 1634 13.44 1671 19.02 1708 19.69 1745 22.48

1598 12.03 1635 16.32 1672 23.58 1709 21.52 1746 16.64

1599 24.99 1636 16.00 1673 18.36 1710 18.81 1747 21.04

1600 17.79 1637 24.68 1674 19.65 1711 18.63 1748 22.91

1601 26.02 1638 17.60 1675 16.40 1712 19.68 1749 22.62

1602 19.60 1639 16.77 1676 18.24 1713 12.91 1750 17.36

1603 21.08 1640 21.72 1677 19.69 1714 14.35 1751 20.19

1604 22.97 1641 12.55 1678 21.62 1715 22.85 1752 22.63

1605 25.77 1642 17.71 1679 23.00 1716 22.27 1753 20.00

1606 22.54 1643 18.08 1680 25.57 1717 21.36 1754 24.39

1607 20.47 1644 16.87 1681 23.32 1718 21.76 1755 20.36

1608 23.01 1645 18.10 1682 17.79 1719 21.92 1756 13.28

1609 19.03 1646 16.92 1683 18.98 1720 18.25 1757 26.42

1610 21.31 1647 19.16 1684 14.25 1721 14.82 1758 19.30

1611 15.75 1648 22.60 1685 8.89 1722 14.75 1759 15.50

1612 18.48 1649 22.42 1686 14.80 1723 8.28 1760 23.77

1613 18.26 1650 22.12 1687 11.94 1724 19.67 1761 21.48

1614 22.76 1651 19.33 1688 16.99 1725 24.16 1762 16.89

1615 23.76 1652 12.40 1689 18.62 1726 21.02 1763 18.02

1616 22.84 1653 18.13 1690 23.20 1727 16.67 1764 16.26

1617 20.69 1654 13.25 1691 22.17 1728 20.76 1765 14.00

1618 25.01 1655 20.95 1692 21.27 1729 17.69 1766 14.96

1619 17.54 1656 18.21 1693 19.70 1730 22.62 1767 18.62

1620 16.47 1657 19.51 1694 12.62 1731 23.26 1768 19.93

1621 20.48 1658 16.07 1695 14.68 1732 22.76 1769 18.35

1622 16.99 1659 23.57 1696 22.01 1733 23.64 1770 21.32

1623 18.57 1660 21.54 1697 25.31 1734 18.47 1771 21.39

1624 18.83 1661 18.30 1698 25.50 1735 16.58 1772 20.68

1625 18.78 1662 20.31 1699 27.56 1736 13.14 1773 16.94

1626 18.72 1663 16.52 1700 14.63 1737 14.42 1774 23.43

1627 24.73 1664 16.40 1701 13.27 1738 18.96 1775 17.92


[image: image62.emf]Year Tree Year Tree Year Tree Year Tree Year Tree

1776 17.24 1813 23.38 1850 19.43 1887 19.92 1924 17.63

1777 15.81 1814 23.66 1851 17.58 1888 17.22 1925 20.77

1778 18.47 1815 16.95 1852 22.95 1889 13.81 1926 13.97

1779 17.82 1816 20.65 1853 21.94 1890 19.54 1927 19.00

1780 15.76 1817 17.80 1854 22.27 1891 18.17 1928 22.16

1781 21.36 1818 24.31 1855 20.59 1892 19.95 1929 19.62

1782 22.19 1819 23.95 1856 16.08 1893 19.69 1930 21.14

1783 18.33 1820 25.58 1857 20.07 1894 24.75 1931 7.62

1784 19.71 1821 16.07 1858 18.76 1895 20.82 1932 17.70

1785 18.76 1822 20.49 1859 20.91 1896 17.35 1933 13.66

1786 20.43 1823 21.41 1860 22.66 1897 20.89 1934 15.03

1787 19.03 1824 16.10 1861 18.93 1898 13.92 1935 19.56

1788 18.50 1825 18.40 1862 22.81 1899 17.29 1936 20.34

1789 22.71 1826 18.79 1863 24.32 1900 13.45 1937 14.13

1790 26.16 1827 13.69 1864 20.65 1901 16.53 1938 21.41

1791 20.68 1828 19.20 1865 19.78 1902 15.36 1939 21.43

1792 17.95 1829 15.66 1866 22.55 1903 16.36 1940 17.56

1793 12.93 1830 17.06 1867 22.76 1904 17.59 1941 15.90

1794 17.96 1831 16.68 1868 19.91 1905 15.55 1942 14.07

1795 10.35 1832 21.78 1869 21.03 1906 14.50 1943 19.64

1796 14.27 1833 16.32 1870 19.12 1907 20.44 1944 18.64

1797 18.01 1834 13.96 1871 18.89 1908 15.36 1945 22.38

1798 15.15 1835 21.51 1872 22.91 1909 22.08 1946 18.87

1799 21.21 1836 17.64 1873 22.96 1910 23.10 1947 20.78

1800 14.77 1837 19.07 1874 15.98 1911 18.62 1948 20.25

1801 20.28 1838 18.76 1875 22.06 1912 15.88 1949 19.89

1802 19.94 1839 16.34 1876 19.62 1913 17.23 1950 19.10

1803 21.52 1840 18.90 1877 20.20 1914 18.03 1951 22.94

1804 14.76 1841 20.76 1878 13.98 1915 14.32 1952 19.66

1805 17.42 1842 18.15 1879 16.71 1916 21.84 1953 16.70

1806 15.84 1843 18.72 1880 16.50 1917 18.36 1954 16.33

1807 17.17 1844 16.56 1881 18.90 1918 21.21 1955 19.38

1808 18.29 1845 17.30 1882 17.07 1919 15.21 1956 20.66

1809 19.25 1846 11.55 1883 21.55 1920 15.50 1957 23.30

1810 17.15 1847 16.80 1884 19.06 1921 22.40 1958 18.12

1811 19.30 1848 20.15 1885 21.11 1922 19.18 1959 18.89

1812 22.60 1849 20.47 1886 18.13 1923 18.33 1960 21.54


[image: image63.emf]Year Tree

1961 13.94

1962 20.18

1963 12.59

1964 16.04

1965 24.31

1966 16.13

1967 14.36

1968 17.70

1969 24.23

1970 14.92

1971 23.81

1972 20.14

1973 17.91

1974 22.92

1975 20.06

1976 20.27

1977 11.94

1978 22.59

1979 17.48

1980 14.60

1981 12.37

1982 17.98

1983 17.77

1984 12.82

1985 23.01

1986 23.71

1987 15.90

1988 17.50

1989 15.73

1990 14.73

1991 22.70


Using TRCs and Coral-Based Sea Surface Temperatures (Evans)

[image: image64.emf]Year Coral Year Coral Year Coral Year Coral Year Coral

1801 16.37 1840 15.84 1879 11.83 1918 25.14 1957 21.61

1802 19.36 1841 16.04 1880 15.96 1919 17.57 1958 16.08

1803 23.50 1842 15.32 1881 20.21 1920 17.05 1959 15.88

1804 19.23 1843 16.18 1882 16.92 1921 24.40 1960 21.19

1805 19.31 1844 15.20 1883 23.81 1922 18.88 1961 16.57

1806 18.95 1845 16.54 1884 22.53 1923 19.48 1962 21.86

1807 19.99 1846 12.10 1885 22.25 1924 19.25 1963 15.07

1808 15.43 1847 13.89 1886 15.81 1925 21.04 1964 16.41

1809 18.47 1848 17.40 1887 21.30 1926 16.38 1965 28.25

1810 16.92 1849 22.63 1888 17.95 1927 20.91 1966 13.86

1811 20.84 1850 20.68 1889 13.66 1928 24.24 1967 17.76

1812 22.82 1851 14.17 1890 20.22 1929 23.59 1968 21.99

1813 20.14 1852 20.94 1891 22.32 1930 24.90 1969 22.38

1814 20.61 1853 20.70 1892 17.99 1931 8.57 1970 13.24

1815 17.98 1854 17.46 1893 19.45 1932 20.31 1971 23.63

1816 20.01 1855 15.53 1894 23.95 1933 17.03 1972 21.63

1817 18.93 1856 15.89 1895 21.10 1934 17.98 1973 12.83

1818 18.88 1857 16.36 1896 18.66 1935 19.20 1974 20.19

1819 18.53 1858 18.89 1897 19.56 1936 19.50 1975 21.26

1820 19.71 1859 18.84 1898 19.06 1937 14.68 1976 23.42

1821 12.45 1860 20.88 1899 20.27 1938 18.83 1977 9.84

1822 17.57 1861 16.16 1900 13.79 1939 18.85 1978 22.04

1823 20.06 1862 18.97 1901 19.31 1940 15.14 1979 19.21

1824 15.62 1863 19.50 1902 17.03 1941 13.43 1980 15.27

1825 22.25 1864 16.30 1903 16.01 1942 11.46 1981 13.08

1826 21.67 1865 15.23 1904 15.96 1943 22.63 1982 22.25

1827 17.18 1866 18.26 1905 17.79 1944 21.85 1983 13.98

1828 19.16 1867 17.95 1906 14.53 1945 25.83 1984 14.22

1829 18.00 1868 17.42 1907 22.16 1946 21.37 1985 23.36

1830 20.14 1869 20.18 1908 19.78 1947 20.98 1986 24.73

1831 13.86 1870 18.52 1909 24.38 1948 21.75 1987 11.55

1832 18.11 1871 17.30 1910 23.10 1949 20.30 1988 11.60

1833 20.03 1872 20.20 1911 20.63 1950 21.03 1989 16.81

1834 16.93 1873 24.76 1912 18.48 1951 26.58 1990 14.09

1835 25.88 1874 16.29 1913 19.11 1952 15.79 1991 17.95

1836 19.19 1875 22.43 1914 19.60 1953 16.45

1837 19.71 1876 20.14 1915 15.16 1954 13.45

1838 15.66 1877 18.64 1916 21.41 1955 21.72

1839 11.91 1878 10.98 1917 19.15 1956 20.80


Using TRCs and Instrumental-Based Sea Surface Temperatures (Evans)

[image: image65.emf]Year Inst Year Inst Year Inst Year Inst

1857 21.37 1894 28.10 1931 6.88 1968 20.64

1858 22.09 1895 21.32 1932 18.33 1969 20.87

1859 20.47 1896 15.46 1933 15.03 1970 12.37

1860 22.16 1897 15.76 1934 16.87 1971 24.02

1861 21.06 1898 15.20 1935 19.91 1972 21.45

1862 23.74 1899 19.90 1936 20.36 1973 14.16

1863 24.97 1900 10.93 1937 14.10 1974 21.96

1864 20.65 1901 15.64 1938 20.59 1975 21.44

1865 17.07 1902 16.56 1939 21.92 1976 24.42

1866 17.67 1903 16.03 1940 16.81 1977 11.31

1867 18.47 1904 18.74 1941 14.52 1978 21.43

1868 17.83 1905 17.66 1942 13.19 1979 19.21

1869 19.26 1906 14.46 1943 23.48 1980 15.67

1870 21.51 1907 23.83 1944 19.23 1981 14.33

1871 20.47 1908 18.26 1945 21.61 1982 20.15

1872 23.16 1909 24.83 1946 17.30 1983 13.92

1873 26.53 1910 25.04 1947 21.01 1984 12.57

1874 19.93 1911 23.76 1948 19.56 1985 23.46

1875 26.45 1912 18.51 1949 19.69 1986 24.97

1876 23.73 1913 18.80 1950 19.91 1987 14.16

1877 20.23 1914 20.80 1951 23.88 1988 12.49

1878 7.26 1915 14.40 1952 16.55 1989 18.43

1879 14.13 1916 21.80 1953 16.09 1990 14.92

1880 17.85 1917 23.99 1954 13.71 1991 19.04

1881 19.68 1918 24.73 1955 20.95

1882 19.32 1919 15.59 1956 22.24

1883 22.30 1920 15.93 1957 22.37

1884 19.30 1921 23.89 1958 14.37

1885 21.16 1922 20.07 1959 15.89

1886 15.84 1923 20.78 1960 20.38

1887 22.93 1924 18.44 1961 13.17

1888 19.09 1925 23.47 1962 21.50

1889 9.52 1926 14.21 1963 15.09

1890 20.53 1927 18.61 1964 15.95

1891 21.05 1928 22.53 1965 28.16

1892 16.75 1929 20.99 1966 14.10

1893 23.56 1930 21.57 1967 14.99


Using TRCs and Sea Surface Temperatures (Smith and Reynolds)

[image: image66.emf]Year S&R Year S&R Year S&R Year S&R

1861 14.95 1898 15.18 1935 22.26 1972 24.51

1862 27.98 1899 20.81 1936 17.42 1973 17.00

1863 23.14 1900 14.90 1937 18.44 1974 18.79

1864 21.09 1901 15.75 1938 22.10 1975 23.94

1865 20.20 1902 13.78 1939 18.59 1976 26.26

1866 27.10 1903 18.06 1940 18.43 1977 9.67

1867 26.69 1904 19.62 1941 17.76 1978 21.48

1868 22.17 1905 21.24 1942 13.35 1979 19.43

1869 21.95 1906 17.48 1943 18.00 1980 16.19

1870 20.91 1907 24.85 1944 20.40 1981 13.91

1871 18.04 1908 17.95 1945 21.03 1982 20.42

1872 25.63 1909 26.20 1946 15.68 1983 16.77

1873 24.44 1910 26.70 1947 22.09 1984 14.43

1874 19.56 1911 28.33 1948 19.23 1985 22.23

1875 22.77 1912 22.87 1949 21.74 1986 23.42

1876 23.38 1913 21.26 1950 20.14 1987 13.72

1877 18.02 1914 25.76 1951 23.13 1988 10.53

1878 15.81 1915 16.65 1952 18.19 1989 17.32

1879 11.49 1916 23.88 1953 15.12 1990 14.05

1880 20.60 1917 26.25 1954 13.61 1991 19.05

1881 19.79 1918 27.21 1955 20.25 1992 14.86

1882 17.52 1919 16.02 1956 22.06 1993 14.11

1883 25.24 1920 21.03 1957 24.52 1994 11.02

1884 23.50 1921 26.27 1958 14.26 1995 22.22

1885 21.97 1922 22.63 1959 11.12 1996 16.83

1886 15.78 1923 21.81 1960 17.68 1997 18.37

1887 22.03 1924 21.05 1961 12.37 1998 13.65

1888 20.71 1925 24.22 1962 23.59 1999 16.00

1889 8.85 1926 21.92 1963 14.98

1890 19.81 1927 21.97 1964 13.61

1891 21.73 1928 21.44 1965 26.81

1892 17.93 1929 21.62 1966 14.70

1893 20.60 1930 21.19 1967 16.41

1894 21.89 1931 10.26 1968 18.41

1895 26.11 1932 20.21 1969 20.99

1896 12.04 1933 18.15 1970 13.25

1897 19.90 1934 17.12 1971 22.11
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