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ABSTRACT

Reconstruction of Late-Pleistocene 

Equilibrium-Line Altitudes and Paleoenvironments:

Uinta Mountains, Utah and Wyoming. (December 1995)

Greg C. Schlenker, B.S., Weber State College;

M.S., University of Utah 

Chairman of Advisory Committee: Dr. John R. Giardino

Climatic and paleoenvironmental changes of the Uinta Mountains are estimated by 

comparing oxygen isotope stage six (155 ka BP to 130 ka BP) and oxygen isotope stage 

two (30 ka BP to 12 ka BP) age glacial equilibrium-line altitude (ELA) trend surfaces to 

present (i.e., 1972 to 1990) snow accumulation trend surfaces. Whereas the present ELA 

was estimated from snow accumulation and regional climate data, Pleistocene full-glacial 

ELAs were estimated from reconstructed glacial geomorphology. Present snow 

accumulation and regional climatic data are also evaluated to understand relationships 

between snow accumulation patterns and climate variability. The evaluations reveal that 

snow accumulation trend surfaces have steeper gradients during moist winters and slope in 

the general direction of the upper-level airflow. The present and Pleistocene ELA surfaces 

were compared to estimate temperature, precipitation, and airflow variations. These 

variations include: (1) a 9.6° C to 12.2° C decrease in Pleistocene temperatures; (2) a 

Pleistocene snow accumulation reduction from 71 % to 68 % of present levels; and (3) 

Pleistocene ELA surfaces sloping to the east rather than to the northeast, suggesting a more 

zonal airflow than present.
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The differences between the Pleistocene and present ELA surfaces indicate that 

major climatic variability has occurred. Temperature differences are in general agreement 

with estimates from other investigations in the region. Although Pleistocene precipitation is 

estimated to have been less than present, the moisture supply to the Uinta Mountains 

appears to have been influenced by paleolakes to the west in the Bonneville Basin. The 

Pleistocene air-flow is projected to have been more zonal than present Where climate 

differences are shown to exist between the glacial episodes and present, temperature and 

precipitation differences between the stage six and the stage two glacial episodes are also 

thought to have occurred.
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CHAPTER 1 

INTRODUCnON

Statement Of Problem 

Climate is dynamic, and it is this dynamic nature that is responsible for changes to 

the earth's surface over time and space. Thus, the history of the earth has been punctuated 

with changes in its climate. These changes have oscillated from warm to cold and visa 

versa. With each o f these oscillations has been long periods of relative stability (Fisher,

1981). These various oscillations have been both gradual and rapid, and in view of the 

complete calendar of earth history, there does not appear to be an exact predictable cyclic 

occurrence of change (Imbrie and Imbrie, 1979).

It has been widely recognized that the climate during the Pleistocene varied 

significantly from the present. Understanding both climate variability and the forces that 

have controlled variability in the past is an important step in understanding climatic and 

environmental changes occurring today. Whereas an understanding o f these changes can 

be gained through the reconstruction o f past environments, various researchers have 

utilized a number of differing techniques to study these changes. Although a substantial 

number of investigations have been conducted (Galloway, 1970; Porter, 1977; 

Brackenridge, 1978; Madsen and Currey, 1979; Wells, 1979; Zwick, 1980; Dohrenwend, 

1984; Leonard, 1984; Spaulding and Graumlich, 1986; Zielinski and McCoy, 1987; 

Burbank, 1989; Leonard, 1989; Locke, 1990), the scale of Pleistocene climatic and 

environmental change in the western United States is not fully understood.

This dissertation conforms to the style and format of the Geological Society of America Bulletin.
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Albeit, cooler temperatures are known to have prevailed during the Pleistocene full- 

glacial episodes, other changes to climate and environmental systems such as precipitation 

levels and air-mass movement are not well known. To gain a stronger understanding as to 

the climatic and environmental system changes that have occurred, this dissertation 

examines present climate and reconstructed glacial geomorphology of the Uinta Mountains 

to reconstruct the climate and environmental systems that existed during the Pleistocene 

full-glacial episodes. Thus, the problem statement for this research can be stated as a 

question: Can the climate and environmental systems of the late Pleistocene full-glacial 

episodes in the Uinta Mountains be reconstructed from present climate and environmental 

systems data, and late Pleistocene glacial geomorphology?

Through the examination o f climate-change parameters and regional 

paleoenvironmental models, the intent o f this dissertation was to answer three questions 

regarding the Pleistocene climate of the Uinta Mountains during the last two full-glacial 

episodes: (1) How much colder were temperatures during the full-glacial episodes? (2) 

Was the full-glacial precipitation significantly different from present? (3) If precipitation 

differed greatly, what environmental conditions would bring about this difference?

Objective of Research

The objective of this dissertation is to reconstruct the paleoenvironmental setting of 

the Uinta Mountains during the last two Pleistocene full-glacial episodes. Through the 

reconstruction of the last two Pleistocene full-glacial equilibrium-line altitudes (ELAs), and 

the comparison of the past ELAs with the present climatic conditions, the following full- 

glacial paleoclimatic parameters are reconstructed for the Uinta mountains: (1) the 

altitudinal variation of temperature; (2) the variation of precipitation quantity; and (3) the 

spatial variation o f precipitation patterns. From these paleoclimatic parameters a 

paleoenvironmental model of full-glacial conditions of the Uinta Mountains is constructed
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and evaluated to determine concurrence with global and regional climate and environmental 

change models (Barry, 1983; CLIMAP, 1976; COHMAP, 1988; Porter etal., 1983).

Paekgrcfflhd
The scope of this research falls into three general subject areas. These areas 

include; (1) the Quaternary Period and full-glacial environments; (2) the concept o f ELAs 

and paleoclimate reconstruction; and (3) the Uinta Mountains, the area that has been 

selected for this study. Each of these subject areas and their importance to the objective of 

this dissertation are discussed in the following sections.

The Quaternary Period

The Quaternary Period spans the past 1.6 million years of geologic time and is 

studied on many disciplinary fronts to answer questions regarding environmental change of 

both the past and the present and to predict for the future. Foremost to Quaternary research 

is the reconstruction of past climate regimes and the explanation of the forces that have 

governed climate variability (Bradley, 1985). The reconstruction of past environments 

enables the measures of both the frequency and the range o f climatic change. The 

explanation o f climatic variability is studied to understand the duration, timing, and 

recurrence o f these past events, as well as climate change processes. Without full 

comprehension of climatic variability consequent to natural processes, it is difficult to 

identify the effect o f present human activities on climate change (Bradley, 1985). The 

reconstruction of Quaternary environments also explains the effect of climate variability in 

respect to environmental change. Through the study of past and present distributions, such 

as biotic or morphogenetic distributions, the past and present can be better understood in 

the context of environmental change. Additionally, the Quaternary Period is the most 

recent and well preserved segment of earth history, the reconstruction of which enables the
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understanding of events and the recurrence of such events that are critical to human activity, 

as well as an understanding of human evolution.

The Quaternary is characterized as a period of climatic variability that has been 

subject to glacial and interglacial climatic episodes. The glacial episodes were marked by 

conditions much cooler than present, resulting in the expansion of glacial ice at locations of 

high latitude and high elevation (Bradley, 1985). During the Quaternary, climate and biotic 

boundaries are also known to have undergone meridional and elevational shifts with the 

transgression and regression of glacial episodes (Butzer, 1982). In concert with these 

boundary shifts, changes in the tropospheric circulation patterns are also believed to have 

occurred producing circulation patterns different from present patterns (CLIMAP, 1976; 

Gates, 1976; Barry 1983; COHMAP, 1988; Crowley and North, 1991). Interglacial 

episodes have been shown to punctuate the glacial episodes throughout the Quaternary 

(Bowen, 1978). The environmental conditions of the interglacial periods are believed to be 

much the same as those of the present and perhaps hosted climates that were warmer than 

present (Coope, 1974).

The Quaternary Period includes the Pleistocene and Holocene epochs. The 

Pleistocene, 1.6 million years BP to 10,000 BP, consisted of both glacial and interglacial 

periods. The Holocene interglacial, 10,000 BP to present, is thought to be the last in the 

series of glacial and interglacial episodes (Imbrie and Imbrie, 1979). Although not 

exhibiting the same highly variable conditions as the Pleistocene, the Holocene record 

shows evidence of significant climatic variability, from which future predictions remain 

unsure (Imbrie and Imbrie, 1979; Currey and James, 1982).

Long-term climatic oscillations have been documented from the isotopic record 

recovered from deep sea cores. Oxygen isotope ratios from the deep sea record provides 

an index of temperature change (Bowen, 1978). The cold and warm oscillations are 

defined as oxygen isotope stages, with the even numbered stages (i.e., oxygen isotope
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stage six and stage two) representing glacial cycles and the odd numbered stages 

representing interglacial cycles. Although a relatively comprehensive record of Quaternary 

climate is documented within the oxygen isotope record of deep sea cores (Bowen, 1978; 

Imbrie and Imbrie, 1979), investigation of the less-comprehensive terrestrial settings 

enables the understanding of paleoclimate and environmental change at a more provincial 

level. Through the interpretation of diagnostic process-dependent morphogenetic 

landforms and fossil assemblages, the environments of the past can be reconstructed 

(Brackenridge, 1978; Wells, 1979). In alpine regions, the reconstruction of Quaternary 

glacial environments has enabled the interpretation of temperature and precipitation regimes 

of the past (Zielinski and McCoy, 1987; Leonard, 1989) and has even lead to explanations 

regarding atmospheric circulation patterns during the glaciations (Pierce, 1979; Porter et 

al., 1983; Hawkins, 1985).

In the Rocky Mountains two major glacial episodes are known to have occurred in 

the past 150,000 years (Mears, 1974, Pierce, et al., 1976). In the Rocky Mountain region 

these glaciations are referred to as the Bull Lake and the Pinedale episodes. The Bull Lake 

episode has been estimated to have occurred between 155,000 BP and 130,000 BP (Pierce 

et al., 1976), equivalent to oxygen isotope stage six, and the Pinedale age has been 

estimated to have occurred between 30,000 BP and 12,000 BP (Madole, 1986), equivalent 

to oxygen isotope stage two (Shackleton and Opdyke, 1973). Remnant glacial landforms 

reveal the extent of ice during the glacial episodes, which in turn is used to construct 

temperature and precipitation models (Leonard, 1989). Among the number of model 

construction methods is the analysis of paleoclimatic snow-lines (i.e., equilibrium-line 

altitudes or ELA). These snow-lines are a function of the elevation of glaciation, which is 

predominantly controlled by the prevailing climate.

Although evidence of past glaciation and climate change has been well documented 

from geomorphic phenomena, the mechanisms of Pleistocene glaciation are not entirely
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known and are subject to regional variation. Nevertheless, certain parameters have been 

used to explain Pleistocene glaciations. Generally, a cooler temperature regime is accepted 

as a primary cause o f Pleistocene glaciation. However, making the distinction between 

changes in precipitation and temperature is problematic because both parameters are 

climatically linked. For example, a decrease in temperature without a change in 

precipitation may result in a higher effective moisture regime, which in turn can be 

interpreted as increased precipitation. Thus, the effect of precipitation, whether increased 

or decreased, is difficult to measure and not well understood (Leonard, 1989). Changing 

atmospheric and circulation patterns are likewise difficult to ascertain. Although the 

Northern Hemisphere circulation pattern is believed to have depressed southward during 

Pleistocene glaciations (Gates, 1976), evidence for this change is sparse (Porter et al., 

1983).

Equilibrium-line Altitudes

ELAs are the discrete elevations at which accumulation and ablation on the surface 

of a glacier is balanced (Flint, 1957; 0stem, 1966; Meierding, 1982). ELAs are a function 

of glacier mass balance and will vary in elevation both spatially and temporally in response 

to environmental controls. These controls include: air-mass circulation (Pierce, 1979), 

proximity to moisture source (Locke, 1990), and physiographic effects (Graf, 1976). For 

example, where temperature and precipitation favor accumulation, equilibrium-lines are 

found at relatively low elevations, whereby locations that experience either warmer 

temperatures or lower precipitation rates will have higher ELAs. This condition is 

exemplified in the western United States where equilibrium-lines are found at relatively low 

elevations near the Pacific Coast. Inland from the coast, more continental climatic 

conditions prevail, and equilibrium-lines are found at progressively higher elevations 

(Porter et al., 1983). Furthermore, Graf (1976) has shown that present-day glaciers in the
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Rocky Mountains arc usually found only at locations that are geomoiphically optimal for 

the accumulation and preservation of year-round snowpack.

The reconstruction o f past ELAs is based 011 the height o f morphogenetic 

phenomena such as cirques and lateral moraines, the height o f glaciated summits versus 

unglaciated summits, and height and area ratios of formerly ice-covered areas (Meierding,

1982). These methods are discussed in detail in Chapter 4. Present ELAs can be 

determined from direct observations of glaciers, and at sites where present glaciers are 

absent, the ELA can be estimated from climate and snow accumulation data (Leonard, 

1984; Zielinski and McCoy, 1987).

Reconstructed Pleistocene ELAs arc used to reconstruct paleoclimatic conditions of 

an area or region o f study. Through comparison o f Pleistocene with present ELAs, 

explanations of both spatial and temporal climatic variability of a study area can be given. 

Trend surface analysis (Unwin, 1979; Krumbein and Graybill, 1965) has been commonly 

used to compare present and Pleistocene ELAs (Peterson and Robinson, 1969; Meierding, 

1982; Mulvey, 1985; Locke, 1989; Locke, 1990). Trend surface analysis is an analytical 

method for evaluating change over space. By reducing spatially distributed variables to a 

three-dimensional best-fit surface, regional trends can be evaluated (Unwin, 1979). 

Paleoclimatic conditions are evaluated by differences in the height, gradient and direction of 

trend surfaces. Differing trend surface heights indicate temperature difference. Differing 

trend surface slope gradients indicate a change in the quantity of precipitation moisture 

(Porter, 1977), and lower trend surface gradients have been attributed to dryer conditions 

(Miller et al., 1975). Where trend surfaces slope in different cardinal directions, air-mass 

circulation or moisture source is believed to have changed significantly (Hawkins, 1985).

In many cases, Pleistocene ELA surface directions and gradients have been shown 

to correspond closely to present snow accumulation and ELA surface directions and 

gradients (Dohrenwend, 1984; Leonard, 1984). Where the direction and gradient of the
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reconstructed Pleistocene ELA is shown to correspond to present snow accumulation 

patterns, little change between the present and Pleistocene precipitation and/or moisture 

source is believed to have occurred. However, in some cases investigators have shown 

where ELA surfaces have varied significantly between the present and Pleistocene, 

indicating differing precipitation patterns and/or moisture supply (Hawkins, 1985; Zielinski 

and McCoy, 1987).

Although climate in the western United States is believed to have been drier than 

present during the glacial episodes (Crowley and North, 1991), many researchers have 

found that precipitation patterns were largely unchanged during the full-glacial conditions, 

whereas temperatures were significantly lowered (Brackenridge, 1987; Leonard, 1984; 

Zwick, 1980; Locke, 1990). On the other hand, a number of studies suggests that 

precipitation indeed differed during the glacial episodes (Galloway, 1970; Wells, 1979; 

Gates, 1976; Spaulding and Graumlich, 1986; Zielinski and McCoy, 1987; Burbank, 

1991; Jennings and Elliott-Fisk, 1993). The discrepancy between these two theories points 

to the need for further investigation of this problem.

The Uinta Mountains

The Uinta Mountains are part of the Rocky Mountain System (Figure 1) and are 

part of the Middle Rocky Mountain Physiographic Province (Hunt 1967). The Uinta 

Mountains have been the subject of a number of geoscience investigations and 

reconnaissances, beginning as early as 1869 with John Wesley Powell's expedition on the 

Green and Colorado Rivers (Stokes, 1969). The first systematic survey of the glacial 

geomoiphology of the Uinta Mountains was carried out by Wallace Atwood (1909), who 

mapped and described the glacial deposits of the entire range. Atwood mapped and 

identified two stages of late-Pleistocene glaciation and speculated on the possibility of a 

third earlier stage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

Moi ntains

IIP
eky 

MoitMains

M dale

%

Study Area 
Location

.1 40°0ffN--
Southem
Rocky

Mountains

30°00' N -

110°00'W

Figure 1. Study area location.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Wilmot Bradley (1936) investigated the geomorphology of the "North Flank" of the 

Uinta Mountains. Although Bradley's (1936) study focused on piedmont forms of the 

north slope, he also discussed and mapped Pleistocene glacial landforms in the area. 

Bradley verified Atwood's two stages of Pleistocene glaciation and confirmed the third 

earlier stage. Bradley (1936) named these three glacial stages after locations on the north 

slope of the range where prominent, distinguishing deposits of these stages are found. 

These stages are: the Little Dry, the Blacks Fork, and the Smiths Fork (oldest to youngest, 

Bradley 1936). Bradley (1936) also noted that the three stages showed morphogenetic 

correspondence to Blackwelder's (1915) Buffalo, Bull Lake, and Pinedale stages of 

glaciation in the Wind River Mountains. Blackwelder's (1915) Buffalo stage has since 

been revised by Richmond (1965), who has subdivided it into three glaciations, collectively 

referred to as pre-Bull Lake.

More recent investigations in the Uinta Mountains by Schoenfeld (1969), Bamhardt 

(1973), Grogger (1974), Gilmer (1986) and Schlenker (1988) have also demonstrated 

morphostratigraphic correlation with the Rocky Mountain glacial model. Schoenfeld 

(1969) mapped and described Pleistocene glacial deposits in the Burnt Fork area on the 

northeast side of the range. He recognized both sequential and morphological correlations 

of the Burnt Fork deposits with those o f the Wind River area. Bamhardt (1973) 

investigated the late-Pleistocene and Holocene glacial and periglacial geomorphology of the 

Bald Mountain area on the west side of the range. Grogger (1974) identified and mapped 

late-Pleistocene and Holocene landforms throughout the High Uintas Primitive Area (i.e., 

now a designated wilderness area). Gilmer (1986) investigated landslide phenomenon in 

the Blacks Fork and Smiths Fork drainages. He also identified and mapped glacial moraine 

deposits and speculated on the relative ages o f the glacial deposits. Schlenker (1988) 

investigated the late-Pleistocene glacial moraine sequence in the Blacks Fork Drainage on 

the north slope of the range. Relative-age, stratigraphic and morphostratigraphic
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relationships observed in the Blacks Fork Drainage were found to verify the conclusions of 

the previous studies by Atwood (1909) and Bradley (1936). Prior to this present 

dissertation, no study has been undertaken to locally reconstruct the ELA of the Uinta 

Mountains.

Research Design

The design of this dissertation research was to reconstruct Pleistocene climate from 

models derived from present snow-climate relationships. This research was separated into 

three main steps: (1) spatial analysis o f present snow accumulation patterns and the 

identification of the relationship between snow accumulation patterns and prevailing 

climatic conditions; (2) spatial analysis o f late-Pleistocene ELAs to reconstruct glacial ice 

accumulation during the last two full-glacial episodes; and (3) reconstruction of late- 

Pleistocene climate for the two glacial episodes on the basis of variation of ELAs from 

present patterns of snow accumulation. Spatial analysis employed trend surface analysis. 

The estimation of the present ELAs was made from the present snow accumulation and 

climate data, and the estimation o f snow accumulation and temperature during the 

Pleistocene glacial episodes was made from the Pleistocene ELAs and temperature 

estimates. These steps provided the data necessary so that the trend surfaces of the ELAs, 

snow accumulation and temperature of the present and the two glacial episodes could be 

compared.

Trend Surface Analysis And Methodology

Trend surface analysis is used to compare and evaluate change over space. Trend 

surfaces illustrate the pattern of change using predicted values calculated from observed 

variables. To estimate climate changes, trend surfaces from present snow accumulation 

patterns were compared to the trend surfaces from the ELAs of the two glacial episodes.
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Additionally, the trend surfaces from the ELAs of the two glacial episodes were compared 

to produce estimates of climate differences between the episodes. The methodology used 

follows that o f Unwin (1979) and Krumbein and Graybill (1965), and trend surfaces were 

constructed using Quick Basic® programming language and MYSTAT® statistical 

applications software. The trend surface modeling yields a three-dimensional map of snow 

accumulation or ELAs projected over the study area. The height, gradient and direction of 

the trend surface slopes were used to make comparisons between surfaces. The data from 

the trend surface analysis also provided variance statistics useful for the evaluation of the 

surface trends.

The equation used to calculate height or value (Z,) on the trend surface is:

Z, = a$+a\Lat + a^Lon (1)

where Zt is the predicted height or value on the surface as determined from northing and 

easting increments on the surface, Lat (latitude) and Lon (longitude) are northing and 

easting increments on the surface, ao is an origin where Lat and Lon are both equal to 

zero, and ai and a2 are the rate of surface change along the respective directions (Unwin, 

1979). Solving for ao, ai and a2  is accomplished as:

aoN + a^JLat + ai^JLon = ^ Z ohs
ao^JLat + a^JLat + a ^ J jitL o n  = ^JZobs Lat @)
ao^JLon + a ^ jM tL o n  + az^J. on — ^jZobs Lon

where Z0bs is the observed height or value, and N is the number of cases in the trend 

surface population (Unwin, 1979). When several cases are integrated into the calculation 

of the surface, the value predicted by the trend surface (Z,) may differ significantly from 

the observed value (Z0bs)- Because the differences between the predicted and observed
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values can be large, or the population of observed values does not have a significant trend, 

the surfaces are evaluated using analysis of variance statistics. These statistics include, the 

trend correlation coefficient, the trend probability statistic, and the standard error of trend 

estimate. The correlation coefficient (R) is used to evaluate the strength o f the surface 

trend. Surfaces with correlation coefficients ranging from 0.2 to 0.4 are considered to have 

low trends, from 0.4 to 0.7 are considered to have moderate trends, and from 0.7 to 0.9 

are considered to have high trends (Unwin, 1979). The probability statistic (p) measures 

error probabilities from the surface calculation, and the standard error of estimate is the 

standard deviation of the surface residuals.

Data Resources

The data used to support this investigation fall into three categories: (1) snow 

accumulation data; (2) climate data; and (3) spatial analysis data.

Snow Accumulation Data

The snow and weather data define the relationship between present climate and 

snow accumulation patterns. Snow accumulation data for the Uinta Range are collected by 

the U.S. Department of Agriculture Soil Conservation Service, which publishes annual 

snow course reports on snow depths and water content for seasonal snow accumulation 

from gauges throughout the Uinta Mountains. As of 1990, there were 41 snow-course 

gauges in operation in the Uinta Mountain area. Although snow accumulation has been 

monitored in the Uinta Mountains since 1940, only since 1972 has the number of gauges 

been consistently sufficient to evaluate snow accumulation trends. Additionally, several 

SNOTEL (i.e., snow telemetry) remote-weather monitors have been in operation in the 

Uinta Range since 1984 providing local high altitude weather records (U.S. Dept. 

Agriculture, 1978; U.S. Dept. Agriculture, 1979-1990).
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Climate Data

Monthly and annual climate data for Utah and Wyoming are monitored by the U.S. 

Department o f Commerce, National Oceanic and Atmospheric Administration (NOAA) 

(U.S. Dept. Commerce-Utah, 1972-1990; U.S. Dept Commerce-Wyoming, 1972-1990). 

These data are collected at specific stations, and tabulated by state divisions, providing a 

regional record of climate. High altitude weather data are also available for the region from 

rawinsonde weather balloon records. Balloons are released twice daily from surrounding 

National Weather Service stations including Salt Lake City, Utah, Lander, Wyoming, and 

Grand Junction, Colorado. Rawinsonde data from the aforementioned stations have been 

made available by the Utah Climate Center and from NOAA documents (U.S. Dept. 

Commerce National Summaries, 1972-1979).

Spatial Analysis Data

The spatial analysis data consist of thematic and topographic maps of the study 

area. The distribution o f glacial landforms from the last two full-glacial episodes in the 

study area has been mapped by Atwood (1909). Revisions to Atwood's original mapping 

have been made by Bradley (1936) and Schlenker (1988). The spatial association of the 

glacial landforms is used to determine the past distribution of glacial ice. Planimetric and 

elevation data for the study area are available at a 1:250,000 and 1:24,000 scales from U.S. 

Geological Survey topographic maps. Using Geographic Information Systems 

technology, the spatial analysis data were integrated to construct a three-dimensional model 

of the study area to reconstruct the full-glacial ELAs.
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Method Of Analysis

The structure of the research design is illustrated on Figure 2. The methodological 

sequence used for this research is summarized by six objectives: (1) evaluate the 

relationship o f present snow accumulation and regional climate patterns; (2) estimate the 

present ELA from the snow accumulation and climate data; (3) reconstruct the ELAs for the 

last two Pleistocene glacial episodes from the Pleistocene geomoiphology; (4) compare the 

height difference between the present and past ELAs to estimate temperature changes; (5) 

estimate the snow accumulation for the two glacial episodes from the Pleistocene 

temperature estimates; and (6) reconstruct the probable climate and paleoenvironmental 

conditions that occurred during the glacial episodes by comparing present and past ELAs 

and snow accumulation estimates, and literature research data from secondary resources for 

the region.

Model Synthesis

The results of this dissertation provide a model of paleoclimatic and 

paleoenvironmental change. Modeling parameters were based upon observations o f rates 

and relationships observed from present climate, and assumed that the same rates and 

relationships observed for the present existed in the past. Thus, the results of this 

dissertation can be considered only estimations of past conditions, which can be used to 

test established hypotheses and to develop new hypotheses.
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CHAPTER II 

STUDY AREA DESCRIPTION

Location And Physiography 

The Uinta Mountains are an elongate east to west trending range, approximately 

240 kilometers long and 60 kilometers wide. The range trends parallel to the Utah- 

Wyoming border in northeastern Utah. The location of the range and the general outline of 

the study area are shown on Figure 3. The Uinta Mountains are part of the Middle Rocky 

Mountain Physiographic Province, which Hunt (1967) describes as a heterogeneous 

assemblage of block-faulted, anticlinal and lava plateau ranges that trend in a diversity of 

directions. With the exception o f the Uinta Mountains, which trend from east to west, 

most o f the ranges in the Rocky Mountain System trend north to south. The nearest 

neighboring range is the Wasatch Mountains, which arc located immediately to the west of 

the Uinta Mountains. The Wasatch Mountains have a general north to south structure and 

elevations exceeding 3,500 meters.

Structurally the Uinta Mountains are a thrust-faulted, anticlinal range with an. 

arcuate east-west trending crest. The core of the range is comprised of pre-Cambrian 

quartzites and shales that collectively form the Uinta Mountain Group (Hansen, 1969). 

These rocks form a broad arc at the crest of the range and, for the most part, are 

horizontally to near-horizontally bedded (Ritzma, 1969). Steeply dipping Paleozoic 

limestones and sandstones bound the older rocks on the north and south, forming sharp 

hogback ridges where glacial or fluvial incision has occurred (Hansen, 1969). Outcrops of 

Mesozoic sandstones, limestones and shales flank the Paleozoic rocks on the eastern half of 

the range (Hansen, 1969). Tertiary age basin-fill shales and conglomerates are found in
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basins to the north and south of the range (Hunt, 1967). Tertiary volcanic ashes blanket 

older rocks on the west side o f the range (Bryant, 1990). Elevations in the study area 

range from 2,000 meters to over 4,000 meters. Kings Peak, which stands at 4,124 meters, 

the highest point in Utah, is located near the center of the range. Generalized elevations of 

the study area are shown on Figure 4. Drainage from the Uinta Mountains is 

predominantly bi-directional--to the north and south into the Green River system and the 

Great Salt Lake Basin, respectively.

The uplift of the Uinta Mountains began in the late Cretaceous in the form of two 

east and west oriented structural domes (Hansen, 1969). The approximate boundary 

between the two domes is the present location of the Utah-Colorado border. By late 

Oligocene, uplift on the eastern dome faltered and was surpassed by uplift of the western 

dome. Presently, summits in the western dome, which comprise the present Uinta 

mountains, are 1,200 meters to 1,500 meters above those of the eastern dome (Hansen, 

1986). During the Pleistocene, the High Uinta Mountains were subjected to extensive 

glaciation, whereas no evidence of Pleistocene glaciation has been documented on the 

eastern dome.

The existing terrain has been modified by Quaternary glacial and periglacial 

processes, and well preserved landforms resulting from these processes are abundant 

throughout the range (Atwood, 1907; Bradley, 1936; Hansen, 1969; Schoenfeld, 1969; 

Bamhardt, 1973; Grogger, 1974; Schlenker, 1988). During the late Pleistocene, it is 

estimated that most ranges in the western United States higher than 3,500 meters were 

subjected to glaciation (Blackwelder, 1915); and over fifty of the ranges in the western 

United States experienced glaciation (Porter et al., 1983). The reconstruction of 

Pleistocene glaciation for the Rocky Mountains has been studied for over eighty years, and 

through these studies sequences of glacial stratigraphy and morphostratigraphy have been 

found to be relatively consistent throughout the region. Subsequently, a regional standard
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Rocky Mountain glacial model has evolved (Richmond, 1965; Mears, 1974; Pierce, 1979). 

The model is based largely on the type sequence of Pleistocene and Holocene glacial and 

glaciofluvial depositional features in the Wind River Range of Wyoming. The Wind River 

sequence has been extended to other ranges in the region via long-range correlations that 

are based either on morphostratigraphic or age-related phenomena (Pierce, 1979). 

Correlations have been extended further to link the Rocky Mountain sequence to the North 

American continental glacial sequence, as well as with the marine oxygen isotope record of 

deep sea cores (Pierce et al., 1976; Richmond and Fullerton, 1986).

Although local numeric age control has been sparse, morphostratigraphic and 

relative age criteria from a number of investigations have shown that the glacial episodes 

that occurred in the Uinta Mountains correlate to the regional standard Rocky Mountain 

glacial model (Bradley, 1936; Schoenfeld, 1969; Bamhardt, 1973; Grogger, 1974; 

Schlenker, 1988). The two most recent Pleistocene glaciations in the Uinta Mountains, the 

Blacks Fork age and the Smiths Fork age, have been correlated with the Bull Lake and 

Pinedale glacial episodes of the Rocky Mountain model, respectively. At other sites in the 

Rocky Mountains, the Bull Lake age has been estimated to have occurred between 155,000 

BP and 130,000 BP (Pierce et al., 1976), equivalent to the oxygen isotope stage six. The 

Pinedale age is estimated to have occurred between 30,000 BP and 12,000 BP (Madole, 

1986), equivalent to the oxygen isotope stage two (Shackleton and Opdyke, 1973).

Study Area Climate

The climate of the study area can be characterized as highly variable. A sampling of 

long-term weather records from the area provides for an understanding of the study area 

climate. The records of four local weather stations and three surrounding NOAA regional 

divisions are presented in Tables 1 and 2, respectively. Graphical representations of the 

climate records are shown in Figures 5 and 6, respectively. All of the records, except the
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Table 1
Climate Data For Selected Local Weather Stationst

Echo Dam, Utah 
40°11'N; 111°26'W: 1,667 m 

J F M A M J J A s 0 N D Annual
P 2.9 2.4 3.0 
T -9.8 -8.3 4.1

4.0
9.1

3.9
11.8

3.0
15.4

1.8
21.7

2.3
18.9

2.4
14.9

3.3
8.6

2.9
2.2

3.1
-3.5

33.8 cm 
7.0 °C

Evanston, Wyoming 
41°16'N; 110°57’W: 2,076 m 

J F M A M J J A s O N D Annual
P 1.9 1.6 2.2  
T -7.3 -5.7 -2.8

3.0
2.8

3.0
8.5

2.5
13.2

1.9
17.4

2.3
16.2

2.3
11.6

2.6
5.9

2.0
-1.7

1.9
-6.0

27.1 cm 
4.3 °C

Roosevelt, Utah 
40°17’N; 109°58'W: 1,527 m 

J F M A M J J A S O N D Annual
P 1.4 1.1 1.4 
T -8.2 -4.1 2.7

1.6
8.6

1.6
14.2

1.8
19.0

1.0
23.0

1.9
21.4

1.7
16.4

2.1
9.8

1.3
1.3

1.5
-5.8

18.3 cm 
6.9 °C

Steel Creek Park, Utah 
40°55'N; 110°30'W: 3,078 m 

J F M A M J J A S O N D Annual
P 2.5 3.0 3.9 
T . -10.3 -8.2 -7.6

4.9
0.4

5.9
3.2

6.5
7.6

7.0
9.9

7.8
9.6

8.3
4.9

0.4
-1.0

1.1
-5.5

1.9
-9.4

53.1 cm 
-0.6 °C

P= Precipitation 
T= Temperature
tStation data for this table are from U.S. Department of Commerce-Utah 1972-1990 and 
U.S. Department of Commerce-Wyoming 1972-1990. Steel Creek Park data made 
available by Soil Conservation Service.
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Table 2
Climate Data For Selected NOAA Weather Divisions*

NOAA Division Five, Utah 
Northern Mountains

J F M A M J J A s 0 N D Annual
P 5.5 4.9 4.8 4.8 3.9 
T -6.0 -4.1 -0.8 4.4 9.8

3.0
14.2

2.2
18.5

3.1
17.3

2.9
12.8

3.7
7.2

4.1
0.0

5.0
-4.7

47.9 cm 
5.7 °C

NOAA Division Six, Utah 
Uinta Basin

J F M A M J J A s O N D Annual
P 1.3 1.1 1.4 1.7 2.0  
T -8.2 -4.4 1.9 7.9 13.4

1.8
18.3

1.5
22.3

2.1
20.7

1.8
15.7

2.2
9.2

1.4
0.8

1.5
-6.0

19.9 cm 
7.7 °C

NOAA Division Three, Wyoming 
Green and Bear River Drainage 

J F M A M J J A S O N D Annual
P 1.8 1.3 1.5 2.2 3.0  
T -8.7 -6.5 -3.1 3.2 8.9

2.8
13.6

1.9
17.7

2.2
16.3

2.1
11.4

2.0
5.7

1.5
-2.3

1.6
-7.2

23.9 cm 
4.1 °C

Composite of NOAA Division Five, Utah,
Division Six, Utah, and Division Three, Wyoming 

J F M A M J  J A s O N D Annual
P 2.8 2.5 2.6 2.9 3.0 
T -7.6 -5.0 -0.6 5.2 10.7

2.5
15.4

1.9
19.5

2.5
18.1

2.3
13.3

2.6
7.3

2.3
-0.5

2.7
-5.9

30.6 cm 
5.8 °C

P= Precipitation 
T= Temperature
tData for this table are from U.S. Department o f Commerce-Utah 1972-1990 and U.S. 
Department of Commerce-Wyoming 1972-1990.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Te
m

pe
ra

tu
re

 
°C 

Te
m

pe
ra

tu
re

 
°C

25

Division Five, Utah Division Six, Utah

- 10-

-20
JFMAMJ JA SO N D

10

- 4

a3

I
• I
f

- 2 £

Mean P = 47.9 cm 
MeanT= 5.7 °C

<8

£ -10
5}-20

JFMAMJ JA SO N D

10 

8 

6 

4 

■ 2

a
3
S3

•I
f to
£

Mean P = 19.9 cm 
MeanT = 7.7 °C

Division Three, Wyoming

-10

-20
JFMAMJ JA SO N D

10

8

6
a3
c  
o
•g

4 •«
op

2 £

0

Mean P = 23.9 cm 
MeanT = 4.1 °C

Composite of Divisions

u

i  io
1  
& 0 a 
a  
H -10

-20
JF M A M JJA SO N D

10

a
3
c
o
•g

, 4 .
f
£

0

Mean P = 30.6 cm 
MeanT = 5.8 °C

Figure 6. Climographs o f selected NOAA weather divisions. Corresponding numerical 
data are shown in Table 2 (Data are from U.S. Department of Commerce-Utah 
1972-1990 and U.S. Department of Commerce-Wyoming 1972-1990).
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Steel Creek Park, Utah record, represent a thirty year or greater compilation of data. The 

Steel Creek Park station is a remote high-elevation SNOTEL station which has been in 

operation since 1983. The climographs shown in Figures 5 and 6 indicate that the micro­

scale climates of the region range from cool arid steppes, Kdppen BSk, to cool-moist 

microthermal, Kdppen Dfc, categories (Trewartha, 1968). Assuming an average normal 

lapse rate of 0.65° C, a polar, Koppen E, climate regime is thought to prevail at elevations 

above 3,100 meters.

The locations of the climate stations and divisional boundaries with respect to the 

study area are presented on Figure 7. From the climate data in Table 1, three climatic 

continuums can be identified: (1) a general decrease in average annual temperature occurs 

from south to north across the study area; (2) a decrease in average annual precipitation 

from west to east across the study area; and (3) both a decrease in average annual 

temperature and an increase in average annual precipitation with increases in elevation in the 

study area.

Rawinsonde data from the surrounding National Weather Service (WSO) stations 

shown in Figure 7 provide free-air temperature data for the region. Free-air temperature 

and lapse rate data from the three stations are shown in Table 3. To project the free air 

structure of the study area, the data in Table 3 are interpolated from the National Weather 

Service stations for the study area location. The projected free-air structure for the study 

area is presented in Table 4. The data from Table 4 indicate that the annual lapse rate is 

0.63 °C 100"! meters. The rate of 0.63 °C 100*1 meters is only slightly lower than average 

normal lapse rates of 0.65 °C 100*1 meters and lapse rates of mountainous areas reported 

elsewhere in the western United States (Westbrook, 1980; Dohrenwend, 1984). Because 

the summer (June through August) temperature and lapse rate data and 0° C altitude are 

used for analyses in later chapters, the calculated summer lapse rates and 0° C altitude are 

shown in Tables 3 and 4. The summer lapse rate of 0.75 °C 100*1 meters is substantially
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Table 3
Annual And Summer (June Through August) High 
Altitude Temperature Data And Lapse Rate Means 
For Selected National Weather Service Stations*

Standard
Pressure

Annual Annual Summer 
Dynamic Temperature Dynamic 

Height (m) (°Q Height (m)

Summer
Temperature

C’Q

Grand Junction. Colorado
Surface 1,472 11.9 1,472 21.4
800 mb 1,998 10.1 2,033 20.5
700 mb 3,239 1.3 3,256 11.1
600 mb 4,480 -7.4 4,528 0.9
500 mb 5,722 -15.7 5,865 -9.2

Annual 800 mb to 500 mb Lapse Rate: 0.69 °C 100'* m
Summer 800 mb to 500 mb Lapse Rate: 0.78 °C 100'* m
Summer 0°C  Altitude: 4,668 m

Lander. Wyoming
Surface 1,695 7.9 1,695 17.7
800 mb 1,980 7.6 2,016 17.6
700 mb 3,212 -1.7 3,230 10.1
600 mb 4,445 -10.4 4,497 0.9
500 mb 5,677 -17.0 5,833 -10.3

Annual 800 mb to 500 mb Lapse Rate: 0.67 °C 100'* m
Summer 800 mb to 500 mb Lapse Rate: 0.73 °C 100"* m
Summer 0°C  Altitude: 4,553 m

Salt Lake City. Utah
Surface 1,288 11.9 1,288 20.8
800 mb 2,003 8.6 2,022 19.0
700 mb 3,097 0.9 3,151 10.3
600 mb 4,323 -5.2 4,410 0.7
500 mb 5,722 -13.1 5,844 -9.8

Annual 800 mb to 500 mb Lapse Rate: 0.58 °C 100'* m
Summer 800 mb to 500 mb Lapse Rate: 0.76 °C 100'* m
Summer 0°C  Altitude: 4,528 m

*Compiled from Grand Junction, Colorado, Lander, Wyoming, and Salt Lake City, Utah 
National Weather Service Rawinsonde Data (1972 to 1979 data from U.S. Department of 
Commerce, National Weather Service National Summaries; 1980 to 1989 data provided by 
Utah Climate Center).
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Table 4
Interpolated Annual And Summer (June Through August)

High Altitude Temperature Data And Lapse Rate Means 
For Uinta Mountain Study Areat

Annual Annual Summer Summer
Standard Dynamic Temperature Dynamic Temperature
Pressure Height (m) (°Q Height (m) (°Q

800 mb 2,006 8.8 2,024 19.1
700 mb 3,209 0.5 3,640 10.4
600 mb 4,413 -6.8 4,456 0.7
500 mb 5,616 -11.4 5,847 -9.8

Annual 800 mb to 500 mb Lapse Rate: 0.63 °C 100*1 m 
Summer 800 mb to 500 mb Lapse Rate: 0.75 °C 100'1 m 
Summer 0°C  Altitude: 4,567 m

tlnterpolated from Grand Junction, Colorado, Lander, Wyoming and Salt Lake City, Utah 
National Weather Service data listed in Table 3.
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higher than the annual rate of 0.65 °C 100'1 meters. The calculated summer 0° C altitude of 

4,567 is on the order of 443 meters above Kings Peak.

An important regional climatic influence is a westerly air flow, which dominates 

during the winter months. The westerly flow brings moist frontal storms inland from the 

Pacific Ocean. When frontal storms encounter the Wasatch and Uinta mountains, the 

resultant orographic uplift causes a marked increase in precipitation. Precipitation 

decreases eastward as the frontal storms track across the Wasatch and Uinta mountains. 

During the summer months, moisture comes primarily in the form of convecdonal storms 

that are driven northward from the Pacific (Gifford et al., 1967). Mitchell (1976) has 

identified a regional winter air mass boundary immediately to the north of the Uinta 

Mountains. This air mass boundary is believed to separate a largely zonal westerly pattern 

of flow on the north, from anticyclonic circulation on the south (Mitchell, 1976). Cooler 

air masses from the north and warmer southerly air masses converge on this boundary 

resulting in frontal storm activity. Snow accumulation for the region generally occurs 

between November and March. However, because of higher elevations, snow cover in the 

Uinta Mountains generally lasts from October to late April (U.S. Department of 

Agriculture, 1978).

Study Area Vegetation

With elevations ranging from 2,000 meters to over 4,000 meters, the vegetation of 

the study area is variable. Responding to increases in precipitation and decreases in 

temperature, a sequence of vegetational associations occurs with increase in elevation. 

Below 2,800 meters, a sagebrush (Artemeisa tridentata) and grass steppeland comprise the 

dominant plant assemblage. Interspersed within the sagebrush-grass association are 

patches of lodgepole pine (Pinus contorta) and aspen (Populus tremuloidesi that occupy 

sheltered areas and north-facing slopes. Above 2,800 meters, the steppeland is succeeded
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by a lodgepole pine and aspen woodland. Subalpine species consisting of subalpine fir 

(Abies lasiocarpa). Engelmann spruce (Picea engelmannD. and lodgepole pine become the 

woodland constituents above 3,200 meters. Above 3,500 meters, a non-woodland alpine 

association of grasses, forbs and sedges dominates. Isolated patches o f stunted subalpine 

species are found in sheltered areas of the alpine zone. Riparian zones are dominated by 

naxrowleaf cottonwood (Populus angustifolia') below 2,500 meters and pussy willow 

(Salix wolfii’) and Bebb willow (Salix bebbiana'i above 2,500 meters (Johnson, 1970).

Study Area Selection

The Uinta Mountains and the surrounding region provide an excellent setting for the 

objectives o f this dissertation. Ample climatic data (U.S. Dept. Commerce-National 

summary, 1972-1980; U.S. Dept. Commerce-Utah, 1972-1990; U.S. Dept. Commerce- 

Wyoming, 1972-1990) and snow accumulation data (U.S. Dept. Agriculture, 1978; U.S. 

Dept. Agriculture, 1979-1990) are available for evaluating snow and climate relationships. 

Additionally, the extent of past glaciation for both of the last two full-glacial episodes, the 

Blacks Fork (stage six) and Smiths Fork (stage two) episodes, has been well documented 

and mapped by previous workers (Atwood, 1909; Bradley, 1936; Schoenfeld, 1969; 

Bamhardt, 1973; Grogger, 1974; Schlenker, 1988).

In contrast to the general north-south structural trend of the Rocky Mountain 

System, the Uinta Mountains trend east to west. The east-west trend has resulted from 

thrust faulting on the north and south o f the range, which has caused broad anticlinal uplift 

to extend from east to west (Hansen, 1969). Because air mass movement in the western 

United States is predominantly driven by westerly air flow, ranges that are oriented on a 

north-south axis are not well-suited for the evaluation of northerly or southerly variations 

of snow accumulation. Subsequently, the measure of air-flow variability is not usually 

evaluated when ELA investigations are conducted. In contrast, the Uinta Range with an
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east to west structure presents an opportunity to evaluate northerly or southerly variations 

in snow accumulation and interpretation o f air flow directions. A schematic digital 

elevation model shown in Figure 8 illustrates the topographic structure of the study area.

The Uinta Mountains are also located in a region that has undergone substantial 

paleoenvironmental research. Enlarged Pleistocene paleolakes west o f the range have 

undergone extensive paleoenvironmental reconstruction (Galloway, 1970; McCoy, 1981; 

Scott, et al., 1983; Currey and Oviatt, 1985; Oviatt et al., 1987; Currey, 1990). Currey 

speculates that the paleolakes influenced glaciation in the Uinta Mountains (Donald Currey, 

1992, personal communication). Pleistocene glaciation in the Wasatch Mountains has also 

been the subject of a number of studies (Atwood, 1909; Richmond, 1964; Madsen and 

Currey, 1979; Mulvey, 1985), and periglacial phenomena in the intermontane basins of 

Wyoming have yielded hypotheses regarding late-Pleistocene temperature change (Mears, 

1981; P6w 6,1983).

As with other ranges in the Rocky Mountain System, the Uinta Mountains have 

been subject to a sequence of late-Pleistocene glaciation that has been found to be consistent 

across the region (Bradley, 1936; Schoenfeld, 1969; Barnhardt, 1973; Grogger, 1974; 

Schlenker, 1988). Unlike the other ranges in the Rocky Mountain System, the Uinta 

Mountains have an east-west trending structure which presents an opportunity to evaluate 

northerly or southerly air flow variations. The present climate and free air structure data for 

the study area and surrounding region have been compiled to provide an understanding of 

the present climatic setting and to provide a basis for the reconstruction of paleoclimatic 

parameters. Because substantial paleoenvironmental research has taken place in the 

surrounding region, a more comprehensive paleoclimatic and paleoenvironmental synthesis 

for the study area can be made.
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CHAPTER HI

ANALYSIS OF SNOW ACCUMULATION AND CLIMATE VARIABILITY

Introduction

Snow accumulation records have been maintained for the Uinta Mountains for a 

number o f years (U.S. Dept. Agriculture, 1978; U.S. Dept. Agriculture, 1979-1990). 

Data from these records provide a proxy for characterization of winter season climate. For 

the purposes o f this dissertation, the snow accumulation data provide a useful means of 

understanding the winter season climate of the study area. The benefits of evaluating snow 

accumulation data are as follows: (1) snow accumulation data are analogous to glacial ice 

accumulation (Zwick, 1980; Zielinski and McCoy, 1987; Leonard, 1989) and can be 

analyzed using trend surface analysis (Mulvey, 1985; Locke, 1989; Locke 1990); (2) snow 

accumulation data can be correlated to surrounding regional climate records and can be used 

to interpret seasonal climate patterns; and (3) snow accumulation data can be used to 

estimate the present ELA (Leonard, 1989). Whereas the variability o f snow accumulation 

in mountainous terrain is influenced by several factors, including but not limited to 

elevation, slope, aspect, and landforms (Cain, 1975; Graf, 1976; Barry, 1981; McKay, 

1981), climate variance appears to be a significant factor affecting snow accumulation 

variability in the Uinta Mountains.

Regional winter season climate data and snow accumulation trend surface patterns 

are compared to identify relationships between snow accumulation and climate variability. 

These relationships will be used to interpret the climate of the late-Pleistocene glacial 

episodes. In addition, numerical models derived from present snow and temperature 

measurements taken at ELA sites world-wide (Loewe, 1971; Sutherland, 1984; Leonard,
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1989) are used to estimate present study area glacial ELA from the 1972 to 1990 snow 

accumulation records.

Snow Accumulation Data Resources

Snow accumulation records have been maintained in the Uinta Mountains since 

1940 (U.S. Dept. Agriculture, 1978; U.S. Dept. Agriculture, 1979-1990). The snow 

accumulation data are maintained to predict stream runoff from mountain watersheds. The 

Soil Conservation Service has compiled these records for the State of Utah since 1939.

. The data are recorded in inch-scale units as snow water equivalents (SWE). Because snow 

accumulation gauges or snow course stations are located in remote areas, data from these 

sites are collected, at best, on a monthly basis during the snow accumulation season, which 

extends from October 1 to April 1 or later. On or within a few days of April 1, when the 

winter snow accumulation is normally at the highest point for the season, measurements are 

taken at all o f the snow accumulation sites. Since 1970, many SNOTEL (i.e., snow 

telemetry) radio transmitting data recorders have been installed both at new sites and at old 

sites upgrading the existing manually-monitored snow course gauges. The SNOTEL 

recorders provide instantaneous data transmission to personnel in regional offices (U.S. 

Dept. Agriculture, 1978; U.S. Dept. Agriculture, 1979-1990).

As of 1990, 41 snow survey sites were monitored in the Uinta Mountains. A

listing of these sites is presented in Table 5. Of the 41 sites, 19 of the sites are snow 

course only sites, 2 are SNOTEL only sites, and the remaining 20 sites have both snow' 

course and SNOTEL data collection systems. The coordinate locations, elevations, and the 

average 1972 to 1990 April 1 SWE for the sites are listed in Table 5 (U.S. Dept.

Agriculture, 1990), and the locations of the sites are shown on Figure 9.
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Table 5
Snow Survey Measurements Uinta Mountains 1972 To 1990t

Site Name
Site

Type®
N

Latitude
W

Longitude
Elevation

(m)
Mean April 1 
SWE (cm)

1. Ashley-Twin Lakes 1 40°43' 109°48' 3,200 39.4
2. Atwood Lake 2 40°44' 110°17' 3,200 35.2
3. Beaver Creek Divide 3 40°37' 111°04' 2,524 35.4
4. Blacks Fork Junction 1 40°58' 110°35' 2,722 29.0
5. Brown Duck Ridge 3 40°35’ 110°35' 3,231 48.1
6. Buck Pasture 1 40°51' 110°40' 2,957 41.7
7. Burts-Miller Ranch 1 41°00' 110°52' 2,408 21.1
8. Chalk Creek #1 3 40°51' l l l o04' 2,774 63.1
9. Chalk Creek #2 3 40°54' 111°04' 2,499 41.9

10. Chalk Greek #3 1 40°55' nro6' 2,286 33.1
11. Chepeta 3 40°46' now 3,139 36.3
12. Chepeta-White R. Lake 1 40°46* 109°59' 3,155 40.4
13. E. Fork Blacks Fork G.S. 1 40°53' 110°32' 2,847 30.3
14. Five Points Lake 3 40°43' 110°28' 3,328 44.8
15. Hayden Fork 3 40°47' 110°53' 2,774 48.4
16. Henry's Fork 1 40°53‘ 110°22' 3,048 34.3
17. Hewinta G.S. 3 40°57' 110°29' 2,896 31.9
18. Hickerson Park 3 40°54' 109°58' 2,774 24.7
19. Hole in the Rock 3 40°55' 110° 12' 2,789 16.8
20. Hole in the Rock G.S. 1 40°57' 110°09' 2,530 10.9
21. Kings Cabin-Upper 3 40°43' 109°33* 2,661 29.7
22. Lake Fork Basin 3 40°45' 110°37' 3,322 48.5
23. Lake Fork Mountain 3 40°36' 110°26' 3,078 34.3
24. Lake Fork Mountain #3 1 40°33' 110°21' 2,560 18.0
25. Lightning Lake 3 40°43' 110°45' 3,200 63.2
26. Lily Lake 3 40°52' 110°48' 2,758 39.3
27. Middle Beaver Creek 1 40°57' 110°11' 2,637 11.4
28. Mosby Mountain 3 40°37' 109°53' 2,896 33.9
29. Paradise Park 1 40°41' 109°55' 3,078 39.1
30. Redden Mine Lower 1 40°41' 111°13* 2,591 51.5
31. Reynolds Park 1 40°45' 109°55' 3,170 43.4
32. Rock Creek 3 40°33' 110°41' 2,408 27.4
33. Sergeant Lakes 1 40°50' 111°17' 2,530 36.1
34. Smith and Morehouse 1 40°48' 111°05’ 2,316 42.4
35. Smith and Morehouse 2 40°47' l l l W 2,316 37.0
36. Soapstone R.S. 1 40°34' 111 °02' 2,377 39.3
37. Spirit Lake 1 40°50' 110°00' 3,139 37.8
38. Steel Creek Park 3 40°55' 110°30' 3,078 41.2
39. Stillwater Camp 1 40°52' 110°50' 2,606 30.9
40. Trial Lake 3 40°41' 110°57' 3,036 62.4
41. Trout Creek 3 40°44' 109°40' 2,865 31.4

tData for this table compiled from U.S. Dept. Agriculture, 1978 and U.S. Dept. Agriculture, 
1979-1990.
“Type: 1= snow course survey site; Type 2 = SNOTEL survey site; Type 3 = snow course 
and SNOTEL survey.
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Analysis Of Snow Accumulation Data 

The record keeping of snow accumulation in the Uinta Mountains has been 

sporadic, but it has generally improved over time. Less than 20 sites were measured prior 

to 1972. Since 1972 numerous sites have been added. Because o f the paucity of site 

records for the period prior to 1972, the analysis in this dissertation is based on the records 

of surveys for the 1972 to 1990 period. Trend surface models o f  the annual snow 

accumulation patterns and average snow seasonal accumulation data are used to evaluate 

yearly snow accumulation patterns and to make comparisons from year to year. The 

direction of surface trend indicates the direction that snow accumulation increases over the 

study area and is expressed as an azimuth. The gradient indicates the rate of snow 

accumulation change over the study area and is expressed as the rate o f SWE-cm change 

kilometer'1 o f distance. The snow accumulation trend surface gradient, direction and 

average SWE or snow accumulation for each year are compared to the winter season 

climate records to evaluate the effect that climate variations have on snow accumulation 

patterns.

Because the elevations of the snow accumulation sites generally rise to the southeast 

(128° Az.), the elevations of the sites were calculated into the trend equation to eliminate 

errors that would be caused by this elevation trend. Shown below is the trend surface 

equation for the mean 1972 to 1990 snow accumulation:

A = -1240.72 + (-21.835Lar)+(18.898Lon)+(0.028E/ev) (3)

where A is the predicted accumulation, Lat and Lon are site northing and easting 

increments, respectively; Elev is the elevation of the snow accumulation sites. By 

assuming the mean snow survey site elevation o f 2,822 meters across the study area, 

equation 3 is simplified by equation 4:
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A = -1161.702+ (-21.835Lar)+(18.898L<?rt) (4)

From equation 3 snow accumulation trend surface statistics were calculated, and 

from equation 4 trend surface maps were constructed to evaluate the trend direction and 

gradient A trend surface map of the mean 1972 to 1990 snow accumulation is shown in 

Figure 10. The contours of the snow accumulation surface slope in a northeasterly 

direction, indicating that the pattern of snow accumulation is highest in the southwestern 

portion o f the study area and decreases to the northeast. Trend surface statistics for the 

1972 through 1990 annual records and the 1972 to 1990 average record o f snow 

accumulation are listed on Table 6. The data in Table 6 indicate that particular winters such 

as 1974,1975 and 1986 have relatively strong surface trends with correlation coefficients 

(R) exceeding 0.80 and probability statistics (p) below 0.005. Other winters, such as 1977 

and 1981, recorded relatively weaker trends with correlation coefficients (R) of less than 

0.65 and suspect probability statistics ip) greater than 0.050 (Unwin, 1979).

Analysis Of Snow Accumulation Patterns And Climate Variability 

To evaluate relationships between snow accumulation in the Uinta Mountains and 

climate variability for the surrounding region, comparisons of annual snow accumulation 

patterns and averaged winter season climate data were made. The winter season climate 

data consists of the combined winter (October to April) averages of precipitation and 

temperature for NOAA regional divisions Utah five and six, and Wyoming division three 

for the 1972 to 1990 period. Included with the precipitation and temperature data is the 

mean 800 millibar to 700 millibar resultant wind direction recorded from rawinsonde 

balloons released from the aforementioned surrounding National Weather Service Stations; 

these data have been interpolated for the study area. The 800 millibar to 700 millibar height
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Table 6.
Annual Snow Accumulation Trend Surface Statistics 1972 To 1990

Year
Mean SWE 

(cm)a r b n c P d
Standard

Error

1972 45.9 0.753 24 0.001 8.3
1973 47.7 0.706 18 0.019 8.3
1974 36.7 0.848 21 0.000 6.9
1975 40.7 0.882 19 0.000 7.1
1976 35.5 0.672 20 0.019 8.9
1977 21.6 0.606 17 0.104 4.3
1978 39.5 0.789 20 0.001 9.0
1979 41.8 0.847 11 0.025 9.0
1980 49.3 0.678 18 0.031 9.4
1981 30.8 0.577 21 0.084 5.7
1982 54.0 0.731 29 0.000 10.7
1983 45.2 0.704 29 0.001 9.2
1984 46.9 0.687 30 0.001 9.2
1985 38.9 0.787 28 0.000 7.9
1986 43.1 0.821 41 0.000 13.1
1987 27.8 0.634 41 0.000 6.4
1988 24.3 0.770 41 0.000 6.3
1989 29.2 0.675 39 0.000 8.3
1990 29.5 0.700 29 0.001 8.7

1972-1990 36.7 0.791 41 0.000 7.6

aApril 1 mean of all reporting sites. Data compiled from U.S. Dept. Agriculture 1978, and 
U.S. Dept. Agriculture, 1979-1990. 
b Correlation coefficient 
c Number of cases (sites reported) 
d Probability statistic
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interval was selected to evaluate wind direction because this interval corresponds to the 

2,286 meter to 3,328 meter height range of the snow accumulation sites. The seasonal 

snow accumulation trend surface parameters and the corresponding regional winter season 

climate data are shown in Table 7. The data in Table 7 indicate that all snow accumulation 

trend surfaces except the 1977, 1987,1988 and 1989 surfaces increased in a northwesterly 

direction. The 1977, 1987, 1988 and 1989 surfaces increased in a southwesterly direction. 

The gradients of the surfaces ranged from a relatively flat gradient decreasing at a rate of 

0.09 cm kilometer^ in 1977 to 0.55 cm kilometer! in 1986.

The possible relationships between snow accumulation patterns and regional climate 

were identified using Pearson's product-moment correlation analysis of the data from Table 

7. The results of the correlation analysis are shown in Table 8. These results indicate that 

trend surface direction has a slightly inverse relationship to regional winter precipitation (r 

= -0.662). In contrast, trend surface gradient has a positive correlation to regional winter 

precipitation (r = 0.686). Mean annual SWE is strongly related to regional winter 

precipitation (r = 0.936), whereas regional winter temperature appears to have little to no 

relationship to snow accumulation (r=  -0.279) or precipitation patterns (r =  -0.193). 

Regional wind direction showed a positive relationship to trend surface direction (r = 

0.837), and inverse relationships to mean annual SWE (r = -0.733) and regional winter 

precipitation (r = -0.651).

To evaluate multivariate relationships between regional climate and snow 

accumulation, a regression analysis was conducted on selected related variables identified 

from the correlation analysis. The results of the regression analysis are shown in Table 9. 

The results show that mean annual SWE is strongly correlated (R = 0.944) with the 

variables o f regional winter precipitation and temperature. The regression equation 

indicates mean annual SWE increased with increases in regional winter precipitation and 

decreases in regional winter temperature. Mean annual SWE also correlates with trend
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Table 7
Annual Snow Accumulation Trend Surface Parameters 
And Mean Regional Winter Climate Data 1972 To 1990

Year

Surface
Direction

(°Az>*

Surface 
Gradient 

(cm per km)6

Mean
SWE
(cm)c

Regional
Precip.
(cm)4

Regional
Temp.
{°Cf

Regional
Wind
(°Az/

1972 223 0.36 45.9 18.1 -2.3 241
1973 200 0.42 47.7 20.2 -4.7 229
1974 278 0.30 36.7 13.7 -2.5 237
1975 214 0.51 40.7 16.9 -1.8 237
1976 229 0.24 35.5 13.8 -2.4 242
1977 277 0.09 21.6 5.5 -1.3 264
1978 217 0.41 39.5 17.3 -0.1 244
1979 217 0.10 41.8 15.5 -4.5 237
1980 220 0.30 49.3 22.1 -2.0 233
1981 225 0.10 30.8 12.7 0.7 223
1982 219 0.44 54.0 23.8 -1.4 232
1983 202 0.38 45.2 18.7 -1.9 224
1984 234 0.27 46.9 20.7 -4.0 230
1985 212 0.41 38.9 16.3 -4.6 224
1986 216 0.55 43.1 19.0 -1.2 231
1987 276 0.11 27.8 13.0 -1.2 272
1988 322 0.25 24.3 13.4 -2.3 269
1989 290 0.19 29.2 9.4 -2.5 267
1990 219 0.16 29.5 10.7 -1.0 N/A

1972-1990 230 0.29 36.7 15.8 -2.1 241

^Direction of snow accumulation decreases across study area
6Rate of change in cm per km in direction of trend surface decrease
cApril 1 mean of all reporting sites, data compiled from U.S. Dept. Agriculture, 1978 and
U.S. Dept. Agriculture, 1979-1990.
rfMean winter precipitation for NOAA divisions Utah five and six and Wyoming division 
three. Data compiled from U.S. Department of Commerce-Utah 1972-1990 and U.S. 
Department of Commerce-Wyoming 1972-1990.
eMean winter temperature for NOAA divisions Utah five and six and Wyoming division 
three. Data compiled from U.S. Department of Commerce-Utah 1972-1990 and U.S. 
Department of Commerce-Wyoming 1972-1990.
/Mean winter 800 to 700 millibar wind direction interpolated from Grand Junction, 
Colorado, Lander, Wyoming, and Salt Lake City, Utah, National Weather Service 
rawinsonde data, 1972 to 1979 data from U.S. Department o f Commerce, National 
Weather Service National Summaries; 1980 to 1989 Data provided by Utah Climate Center.
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Table 8
Correlation Matrix Of 1972 To 1990 Annual Snow Accumulation 

Trend Surface Parameters And Mean Regional Winter Climate Data

Surface
Direction

Surface
Gradient

Mean
SWE

Regional
Precip.

Regional
Temp.

Regional
Wind

Surface
Direction

1.000

Surface
Gradient

-0.519 1.000

Mean
SWE

-0.768 0.633 1.000

Regional
Precip.

-0.662 0.686 0.936 1.000

Regional
Temp.

0.115 -0.060 -0.279 -0.193 1.000

Regional
Wind

0.837 -0.493 -0.733 -0.651 0.165 1.000
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Table 9
Regression Analysis Of Annual Snow Accumulation Trend Surface 
Parameters And Mean Regional Winter Climate Data 1972 To 1990

Dependent Independent Independent 
Variable Variable Variable 

(* i)  (X2) (X3) R n P
Standard

Error Equation

Mean
SWE

Regional
Precip.

Regional
Temp.

0.944 19 0.000 3.2 X i = 8.414 
+1.809*2 
+ -0.598X3

Mean
SWE

Surface
Direction

Surface
Gradient

0.797 19 0.000 5.8 * i = 63.319 
+ -0.138*2 
+ 25.695*3

Surface
Direction

Regional
Precip.

Regional
Temp.

0.602 19 0.027 29.0 * i  = 305.668 
+ -4.559*2 
+ -1.315*3

Surface
Gradient

Regional
Precip.

0.686 19 0.001 0.11 * i  = -0.045 
+ 0.021*2

Surface
Direction

Regional
Wind

0.837 18a 0.000 19.8 *1 = -196.535 
+ 1.801*2

an = 18 because 1990 rawinsonde data are not available.
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surface direction and trend surface gradient variables (R = 0.797). Increases in mean 

annual SWE corresponds to decreases in trend surface direction, indicating a more 

northerly direction, and increases in trend surface gradient. Trend surface direction 

correlates ( R -  0.602) with the variables o f regional winter precipitation and temperature. 

The regression equation indicates that the trend surface direction will increase, having a 

more southerly trend direction, with decreases in both regional winter precipitation and 

temperature. The trend surface gradients correlate (R = 0.686) to regional winter 

precipitation. The regression equation indicates that trend surface gradients increase with 

increases in regional winter precipitation. The regression of regional winter wind direction 

to snow accumulation trend surface direction and gradient has a strong correlation (R = 

0.837) indicating that regional wind patterns can be estimated with relative certainty from 

the snow accumulation patterns. It should be noted that from the correlation analysis, 

regional winter temperature variability appears to have little relationship to the snow 

accumulation patterns. However, when integrated with the precipitation variable, 

temperature variability improves the correlations.

The findings of this analysis can be summarized: (1) mean snow accumulation 

increases with increases in winter precipitation and decreases in winter temperature; (2) 

snow accumulation trend surface direction decreases, taking a more southerly oriented 

trend, with decreases in regional winter precipitation and temperature; (3) snow 

accumulation trend surface gradients steepen with increase in regional winter precipitation; 

and (4) regional wind direction is related to the resultant snow accumulation trend surface 

direction. These findings suggest that wet and cold winters result in higher accumulations 

of snow, that snow accumulation will diminish towards a southerly direction during dry 

and cold winters, and that snow accumulation gradients will be steeper during wet winters. 

The findings also suggest that precipitation is the primary climatic influence on snow 

accumulation, whereas temperature has a more secondary influence on snow accumulation.
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Long-term interpretations can be made from the averaged 1972 to 1990 snow 

accumulation and trend surface data. Because the Uinta Mountains are subjected to a 

predominantly westerly air-flow, a west to east decline in snow accumulation and trend 

direction would be expected. However, the average trend direction for the 1972 to 1990 

period of 230° indicates that a northeasterly decline occurs. The northeasterly diminishment 

of snow accumulation indicates that the air-flow has a significant southerly component. 

The 1972 to 1989 wind direction data in Table 7, indicate the wind direction at the 800 

millibar to 700 millibar height on average maintained a slightly more zonal heading of 241°. 

The difference between the rawinsonde direction and the snow accumulation trend surface 

direction suggests that a more southerly flow is present when storms pass through the 

region, and westerly air-flow dominates during stable periods. This air-flow pattern is 

presumably influenced by the anticyclonic flow, which originates to the southwest of the 

study area, as described by Mitchell (1976).

Synthesis Of Present ELA

Presently no glaciers exist in the Uinta Mountains. Thus, the present ELA for the 

Uinta Mountains has not been established. Because glacial mass balance is controlled 

primarily by the combined effects of precipitation (accumulation) and temperature 

(ablation), the height of the present ELA can be thought to occur at an undetermined altitude 

above the Uinta Mountains where temperatures are sufficiently cold to sustain permanent 

ice.

Studies of present glaciers have shown that the ELA will occur where specific 

precipitation and temperature criteria are satisfied (Loewe, 1971; Sutherland, 1984; 

Leonard, 1989). Leonard (1989), after other researchers (Loewe, 1971; Sutherland, 

1984), has developed a refined model for the prediction of winter accumulation and 

summer temperature, in other words net accumulation over net ablation at ELA. Equations
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5 and 6 describe the relationship of winter accumulation and summer temperature at the 

ELA: Thus,

A = 1.33 (Tvi.viii + 6.66)2-85 (5)

A = 1.33 (TVi.viu + 9.66)2-85 (6)

Equation 5 defines the higher margin of the ELA, and Equation 6 defines the lower margin 

(Leonard, 1989). Where A = winter accumulation in millimeters; and r v*-vi« = the mean 

June though August temperature. A graph illustrating curves computed from equations 5 

and 6 is shown in Figure 11. Rearranging equations 5 and 6 Tvi.viii can be solved:

Tvmu = ((A/1.3 3 )4 2 1 5 ) - 6.66 (7)

Tvi.vm = ((A /l.33)42X5 ) - 9.66 (8)

Because snow accumulation, temperature and lapse rate data are available for the study

area, solving for Tvi.vm enables the calculation of the altitude at which glacial

equilibriumwould occur under present conditions. By determining the height difference 

between the temperature at ELA (7V,-wu) and the 0°C isotherm using the summer lapse rate 

(Lvi-viii )> and adding the height difference to the summer 0°C isotherm altitude (ZTOVv/V, 

), the present ELA (ZEIA) is estimated. Thus,

ZELA = (((0° - Tvi.vin )/Lvi.viii) 100) + ZT0°vi.viU (9)

Employing equations 5 through 9, high and low estimates of the present ELA can be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

Summer Temperature (°C)
T  • ...1 vi-vm

Figure 11. Relationship of winter accumulation (A) and summer temperature (Tvi.v at 
ELA sites world wide (after Leonard, 1989).
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derived from snow accumulation measurements. These estimates are shown in Table 10, 

and trend surface maps o f the high and low estimates are shown in Figure 12.

The direction of the two estimated trend surfaces shown in Figure 12 is 230° for 

both surfaces, the same direction as the 1972 to 1990 snow accumulation trend surface. 

The gradients o f the two surfaces are 2.7 meters kilometer-!. The mean altitude of the low 

ELA estimate is 4,507 meters, and the high ELA estimate is 4,907 meters, ~ a 400 meter, 

difference in altitude. The average estimated ELAs are located 383 to 783 meters above the 

4,124 meter elevation o f Kings Peak. Based on these estimates, a 383 to 783 meter 

lowering of the estimated ELA would be necessary for glaciation to occur on the higher 

reaches of the Uinta Mountains.

Assuming a lapse rate of 0.75 °C 100 meters"! and unchanged snow accumulation, 

a 2.9°C to 5.9°C lowering of the mean summer temperature would be required to lower the 

estimated ELA to the height o f Kings Peak. However, if the mean summer temperature 

remained unchanged, the present average winter accumulation of 36.7 cm must be 

increased from ~ 93 cm to 197 cm; these increases are on the order of 250% to 540%. 

These estimations demonstrate that a relatively small decrease in temperature coupled with 

minimal to no increase in precipitation would reinitiate glaciation of Kings Peak.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

Table 10 
Estimated Present ELA From 

1972 To 1990 Snow Accumulation Values

Site Name
N

Latitude
W

Longitude
Low 

Estimate (m)a
High 

Estimate (m)b

1. Ashley-Twin Lakes 40°43' 109°48' 4,624 5,024
2. Atwood Lake 40°44' 110°17' 4,530 4,930
3. Beaver Creek Divide 40°37' 111°04' 4,383 4,783
4. Blacks Fork Junction 40°58‘ 110°35' 4,525 4,925
5. Brown Duck Ridge 40°35' 110°35' 4,449 4,849
6. Buck Pasture 40°51' 110°40' 4,486 4,886
7. Burts-Miller Ranch 41°00' 110°52' 4,482 4,882
8. Chalk Creek #1 40°51' 111°04' 4,423 4,823
9. Chalk Creek #2 40°54' l l l o04' 4,431 4,831

10. Chalk Creek #3 40°55' 111 °06* 4,428 4,828
11. Chepeta 40°46' 110°00' 4,594 4,994
12. Chepeta-White R. Lake 40°46’ 109°59’ 4,598 4,998
13. E. Fork Blacks Fork G.S. 40°53' 110°32' 4,516 4,916
14. Five Points Lake 40°43' 110°28' 4,495 4,895
15. Hayden Fork 40°47' 110°53' 4,438 4,838
16. Henry's Fork 40°53' 110°22' 4,547 4,947
17. Hewinta G.S. 40°57' 110°29' 4,540 4,940
18. Hickerson Park . 40°54' 109°58' 4,634 5,034
19. Hole in the Rock 40°55' 110°12' 4,589 4,989
20. Hole in the Rock G.S. 40°57' 110°09' 4,607 5,007
21. Kings Cabin-Upper 40°43' 109°33' 4,686 5,086
22. Lake Fork Basin 40°45' 110°37' 4,475 4,875
23. Lake Fork Mountain 40°36' 110°26' 4,477 4,877
24. Lake Fork Mountain #3 40°33' 110°21' 4,481 4,881
25. Lightning Lake 40°43' 110°45' 4,448 4,848
26. Lily Lake 40°52' 110°48' 4,468 4,868
27. Middle Beaver Creek 40°57' no°ir 4,600 5,000
28. Mosby Mountain 40°37' 109°53' 4,582 4,982
29. Paradise Park 40°41' 109°55' 4,590 4,990
30. Redden Mine Lower 40°41' 11F13' 4,372 4,772
31. Reynolds Park 40°45' 109°55' 4,607 5,007
32. Rock Creek 40°33' 110°4r 4,428 4,828
33. Sergeant Lakes 40°50' 111°17' 4,388 4,788
34. Smith and Morehouse (1) 40°48' l l l o05' 4,412 4,812
35. Smith and Morehouse (2) 40°47' 111 °06' 4,406 4,806
36. Soapstone R.S. 40°34' 111 °02' 4,380 4,780
37. Spirit Lake 40°50' 110°00' 4,609 5,009
38. Steel Creek Park 40°55' 110°30' 4,530 4,930
39. Stillwater Camp 40°52' 110°50' 4,463 4,863
40. Trial Lake 40°41' 110°57' 4,410 4,810
41. Trout Creek 40°44' 109°40' 4,660 5,060

aLow estimate calculated using equations 7 and 9 
6High estimate calculated using equations 8 and 9
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111°00’ W 110°00’ W 109°00' W
A. Low ELA estimate.

111°00'W 110°00'W 109°00'W
B. High ELA estimate

Figure 12. Low (A) and high (B) present estimated ELA trend surfaces. Estimated from 
mean 1972 to 1990 snow accumulation. Mean height is 4,507 meters for low 
surface and 4,907 meters for high surface. For both surfaces direction is 230° and 
gradient is 2.8 meters per kilometer- 1. Trend surface equation, low ELA = 
16408.707+ 193.296Laf + -179.033Lon,liigh ELA = 16808.707+ 193.296Lar + 
-m m Z L o n .
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CHAPTER IV

RECONSTRUCTION OF LATE-PLEISTOCENE 

EQUILIBRIUM-LINE ALTITUDES: METHODS AND ANALYSIS

Introduction

A number of methods have been used to reconstruct paleoELAs (Meierding, 1982). 

These methods are discussed in the following sections. Following this discussion is a 

rationale for the selection of the most appropriate reconstruction method for this 

dissertation. The reconstructions o f the Pleistocene glaciations are based on the 

interpretations and mapping by previous workers in the study area (Atwood, 1909; 

Bradley, 1936; and Schlenker, 1988). A Geographic Information System (GIS) was used 

to reconstruct heights and extents of the glaciers. The GIS data base integrated the 

mapping and interpretations of previous workers and was used to query areal and vertical 

data for the estimation of the ELAs.

The sequence o f steps taken to reconstruct and evaluate the paleoELA was: (1) 

evaluation and selection of paleoELA estimation methods; (2) construction of a study area 

GIS data base to measure areal and vertical data to estimate ELAs; (3) construction of ELA 

trend surfaces using differing paleoELA estimation methods (i.e., toe-to-headwall altitude 

ratio [THAR], and accumulation-area ratio [AAR] methods); (4) selection of the most 

appropriate paleoELA estimation method through analysis of trend surface statistics. Using 

the selected reconstruction method, trend surfaces for the two episodes were analyzed to 

evaluate differences between the two glacial episodes and between present and the glacial 

episodes.
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Estimation Of Late-Pleistocene ELA 

Numerous methods have been developed to estimate paleoELAs (Meierding, 1982). 

The methods initially considered for this dissertation included: cirque floor elevation, 

glaciation threshold elevation, maximum lateral moraine elevation, toe-to-headwall altitude 

ratio (THAR), and accumulation-area ratio (AAR). Meierding's (1982) evaluation of these 

methods served as a basis for the selection of the methods used in this dissertation.

Commonly, the mean elevation o f cirque floors has been used to index the ELA 

(Peterson and Robinson, 1969; Trenhaile, 1975; Flint, 1977; Zielinski and McCoy, 1987; 

Burbank, 1991). This index assumes glacial erosion of cirque basins is a function o f  

glaciation height and, therefore, a reasonable approach for measuring past climate change. 

However, cirque-floor elevations can represent a composite ELA from multiple glacial 

episodes (Flint, 1957). Thus, when multiple glacial episodes are to be evaluated this 

method is inappropriate.

The glaciation threshold method is a measure of the mean elevation of the lowest 

glaciated summits and the highest unglaciated peaks in an area o f study (Flint, 1971; 

Porter, 1977). Thus, this method is most effective for regional-scale analyses and is not 

appropriate for the analysis of a specific mountain range. As with the cirque-floor elevation 

method, the glaciation threshold method does not allow for discrimination between the 

heights of multiple glacial episodes.

Maximum lateral moraine elevations have also been used to index the ELA of past 

glaciations (Meierding, 1982; Hawkins, 1985). This method assumes the maximum 

elevation of lateral moraines approximates the height of the ELA. Unfortunately, this 

approach can be subject to errors. The interpretation of lateral moraines from aerial and 

topographic data resources can be subjective and time consuming, and post-glacial 

modification of moraines (i.e., erosion and mass-wasting) is likely to introduce height
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measurement errors (Meierding, 1982). Because o f the subjectivity and the potential for 

measurement error, this method was considered inappropriate for this dissertation.

Toe-to-headwall altitude ratio (THAR), and accumulation-area ratio (AAR) 

measurements are two methods that utilize glacier height and extent dimensions to estimate 

ELAs (Porter, 1975; Pierce, 1979; Meierding, 1982; Hawkins, 1985; Leonard, 1984; 

Leonard, 1989; Locke, 1990). Both the THAR and AAR indices are based on 

observations of present glaciers (Meierding, 1982). These methods have also been used to 

estimate the ELAs of reconstructed Pleistocene glaciers. The THAR is a bottom to top 

height ratio of vertical altitude of a glacier and is measured from the lowermost terminal 

moraine to the uppermost-headwall trim line. Thus, a THAR of 0.40 is 40 % of the 

vertical height from the toe to the headwall of a glacier (Meierding, 1982).

The AAR measurement is calculated from the hypsometric area ratio of a glacier. 

AAR is determined from trim lines and end moraines that indicate the areal extent of 

glaciation and from elevations on the glacier surface. The AAR is expressed as an elevation 

on the glacier surface that represents a ratio of accumulation area verses ablation area. For 

example, an AAR of 0.65 means that the ELA is located at an elevation on the glacier 

surface immediately below the upper 65 % o f the glaciated area.

Meierding's (1982) evaluation o f the methods that have been discussed here, 

demonstrated that the applicability of a particular method can depend upon the size and type 

of a glacier. In his analysis of reconstructed glaciers for the Front Range of Colorado, 

Meierding (1982) found that the THAR and AAR methods yielded lower error values than 

cirque elevation, glaciation threshold or maximum lateral moraine height methods.

Following Meierding's (1982) evaluation of the methods, and because the scope of 

this dissertation is to reconstruct the ELAs of the two glacial episodes, cirque floor 

elevation, glaciation threshold and lateral moraine elevation methods appeared to be
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inappropriate for this dissertation. Thus, AAR and THAR methods were used for the ELA 

reconstruction.

GIS Data Resources And Data Base Construction

Maps of the last two Pleistocene glacial episodes in the study area (Atwood, 1909; 

Bradley, 1936; and Schlenker, 1988) provided the basis for the reconstruction of the extent 

of Pleistocene glaciers. Because the previous mapping has been conducted at differing 

scales and needed to be integrated, and because AAR and THAR methods require both 

height and area measurements, a GIS data base of the study area was constructed to query 

the ELA heights.

The topographical and topological base data of the study area were constructed from 

portions o f four adjoining U.S. Geological Survey 1:250,000 scale topographic map 

sheets. These sheets are: Salt Lake Gty, Utah and Wyoming; Vernal, Utah and Colorado; 

Ogden, Utah and Wyoming; and Rock Springs, Wyoming and Colorado. The distribution 

of the reconstructed extent of late-Pleistocene glaciers of oxygen isotope stage six and stage 

two ages was derived from maps of varying scales: Atwood's (1909) 1:125,000 

reconnaissance of the entire range; Bradley's (1936) 1:36,000 analysis of the north slope of 

the range; and Schlenker's (1988) 1:24,000 analysis of the Blacks Fork Drainage on the 

north slope of the range. These maps were combined at a common nominal scale in the 

GIS.

The combining o f the map data bases enabled an interpolation of areal and 

topographic parameters for determination of AAR and THAR elevations for the two glacial 

episodes. The GIS also facilitates the conversion of map units from English units to metric 

units. The output resolution of the GIS data base was 10 meters for vertical measurements, 

and 18.5 meters and 14.2 meters, respectively, for latitude and longitude measurements. 

The data base was constructed from maps having 200 foot contour intervals; consequently,
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vertical measurement errors as large as 30 meters might have been tabulated. Horizontal 

errors ranging from 0.4 km for longitude measurements to 0.5 km for latitude 

measurements might have resulted from the resolution of the coordinate system. Although 

the Universal Transverse Mercator (UTM) grid coordinate system may have provided better 

spatial resolution than Latitude-Longitude coordinates, the older maps (Atwood, 1909; 

Bradley, 1936) used to construct the data base were drawn prior to the development of the 

UTM system, necessitating the use of ladtude-longitude coordinates for this analysis.

The map data bases were assembled and analyzed using INTERA TYDAC® 

SPANS GIS. Topographical and topological data from the four adjoining U.S. Geological 

Survey topographic maps were joined to form an integrated topographical and topological 

study area data base. The former extent of glacial ice was determined from the maximum 

limits of glacial erosional and depositional landforms delimited by previously cited map 

sources. The outermost moraines and trim lines for the two glaciations were used to plot 

the extent of ice during full-glacial time. Complexes of smaller cirque glaciers that joined in 

the main valleys were grouped into single reconstructed glaciers. A separate topological 

overlay was constructed for each of the two glacial episodes, and these were overlain onto 

the study area data base. From GIS data base height, area and coordinate location 

parameters of the reconstructed glacier overlays were rapidly computed. From the height, 

area and coordinate location parameters, the AAR and THAR (height and coordinates) for 

each of the glacial basins was measured for both of the glacial episodes. The spatial extents 

of the glacial margins for the two episodes are shown in Figures 13 and 14. Tabulation of 

height and area parameters for the reconstructed extent of the glaciers are shown in Tables 

11 and 12.

Examination of the maps in Figures 12 and 13 reveals a significant variation 

between the two episodes. This variation exists in the extent of glaciation from west to east 

across the range. From Figures 12 and 13, the stage six glaciers are larger than the stage
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Table 11
Oxygen Isotope Stage Six Reconstructed Extent of Glaciers

Terminal Headwall
N W Elevation Elevation Area

Basin Latitude Longitude (ml (m) (kml
1. Swifts Canyon 40°41' 111°12' 2,360 3,100 3.7
2. Shingje Mill Creek 40°43' 111°12' 2,400 2,840 1.6
3. Ledge Fork Canyon 40°42' l l l o10' 2,390 3,060 12.5
4. Smith and Morehouse 40°42' l l l o04' 2,270 3,360 56.8
5. Weber River 40°43' 110°59’ 2,330 3,480 112.6
6. Whitney 40°47' 110°55' 3,040 3,060 2.8
7. Bear River 40°45' 110°48' 2,510 3,680 211.8
8. Blacks Fork 40°55’ 110°35' 2,410 3,810 320.5
9. Smiths Fork 40°52' 110°25' 2,730 3,960 92.3

10. Henrys Fork 40°52' 110°21' 2,720 3,810 62.5
11. West Fork Beaver Creek 40°53' 110°15' 2,610 3,670 30.4
12. Middle Fork Beaver Creek 40°53' 110° 12' 2,670 3,640 36.8
13. Burnt Fork 40°52' 110°52' 2,420 3,710 54.8
14. White Rocks 40°45' 110°00' 1,660 3,690 150.7
15. Uinta River 40°45' 110°13' 2,100 3,980 295.2
16. Yellowstone River 40°42' 110°42' 2,170 4,040 222.6
17. Lake Fork 40°42' 110°34' 2,160 3,910 245.1
18. Rock Creek 40°38' 110°46' 2,220 3,790 286.3
19. Duchesne River 40°41' 110°51' 2,150 3,670 151.4
20. Soapstone 40°32' 110°59' 2,730 2,860 5.4
21. Provo River 40°39’ 111°03' 2,350 3,460 188.6
22. Left Fork Beaver Creek 40°40' 111°12' 2,280 3,080 15.6
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Table 12
Oxygen Isotope Stage Two Reconstructed Extent of Glaciers

Terminal Headwall
N W Elevation Elevation Area

Basin Latitude Longitude (m) (m) fleml
1. Swifts Canyon 40°41' 111012' 2,880 3,100 2.1
2. Red Pine Creek 40°43' 111°10' 2,390 2,980 3.1
3. Ledge Fork Canyon 40°41* 111 °90' 2,390 3,060 8.1
4. Smith and Morehouse 40°42' 111 °03’ 2,370 3,360 49.1

- 5. Weber River 40°42' m w 2,300 3,410 75.8
6. Gold Hill 40°46' 110°55' 2,640 3,390 14.8
7. Hayden Fork Bear River 40°44' 110°52' 2,690 3,560 48.8
8. Stillwater Fork Bear River 40°44' 110°48' 2,680 3,680 65.7
9. East Fork Bear River 40°46’ 110°43' 2,660 3,680 66.2

10. Mill Creek 40°52' 110°43’ 3,030 3,380 3.0
11. Blacks Fork 40°52’ 110°36' 2,450 3,800 253.2
12. Smiths Fork 40°52' 110°26' 2,730 3,960 86.8
13. Henrys Fork 40°50’ 110°23' 3,000 3,810 43.6
14. West Fork Beaver Creek 40°52' 110°16' 2,710 3,670 27.6
15. Middle Fork Beaver Creek 40°52’ 110°13' 2,730 3,640 32.3
16. Burnt Fork 40°51' 110°05' 2,730 3,710 48.2
17. West Fork Sheep Creek 40°51’ n o ° o r 2,760 3,440 31.2
18. East Fork Sheep Creek 40°51’ 109°55' 2,730 3,400 19.9
19. Carter Creek 40°49' 109°52' 2,620 3,390 51.0
20. Leidy Peak 40°46' 109°46' 2,650 3,380 27.0
21. Ashley Fork 40°44- 109°49’ 2,910 3,500 30.6
22. Marsh Peak 40°41' 109°48’ 3,030 3,350 2.4
23. Dry Fork 40°42' 109°54' 2,300 3,660 86.5
24. White Rocks 40°45' 110°00’ 2,350 3,680 141.7
25. Uinta River 40°45' 110° 14' 2,360 3,980 250.4
26. Crow Canyon 40°36' 110°16' 2,650 3,650 23.2
27. Yellowstone River 40°45' 110°24' 2,440 4,040 186.4
28. Lake Fork 40°43' 110°36' 2,700 3,890 186.2
29. Rock Creek 40°39' 110°48' 2,370 3,760 256.8
30. Hades Canyon 40°34' 110°50' 2,490 3,360 13.7
31. Grandaddy Mountain 40°36' 110°51’ 2,890 3,370 4.4
32. Duchesne River 40°42' 110°52' 2,540 3,670 100.2
33. Provo River 40°40' 110°57' 2,460 3,460 64.4
34. North Fork Provo River 40°39' l l l o00' 2,360 3,380 52.2
35. Shingle Creek 40°39' 1H 005’ 2,400 3,060 14.8
36. Slate Creek 40°40' l l l o10’ 2,420 3,060 10.7
37. Left Fork Beaver Creek 40°39' i i i ° i r 2,370 3,080 5.2
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two glaciers on the western and central portion of the range. The size of the stage six 

glaciers becomes increasingly smaller eastward across the range. On the very eastern 

portion of the range, the stage two glaciers appear to have over-run the deposits of the stage 

six glaciers. This indicates that ice accumulation differed substantially between the two 

glacial episodes and suggests that considerable climatic differences, specifically moisture 

supply occurred between the two episodes.

Analysis Of Late-Pleistocene ELA Trend Surfaces

Differing AAR and THAR ratios were evaluated to determine the method and ratio 

that best approximate the heights of the Pleistocene ELAs. AAR ratios of 0.65,0.60 and 

0.55 and THAR ratios of 0.45, 0.40 and 0.35 calculated via the GIS were used to 

determine the ELAs for both ages. Table 13 shows the trend surface variance statistics for 

the differing ELA measurements and height ratios. By comparing the surface trend (R), 

probability statistics (p), and standard error statistics in Table 13, the most appropriate 

method and ratio for evaluating the ELAs of both episodes can be selected. For this 

comparison, the strongest trends and lowest overall errors for the two episodes were 

obtained using the AAR method with a ratio of 0.55. It is assumed that the method and 

ratio that produces the strongest trends and lowest overall errors best approximates the 

actual ELA surface heights during the glacial episodes.

Using the AAR method with a ratio of 0.55, the ELA was calculated for the 

reconstructed extent of glaciers listed in Tables 11 and 12; the ELA trend surfaces were 

reconstructed for both episodes. The observed and estimated ELA elevations and residual 

values for the basins presented in Tables 14 and 15, and ELA trend surface maps are 

shown on Figures 15 and 16.

The extent of stage six glaciation appears to have a lower mean ELA and a steeper 

gradient than the stage two glaciation. The mean stage six ELA is ~ 2,950 meters and has a
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Table 13
Full-Glacial ELA Trend Surface Statistics0

Isotope Stage Method-Ratio
Mean 

ELA (m) R n P
Standard 
Error (m)

Stage Six AAR-0.65 2,885 0.77 22 0.000 123.8
AAR-0.60 2,920 0.77 22 0.000 127.3
AAR-0.55 2,949 0.76 22 0.000 132.4

THAR-0.45 2,905 0.61 22 0.012 162.5
THAR-0.40 2,849 0.64 22 0.006 156.0
THAR-0.35 2,791 0.67 22 0.003 152.1

Stage Two AAR-0.65 2,980 0.53 37 0.004 136.5
AAR-0.60 3,006 0.59 37 0.001 128.4
AAR-0.55 3,037 0.62 37 0.000 127.1

. THAR-0.45 3,008 0.62 37 0.000 145.2
THAR-0.40 2,962 0.61 37 0.000 144.6
THAR-0.35 2,917 0.60 37 0.001 145.9

a Trend surface statistics to regression with northing (Lat) and easting (Lon) varibles
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Table 14
Oxygen Isotope Stage Six ELA Parameters At 0.55 AAR

Observed Estimated
N W Elevation Elevation Residual

Basin Latitude Longitude (ml (ml ('ml
1. Swifts Canyon 40°41’ 111012' 2,940 2,759 181
2. Shingle Mill Creek 40°43' 111°12' 2,700 2,756 -56
3. Ledge Fork Canyon 40°42' u r i o ' 2,730 2,770 -40
4. Smith and Morehouse 40°42’ 111°04' 2,750 2,808 -58
5. Weber River 40°43' 110°59' 2,960 2,838 122
6. Whitney 40°47' 110°55' 3,040 2,859 181
7. Bear River 40°45' 110°48' 3,010 2,910 100
8. Blacks Fork 40°55' 110°35' 2,960 2,974 -14
9. Smiths Fork 40°52' 110°25' 3,030 3,041 -11

10. Henrys Fork 40°52' 110o21’ 3,070 3,069 1
11. West Fork Beaver Creek 40°53' 110°15' 3,030 3,107 -77
12. Middle Fork Beaver Creek 40°53' 110°12' 3,060 3,127 -67
13. Burnt Fork 40°52' 110°52' 3,040 3,176 -136
14. White Rocks 40°45' 110°00’ 3,150 3,222 -72
15. Uinta River 40°45' 110°13' 3,260 3,137 123
16. Yellowstone River 40°42’ 110°42' 3,170 3,064 106
17. Lake Fork 40°42' 110°34' 3,060 3,000 60
18. Rock Creek 40°38' 110°46' 3,030 2,929 101
19. Duchesne River 40°41' 110°51' 2,980 2,892 88
20. Soapstone 40°32' 110°59' 2,740 2,857 -117
21. Provo River 40°39' 111°03' 2,790 2,838 -48
22. Left Fork Beaver Creek 40°40' 111012' 2,390 2,759 -369
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Table 15
Oxygen Isotope Stage Two ELA Parameters At 0.55 AAR

Observed Estimated
N W Elevation Elevation Residual

Basin Latitude Longitude .. to ) to ) to )
1. Swifts Canyon 40°41' l i r i 2 ' 3,020 2,909 111
2. Red Pine Geek 40°43' l l l o10' 2,620 2,911 -291
3. Ledge Fork Canyon 40°41' 111°90' 2,720 2,919 -199
4. Smith and Morehouse 40°42' 111°03' 2,810 2,937 -127
5. Weber River 40°42’ l t r w 3,020 2,950 70
6. Gold Hill 40°46' 110°55' 3,000 2,961 39
7. Hayden Fork Bear River 40°44' 110°52' 3,020 2,975 45
8. Stillwater Fork Bear River 40°44' 110°48' 3,050 2,989 61
9. East Fork Bear River 40°46' 110°43' 3,070 3,001 69

10. Mill Creek 40°52' 110°43' 3,050 2,995 55
11. Blacks Fork 40°52* 110°36' 3,020 3,022 -2
12. Smiths Fork 40°52' 110°26' 3,040 3,055 -15
13. Henrys Fork 40°50' 110°23' 3,210 3,069 141
14. West Fork Beaver Geek 40°52' 110°16' 3,090 3,091 -1
15. Middle Fork Beaver Geek 40°52' 110°13' 3,200 3,102 98
16. Burnt Fork 40°51' 110°05' 3,160 3,131 29
17. West Fork Sheep Geek 40°51' 110°01' 3,030 3,145 -115
18. East Fork Sheep Creek 40°51’ 109°55' 3,030 3,164 -134
19. Carter Creek 40°49' 109°52' 2,990 3,178 -188
20. Leidy Peak 40°46’ 109°46' 3,030 3,204 -174
21. Ashley Fork 40°44' 109°49' 3,180 3,196 -16
22. Marsh Peak 40°41' 109°48' 3,280 3,202 78
23. Dry Fork 40°42' 109°54' 3,070 3,182 -112
24. White Rocks 40°45' 110°00' 3,190 3,154 36
25. Uinta River 40°45' 110°14’ 3,310 3,107 203
26. G ow  Canyon 40°36' 110° 16’ 3,030 3,108 -78
27. Yellowstone River 40°45' 110°24' 3,290 3,071 219
28. Lake Fork 40°43' 110°36' 3,210 3,032 178
29. Rock Creek 40°39' 110°48' 3,040 2,996 44
30. Hades Canyon 40°34’ 110°50' 2,990 2,993 -3
31. Grandaddy Mountain 40°36’ 110°51’ 3,230 2,989 241
32. Duchesne River 40°42' 110°52’ 3,030 2,975 55
33. Provo River 40°40' 110°57' 3,010 2,963 47
34. North Fork Provo River 40°39' 111°00' 2,850 2,951 -101
35. Shingle Geek 40°39’ 111°05' 2,860 2,934 -74
36. Slate Creek 40°40' l i r i o 1 2,780 2,914 -134
37. Left Fork Beaver Geek 40°39’ 1110!!' 2,860 2,913 -53
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trend surface gradient that rises at a rate of 4.8 meters km-1. The mean stage two ELA is ~ 

3,040 meters and has a trend surface gradient that rises at a rate of 2.4 meters km-1. From 

the snow accumulation pattern and climate variability relationships summarized in Chapter 

3, it is implied that the gradient differences indicate that the stage six glaciation was more 

moist than the stage two glaciation. Another difference between the two episodes is the 

direction of the ELA trend surface slopes. The stage six glaciation has a slope that rises on 

an almost zonal axis o f 276°, whereas the stage two surface rises from a slightly more 

northerly axis of 279°. Although slight, the difference in slope directions suggests that 

airflow during stage two might have been slightly more zonal than airflow during stage six 

glaciation. The more northerly oriented slope of the stage two glaciation also suggests that 

the stage two glaciation was not as moist and possibly cooler than the stage six glaciation.

In comparison to present ELA estimates and trend surfaces, the reconstructed 

Pleistocene ELAs and trend surfaces are substantially different The differences between 

the ELA trend surfaces include: (1) the height of the present surfaces above the Pleistocene 

surfaces; (2) the more zonal direction o f the Pleistocene surfaces compared to the direction 

of the present surfaces; and (3) the difference in trend surface gradients o f the present and 

stage six surfaces compared to the stage two surface.

Average height differences indicate that the reconstructed ELA surfaces are from 

1,288 meters to 1,868 meters lower than the present estimates. The height difference 

suggests that substantial temperature and/or precipitation change has occurred between the 

present and the late Pleistocene, whereas a rather slight difference occurred between the 

two glacial episodes. However, the mean stage six ELA surface height estimate of 2,949 

meters may be too low. Because stage six glacial deposits on the eastern third of the range 

were overridden by subsequent stage two glaciers (Stage two basins 17 to 23), stage six 

glaciers that are believed to have occupied the eastern basins could not be calculated into the 

mean stage six ELA surface height estimate. It is suspected that several higher unmeasured
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basins on the eastern third of the range would have significandy raised the mean stage six 

ELA height estimate.

The present ELA trend surface direction rises from the direction of 230°, and the 

stage six surface rises from 276°, and the stage two surface rises from 279°. The more- 

zonal trend surface directions o f the glacial episodes suggest that air-mass movement or 

moisture supply has changed substantially since late Pleistocene. This change might have 

been influenced by a more zonal Pleistocene circulation pattern (CLIMAP, 1976; Gates, 

1976; Barry 1983; COHMAP, 1988; Crowley and North, 1991) or the proximity of the 

Uinta Mountains to enlarged paleolakes (Scott, et al., 1983; Mulvey, 1985; Curiey, 1990). 

The relationship of the ELA trend surfaces and Pleistocene climate models are discussed in 

Chapter 5.

The present ELA trend surface gradient rises at ~ 2.8 meters km-1. The stage six 

ELA gradient has a rate of 4.8 meters km-1 (higher than present ELA gradient) and the 

stage two rate is substantially lower at 2.4 meters km-1 (lower than present ELA gradient). 

Because the surface gradients of the present and stage two ELA surfaces are similar and 

both rise at a lower rate than the stage six ELA surface, the stage six episode can be 

inferred to have been more moist than present, and the stage two episode can be inferred to 

have had snow accumulation conditions similar to, or perhaps, lower than present.

Both standard error measurements of 132 meters for the stage six ELA and 127 

meters (Table 13) for the stage 2 ELA seem high. However, several factors might 

contribute to produce trend surface errors. For example, glaciation elevation can be 

influenced by variables, which are not related to elevation or climate. As Graf (1976) 

points out, most glaciers that exist in the present-day Rocky Mountains are found at 

geomorphically optimal locations for the accumulation and preservation of year-round 

snowpack. Thus, non-climatic and climatic variables might have differing contributions 

for different glaciers. It is important to understand that the AAR value of 0.55 might be the
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best ELA approximation for the population of the study area reconstructed glaciers only. 

Individual basins might be better represented by AAR values higher or lower than 0.55. 

Leonard (1984) believes that AAR values are influenced by the morphology of glaciers, 

where the highest ratios will occur on icecap glaciers, and valley and piedmont glaciers will 

have lower AAR values. The glacial morphology of the study area population consisted of 

cirque and valley glaciers, with many interconnected basins on the west side of the range. 

Thus, the variety of glacier morphology might have contributed trend surface error.

The height of the glacial ELA can be predicted with relative certainty (i.e., stage six 

AAR 0.55 r = 0.763, stage two AAR 0.55 r  = 0.615) using northing (latitude) and easting 

(longitude) increments. To further understand the nature o f the ELA height errors, an 

analysis of the ELA residuals was conducted. Factors that are believed to contribute to 

estimation errors include: areal parameters of the reconstructed glaciers and measurement 

errors. The areal parameters include: the lower limit or terminal moraine elevation; the 

upper limit or headwall trimline elevation; the elevation range from lower limit to upper 

limit; the area of the reconstructed glacier, the length of the reconstructed glacial extent; the 

overall gradient of the reconstructed glacial extent; and the distance of the glacier from the 

center of the range (40°45' N, 110°30' W).

A listing of the stage six and stage two 0.55 AAR residuals and corresponding areal 

parameters are presented in Tables 16 and 17, respectively. In Table 18, correlation 

statistics between the residuals and areal parameters are tabulated. The correlation 

coefficients for the stage six residuals suggest no significant pattern of error associated with 

the areal parameters; however, the stage two residuals do show a possible relationship (r = 

0.570) with the upper limit elevations of reconstructed glacial extent. The possible 

relationship indicates that residuals were generally positive for glaciers with upper limits of 

glaciation occurring at higher elevations, and negative for glaciers with upper limits of 

glaciation occurring at lower elevations. Additionally, stage two residuals show an inverse

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

Table 16
Oxygen Isotope Stage Six 0.55 AAR ELA Trend Surface 

Residuals And Areal Parameters Of Reconstructed Glacial Extent

Basin
Number

Residual
(m)

Lower
lim it
(m)

Upper
Limit
(m)

Elevation
Range

(m)

Glacier
Area
(km)

Glacier
Length

(km)

Glacier
Gradient

(%)

Distance
From

Centert
(km)

1. 181 2,360 3,100 740 3.7 4.2 18 58.1
2. -56 2,400 2,840 440 1.6 2.5 18 56.9
3. -40 2,390 3,060 670 12.5 7.0 10 55.3
4. -58 2,270 3,360 1,090 56.8 17.1 6 47.0
5. 122 2,330 3,480 1,150 112.6 19.9 6 40.2
6. 181 3,040 3,060 20 2.8 2.5 1 35.1
7. 100 2,510 3,680 1,170 211.8 26.7 4 23.8
8. -14 2,410 3,810 1,400 320.5 49.1 3 14.8
9. -11 2,730 3,960 1,230 92.3 32.3 4 11.1

10. 1 2,720 3,810 1,090 62.5 24.8 4 16.7
11. -77 2,610 3,670 1,060 30.4 18.5 6 25.0
12. -67 2,670 3,640 970 36.8 15.4 6 29.0
13. -136 2,420 3,710 1,290 54.8 22.9 6 37.7
14. -72 1,660 3,690 2,030 150.7 35.4 6 40.1
15. 123 2,100 3,980 1,880 295.2 43.1 4 22.2
16. 106 2,170 4,040 1,870 222.6 39.9 5 8.5
17. 60 2,160 3,910 1,750 245.1 40.6 4 8.1
18. 101 2,220 3,790 1,570 286.3 39.2 4 26.9
19. 88 2,150 3,670 1,520 151.4 28.3 5 31.1
20. -117 2,730 2,860 130 5.4 6.1 2 47.9
21. -48 2,350 3,460 1,110 188.6 30.5 4 44.8
22. -369 2,280 3,080 800 15.6 7.3 11 60.6

tDistance from center of range
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Table 17
Oxygen Isotope Stage Two 0.55 AAR ELA Trend Surface

Residuals And Areal Parameters Of Reconstructed Glacial Extent

Basin
Number

Residual
(m)

Lower
Limit
(m)

Upper
limit
(m)

Elevation
Range

(m)

Glacier
Area
(km)

Glacier
Length

(fan)

Glacier
Gradient

(%)

Distance
From

Centert
(fan)

1. 111 2,880 3,100 220 2.1 2.6 8 58.1
2. -291 2,390 2,980 590 3.1 4.3 14 55.3
3. -199 2,390 3,060 670 8.1 5.4 12 54.2
4. -127 2,370 3,360 990 49.1 12.1 8 46.6
5. 70 2,300 3,410 1,110 75.8 11.4 10 41.8
6. 39 2,640 3,390 750 14.8 6.5 12 34.6
7. 45 2,690 3,560 870 48.8 15.2 6 29.8
8. 61 2,680 3,680 1,000 65.7 16.5 6 24.2
9. 69 2,660 3,680 1,020 66.2 18.7 5 19.5

10. 55 3,030 3,380 350 3.0 3.8 9 23.4
11. -2 2,450 3,800 1,350 253.2 41.0 3 13.1
12. -15 2,730 3,960 1,230 86.8 29.5 4 10.3
13. 141 3,000 3,810 810 43.6 15.2 5 12.6
14. -1 2,710 3,670 960 27.6 16.5 6 23.8
15. 98 2,730 3,640 910 32.3 12.7 7 27.4
16. 29 2,730 3,710 980 48.2 13.7 7 36.8
17. -115 2,760 3,440 680 31.2 11.4 6 42.8
18. -134 2,730 3,400 670 19.9 11.1 6 49.9
19. -188 2,620 3,390 770 51.0 10.2 8 52.2
20. -174 2,650 3,380 730 27.0 10.5 7 58.8
21. -16 2,910 3,500 590 30.6 12.7 5 54.4
22. 78 3,030 3,350 320 2.4 2.5 13 57.3
23. -112 2,300 3,660 1,360 86.5 22.1 6 49.8
24. 36 2,350 3,680 1,330 141.7 29.5 4 39.3
25. 203 2,360 3,980 1,620 250.4 29.8 5 20.6
26. -78 2,650 3,650 1,000 23.2 13.3 8 23.4
27. 219 2,440 4,040 1,600 186.4 27.0 6 7.1
28. 178 2,700 3,890 1,190 186.2 23.5 5 8.8
29. 44 2,370 3,760 1,390 256.8 31.1 4 28.1
30. -3 2,490 3,360 870 13.7 7.9 11 34.7
31. 241 2,890 3,370 480 4.4 4.8 10 34.2
32. 55 2,540 3,670 1,130 100.2 16.1 7 32.3
33. 47 2,460 3,460 1,000 64.4 10.2 10 39.1
34. -101 2,360 3,380 1,020 52.2 13.0 8 44.3
35. -74 2,400 3,060 660 14.8 8.3 8 50.7
36. -134 2,420 3,060 640 10.7 5.5 12 57.4
37. -53 2,370 3,080 710 5.2 4.8 15 58.6

tDistance from center of range
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Table 18
Correlation Table0 Of Oxygen Isotope Stage Six And Stage Two 0.55 AAR 

ELA Trend Surface Residuals And Areal Parameters Of Reconstructed Glacial Extent

Lower
Limit

Upper
Limit

Elevation
Range

Glacier
Area

Glacier
Length

Glacier
Gradient

Distance 
From Center

Stage Six 
Residuals 0.032 0.273 0.174 0.370 0.245 -0.148 -0.381

Stage Two 
Residuals 0.325 0.570 0.261 0.392 0.291 -0.289 -0.620

°Pearson product-moment correlation
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relationship (r = -0.632) with the distance from the center of the range. The inverse 

relationship indicates that the further a glacier was from the center o f the range, where 

surrounding elevations are highest, the residuals were generally more negative. This 

relationship indicates that the height of the surrounding terrain is a likely cause for the high 

standard error values.

The highest elevations in the Uinta Mountains are located near the center of the 

range in the vicinity of Kings Peak (40°45f N 110°30' W). East and west of Kings Peak, 

elevations gradually decline, and north and south of Kings Peak the elevations sharply 

decline. With a decline in peak elevation, a general decline in the upper limit of glaciation 

can be expected. The relationship between the residual values and the distance from the 

center of the range suggests that much of the error can be attributed to upper limit variance, 

which is to some extent controlled by the height of the surrounding terrain.
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CHAPTER V

RECONSTRUCTION OF LATE-PLEISTOCENE CLIMATES

Temperature. Snow Accumulation. And Wind Direction Estimates 

Glacial mass balance and ELA heights are controlled by a range of temperature and 

precipitation conditions. Thus, the temperature and precipitation that prevailed during the 

Pleistocene glacial episodes cannot be determined precisely from the reconstructed ELAs 

(Leonard, 1989; Locke, 1990). However, the ranges of temperature and precipitation 

conditions required to lower the ELAs from their present heights provide an index for the 

change that has occurred. By comparing present climate conditions to the range of 

conditions that are estimated to have prevailed during the glacial episodes, temperature and 

precipitation ranges can be calculated. Through the comparison o f present and late- 

Pleistocene ELA trend surfaces, climatic factors such as temperature change, snow 

accumulation and wind direction can be inferred for the late-Pleistocene glacial episodes. 

Temperature change estimates are based on the depression of the mean Pleistocene ELA 

heights and assumes that the depression o f temperature was uniform across the study area. 

Snow accumulation change estimates are made on the basis of temperature depression. 

Wind direction during the glacial episodes is calculated from the direction of the 

reconstructed snow accumulation trend surfaces.

Temperature Change Estimates

Temperature change is estimated by determining the vertical height difference 

between the estimated present and reconstructed Pleistocene ELAs and converting the
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vertical height difference to temperature difference using a normal lapse rate (i.e., 0.65° C 

100 nr1). Thus, the temperature change estimate ( °TC) is given by:

T c = «ELAm - ELAp)/100) Ln (10)

where ELAm is the present mean ELA height; ELAp is the Pleistocene mean ELA height; Ln 

is an assumed lapse rate of 0.65° C 100 nr1.

As discussed earlier, the mean height estimate of the stage six ELA is likely to be 

low because several o f the stage six basins on the eastern third of the range were 

overridden by stage two glaciers and could not be measured. Presuming that smaller stage 

six glaciers occupied the stage two basins on the eastern third of the range, which includes 

stage two Basins 17 to 23, the ELAs of the unmeasured basins can be estimated using the 

stage two coordinates listed in Table 12, and the stage six ELA trend surface equation form 

Table 13 (i.e., AAR 0.55). The calculated heights of the unmeasured basins are shown in 

Table 19. Comparison of Table 19 with Table 12, indicates that the estimated ELA heights 

of the unmeasured basins fall within the upper and lower limits of the stage two glaciers 

and were probably occupied by smaller stage six glaciers. With the ELA heights of the 

unmeasured basins included, the mean stage six ELA height estimate becomes 3,027 

meters, rather than 2,949 meters as initially estimated.

Using equation 10, temperature change estimates can be made from the height 

differences of the glacial and present estimated ELAs. The results shown in Table 20 

indicate that the ELA was lowered from 1,480 meters to 1,880 meters during stage six, and 

from 1,470 meters to 1,870 meters during stage two. From the height differences, a 9.6° C 

to 12.2° C decrease in temperature is estimated to have occurred during both of the glacial 

episodes. Assuming an equivalent lowering of the 0° C isotherm occurred during the 

glaciations, the present 0° C summer isotherm height of 4,567 meters would have been

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

Table 19
Oxygen Isotope Stage Six ELA Estimates Including Unmeasured Basins

Observed Estimated
N W Elevation Elevation

Basina Latitude Longitude (m) (m)

1. Swifts Canyon 40°41' 111012’ 2,940 2,759
2. Shingle Mill Creek 40°43' 111°12' 2,700 2,756
3. Ledge Fork Canyon 40°42' l l l o10' 2,730 2,770
4. Smith and Morehouse 40°42’ 111°04' 2,750 2,808
5. Weber River 40°43' 110°59' 2,960 2,838
6. Whitney 40°47' 110°55' 3,040 2,859
7. Bear River 40°45’ 110°48' 3,010 2,910
8. Blacks Fork 40°55' 110°35' 2,960 2,974
9. Smiths Fork 40°52' 110°25' . 3,030 3,041

10. HenrysFork 40°52' 110°21* 3,070 3,069
11. West Fork Beaver Creek 40°53' 110°15' 3,030 3,107
12. Middle Foik Beaver Creek 40°53' 110°12' 3,060 3,126
13. Burnt Fork 40°52' 110°52' 3,040 3,176
A. West Fork Sheep Creek 40°51' no°or 3,204
B. East Fork Sheep Creek 40°51’ 109°55' 3,239
C. Carter Creek 40°49' 109°52' 3,263
D. LeidyPeak 40°46' 109°46' 3,311
E. Ashley Fork 40°44' 109°49' 3,294
F. Marsh Peak 40°41' 109°48' 3,303
G. Dry Fork 40°42’ 109°54’ 3,267
14. White Rocks 40°45' 110°00' 3,150 3,222
15. Uinta River 40°45' 110°13' 3,260 3,137
16. Yellowstone River 40°42' 110°42' 3,170 3,064
17. Lake Fork 40°42' HO^' 3,060 3,000
18. Rock Creek 40°38' 110°46' 3,030 2,929
19. Duchesne River 40°41' 110°51’ 2,980 2,892
20. Soapstone 40°32' 110°59' 2,740 2,857
21. Provo River 40°39' 111°03' 2,790 2,838
22. Left Fork Beaver Creek 40°40' 111°12' 2,390 2,759

Average of all basins 2,949+ 3,027+t

a Basins A to G are unmeasured basins estimated using stage two coordinate locations 
t n = 22 
tt n = 29
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Table 20
Full-Glacial Temperature Change Estimates

ELA°
(m)

Present 
High ELA 
Estimate0 

(m)

Present 
Low ELA 
Estimate0 

(m)

Difference
High

Estimate
(m)

Difference
Low

Estimate
(m)

High Temp. 
Change 

Estimate6 
( ° Q

Low Temp. 
Change 

Estimate6
(°Q

Stage Six 
3,027 4,907 4,507 -1,880 -1,480 -12.2 -9.6

Stage Two 
3,037 4,907 4,507 -1,870 -1,470 -12.2 -9.6

°Mean of all ELA sites
^Estimate assumes a 0.65 0 C 100 nr1 lapse rate
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lowered from 2,687 meters to 3,087 meters during stage six, and from 2,697 meters to

3,097 meters during stage two.

Using the 0° C height estimates, the summer temperature of the glacial ELAs can be 

calculated by determining the height difference from the estimated 0° C altitude and 

converting the height difference to temperature difference using the normal lapse rate. 

Equation 11 is used to make this conversion:

ELA, = {{0°Ch -E L A )m  (11)

where 0°Ch is the estimated glacial summer 0° C height; ELA is the estimated ELA height 

of the glacial basins; and ELAt is the estimated ELA temperature of the basins. The 

estimate ELA temperatures are presented in Tables 21 and 22.

Snow Accumulation Estimates

From the calculated ELA temperatures, full-glacial ELA snow accumulation can be 

estimated using equations 5 and 6. Because the glacial low temperature change estimate 

was ultimately calculated from the present low ELA elevation estimate, equation 5 is used 

to estimate snow accumulation for the low temperature change estimates. Equation 6 is 

used to estimate snow accumulation for the high temperature change estimates.

A comparison of present snow accumulation to the estimated full-glacial snow 

accumulation, present snow accumulation (1972 to 1990 mean) at the stage six and stage 

two ELA coordinates is estimated using the present snow accumulation trend surface 

equation as:
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Table 21
Oxygen Isotope Stage Six ELA Temperature Estimates

Basin0

Estimated
ELA

Elevation
(m)

2687 m 
(PC 

Difference 
(m)

3087 m 
CPC 

Difference 
(m)

2687 m 
Temp. 

Estimate 
(°Qb

3087 m 
Temp. 

Estimate 
(°QC

1. Swifts Canyon 2,759 72 -328 -0.5 2.1
2. Shingle Mill Creek 2,756 69 -331 -0.4 2.2
3. Ledge Fork Canyon 2,770 83 -317 -0.5 2.1
4. Smith and Morehouse 2,808 121 -279 -0.8 1.8
5. Weber River 2,838 151 -249 -1.0 1.6
6. Whitney 2,859 172 -228 -1.1 1.5
7. Bear River 2,910 223 -111 -1.4 1.2
8. Blacks Fork 2,974 287 -113 -1.9 0.7
9. Smiths Fork 3,041 354 -46 -2.3 0.3

10. HenrysFork 3,069 382 -18 -2.5 0.1
11. West Fork Beaver Creek 3,107 420 20 -2.7 -0.1
12. Middle Fork Beaver Creek 3,126 439 39 -2.9 -0.3
13. Burnt Fork 3,176 489 89 -3.2 -0.6
A. West Fork Sheep Creek 3,204 517 117 -3.4 -0.8
B. East Fork Sheep Creek 3,239 552 152 -3.6 -1.0
C. Carter Creek 3,263 576 176 -3.7 -1.1
D. LeidyPeak 3,311 624 224 -4.1 -1.5
E. Ashley Fork 3,294 607 207 -3.9 -1.3
F. Marsh Peak 3,303 616 216 -4.0 -1.4
G. Dry Fork 3,267 580 180 -3.8 -1.2
14. White Rocks 3,222 535 135 -3.5 -0.9
15. Uinta River 3,137 450 50 -2.9 -0.3
16. Yellowstone River 3,064 377 -23 -2.4 0.2
17. Lake Fork 3,000 313 -87 -2.0 0.6
18. Rock Greek 2,929 242 -158 -1.6 1.0
19. Duchesne River 2,892 205 -195 -1.3 1.3
20. Soapstone 2,857 170 -230 -1.1 1.5
21. Provo River 2,838 151 -249 -1.0 1.6
22. Left Fork Beaver Creek 2,759 72 -328 -0.5 2.1

Average of all basins 3,027 340 -60 -2.2 . 0.4

a Basins A to G are unmeasured basins
b Estimated ELA temperature assuming a 2,687 meter 0° C isotherm altitude 
c Estimated ELA temperature assuming a 3,087 meter 0° C isotherm altitude
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Oxygen Isotope Stage Two ELA Temperature Estimates

81

Basin

Estimated
ELA

Elevation
(m)

2697 m 
0PC 

Difference 
(m)

3097 m 
0PC 

Difference 
(m)

2697 m 
Temp. 

Estimate

3097 m 
Temp. 

Estimate
c°Q b

1. Swifts Canyon 2,909 212 -188 -1.4 1.2
2. Red Pine Geek 2,911 214 -186 -1.4 1.2
3. Ledge Fork Canyon 2,919 222 -178 -1.4 1.2
4. Smith and Morehouse 2,937 240 -160 -1.6 1.0
5. Weber River 2,950 253 -147 -1.6 1.0
6. Gold Hill 2,961 264 -136 -1.7 0.9
7. Hayden Fork Bear River 2,975 278 -122 -1.8 0.8
8. Stillwater Fork Bear River 2,989 292 -108 -1.9 0.7
9. East Fork Bear River 3,001 304 -96 -2.0 0.6

10. Mill Creek 2,995 298 -102 -1.9 0.7
11. Blacks Fork 3,022 325 -75 -2.1 0.5
12. Smiths Fork 3,055 358 -42 -2.3 0.3
13. HenrysFork 3,069 372 -28 -2.4 0.2
14. West Fork Beaver Creek 3,091 394 -6 -2.6 0.0
15. Middle Fork Beaver Creek 3,102 405 5 -2.6 -0.0
16. Burnt Fork 3,131 434 34 -2.8 -0.2
17. West Fork Sheep Creek 3,145 448 48 -2.9 -0.3
18. East Fork Sheep Creek 3,164 467 67 -3.0 -0.4
19. Carter Creek 3,178 481 81 -3.1 -0.5
20. LeidyPeak 3,204 507 107 -3.3 -0.7
21. Ashley Fork 3,196 499 99 -3.2 -0.6
22. Marsh Peak 3,202 505 105 -3.3 -0.7
23. Drj' Fork 3,182 485 85 -3.2 -0.6
24. White Rocks 3,154 457 57 -3.0 -0.4
25. Uinta River 3,107 410 10 -2.7 -0.1
26. Crow Canyon 3,108 411 11 -2.7 -0.1
27. Yellowstone River 3,071 374 -26 -2.4 0.2
28. Lake Fork 3,032 335 -65 -2.2 0.4
29. Rock Creek 2,996 299 -101 -1.9 0.7
30. Hades Canyon 2,993 296 -104 -1.9 0.7
31. Grandaddy Mountain 2,989 292 -108 -1.9 0.7
32. Duchesne River 2,975 278 -122 -1.8 0.8
33. Provo River 2,963 266 -134 -1.7 0.9
34. North Fork Provo River 2,951 254 -146 -1.6 0.9
35. Shingle Creek 2,934 237 -163 -1.5 1.1
36. Slate Creek 2,914 217 -183 -1.4 1.2
37. Left Fork Beaver Creek 2,913 216 -184 -1.4 1.2

Average of all basins 3,037 341 -59 -2.2

! ^
 

! o

a Estimated ELA temperature assuming a 2,697 meter 0° C isotherm altitude 
b Estimated ELA temperature assuming a 3,097 meter 0° C isotherm altitude
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A = 151.204 + -31.176Lat- + 10.473Lon (12)

Present snow accumulation (A) (equation 12), can be predicted by the latitude (Lat) and 

longitude (Lon) increments of the glacial ELA positions and constant functions.

Full-glacial and present snow accumulation estimates, and the differences of the 

estimates, are shown in Table 23 and Table 24. To characterize the estimates and 

differences, the means o f the estimated ranges are also shown in the tables. The mean 

snow accumulation estimates are 40.6 cm for the stage six episode and 38.4 cm for the 

stage two episode. Comparison of the values indicates that snow accumulation during 

stage six averaged 1.9 cm lower than present and during stage two averaged 6.1 cm lower 

than present Trend surfaces of the mean snow accumulation estimates (Tables 23 and 24) 

are shown in Figure 17 and Figure 18. The stage six surface has a nearly zonal direction of 

268°, whereas the stage two surface direction trends 275°. The gradients o f the two 

surfaces differ substantially. The stage six surface decreases at a rate o f 0.45 cm km4 , and 

the stage two surface decreases at a rate of 0.23 cm km4 . The stage six snow 

accumulation surface direction differs slightly from the corresponding ELA surface 

presented in Figure 15 because of the inclusion of unmeasured basins in this analysis.

As discussed earlier, mean seasonal snow accumulation trend surfaces with lower 

surface directions (i.e., more southerly oriented) and steeper surface gradients correlate to 

higher seasonal snow accumulations (i.e., Table 9). The predicted mean snow 

accumulation is given by:

SWE = 63.319 + -0.138Di> + 25.695Gra (13)
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Table 23
Estimated Oxygen Isotope Stage Six ELA Snow Accumulation 
And Difference From Present Snow Accumulation Estimates

Basin0

2687 m 
Estimate 

(cm)6

3087 m 
Estimate 

(cm)0

Mean of 
Estimates 

(cm)

Present
Estimate

(cmy

Difference 
of Estimates 

(cm)

1. Swifts Canyon 74.0 65.2 69.6 49.7 19.9
2. Shingle Mill Creek 74.5 65.6 70.1 48.9 21.1
3. Ledge Fork Canyon 72.4 63.8 68.1 49.2 18.9
4. Smith and Morehouse 67.0 58.7 62.8 48.2 14.7
5. Weber River 62.8 54.9 58.9 47.3 11.6
6. Whitney 60.1 52.5 56.3 45.0 11.3
7. Bear River 53.7 46.6 50.2 45.0 5.1
8. Blacks Fork 46.3 39.9 43.1 38.9 4.2
9. Smiths Fork 39.3 33.5 36.4 38.9 -2.5

10. HenrysFork 36.6 31.1 33.8 38.3 -4.5
11. West Fork Beaver Creek 33.1 28.0 30.5 37.3 -6.8
12. Middle Fork Beaver Creek 31.4 26.4 28.9 36.9 -8.0
13. Burnt Fork 27.4 22.9 25.1 36.4 -11.3
A. West Fork Sheep Creek 25.2 20.9 23.1 36.1 -13.1
B. East Fork Sheep Creek 22.7 18.7 20.7 35.4 -14.7
C. Carter Creek 21.1 17.3 19.2 36.0 -16.8
D. Leidy Peak 18.1 14.6 16.4 36.4 -20.0
E. Ashley Fork 19.1 15.5 17.3 37.5 -20.2
F. Marsh Peak 18.5 15.0 16.8 38.7 -21.9
G. Dry Fork 20.8 17.0 18.9 39.1 -20.2
14. White Rocks 23.9 19.8 21.8 38.5 -16.6
15. Uinta River 30.5 25.6 28.1 40.4 -12.4
16. Yellowstone River 37.1 31.5 34.3 43.3 -9.0
17. Lake Fork 43.5 37.3 40.4 44.3 -3.9
18. Rock Geek 51.4 44.5 48.0 47.6 0.4
19. Duchesne River 55.8 48.5 52.2 47.0 5.2
20. Soapstone 60.4 52.7 56.5 51.8 4.8
21. Provo River 62.9 55.0 59.0 49.2 9.8
22. Left Fork Beaver Creek 74.0 65.2 69.6 50.8 18.8

Average of all basins 43.6 37.5 40.6 42.5 -1.9

a Basins A to G are unmeasured basins
b Estimated snow accumulation assuming a 2,687 meter 0° C isotherm altitude 
c Estimated snow accumulation assuming a 3,087 meter 0° C isotherm altitude 
d Estimated present snow accumulation at oxygen isotope stage six ELA
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Table 24
Estimated Oxygen Isotope Stage Two ELA Snow Accumulation 

And Difference From Present Snow Accumulation Estimates

Basin

2697 m 
Estimate 

(cm)®

3097 m 
Estimate 

(cm)6

Mean of 
Estimates 

(cm)

Present
Estimate

(cm)“

Difference 
of Estimates 

(cm)

1. Swifts Canyon 55.1 47.8 51.4 53.9 -2.4
2. Red Pine Creek 54.8 47.6 51.2 52.9 -1.7
3. Ledge Fork Canyon 53.8 46.6 50.2 53.2 -3.0
4. Smith and Morehouse 51.6 44.7 48.1 51.8 -3.7
5. Weber River 50.1 43.3 46.7 51.0 -4.3
6. Gold Hill 48.8 42.1 45.5 48.1 -2.6
7. Hayden Fork Bear River 47.3 40.8 44.0 48.4 -4.4
8. Stiilwater Fork Bear River 45.7 39.3 42.5 47.5 -5.0
9. East Fork Bear River 44.4 38.1 41.3 45.6 -4.4

10. Mill Creek 45.1 38.8 41.9 43.5 -1.5
11. Blacks Fork 42.2 36.1 39.2 41.8 -2.6
12. Smiths Fork 38.9 33.1 36.0 39.5 -3.5
13. HenrysFork 37.6 32.0 34.8 39.8 -5.0
14. West Fork Beaver Creek 35.5 30.0 32.8 37.3 -4.5
15. Middle Fork Beaver Creek 34.4 29.1 31.8 36.8 -5.1
16. Burnt Fork 31.9 26.8 29.4 35.6 -6.3
17. West Fork Sheep Creek 30.7 25.8 28.2 34.5 -6.3
18. East Fork Sheep Creek 29.1 24.4 26.7 33.3 -6.6
19. Carter Creek 28.0 23.4 25.7 33.6 -7.9
20. LeidyPeak 26.0 21.6 23.8 33.4 -9.6
21. Ashley Fork 26.6 22.1 24.4 34.8 -10.4
22. Marsh Peak 26.2 21.8 24.0 35.8 -11.9
23. Dry Fork 27.7 23.1 25.4 36.8 -11.4
24. White Rocks 29.9 25.1 27.5 36.8 -9.3
25. Uinta River 34.0 28.8 31.4 40.0 -8.6
26. Crow Canyon 33.9 28.6 31.3 43.8 -12.6
27. Yellowstone River 37.4 31.8 34.6 42.2 -7.6
28. Lake Fork 41.2 35.2 38.2 45.1 -6.9
29. Rock Creek 45.0 38.7 41.8 49.6 -7.8
30. Hades Canyon 45.3 38.9 42.1 52.1 -10.0
31. Grandaddy Mountain 45.8 39.4 42.6 51.5 -8.9
32. Duchesne River 47.2 40.7 44.0 49.5 -5.5
33. Provo River 48.7 42.0 45.3 51.1 -5.8
34. North Fork Provo River 50.0 43.2 46.6 52.1 -5.5
35. Shingle Creek 52.0 45.0 48.5 53.2 -4.7
36. Slate Creek 54.4 47.2 50.8 54.1 -3.3
37. Left Fork Beaver Creek 54.5 47.3 50.9 54.5 -3.5

Average of all basins 41.4 35.4 38.4 44.4 -6.1

“Estimated snow accumulation assuming a 2,697 meter 0° C isotherm altitude 
6 Estimated snow accumulation assuming a 3,097 meter 0° C isotherm altitude 
“Estimated present snow accumulation at oxygen isotope stage two ELA
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where D ir  is the snow accumulation trend surface direction and Gra is the trend surface 

gradient. With significant confidence (R = 0.797; p  = 0.000; standard error = 5.8 cm), 

equation 13 predicted the mean seasonal snow accumulation for the 1972 to 1990 seasons. 

Applying uniformitarianism principles, that is the present is the key to the past, it can be 

assumed that the glacial snow accumulation trend surface directions and gradients respond 

similarly. Thus, equation 13 can be used to predict the average snow accumulation during 

the glacial episodes.

Shown in Table 25 are the snow accumulation estimates. These estimates are 

similar to the estimates in Tables 23 and 24 that were made from the ELA height 

differences. A notable difference between the estimates made from trend surface direction 

and gradient variables and the estimates made from the ELA temperature estimates is the 

range between the stage six and stage two estimates. The range is 6.6 cm for the estimates 

using trend surface direction and gradient variables, as opposed to 2.2 cm for the estimates 

using the ELA temperature estimates. The results further demonstrate that the stage six 

episode was probably more moist than the stage two episode. With an ELA height 

difference o f only 10 meters between the two glacial episodes, the difference in snow 

accumulation is expected to be small. However, the snow accumulation estimates made 

from both trend surface direction and gradient variables suggest that the stage six episode 

was substantially warmer and more moist than the stage two episode.

Wind Direction Estimates

In Chapter 3 the Present mean annual 800 millibar to 700 millibar wind direction 

(i.e., Table 9) was correlated (R = 0.837) with a certainty o f p  = 0.000 to snow 

accumulation trend surface direction. The regression equation for this relationship is:

Dir = -196.535 + (1.801Wnd) (14)
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Table 25
Comparison Of Full-Glacial Snow Accumulation Estimates

Mean Snow 
Accumulation Estimates 
From Tables 21 and 22 

(cm)0

Mean Snow 
Accumulation Estimates 

From Equation 13 
(cm)*

Difference 
of Estimates 

(cm)

Stage Six 40.6 37.9 +5.8 2.7

Stage Two 38.4 31.3 ±5.8 7.1

Range of 
Estimates

2.2 6.6 -4.4

aMean snow accumulation estimated from ELA temperature estimates
*Mean snow accumulation estimated from trend surface direction and gradient variables
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where trend surface direction (Dir) is estimated from wind direction (Wnd). Rearranging 

the equation variables to solve for wind direction, the equation becomes:

Wnd = 148.613 + (0.386Dir) (15)

From equation 15, full-glacial wind directions are predicted as R -  0.837 (p = 0.000; 

standard error = 9.2). The estimated wind directions are 253° ±9.2 for the stage six 

episode and 256° ±9.2 for the stage two episode. These estimates range from 12° to 15° 

more northerly than the 1972 to 1989 mean wind direction of 241°. For both episodes, 

full-glacial air-flow appears to have been more zonal than present

Summary of Estimates 

A summary of the reconstructed full-glacial temperature, snow accumulation and 

wind direction estimates is given in Table 26. For comparison, corresponding estimates of 

the present conditions are also shown in Table 26. These estimates suggest: (1) full-glacial 

temperatures were substantially reduced from present; (2) full-glacial snow accumulation 

was about the same as present, and (3) full-glacial wind directions were more zonal than 

present.

Because the mean ELA trend surface heights for the two glacial episodes are only 

10 meters apart vertically, the temperature reduction estimates are the same. Both episodes 

are estimated to have had temperature reductions between 9.6° C to 12.2° C. However, 

these estimates are based upon the assumption that the depression of the 0° C height was 

equivalent to the depression of the estimated ELA heights. The present 0° C altitude is
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Table 26
Summary Data Of Full-Glacial Temperature, 

Snow Accumulation, And Wind Direction Estimates

Age

Temperature
Change

Estimates
(0O

0°C
Altitude

(m)

Mean Snow 
Accumulation Estimates: 

From Tables From 
21 and 22 Equation 13 

(cm) (cm)

Wind
Direction
Estimates

(°Az)

Stage Six -9.6 to -12.2 2,687 to 3,087 40.6 37.9 ±5.8 253 ±9.2

Stage Two -9.6 to -12.2 2,697 to 3,097 38.4 31.3 ±5.8 256 ±9.2

Present0 0 4,567 37.6 37.6 241

°Mean 1972 to 1990 estimates
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4,567 meters. During the glacial episodes, the 0° C altitude was depressed 2,697 meters to

3,097 meters during the stage six episode, and 2,687 meters to 3,087 meters during the 

stage two episode.

Snow accumulation estimates derived from ELA temperature estimates were similar 

to the present 1972 to 1990 mean accumulation of 36.7 cm. The stage six estimate of 40.6 

cm and the stage two estimate o f 38.4 cm are both slightly higher than the present mean. 

On the other hand, the estimates made from trend surface direction and gradient variables 

have a higher range that extends from 37.9 ±5.8 cm for the stage six episode to 31.3 ±5.8 

cm for the stage two episode. The stage six estimate is slightly higher (i.e., 0.3 cm) than 

the present mean, whereas the stage two estimate (i.e., 6.3 cm) is substantially lower. 

These results suggest that the stage six episode experienced higher snow accumulation than 

stage two, and that the mean stage six snow accumulation was similar to the present mean.

The wind direction estimates of 253° for the stage six episode and 256° for the stage 

two episode indicate that the air-flow during the glacial episodes was more zonal than 

present. These estimates range from 12° more northerly than present during the stage six 

episode and from 15° more northerly than present during the stage two episode.
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CHAPTER VI 

LATE-PLEISTOCENE PALEOENVIRONMENTS

Discussion OfFull-glacial Climate Estimates 

In this chapter the full-glacial climate estimates derived in the preceding chapters are 

compared to estimates made from other studies for the region. The comparison provides 

verification of and/or speculation on the likelihood of these estimates, and ultimately 

suggests potential explanations as to paleoenvironmental setting of the study area. The 

following section is a discussion of the results from this dissertation and the findings made 

by others for the region. From the comparison of these results and the results of other 

studies, a model of the full-glacial paleoenvironmental conditions is proposed.

FuU-_Glacial Temperature

Full-glacial summer temperatures decreased from 9.6°C to 12.2° C for both glacial 

episodes. These temperature reductions are based on a 1,480 meter to 1,880 meter 

lowering of the mean stage six ELA, and a 1,470 meter to 1,870 meter lowering of the 

mean stage two ELA. Both temperature estimates are based on the assumption that the 

depression of the 0° C isotherm height is uniform with the depression of the ELA heights. 

The temperature reduction estimates for both episodes are the same because the mean ELA 

heights differ by ~ 10 meters. Inasmuch as the mean ELA heights are nearly equal, the two 

episodes are assumed to have had similar temperatures. However, without precise 

knowledge of the precipitation differences between the two episodes, a difference in 

temperature between the two episodes is difficult to detect.
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Whereas the mean full-glacial temperatures are thought to have been within 

estimated ranges, substantial temperature differences between the two episodes might have 

existed. In fact, the results o f this analysis, specifically in the context o f snow 

accumulation estimates, suggest that the stage six episode was more moist and 

consequendy warmer than the stage two episode.

Temperature reduction estimates from other studies for the region have not been 

made for the stage six episode; nevertheless, a number of estimates have been made for the 

stage two episode. The stage two temperature reduction estimates from this study are in 

relative agreement with those made for the region by other researchers (Galloway, 1970; 

Gates, 1976; McCoy, 1977; McCoy, 1981; Mears, 1981; Meierding 1982; P6v/6, 1983; 

Mulvey, 1985).

From the CLIMAP (CLIMAP Project Members, 1976) computer simulation of 

global paleoclimatic data for 18,000 B.P., Gates (1976) presents large scale temperature 

reduction estimates for the region. The CLIMAP simulation estimates are considered a 

first-order approximation and are tabulated on 4° latitude by 5° longitude grids. The grids 

that overlie the study area have a 10° C to 13° C reduction of temperature (Gates, 1976).

Galloway (1970), assuming that reduced evaporation rates were the primary cause 

for the expansion of Lake Bonneville, estimates that full-glacial July temperatures for the 

Bonneville Basin would have to have been at least 10° C lower than present for the lake to 

have transgressed to the Bonneville level high stand. Furthermore, Galloway (1970) 

projects that precipitation was likely to have been 80% to 90% of present Similarly, on the 

basis of amino acid racemization rates for Lake Bonneville mollusk shells, McCoy (1981) 

calculated that between 16,000 B.P. to 15,000 B.P. the temperature of the Bonneville 

Basin was reduced by at least 7° C and possibly as much as 16° C.

From the depression of the median altitude of reconstructed glaciers in the 

Bonneville Basin, Mulvey (1985) estimated that stage two full-glacial July temperatures
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were reduced 14° C. On the basis o f the reconstructed mass balance o f the Little 

Cottonwood Canyon glacier in the Wasatch Mountains, McCoy (1977) estimated a 12° C 

temperature reduction for 21,000 B.P. It is important to understand that McCoy's 12° C 

estimate is contingent on precipitation levels increased on the order of 150% of present 

levels.

To the northeast o f the study area, in the intermontane basins of Wyoming, relict 

periglacial frost and ice-soil involutions attributed to the stage two episode have been 

interpreted to indicate periglacial environmental conditions (Mears, 1981). Mears (1981) 

suggested the conditions necessary to produce the involutions indicate temperature 

reductions on the order o f 10° C to 13° C. In another study, Pdwd (1983) estimated 

temperature reductions of 8.9° C to 10.8° C for the same phenomenon.

In the Front Range of Colorado, Meierding (1982) estimated from stage two age 

ELAs that a 1,550 meter depression of the summer freezing level occurred. Meierding's 

depression estimate falls within the 1,470 meter to 1,870 meter depression calculated in this 

dissertation. Using 0.65° C 100 meter1 lapse rate, Meierding's 1,550 meter depression 

equates to a 10° C temperature reduction.

In the San Juan Mountains in southwestern Colorado, Leonard (1984) estimated 

stage two ELAs to range from 2,957 meters to 3,749 meters. Where the height range 

observed by Leonard overlaps with the 2,860 meter to 3,280 meter range estimated in this 

dissertation, Leonard's range extends almost 500 meters higher than the range estimated for 

the Uinta Mountains. The seemingly higher elevations observed by Leonard can be 

explained by the more southerly location of the San Juan Mountains which are located at 

latitudes roughly 2.5° to 3.5° south of the Uinta Mountains.

The results of the other studies for the region are either in agreement with or are 

within the 9.6° C to 12° C range of temperature reduction estimated from this dissertation. 

However, as previously stated, without an understanding o f precipitation changes,
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temperature estimates alone cannot be used to explain climate changes or 

paleoenvironmental conditions o f the study area.

Full-Glacial Precipitation

Mean winter snow accumulation estimates are 40.6 cm for the stage six episode, 

and 38.4 cm the stage two episode. The snow accumulation for both episodes appears to 

have been slightly higher than the present mean o f 37.6 cm. However, a more prolonged 

winter accumulation season is thought to have occurred during the glacial episodes. Today 

the snow accumulation season extends from October to April, essentially half of the year. 

Under a reduced frill-glacial temperature regime, the snow accumulation season may have 

been lengthened as much as from September to June, or three-quarters of the year. The 

present 1972 to 1990 mean monthly snow accumulation rate during the six month 

accumulation season is 6.3 cm month'1. With a nine month season, the full-glacial snow 

accumulation rates range from 4.5 cm during stage six to 4.3 cm during stage two. This 

difference in full-glacial snow accumulation rates is on the order of 71% to 68%, 

respectively, o f present rates. The estimated net seasonal snow accumulation estimates 

might not have differed greatly from the present, but under a prolonged snow accumulation 

season the average monthly snow accumulation during the glacial episodes would have 

been substantially lower than present. Therefore, precipitation during the glacial episodes, 

at least during the snow accumulation seasons, was substantially lower than present

Perhaps the most significant difference between the two episodes are the ELA and 

snow accumulation trend surface gradients and, to a lesser scale, the trend surface 

directions. The stage six trend surface has a steeper trend surface gradient and a more 

southerly orientation than the stage two surface. Because o f these differences in the surface 

patterns, it is suggested that the stage six episode might have been warmer and substantially 

more moist than the stage two episode. The reasoning behind this suggestion is three fold:
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(1) the stage six trend surface gradient rises at a much steeper rate than the stage two 

surface; (2) the stage six trend surface has a slightly more southerly trend direction; and (3) 

from studies elsewhere in the Rocky Mountains, the stage six glaciation was more 

extensive than the stage two glaciation (Blackwelder, 1915; Richmond, 1965; Madole, 

1969; Mears, 1974; Pierce et al., 1976; Pierce 1979; Madsen and Currey, 1979).

As previously discussed, steeper ELA gradients correspond to more moist 

situations (Miller et al., 1975; Trenhaile, 1975; Porter, 1977). Furthermore, as 

demonstrated in Chapter 3, steeper trend surface gradients and more zonal trend directions 

are indicative of warmer winters and winters receiving higher snow accumulations. For 

other locations in the Rocky Mountains, a number of studies have shown, except where 

substantial landscape changes such as lava flows have occurred (Pierce, 1979), that the 

stage six episode glaciers were more extensive than the stage two episode glaciers 

(Blackwelder, 1915; Richmond, 1965; Madole, 1969; Mears, 1974; Pierce et al., 1976; 

Madsen and Currey, 1979). In the Uinta Mountains, the stage six glaciers are more 

extensive than the stage two glaciers on the western two-thirds of the range. However, on 

the eastern third of the range, the stage two glaciers completely overran the stage six 

glaciers. This pattern indicates that the stage six episode had higher accumulations, but a 

stronger eastward decrease of snow accumulation than the stage two episode. The 

difference between the two ELA trend surface gradients characterizes accumulation patterns 

herein described as accumulation limited (stage six), and ablation limited (stage two). The 

ELA of the accumulation limited stage six episode is thought to be controlled more by the 

amount of snow accumulation than by the height of temperature depression. In response to 

this condition, higher accumulations and lower ELAs occurred on the west side of the 

range, whereas substantially lower accumulations and higher ELAs occurred on the east 

side of the range. In contrast, the ELA of the ablation limited stage two episode appears to
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have been controlled more by the height o f temperature depression than accumulation 

variations. Consequently the stage two ELA has a comparatively flat trend surface.

Thus, the stage six glaciation appears to have been more moist than the stage two 

glaciation and regionally experienced more extensive glaciation (Blackwelder, 1915; 

Richmond, 1965; Madole, 1969; Mears, 1974; Pierce et al., 1976; Pierce, 1979; Madsen 

and Currey, 1979). The exception to this pattern occurs in the eastern third of the Uinta 

Mountains where snow accumulation was locally reduced because o f lee orographic 

moisture reduction o f westerly air masses. This unique condition is thought to be 

influenced by the elongate west to east structure of the Uinta Mountains.

Whereas Galloway (1970) hypothesized the precipitation in the Bonneville Basin 

may have been 80% to 90% o f present, Mears (1981) believed that the periglacial 

phenomena in the Wyoming basins indicated not only colder, but much dryer conditions 

than present. Although it has been suggested that precipitation during the glacial episodes 

differed little from the present (Galloway, 1970; Brackenridge, 1987; Leonard, 1984; 

Zwick, 1980; Locke, 1990), the results from these analyses suggest otherwise. Intuitively, 

reduced specific humidity would be expected under cooler atmospheric conditions. 

However, because the study area is in proximity to the Bonneville Basin, the question 

arises as to whether or not enlarged paleolakes in the basin influenced precipitation in the 

Uinta Mountains.

Working at a global scale, Gates (1976) estimated that precipitable water in the 

Northern Hemisphere was 63% of present for the July climate of 18,000 B.P. On a similar 

line o f reasoning, Leonard (1989) believes that a 44% reduction of present precipitation, 

coupled with a 5% reduction of present snow accumulation and a 10° C temperature 

reduction would have sustained stage two ELAs in the Colorado Rocky Mountains. In 

contrast, McCoy's (1981) estimation for the Pleistocene mass balance of the Little 

Cottonwood glacier requires a 150% increase in the present precipitation amounts.
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However, the full-glacial ELA of the Little Cottonwood glacier is substantially lower at 

2,400 ±20 meters (Madsen and Currey, 1979) than any of the ELAs observed in the Uinta 

Mountains 50 km to the east of Little Cottonwood Canyon. The mass balance o f the Litde 

Cottonwood glacier is likely to have been greatly influenced by an enlarged Lake 

Bonneville directly west o f Little Cottonwood Canyon.

On a regional context, the consensus as to full-glacial precipitation changes, 

whether reduced or similar to present, has been strongly debated. Brackenridge (1978) 

used paleobotanical and moiphogenetic evidence to infer that full-glacial precipitation in the 

southwestern United States was little changed from present, and climate changes were 

primary responses to reduced temperatures. On the other hand, Wells (1979) refutes 

Brackenridge's conclusion pointing to Neotoma macrofossil evidence which suggests an 

increase in precipitation occurred in the full-glacial southwestern United States. Spaulding 

and Graumlich (1989) interpret a more moist southwestern United States south of the 

Sierra Nevada and dryer conditions in areas east of the Sierra Nevada. It would seem 

conceivable that under a reduced temperature regime and a predominantly zonal-westerly air 

flow (Gates, 1976; COHMAP Members, 1988; Spaulding and Graumlich, 1989; Jennings 

and Elliott-Fisk, 1993), areas east o f the Sierra Nevada would experience less precipitation 

than present, except where locally affected by enlarged paleolakes. East of the Sierra 

Nevada, the Wasatch and other ranges immediately adjacent to paleolake basins were 

influenced by the size and duration of paleolakes.

Paleolakes and the Uinta Mountains

During both glacial episodes, the Bonneville Basin, 50 km west of the study area, 

was occupied by enlarged paleolakes (Currey, 1990). The stage six equivalent, Little 

Valley lake cycle, occurred between 150,000 B.P. and 130,000 B.P. The Little Valley 

cycle rose to a level of 1,493.5 meters (Scott et al., 1983) with a surface area of 44,000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

km2 (Oviatt et al., 1987). The stage two Bonneville cycle occurred between 32,000 B.P. 

and 12,000 B.P. Because of increased discharge attributed to the diversion of the Bear 

River into the Basin (Oviatt et al., 1987), the Bonneville cycle peaked and overflowed at a 

level of 1,585 meters. At peak level (i.e., the Bonneville level), Lake Bonneville covered 

an area o f 51,000 km2 (Currey and Oviatt, 1985). However, the peak level of the 

Bonneville cycle was not synchronous with glacial maxima in Little Cottonwood Canyon in 

the Wasatch Mountains (Madsen and Currey, 1977) or sites elsewhere in the region 

(Pierce, 1979; Madole, 1986). The stage two glacial maxima is believed to have occurred 

between 20,000 B.P. and 19,000 B.P. (Madsen and Currey, 1977; Pierce, 1979; Madole, 

1986), whereas the Bonneville level high stand occurred a few thousand years later (i.e., 

17,000 B.P. and 15,000 B.P.)

At the time of the stage two glacial maxima the lake level was 214 meters lower than 

the Bonneville level high stand, at a level attributable to the 1,371 meter Stansbury 

shoreline. Covering only 24,000 km2, the Stansbury level was substantially contracted 

from the Bonneville level (Currey and Oviatt, 1985). The various late-Pleistocene lake 

levels are shown in Figure 19.

Although evidence is insufficient, it is speculated that the stage six glaciation might 

have been more strongly influenced by a Little Valley cycle lake level higher than the 

Stansbury level. The results of this dissertation strongly suggest that the stage six 

glaciation was both more moist and warmer than the stage two glaciation, indicating that a 

larger water body to the west might have increased precipitation and moderated 

temperatures during the stage six episode. However, because the stage six glaciation has 

been found to be more extensive than the stage two glaciation region-wide, it is possible 

that the differences between the two episodes in the Uinta Mountains are in response to 

regional climate differences, rather than to either the size and/or duration of paleolakes in 

the Bonneville Basin.
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arrows pointing from the Uinta Mountains show the reconstructed and present 
estimated ELA surface directions (Lake levels after Currey and Oviatt, 1985; and 
Mulvey, 1985).
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A west to east transect of reported stage two ELA heights from selected sources is 

given in Table 28. The transect extends from the Pacific Ocean east across the Uinta 

Mountains to the Colorado Rocky Mountains. The locations listed are all within a half of a 

degree north or south of 40°30' N latitude. Although the selected sources have used 

different methods for estimating the ELA heights, this listing provides a relative 

comparison across the transect. The ELAs listed in Table 27 are plotted on Figure 20. The 

general trend across the transect, shown by the solid regression line, increases inland at a 

rate of 54.9 meters degree longitude*1, whereas across the Uinta Mountains, as shown by 

the dashed regression line, the ELA height increases at a rate of 215.2 meters degree 

longitude*1. The general inland increase in ELA heights shown on Figure 20 agrees with a 

similar transect drawn by Porter et al. (1983) along a 44° 30' N latitude from the Pacific 

Northwest to the Yellowstone, Wyoming area.

Three significant characteristics revealed by Figure 20 are: (1) the Uinta Mountain 

ELA is steeper and higher than the general trend; (2) a significant depression o f ELA 

heights occurs in the Wasatch Range immediately east of the Bonneville Basin, whereas the 

ELA heights of the Uinta Mountains are substantially higher than the Wasatch ELA heights; 

and (3) the height and gradient of the Uinta Mountain ELA surface appear to be comparable 

to that of the Colorado Rocky Mountains. Because the height and gradient of the Uinta 

Mountains ELA is steeper than that of the general west to east trend, it is speculated that the 

Uinta Mountains were comparatively dryer than the other ranges to the west. The 

depression of ELA heights in the Wasatch Range indicates that ELA heights immediately 

east of the Bonneville Basin were probably enhanced by paleolake moisture. In contrast to 

the Wasatch Range, the height and gradient of the Uinta ELA surface are similar to the 

height and gradient of the ELA surface in the Colorado Rocky Mountains. Furthermore it 

should be noted that the Colorado Rocky Mountains were not located in the proximity of 

any major Pleistocene paleolakes. Therefore, these patterns suggest that influence on the
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Table 27

ELA Of Selected Locations On A 40°30' North Latitude Transect 
From the Pacific Ocean To The Colorado Rocky Mountains

Location
N

Latitude
W

Longitude
ELA
(m) Source; Method

Lassen Peak, California 40°30' 121°32' 2,100 Porter et al. (1983); Cirque 
floor elevation

Western Great Basin, 
Nevada

40°30' 117°00' 2,679 Dohrenwend (1984); Cirque 
floor elevation

Shoshone Range, 
Nevada

40°26' 116°52' 2,650 Dohrenwend (1984); Cirque 
floor elevation

Ruby-East Humboldt 
Range, Nevada

40°30' 115°22' 2,628 Mulvey (1985); Median altitude 
of reconstructed glaciers

Stansbury Mountains, 
Utah

40°25' 112°37' 2,686 Mulvey (1985); Median altitude 
of reconstructed glaciers

Oquirrh Mountains, 
Utah

40°25' 112°15' 2,720 Mulvey (1985); Median altitude 
of reconstructed glaciers

Central Wasatch 
Range, Utah

40°37’ l l l° 3 3 l 2,647 Mulvey (1985); Median altitude 
of reconstructed glaciers

Western Uinta 
Mountains, Utah

40°30' l l l o00' 2,938 This Dissertation; 0.55 AAR

Eastern Uinta 
Mountains, Utah

40°30’ 109°45' 3,207 This Dissertation; 0.55 AAR

Park Range, Colorado 40°50’ 106°34' 2,895 Leonard (1989); 0.65 AAR

Western Front Range, 
Colorado

40°32' 105°52' 3,068 Leonard (1989); 0.65 AAR

Medicine Bow 
Mountains, Colorado

40°51' 105°39' 3,049 Leonard (1989); 0.65 AAR

Eastern Front Range, 
Colorado

40°01’ 105°35’ 3,313 Leonard (1989); 0.65 AAR

Eastern Front Range, 
Colorado

40°28' 105°31’ 3,170 Leonard (1989); 0.65 AAR
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Figure 20. ELA height transect from the Pacific Ocean east to the Colorado Rocky 
Mountains along 40°30’ N latitude. General transect trend shown by the long 
dashed line, increases at a rate o f 54.9 meters degree longitude-1. The Uinta 
Mountain trend, shown by the short dashed line, increases at a rate of 215.2 meters 
degree longitude-1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

Uinta Mountains from the paleolakes was substantially reduced by orographic shielding 

from the Wasatch Mountains, and that the height and gradient of the Unita Mountain ELA 

surface was comparable to that of the Colorado Rocky Mountains, which were located in 

an entirely continental environment, far removed from any significant moisture sources.

Full-Glacial Air-Flow

The prevailing wind direction for the two glacial episodes was projected from the 

estimated snow accumulation trend surfaces. The wind direction estimates are 253 ±9.2° 

for the stage six episode and 256 ±9.2° for the stage two episode. Both of these estimates 

have a more zonal orientation than the present winter wind direction of 241°. These 

estimates differ significantly, therefore, it is assumed that the full-glacial air-flow directions 

differed substantially from the present. However, because the full-glacial wind directions 

were ultimately estimated from the glacial ELA trend surface directions, the question arises 

as to whether the ELA trend surface directions were controlled more by air flow, or by 

moisture source, which for the Uinta Mountains would be paleolakes occupying the 

Bonneville Basin.

The present wind direction was found to be related inversely to annual snow 

accumulation (R= -0.733) and regional winter precipitation (R = -0.651). The seasons 

experiencing more zonal-oriented wind directions tended to be dryer. The full-glacial wind 

directions are both estimated to have had more zonal-oriented directions than present, 

reaffirming the idea that the glacial episodes were dryer than present.

Leonard's (1984) observations from the San Juan Mountains of Colorado suggest 

that moisture supply and general circulation during the late Pleistocene differed little from 

the present. Leonard found that both the present snow accumulation and the late- 

Pleistocene ELA possessed similar west to east gradients which wrapped around the San 

Juan Mountains. From these observations, Leonard concluded that the similarity between
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the present and late-Pleistocene patterns suggested that general accumulation-season 

circulation patterns and moisture differed little between the late-Pleistocene and present 

(Leonard, 1984). Meierding (1982), did not project circulation patterns or speculate upon 

moisture sources for the Front Range of Colorado. Nevertheless, Meierding did find that 

the late-Pleistocene ELA surfaces declined northward across the range along gradients 

similar to the present temperature gradient. Likewise, both Dohrenwend (1984) and 

Zielinski and McCoy (1987) found that ELA surfaces in the Great Basin sloped to the north 

along gradients similar to the present temperature gradient However, Zielinski and McCoy 

(1987) found that the late-Pleistocene ELA heights in the northwestern Great Basin were 

anomalously low in comparison to present winter snow accumulation, which they 

suggested was controlled by differing accumulation and/or temperature conditions.

For western Montana, Locke (1990) found the regional trend of paleoELAs 

parallels the present glacial ELAs, except on the eastern side of the Montana Rocky 

Mountains, where Locke believed that katabatic air flow from continental ice sheets formed 

a local zone of convergence. Mulvey (1985) likewise did not detect significant differences 

between present snow accumulation and the stage two ELA. Porter et al. (1983) compared 

winter snow accumulation and late-Pleistocene glaciation threshold elevations across a 

transect from the Pacific Ocean to the Great Plains. The transect followed 44°30' N latitude 

from the Cascade Range across the Yellowstone Plateau area. Porter et al. (1983) found 

that glaciation threshold elevations increased, and present snow accumulation decreased 

eastward at comparative rates, except in the Yellowstone area. The Yellowstone area has 

both lower glaciation threshold elevations and higher present snow accumulation than 

surrounding glaciated areas. From these observations, Porter et al. (1983) concluded that 

Pleistocene and present snow accumulations in the Yellowstone area are enhanced by 

Pacific air masses that flow relatively unimpeded via the Snake River Plain to the 

Yellowstone Plateau.
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Present snow accumulation in the Uinta Mountains decreases to the northeast, and 

because the present wind direction also heads to the northeast, it is thought that the 

anticyclonic circulation that piesendy occupies the central Great Basin during the winter 

months (Mitchell, 1976) strongly influences air flow and convergence over the Uinta 

Mountains. The Pleistocene ELAs and projected snow accumulation in the Uinta 

Mountains decrease to the east, and it is thought that a more zonal winter air flow prevailed 

over the Uinta Mountains during the Pleistocene. Thus, it can be argued that the zonal 

Pleistocene ELAs were influenced primarily by the location of Bonneville Basin paleolakes 

to the west of the Uinta Mountains, rather than a zonal air flow. However, as illustrated in 

Figure 19, the north to south distribution of the paleolakes extends well beyond the 

latitudes of the Uinta Mountains. If a northwesterly, or as in the present case, a 

southwesterly air flow prevailed over the Uinta Mountains, a substantial distance of lake 

fetch would still have been encountered, and resultant ELA surface directions would have 

developed. Furthermore, as illustrated in Figure 20, the height and gradient of the Uinta 

Mountain ELAs are both substantially higher than the mountains within or directly east of 

the Bonneville Basin. These observations lead to the conclusions that during the glacial 

episodes the Uinta Mountains were not subjected to wintertime anticyclonic forces 

originating from the Great Basin, and that a predominantly zonal air flow is likely to have 

prevailed over the Uinta Mountains during the snow accumulation season.

Synthesis Of Paleoenvironments 

The stage six glaciation is estimated to have been from 9.6° C to 12.2° C colder than 

present with 71% of present precipitation. Where the stage six glaciation is presumed to 

have been drier than the present, it is thought to have been more moist and warmer than the 

stage two episode. The stage six glaciation is believed to have been more moist and 

warmer than the stage two glaciation because the stage six ELA trend surface has a steeper
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gradient and a more southerly oriented direction than the stage two episode. This 

conclusion is based on observations of present snow accumulation and climate records 

which demonstrate that present snow accumulation trend surface gradients are steeper and 

more southerly oriented during more moist and warmer winters. Considering the stage six 

episode would have been warmer than the stage two episode, it is likely that mean 

temperature reduction for the stage six episode would be closer to the lower end of the 

estimate range, closer to the 9.6° C temperature reduction estimate.

The differences between the ELA trend surface gradients of the two episodes in the 

Uinta Mountains suggest substantially different precipitation and temperature regimes. The 

cause for the differing precipitation and temperature regimes might be related to regional 

climatic differences, local climatic differences, or a combination of regional and local 

climatic differences. Although it cannot be demonstrated, the stage six glaciation is thought 

to have been influenced by a paleolake body that may have been larger than the stage two 

Stansbury level in the Bonneville Basin. A Little Valley cycle lake level as high as 1,493.5 

meters may have coincided with the maxima of the stage six glaciation. Thus, temperatures 

would have been moderated and the moisture supply enhanced by the larger water body. 

Because the ELA heights for both glacial episodes in the Uinta Mountains are substantially 

higher than the ELA heights in the nearby Bonneville Basin, paleolake enhancement of 

snow accumulation is thought to have had a more minor influence in the Uinta Mountains, 

as opposed to the Wasatch Mountains.

Temperatures during the stage two glaciation are also estimated to have been from 

9.6° C to 12.2° C colder than present with precipitation reduced as much as 68% of present. 

The stage two glaciation is believed to have been colder and drier than the stage six 

episode. Because the stage two episode is postulated to have been colder than the stage six 

episode, it is likely that mean temperature reduction for the stage two episode would be
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closer to the higher end of the estimate range, closer to the 12.2° C temperature reduction 

estimate.

Temperature reduction estimates from a number of studies for the region 

(Galloway, 1970; Gates, 1976; McCoy, 1977; McCoy, 1981; Mears, 1981; Meierding 

1982; Pdwti, 1983; Mulvey, 1985) generally collaborate the 9.6° C to 12.2° C estimate from 

this dissertation. Whereas stage two precipitation for the region was estimated higher or 

unchanged from present (Galloway, 1970; Brackenridge, 1987; Leonard, 1984; Zwick, 

1980; Locke, 1990), others have found that precipitation was substantially reduced (Wells, 

1979; Gates, 1976; Spaulding and Graumlich, 1986; Zielinski and McCoy, 1987; 

Burbank, 1991). The results from this dissertation indicate that full-glacial precipitation 

was less than present conditions in the Uinta Mountains.

Where substantial differences in ELA height and inferred precipitation exist between 

two closely located sites such as the Uinta Mountains and Little Cottonwood Canyon in the 

Wasatch Mountains (McCoy, 1977), suggest that strong local climate variations might have 

existed during the glacial episodes. For example, the stage two ELA for the Little 

Cottonwood glacier was estimated to have been 2,400 ±20 meters (Madsen and Currey, 

1979), which is on the order of 637 meters lower than the mean stage two ELA for the 

Uinta Mountains. If the present ELA for Little Cottonwood Canyon is estimated using the 

same methods outlined in Chapter 3, the mean 1961 to 1985 April 1 snow accumulation of 

87.4 cm (U.S. Dept. Agriculture 1990) that falls in the canyon would yield ELA estimates 

of 4,051 meters to 4,513 meters. These estimates range from 456 to 394 meters lower than 

the present mean ELA estimates of 4,507 meters to 4,907 meters found in the Uinta 

Mountains. The ELA height discrepancy between these two closely located areas illustrates 

that local climate variations are also likely to have occurred during the Pleistocene.

Air flow during the stage six episode is estimated to have been more zonal than 

present, but slightly more southerly oriented than the stage two episode. The stage six
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wind direction is estimated to have been from 253° ±9.2. The stage two wind direction is 

estimated to have been from 256° ±9.2, and the present from 241°. The more zonal 

orientation suggests that both glacial episodes were not influenced by winter time 

anticyclonic circulation that is believed to influence present air flow and convergence, and 

that a more zonal flow as described by Gates (1976) dominated the study area during the 

glacial episodes. Because air flow direction differences were not detected or mentioned at 

other sites (Leonard, 1984; Meierding, 1982; Dohrenwend, 1984; Mulvey, 1985; Locke, 

1990), it is hypothesized that the primary air low difference between the glacial episodes 

and the present is the result of the absence of winter time anticyclonic circulation originating 

from the Great Basin.

To gain an understanding of how the ELA of the Uinta Mountains corresponds to 

the general pattern of ELA across the Eastern Great Basin, the data from this dissertation 

were combined with data from selected Eastern Great Basin sites. The median altitudes of 

stage two reconstructed glaciers in the Uinta Mountains and the Eastern Great Basin are 

given in Table 28. The median altitude measurement is equivalent to a THAR of 0.50 

(Meierding, 1982). The median altitudes of the Uinta Mountains were estimated from 

Table 13, and the median altitudes for the Eastern Great Basin sites are from Mulvey 

(1985). The locations of the sites and generalized median altitude contours are shown in 

Figure 21. The contour pattern shown in Figure 21 was plotted using linear interpolation 

and triangulation functions with SURFER® software.

A comprehensive interpretation of the climatic and paleoenvironmental influences 

dominating the region during the stage two episode can be seen from the contour pattern. 

The most apparent trend in the contour pattern is the general south to north decline in 

median altitude height. The general south to north decline is probably a response to a 

general northward decline in temperature. A second trend that can be observed from Figure 

21 is that sites on the east side o f the Bonneville Basin have substantially lower median
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altitudes than sites on the west side of the basin. This difference strongly suggests that 

paleolake distribution influenced the height of glaciation on the east side of the basin. A 

third trend apparent in Figure 21 is the steep west to east increase in median altitudes across 

the central Wasatch Range and the Uinta Mountains. The steep increase is interpreted to 

indicate a strong zonal air flow pattern across the two mountain systems. Furthermore, the 

eastward increase across the Uinta Mountains is interpreted as indicating that the primary 

moisture source for the Uinta Mountains originated from the Bonneville Basin.
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Table 28
Median Altitude Of Reconstructed Oxygen Isotope Stage Two 
Glaciers In The Uinta Mountains And TTie Eastern Great Basin

Site®
N

Latitude
W

Longitude

Median Altitude 
of Reconstructed 

Glaciers (m)

1 . Eastern Uinta Mountains 40°45' 109°30' 3,222
2. Western Uinta Mountains 40°45' l l l o00’ 2,993
3. Wasatch Range (South) 40°15' 111°33’ 2,616
4. Bear River Range 41°43' 111043* 2,568
5. Wasatch Range (Central) 40°37’ 111045' 2,647
6. Mount Nebo 3 9 0 4 9 ' 111°46’ 2,954
7. Wasatch Range (North) 41°03' 111°49' 2,475
8. Wellsville Mountains 41°4T 111°52' 2,417
9. Pavant Range 39°00' 112°07' 2,770

10. Oquirrh Range 40°25' 112°12' 2,720
11. Tushar Range 38°22' 112°22' 3,272
12. Stansbiuy Range 40°25' 112°39’ 2,686
13. Brian Head 37°42' 112°51’ 3,166
14. Raft River Range 41°55’ 113°22’ 2,579
15. Deep Creek Range 38°49' 113°55’ 2,922
16. Snake Range 39°00' 114°13' 3,092
17. Cache-Hanison Peaks 42°24' 113041' 2,331
18. Jarbridge Range 41°48' 114°31' 2,714
19. Schell Creek Range 39°22’ 114°37' 2,966
20. Ruby-East Humboldt Range 40°30' 115°22' 2,628

a Sites 1 and 2 this dissertation, sites 3 to 20 after Mulvey (1985). Sites 17 to 20 are 
located beyond the map limits of Figure 21.
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CHAPTER VH 

CONCLUSION

Summary Of Research Results 

From the analyses and discussions in the preceding chapters several findings 

regarding the Uinta Mountains and surrounding region, both past and present, have been 

made. The objective of this dissertation was to reconstruct the paleoenvironmental setting 

of the Uinta Mountains during the last two Pleistocene full-glacial episodes. To focus upon 

and to accomplish this objective the following question was developed: Can the climate 

and environmental systems of the late Pleistocene full-glacial episodes in the Uinta 

Mountains be reconstructed from present climate and environmental systems data, and late 

Pleistocene glacial geomorphology? To further clarify the objective three research 

questions regarding the Pleistocene climate o f the Uinta Mountains during the last two full- 

glacial episodes were proposed: (1) How much colder were temperatures during the full- 

glacial episodes? (2) Was the full-glacial precipitation significantly different from present? 

(3) If precipitation differed greatly, what environmental conditions would bring about this 

difference? By reconstructing the full-glacial temperature, precipitation and wind direction 

for the study area, and drawing comparisons from the surrounding region, the objective(s) 

of this research was accomplished.

Through the analysis of present snow accumulation and regional climate patterns 

relationships between snow accumulation patterns and climate variability were identified. 

The statistical relationships between winter climate parameters and snow accumulation 

patterns indicate that these variables are closely linked. The analysis o f  bivariate (i.e., 

correlation) and multivariate (i.e., regression) relationships revealed that significant
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connections exist between region-wide winter precipitation, temperature and upper-level air 

flow patterns, and snow accumulation and snow accumulation trend surface patterns. This 

analysis demonstrated that significant correlations (i.e., r  = >0.600) exist between snow 

accumulation and regional climate. From numerical models drawn from presently glaciated 

environments (Leonard, 1989), the present ELA heights were estimated from the snow 

accumulation and temperature data. The present mean ELA range was estimated to be from 

4,507 meters to 4,907 meters in altitude, which is 383 meters above the highest point on 

the range.

The Pleistocene ELA was estimated from the reconstructed extent of the stage six 

and stage two episode glaciers. ELA trend surfaces for both glacial episodes were 

constructed using an AAR of 0.55. The AAR of 0.55 was found to provide the best fit and 

the lowest over all errors for the two glacial episodes. The mean ELA heights were 

estimated to be 3,027 meters for the stage six episode and 3,037 meters for the stage two 

episode.

The Pleistocene ELA trend surfaces were found to differ substantially from the 

present estimated ELA trend surfaces. The stage six and stage two mean ELA heights were 

found to be at least 1,480 meters to 1,470 meters, respectively, lower than the present 

estimated ELA. The directions of the stage six and stage two surfaces ascend from west to 

east on a nearly zonal axis (276° and 279°, respectively), while the present surface rises 

from southwest to northeast (230°). The surface gradient of the stage two surface (2.4 

meters km-1) is similar to the present surface gradient (2.8 m km-1), whereas the stage six 

surface was found to be considerably more steep (4.8 m km-1) than the stage two and 

present surfaces. The differences between the past and present ELA trend surfaces are 

shown on figure 22.

From the comparison of the Pleistocene ELA trend surfaces to the present trend 

surfaces, temperature change, snow accumulation and wind direction for the glacial
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Figure 22. Transects o f past and present ELA trend surfaces. West to east (A) trend 
surface transect across study area along 40°45’ N latitude; south to north (B) trend 
surface transect across study area along 110°25' W longitude, and transect intercept 
is Kings Peak (40°45' N, 110°25' W). Oxygen isotope stage six (solid lines) and 
oxygen isotope stage two (dashed lines) are 0.55 AAR ELA surfaces. Present 
estimated ELA are shown as hatched zones, and shaded area represents ground 
surface.
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episodes were estimated. Temperature change was estimated by measuring the vertical 

height difference between the Pleistocene and present ELA trend surfaces. Using an 

assumed normal lapse rate of 0.65° C 100 meters-1 the temperatures for both glacial 

episodes were estimated to have ranged between 9.6° C to 12.2° C lower than present

The temperature change estimates were used to estimate the snow accumulation for 

the glacial episodes. The snow accumulation estimates were calculated using the 

aforementioned numerical models of present glaciated environments (Leonard, 1989). The 

estimated mean snow accumulation was 40.6 cm for the stage six glaciation and 38.4 cm 

for the stage two glaciation. The estimates indicate that the Pleistocene accumulations are 

slightly higher than the present mean of 37.6 cm. However, with the understanding that 

the present snow accumulation season lasts only six months whereas the Pleistocene snow 

accumulation seasons were probably nine months or more in length, these estimations 

indicate that precipitation was probably reduced on the order of 71% during stage six and 

68% during stage two. On the basis of trend surface gradient and direction relationships 

identified in the present snow accumulation climate analysis, the stage six glaciation is 

projected to have been warmer and more moist than the stage two glaciation.

Using the statistical relationship between the present annual snow accumulation 

trend surface directions and the upper-level wind directions (i.e., Table 9, equation 15), 

Pleistocene wind directions were estimated. The stage six direction of 253° and stage two 

direction of 256° were both found to be more zonal than the present direction of 241°.

By comparing the climate change estimates for the Uinta Mountains to estimates 

made by others for the region, the paleoenvironmental conditions that prevailed over the 

region were projected. The temperature reduction estimate of 9.6° C to 12.2° C for stage 

two is in relative agreement with estimates by others for the region (Galloway, 1970; 

Gates, 1976; McCoy, 1977; McCoy, 1981; Mears, 1981; Meierding, 1982; Pdwd, 1983; 

Mulvey, 1985). Although some researchers have found that full-glacial precipitation was
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similar to or higher than present (Brackenridge, 1987; Leonard, 1984; Zwick, 1980; 

Locke, 1990), reduced precipitation estimates from this analysis support the theory that 

precipitation was generally reduced during the Pleistocene (Galloway, 1970; Wells, 1979; 

Gates, 1976; Spaulding and Graumlich, 1986; Zielinski and McCoy, 1987; Crowley and 

North, 1991; Burbank, 1991).

Because the full-glacial ELA and snow accumulation trend surfaces are zonally 

oriented and rise on a sharp gradient from the west, paleolake moisture from the Bonneville 

Basin is thought to have influenced glaciation in the Uinta Mountains. However, in 

comparison to the Wasatch Mountains which lie between the Uinta Mountains and the 

Bonneville Basin, the Uinta Mountains appear to have been substantially dryer. The west 

to east ELA heights and gradients of the Uinta Mountains (i.e., Figure 20) were found to 

be more comparable to those of the Colorado Rocky Mountains.

Predominantly zonal wind directions are projected to have prevailed over the Uinta 

Mountains during the glacial episodes. The lack o f a southwesterly orientation on the 

Pleistocene ELA trend surfaces suggests that the anticyclonic air flow that develops over 

the Great Basin during present winter seasons (Mitchell, 1976) was probably absent during 

the Pleistocene. Although general circulation models (Gates, 1976; COHOMAP Members, 

1988) and the results of this dissertation research indicate a more zonal full-glacial air flow. 

Evidence from other studies for the region suggest no significant change to air flow has 

occurred (Leonard, 1984; Dohrenwend, 1984; Mulvey, 1985; Zielinski and McCoy, 1987; 

Locke, 1990).

To summarize these results the following conclusions are presented: (1) The full- 

glacial temperature reduction estimates of 9.6° C to 12.2° C for the Uinta Mountains are in 

relative agreement with estimates by others for the region. (2) Reduced precipitation 

estimates from this analysis support the theory that precipitation was generally reduced 

during the Pleistocene. (3) The Uinta Mountains were influenced by paleolake moisture
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from the Bonneville Basin to the west, but were substantially dryer than the ranges located 

directly to the east of the Bonneville Basin. (4) A predominantly zonal wind direction 

prevailed over the Uinta Mountains, and the anticyclonic air flow that develops over the 

Great Basin during present winter seasons was probably absent during the Pleistocene.

Qualification of Findings

The findings made presented in this dissertation are based upon both secondary data 

resources and primary data derived from secondary data resources. The estimation of the 

present ELA and climate parameters of the past are established upon rates and relationships 

observed from present phenomena, whereby it has been assumed that past rates and 

relationships are consistent with the present. Therefore, the estimations presented here 

should be considered only first approximations, that require further testing for verification.

Future Research

The findings of this dissertation presents more opportunities for future research. 

Future research opportunities exist in the further definition of present snow accumulation 

and climate relationships. The snow accumulation and climate relationships analyzed in 

this dissertation involve only a 19 year period and could be refined by additional data and 

analysis. Furthermore, the relationships found to exist in the Uinta Mountains should be 

explored elsewhere to determine whether these are a consistent phenomenon or only unique 

to this area.

From the reconstruction and evaluation of the Pleistocene glaciers, several residual 

cases were identified. The residual cases may represent original mapping errors and may 

require further verification to determine whether their distributions are valid. A relatively 

small number of specific geomorphic studies have been conducted (Bradley, 1936; 

Hansen, 1969; Schoenfeld, 1969; Bamhardt, 1973; Grogger, 1974; Gilmer, 1986;
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Schlenker, 1988) since Atwood's original 1907 study of the entire range. A similar 

reconstruction of the Holocene glacial sequence in the Uinta Mountains, as discussed by 

Bamhardt (1973) and Grogger (1974), is likely to yield significant hypotheses regarding 

Holocene climate and paleoenvironmental variations found for the study area.

On a larger scale, a more integrated study focusing on the Uinta Mountains, the 

Bonneville Basin and adjoining mountain ranges (i.e., Mulvey, 1985) is likely to provide a 

valuable paleoenvironmental synthesis for a large portion o f the Western United States. 

Furthermore, each of the paleoclimate estimations and paleoenvironmental projections made 

in this dissertation should be considered hypotheses that require further testing.
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Mean Regional Winter Precipitation 
Data 1972 to 1990s

Year

Utah
Division

Five

Utah
Division
Six

Wyoming
Division
Three

Regional
Average

1972 33.3 9.1 1 2 . 0 18.1
1973 33.9 15.0 1 1 .8 2 0 . 2
1974 25.2 7.2 8 . 8 13.7
1975 30.8 1 0 .1 9.9 16.9
1976 25.2 5.9 10.3 13.8
1977 10.5 2 . 6 3.3 5.5
1978 30.3 1 0 .8 1 0 .8 17.3
1979 24.1 13.9 8 . 6 15.5
1980 40.7 1 2 .6 12.9 2 2 .1
1981 22.7 6.9 8.4 12.7
1982 42.1 14.9 14.6 23.8
1983 33.3 11.4 11.5 18.7
1984 37.3 10.4 14.3 20.7
1985 30.8 1 0 .1 7.9 16.3
1986 31.1 10.5 15.3 19.0
1987 18.6 1 0 .0 10.3 13.0
1988 19.8 1 1 . 0 9.2 13.4
1989 16.4 6 .1 5.6 9.4
1990 2 0 .1 6.3 5.6 10.7

"October to March averages reported in cm of precipitation.
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Mean Regional Winter Temperature 
Data 1972 to 1990°

Year

Utah
Division

Five

Utah
Division
Six

Wyoming
Division
Three

Regional
Average

1972 - 1 .8 -0.3 -4.7 -2.3
1973 -3.2 -4.7 -6 .1 -4.7
1974 -1.4 -2.7 -3.4 -2.5
1975 - 1 .6 -0.3 -3.3 - 1 .8
1976 -1.9 -1.9 -3.5 -2.4
1977 -1.3 0 . 0 -2 . 6 -1.3
1978 0 . 6 0 . 6 -1.4 -0 .1
1979 -2 .8 -4.8 -5.7 -4.5
1980 - 1 .1 -0.9 -3.9 -2 . 0
1981 0 . 8 2 . 2 - 1 .1 0.7
1982 -0 .8 0.3 -3.5 -1.4
1983 -1.3 -0.3 -4.0 -1.9
1984 -2 . 6 -3.8 -5.7 -4.0
1985 -3.5 -3.6 -6 . 6 -4.6
1986 -0 . 2 0.3 -3.6 - 1 .2
1987 -0.9 0.5 -3.4 - 1 .2
1988 -1.3 - 1 .8 -3.8 -2.3
1989 - 1 .6 -1.5 -4.5 -2.5
1990 -0.5 0 . 6 -3.0 - 1 .0

^October to March averages reported in °C.
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Mean Regional 700 Mb To 80Q Mb Winter 
Wind Direction Data 1972 to 1989°

Year

Grand Junction, 
Colorado 

WSO

Lander,
Wyoming

WSO

Salt Lake City, 
Utah 
WSO

Interpolated 
Study Area 
Direction

1972 205 269 248 241
1973 190 282 228 229
1974 208 268 238 237
1975 208 262 241 237
1976 2 1 0 260 251 242
1977 213 288 278 264
1978 217 289 240 244
1979 2 0 2 282 238 237
1980 209 252 238 233
1981 2 0 0 227 232 223
1982 219 236 236 232
1983 205 236 229 224
1984 2 0 0 240 241 230
1985 205 235 228 224
1986 218 224 239 231
1987 185 2 2 2 219 272
1988 191 239 233 269
1989 2 1 0 233 235 267
1990

October to March averages reported in azimuth degrees.
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APPENDIX B 

SNOW SURVEY DATA
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April 1 Snow Survey Measurements
Uinta Mountain Sites 1972 To 1975a

Site Name 1972 1973 1974 1975

1. Ashley-Twin Lakes
2 . Atwood Lake
3. Beaver Creek Divide
4. Blacks Foik Junction 38.9 27.3 34.1 26.1
5. Brown Duck Ridge 55.0 39.1
6 . Buck Pasture
7. Burts-Miller Ranch 26.9 29.7 27.8 2 2 . 2
8 . Chalk Creek #1 62.6
9. Chalk Creek #2 45.6
1 0 . Chalk Creek #3 41.7 38.2 38.2 35.0
1 1 . Chepeta - -
1 2 . Chepeta-White R. Lake
13. E. Fork Blacks Fork G.S. 39.3 29.7 34.3 32.1
14. Five Points Lake
15. Hayden Fork 71.9 51.8 54.9 57.1
16. Henry's Fork
17. Hewinta G.S. 42.9 30.7 39.0 29.6
18. Hickerson Park 25.7 26.9 30.8
19. Hole in the Rock
2 0 . Hole in the Rock G.S. _
2 1 . Kings Cabin-Upper 36.6 43.2 18.2 25.0
2 2 . Lake Fork Basin
23. Lake Fork Mountain 41.5 46.2 27.4 42.4
24. Lake Fork Mountain #3
25. Lightning Lake
26. Lily Lake 44.5 40.5 40.5
27. Middle Beaver Creek
28. Mosby Mountain 37.0 40.8 19.8 33.4
29. Paradise Park 45.7 47.0 22.9 36.7
30. Redden Mine Lower 64.3 57.0 66.4
31. Reynolds Park
32. Rock Creek 36.7 41.9 2 2 .1 39.5
33. Sergeant Lakes 52.5 57.6 49.6
34. Smith and Morehouse 54.0 48.3 47.5 45.2
35. Smith and Morehouse
36. Soapstone R.S. 49.6 45.1 42.6 46.7
37. Spirit Lake 44.6 47.7 32.5 33.3
38. Steel Creek Park 37.5
39. Stillwater Camp 40.1 34.0 36.6 34.1
40. Trial Lake 67.0 69.6 59.1 67.9
41. Trout Creek 18.9

a Reported in cm of snow water equivalent. 
- - Missing Data.
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April 1 Snow Survey Measurements
Uinta Mountain Sites 1976 To 1979°

Site Name 1976 1977 1978 1979

1. Ashley-Twin Lakes
2 . Atwood Lake 46.8
3. Beaver Creek Divide -  -  .
4. Blacks Fork Junction 29.6 19.9 32.6
5. Brown Duck Ridge 33.0 45.7 55.9
6 . Buck Pasture
7. Burts-Miller Ranch 24.2 15.6 22.7
8 . Chalk Creek #1
9. Chalk Creek #2
1 0 . Chalk Creek #3 39.0 2 1 .1 34.5
1 1 . Chepeta
1 2 . Chepeta-White R. Lake 48.8
13. E. Fork Blacks Fork G.S. 28.9 21.4 35.1
14. Five Points Lake 40.3
15. Hayden Fork 51.4 29.2 57.7
16. Henry's Fork
17. Hewinta G.S. 32.7 2 1 .1 36.2
18. Hickerson Park 23.7 20.7 19.2
19. Hole in the Rock
2 0 . Hole in the Rock G.S.
2 1 . Kings Cabin-Upper 30.1 18.2 32.0
2 2 . Lake Fork Basin 50.4
23. Lake Fork Mountain 27.6 19.7 37.5 32.3
24. Lake Fork Mountain #3 16.3
25. Lightning Lake 56.1
26. Lily Lake
27. Middle Beaver Creek
28. Mosby Mountain 26.8 37.8 39.9
29. Paradise Park 33.4 16.2 38.4 54.6
30. Redden Mine Lower 61.1 32.2 65.4
31. Reynolds Park
32. Rock Creek 28.5 13.6 33.8 18.5
33. Sergeant Lakes
34. Smith and Morehouse 48.6 50.8
35. Smith and Morehouse 25.6
36. Soapstone R.S. 40.5 2 0 . 0 46.2
37. Spirit Lake 29.5 24.7 31.2
38. Steel Creek Park
39. Stillwater Camp 31.3 20.7 33.9
40. Trial Lake 58.5 27.0 72.0
41. Trout Creek 31.0 27.6

a Reported in cm of snow water equivalent. 
- - Missing Data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

April 1 Snow Survey Measurements
Uinta Mountain Sites 1980 To 1983°

Site Name 1980 1981 1982 1983

1. Ashley-Twin Lakes
2 . Atwood Late 44.5 37.6
3. Beaver Creek Divide 33.5 63.0 52.5
4. Blacks Fork Junction 40.7 26.7 40.4 28.5
5. Brown Duck Ridge 55.8 37.9 63.8 49.9
6 . Buck Pasture
7. Burts-Miller Ranch 28.2 31.2 24.3
8 . Chalk Creek #1 69.5 91.4 63.2
9. Chalk Creek #2 44.8 53.7 40.8
1 0 . ChalkCteek#3 44.7 31.6 49.9 35.9
1 1 . Chepeta
1 2 . Chepeta-White R. Lake
13. E. Fork Blacks Fork G.S. 38.4 30.0 41.7 31.8
14. Five Points Lake 55.9 52.3
15. Hayden Fork 40.5 71.7 54.9
16. Henry's Fork
17. Hewinta G.S. 36.6 29.9 43.8 35.3
18. Hickerson Park 25.9 31.3 37.1
19. Hole in the Rock
2 0 . Hole in the Rock G.S.
2 1 . Kings Cabin-Upper 44.6 26.7 40.5 39.0
2 2 . Lake Fork Basin 62.6 59.6
23. Lake Fork Mountain 33.0 48.0 40.7
24. Lake Fork Mountain #3 47.0
25. Lightning Lake 61.5 77.5
26. Lily Lake 53.5 38.3
27. Middle Beaver Creek
28. Mosby Mountain 39.6 30.9 60.3 45.4
29. Paradise Park 45.5 36.1 56.0 56.7
30. Redden Mine Lower 53.8 74.7 52.9
31. Reynolds Park
32. Rock Creek 42.2 29.8 42.5 38.8
33. Sergeant Lakes
34. Smith and Morehouse 55.7 41.2 45.2
35. Smith and Morehouse 52.2
36. Soapstone R.S. 53.4 25.6 60.4 44.8
37. Spirit Lake 46.7 40.3 48.8 45.8
38. Steel Creek Park 53.1 35.7
39. Stillwater Camp 19.7 46.5 33.5
40. Trial Lake 83.1 46.1 88.3 70.5
41. Trout Creek 45.3 33.1 33.9 43.6

a Reported in cm of snow water equivalent. 
- - Missing Data.
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April 1 Snow Survey Measurements
Uinta Mountain Sites 1984 To 1987a

Site Name 1984 1985 1986 1987

1. Ashley-Twin Lakes 6 8 . 6 35.3
2 . Atwood Lake 33.0 37.3 46.5 25.1
3. Beaver Creek Divide 51.1 40.9 39.1 22.9
4. Blacks Foik Junction 37.9 26.4 23.6 19.3
5. Brown Duck Ridge 58.3 44.5 70.9 44.5
6 . Buck Pasture 64.0 36.8
7. Burts-Miller Ranch 28.7 2 2 . 8 9.1 13.0
8 . Chalk Creek #1 70.5 85.1 45.7
9. Chalk Creek #2 46.5 50.5 31.2
1 0 . Chalk Creek #3 47.6 36.4 14.2 16.0
1 1 . Chepeta 38.4 47.2 32.8
1 2 . Chepeta-White R. Lake 37.9 — 58.7 37.3
13. E. Fork Blacks Fork G.S. 40.7 26.5 29.7 20.3
14. Five Points Lake 56.6 47.5 61.7 36.3
15. Hayden Fork 60.6 51.8 49.5 28.4
16. Henry's Fork 48.0 33.5
17. Hewinta G.S. 43.2 28.1 24.4 23.6
18. Hickerson Park 30.4 19.4 17.8 21.3
19. Hole in the Rock 15.5 17.8
2 0 . Hole in the Rock G.S. 6 . 6 12.7
2 1 . Kings Cabin-Upper 41.2 29.8 30.7 2 0 . 8
2 2 . Lake Fork Basin 44.2 45.0 66.3 38.6
23. Lake Fork Mountain 38.1 38.0 42.7 25.9
24. Lake Fork Mountain #3 23.4 14.0
25. Lightning Lake 77.7 72.6 85.1 51.3
26. Lily Lake 50.7 37.5 44.7 29.2
27. Middle Beaver Creek 5.3 16.3
28. Mosby Mountain 40.8 32.5 41.7 2 1 . 8
29. Paradise Park 39.6 38.4 51.3 32.0
30. Redden Mine Lower 48.1 55.4 63.0 28.2
31. Reynolds Park 67.8 39.1
32. Rock Creek 37.2 34.2 24.6 13.5
33. Sergeant Lakes 26.7 23.1
34. Smith and Morehouse 47.5 36.1 24.1
35. Smith and Morehouse 52.8 39.9 30.0
36. Soapstone R.S. 53.2 44.1 38.1 18.3
37. Spirit Lake 45.3 35.7 35.8 42.7
38. Steel Creek Park 47.5 33.4 53.1 41.4
39. Stillwater Camp 43.3 30.5 31.2 19.6
40. Trial Lake 71.8 64.4 98.3 48.3
41. Trout Creek 33.8 30.3 30.5 25.1

a Reported in cm of snow water equivalent. 
- - Missing Data.
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April 1 Snow Survey Measurements
Uinta Mountain Sites 1988 To 19902

Site Name 1988 1989 1990

1. Ashley-Twin Lakes 2 1 . 6 33.0 39.5
2 . Atwood Lake 16.5 30.0 35.2
3. Beaver Creek Divide 15.0 21.3 35.4
4. Blacks Foik Junction 25.1 24.9 29.0
5. Brown Duck Ridge 35.6 40.4 . 48.1
6 . Buck Pasture 29.7 42.7 41.7
7. Burts-Miller Ranch 13.0 12.4 2 1 . 1
8 . Chalk Creek #1 42.9 52.6 63.1
9. Chalk Creek #2 30.7 37.8 41.9
1 0 . Chalk Creek #3 17.0 42.7 33.1
1 1 . Chepeta 24.9 30.5 36.3
1 2 . Chepeta-White R. Lake 26.4 33.0 40.4
13. E. Fork Blacks Fork G.S. 22.9 2 0 . 8 30.3
14. Five Points Lake 23.9 34.0 44.8
15. Hayden Fork 29.2 31.0 48.4
16. Henry's Fork 30.5 29.7 34.3
17. Hewinta G.S. 27.4 2 0 . 8 31.9
18. Hickerson Park 26.9 19.3 24.7
19. Hole in the Rock 2 0 .1 1 2 .2 16.8
2 0 . Hole in the Rock G.S. 13.5 10.9
2 1 . Kings Cabin-Upper 13.5 22.4 29.7
2 2 . Lake Fork Basin 36.6 39.4 48.5
23. Lake Fork Mountain 17.3 24.1 34.3
24. Lake Fork Mountain #3 7.1 9.1 18.0
25. Lightning Lake 42.4 44.2 63.2
26. Lily Lake 29.5 33.0 39.3
27. Middle Beaver Creek 12.7 11.4
28. Mosby Mountain 13.7 19.8 33.9
29. Paradise Park 24.4 28.2 39.1
30. Redden Mine Lower 30.2 33.8 51.5
31. Reynolds Park 32.3 34.5 43.4
32. Rock Creek 3.8 8 .1 27.4
33. Sergeant Lakes 19.8 23.4 36.1
34. Smith and Morehouse 2 2 . 6 27.4 42.4
35. Smith and Morehouse 27.9 34.3 37.0
36. Soapstone R.S. 17.0 2 2 . 6 39.3
37. Spirit Lake 29.5 28.2 37.8
38. Steel Creek Park 41.9 36.3 41.2
39. Stillwater Camp 2 2 .1 24.4 30.9
40. Trial Lake 41.1 54.4 62.4
41. Trout Creek 2 0 .1 2 1 .8 31.4

a Reported in cm of snow-water equivalent. 
- - Missing Data.
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SNOW ACCUMULATION TREND SURFACE STATISTICS
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Annual Corrected Snow Accumulation Trend Surface Statistics 1972 To 1984

Year
Mean SWE 

(cm)4 R n P
Standard

Error
Trend Surface 

Equation

1972 45.9 0.753 24 0 .0 0 1 8.3 -1061.652 + -28.579Laf + 
20.053Lon + 0.02Elev

1973 47.7 0.706 18 0.019 8.3 411.55+ -44.504Lat + 
\2 M \L o n  + 0.01SElev

1974 36.7 0.848 2 1 0 . 0 0 0 6.9 -2882.024 + A.07 SLat + 
2A.AA3Lon + 0.018 Elev

1975 40.7 0.882 19 0 . 0 0 0 7.1 -774.392+ -47.039Lar + 
23.846Ion + 0.024£7ev

1976 35.5 0.672 2 0 0.019 8.9 -926.066+ -17.886Laf + 
\5.1AALon + 0.006EZev

1977 2 1 . 6 0.606 17 0.104 4.3 -831.901 + 1.156Lat + 
7.066Lon + 0.009Elev

1978 39.5 0.789 2 0 0 .0 0 1 9.0 -759.017+ -36.766Lat + 
20.342Lon + 0.018£/ev

1979 41.8 0.847 11 0.025 9.0 120.370 + 9 .107Lat + 
-5.097Lon + 0.037Elev

1980 49.3 0.678 18 0.031 9.4 -685.259+ -25.995Lat + 
15.74Lon + 0.020Elev

1981 30.8 0.577 2 1 0.084 5.7 -310.610 + -7.805Laf + 
5.657Lon + 0.013£/ev

1982 54.0 0.731 29 0 . 0 0 0 10.7 -941.371 + -3%.327Lat + 
22.6\9Lon + 0.020Elev

1983 45.2 0.704 29 0 .0 0 1 9.2 327.344 +-40.06Lat + 
11.686Lon + 0.021£Zev

1984 46.9 0.687 30 0 .0 0 1 9.2 -1319.575+ -18.208Lar + 
18.627Lon + 0.017 Elev

“April 1 mean of all reporting sites.
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Annual Corrected Snow Accumulation Trend Surface Statistics 1985 To 1990

MeanS WE 
Year (cm)a R n

Standard
Error

Trend Surface 
Equation

1985 38.9 0.787 28 0.000

1986 43.1

1987 27.8 0.634 41 0.000

1988 24.3 0.770 41 0.000

1989 29.2 0.675 39 0.000

1990 29.5 0.700 29 0.001

1972 to 36.7 0.791 41 0.000
1990

7.9 -386.376+ -38.509Lar +
l7.569Lon + 0.019Elev

0.821 41 0.000 13.1 -1004.652 + -49.699Lat + 
26.30410/t + 0.059Elev

6.4 -1115.959 + 1.388Lar +
9.066Lon + 0.030Elev

6.3 -2287.318 + 21.329Laf +
12.389Lo« + 0.026Elev

8.3 -1996.124 + lA%lLat +
14.915Lon + 0.025Elev

8.7 -421.305+ -13.838L<zr +
SM Lon + 0.029Elev

7.6 -1240.72 + -21.835Laf +
18.898Lon + 0.028Elev

aApril 1 mean of all reporting sites.
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Stage Six Reconstructed Glacier Parameters

Toe Head- Median
N W Elev. wall Altitude Area

Basin Lat. Lon. (m) Elev.(m) (m) (km2)

1. Swifts Canyon 40°41' 1 1 1 0 1 2 ' 2,360 3,100 2,730 3.7
2 . Shingle Mill Creek 40°43' 1 1 1 ° 1 2 ' 2,400 2,840 2,620 1 .6
3. Ledge Fork Canyon 40°42' l l l o1 0 ' 2,390 3,060 2,725 12.5
4. Smith and Morehouse 40°42' 111°04’ 2,270 3,360 2,815 56.8
5. Weber River 40°43' 110°59' 2,330 3,480 2,905 1 1 2 .6
6 . Whitney 40°47' 110°55' 3,040 3,060 3,050 2 . 8
7. Bear River 40°45' 110°48' 2,510 3,680 3,095 2 1 1 .8
8 . Blacks Fork 40°55’ 110°35' 2,410 3,810 3,110 320.5
9. Smiths Fork 40°52’ 110°25' 2,730 3,960 3,345 92.3

1 0 . Henrys Fork 40°52’ 1 1 0 °2 1 ' 2,720 3,810 3,265 62.5
1 1 . West Fork Beaver Creek 40°53' 110°15' 2,610 3,670 3,140 30.4
1 2 . Middle Fork Beaver Creek 40°53' 1 1 0 °1 2 ' 2,670 3,640 3,155 36.8
13. Burnt Fork 40°52' 110°52' 2,420 3,710 3,065 54.8
14. White Rocks 40°45' 1 1 0 °0 0 ' 1,660 3,690 2,675 150.7
15. Uinta River 40°45' 110°13’ 2 ,1 0 0 3,980 3,040 295.2
16. Yellowstone River 40°42' 110°42' 2,170 4,040 3,105 2 2 2 . 6
17. Lake Fork 40°42' 110°34' 2,160 3,910 3,035 245.1
18. Rock Creek 40°38' 110°46' 2 ,2 2 0 3,790 3,005 286.3
19. Duchesne River 40°41' 110°5r 2,150 3,670 2,910 151.4
2 0 . Soapstone 40°32' 110°59' 2,730 2,860 2,795 5.4
2 1 . Provo River 40°39' l l l o03' 2,350 3,460 2,905 188.6
2 2 . Left Fork Beaver Creek 40°40' 1 1 1 °1 2 ' 2,280 3,080 2,680 15.6
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Accumulation Area Ratio Altitudes 
Of Stage Six Reconstructed Glaciers

N W 0.65 AAR 0.60 AAR 0.55 AAR
Basin Lat. Lon. (m) (m) (m)

1 . Swifts Canyon 40°41' 1 1 1 0 1 2 ' 2,880 2,910 2,940
2 . Shingle Mill Creek 40°43' i i i ° i 2 ' 2,650 2,680 2,700
3. Ledge Fork Canyon 40°42' l l l o1 0 ' 2,710 2,720 2,730
4. Smith and Morehouse 40°42' l l l o04’ 2,690 2,730 2,750
5. Weber River 40°43' 110°59' 2,830 2,900 2,960
6 . Whitney 40°47’ 110°55’ 3,040 3,040 3,040
7. Bear River 40°45' 110°48' 2,920 2,980 3,010
8 . Blacks Fork 40°55’ 110°35' 2,770 2,880 2,960
9. Smiths Fork 40°52' 110°25' 3,030 3,030 3,030

1 0 . Henrys Fork 40°52' 1 1 0 °2 r 3,030 3,040 3,070
1 1 . West Fork Beaver Creek 40°53' 110°15’ 3,020 3,030 3,030
1 2 . Middle Fork Beaver Creek 40°53' 1 1 0 °1 2 ' 3,020 3,030 3,060
13. Burnt Fork 40°52' 110°52' 3,030 3,040 3,040
14. White Rocks 40°45' 1 1 0 °0 0 ’ 3,050 3,090 3,150
15. Uinta River 40°45' 110°13' 3,120 3,200 3,260
16. Yellowstone River 40°42' 110°42' 3,030 3,090 3,170
17. Lake Fork 40°42' 110°34' 3,010 3,060 3,060
18. Rock Creek 40°38' 110°46' 2,990 3,020 3,030
19. Duchesne River 40°41' 110°51' 2,820 2,900 2,980
2 0 . Soapstone 40°32' 110°59' 2,740 2,740 2,740
2 1 . Provo River 40°39' 111°03' 2,740 2,760 2,790
2 2 . Left Fork Beaver Creek 40°40' 1 1 1°1 2 ’ 2,360 2,370 2,390
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Toe To Headwall Altitude Ratios 
Of Stage Six Reconstructed Glaciers

0.45 0.40 0.35
THAR THAR THAR

Basin Lat Lon. (m) (m) (m)

1 . Swifts Canyon 40°41' 1 1 1 °1 2 ' 2,693 2,656 2,619
2 . Shingle Mill Creek 40°43' 1 1 1 °1 2 * 2,598 2,576 2,554
3. Ledge Fork Canyon 40°42' l l l o1 0 ' 2,692 2,658 2,624
4. Smith and Morehouse 40°42' 111°04' 2,760 2,706 2,652
5. Weber River 40°43' 110°59' 2,848 2,790 2,732
6 . Whitney 40°47' 110°55' 3,049 3,048 3,047
7. Bear River 40°45' 110°48' 3,036 2,978 2,920
8 . Blacks Fork 40°55' 110°35' 3,040 2,970 2,900
9. Smiths Fork 40°52' 110°25' 3,284 3,222 3,160

1 0 . Henrys Fork 40°52' 1 1 0 °2 1 ' 3,210 3,156 3,102
1 1 . West Fork Beaver Creek 40°53' 110°15' 3,087 3,034 2,981
1 2 . Middle Fork Beaver Creek 40°53' 1 1 0 °1 2 ' 3,106 3,058 3,010
13. Burnt Fork 40°52' 110°52' 3,000 2,936 2,872
14. White Rocks 40°45' 1 1 0 °0 0 ' 2,574 2,472 2,370
15. Uinta River 40°45' 110°13' 2,946 2,852 2,758
16. Yellowstone River 40°42' 110°42' 3,012 2,918 2,824
17. Lake Fork 40°42’ 110°34' 2,948 2,860 2,772
18. Rock Creek 40°38' 110°46' 2,926 2,848 2,770
19. Duchesne River 40°41' 110°51' 2,834 2,758 2,682
2 0 . Soapstone 40°32’ 1 10°59' 2,788 2,782 2,776
2 1 . Provo River 40°39' 111°03' 2,850 2,794 2,738
2 2 . Left Fork Beaver Creek 40°40’ 1 1 1 °1 2 ' 2,640 2,600 2,560
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Toe Head- Median
N W Elev. wall Altitude Area

Basin Lat. Lon. (m) Elev.(m) (m) (km2)

1. Swifts Canyon 40°41' 1 1 1 °1 2 * 2,880 3,100 2,880 2 . 1
2 . Red Pine Creek 40°43' lirio1 2,390 2,980 2,390 3.1
3. Ledge Fork Canyon 40°41' m w 2,390 3,060 2,390 8 .1
4. Smith and Morehouse 40°42' l l l° 0 3 l 2,370 3,360 2,370 49.1
5. Weber River 40°42’ 1 1 1 °0 0 ’ 2,300 3,410 2,300 75.8
6 . Gold Hill 40°46' 110°55' 2,640 3,390 2,640 14.8
7. Hayden Fork Bear River 40°44' 110°52' 2,690 3,560 2,690 48.8
8 . Stillwater Fork Bear River 40°44' 110°48' 2,680 3,680 2,680 65.7
9. East Fork Bear River 40°46' 110°43' 2,660 3,680 2,660 6 6 . 2

1 0 . Mill Creek 40°52' 110°43’ 3,030 3,380 3,030 3.0
1 1 . Blacks Fork 40°52' 110°36' 2,450 3,800 2,450 253.2
1 2 . Smiths Fork 40°52’ 110°26’ 2,730 3,960 2,730 8 6 . 8
13. Henrys Fork 40°50' 110°23' 3,000 3,810 3,000 43.6
14. West Fork Beaver Creek 40°52' 1 1 0 ° 16' 2,710 3,670 2,710 27.6
15. Middle Fork Beaver Creek 40°52' 110°13' 2,730 3,640 2,730 32.3
16. Burnt Fork 40°51' 110°05' 2,730 3,710 2,730 48.2
17. West Fork Sheep Creek 40°51' 1 1 0 °0 1 ' 2,760 3,440 2,760 31.2
18. East Fork Sheep Creek 40°51' 109°55' 2,730 3,400 2,730 19.9
19. Carter Creek 40°49' 109°52' 2,620 3,390 2,620 51.0
2 0 . Leidy Peak 40°46' 109°46' 2,650 3,380 2,650 27.0
2 1 . Ashley Fork 40°44' 109°49' 2,910 3,500 2,910 30.6
2 2 . Marsh Peak 40°41' 109°48' 3,030 3,350 3,030 2.4
23. Dry Fork 40°42' 109°54' 2,300 3,660 2,300 86.5
24. White Rocks 40°45' 1 1 0 °0 0 ' 2,350 3,680 2,350 141.7
25. Uinta River 40°45' 110°14' 2,360 3,980 2,360 250.4
26. Crow Canyon 40°36’ 110°16’ 2,650 3,650 2,650 23.2
27. Yellowstone River 40°45' 110°24' 2,440 4,040 2,440 186.4
28. Lake Fork 40°43' 110°36' 2,700 3,890 2,700 186.2
29. Rock Creek 40°39* 110°48' 2,370 3,760 2,370 256.8
30. Hades Canyon 40°34‘ 110°50' 2,490 3,360 2,490 13.7
31. Grandaddy Mountain 40°36' 110°51' 2,890 3,370 2,890 4.4
32. Duchesne River 40°42' 110°52* 2,540 3,670 2,540 1 0 0 .2
33. Provo River 40°40' 110°57' 2,460 3,460 2,460 64.4
34. North Fork Provo River 40°39’ l l l o0 0 ’ 2,360 3,380 2,360 52.2
35. Shingle Creek 40°39’ 111°05' 2,400 3,060 2,400 14.8
36. Slate Creek 40°40' lirio’ 2,420 3,060 2,420 10.7
37. Left Fork Beaver Creek 40°39' urn* 2,370 3,080 2,370 5.2
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Accumulation Area Ratio Altitudes 
Of Stage Two Reconstructed Glaciers

Basin
N

Lat.
W

Lon.
0.65 AAR 

(m)
0.60 AAR 

(m)
0.55 AAR 

(m)

1 . Swifts Canyon 40°41’ 1 1 1 °1 2 ' 3,010 3,020 3,020
2 . Red Pine Creek 40°43' l l l o1 0 ' 2,550 2,590 2,620
3. Ledge Foik Canyon 40°41' l ir 9 0 ' 2,710 2,720 2,720
4. Smith and Morehouse 40°42' 111°03' 2,740 2,770 2,810
5. Weber River 40°42' liroo' 2,980 3,000 3,020
6 . Gold Hill 40°46' 110°55’ 2,930 2,970 3,000
7. Hayden Fork Bear River 40°44' 110°52' 2,980 3,010 3,020
8 . Stillwater Fork Bear River 40°44' 110°48’ 3,020 3,040 3,050
9. East Fork Bear River 40°46' 110°43' 3,030 3,050 3,070

1 0 . Mill Creek 40°52' 110°43' 3,030 3,040 3,050
1 1 . Blacks Fork 40°52' 110°36' 2,980 3,010 3,020
1 2 . Smiths Fork 40°52' 110°26' 3,030 3,030 3,040
13. Henrys Fork 40°50' 110°23' 3,160 3,180 3,210
14. West Fork Beaver Creek 40°52' 110°16' 3,030 3,040 3,090
15. Middle Fork Beaver Creek 40°52' 110°13' 3,040 3,100 3,200
16. Burnt Fork 40°51' U0°05' 3,040 3,080 3,160
17. West Fork Sheep Creek 40°51' 1 1 0 °0 1 ' 3,000 3,020 3,030
18. East Fork Sheep Creek 40°51' 109°55' 2,930 2,980 3,030
19. Carter Creek 40°49- 109°52' 2,890 2,940 2,990
2 0 . Leidy Peak 40°46' 109°46' 3,010 3,020 3,030
2 1 . Ashley Fork 40°44' 109°49' 3,100 3,140 3,180
2 2 . Marsh Peak 40°41' 109°48' 3,210 3,260 3,280
23. Dry Fork 40°42' 109°54* 3,020 3,030 3,070
24. White Rocks 40°45' 1 1 0 o0 0 ' 3,080 3,130 3,190
25. Uinta River 40°45' 110°14' 3,250 3,290 3,310
26. Crow Canyon 40°36' 1 1 0 ° 16' 2,930 3,020 3,030
27. Yellowstone River 40°45' 110°24' 3,170 3,240 3,290
28. Lake Fork 40°43' 110°36' 3,110 3,160 3,210
29. Rock Creek 40°39’ 110°48' 3,220 3,030 3,040
30. Hades Canyon 40°34' 110°50' 2,900 2,950 2,990
31. Grandaddy Mountain 40°36’ 110°51’ 3,180 3,210 3,230
32. Duchesne River 40°42' l l O ^ ’ 3,010 3,020 3,030
33. Provo River 40°40’ 110°57' 2,930 2,970 3,010
34. North Fork Provo River 40°39' 1 1 1 °0 0 ’ 2,770 2,800 2,850
35. Shingle Creek 40°39' nro5’ 2,790 2,810 2,860
36. Slate Creek 40°40' 1 1 1 °1 0 ' 2,740 2,750 2,780
37. Left Fork Beaver Creek 40°39' 1 1 1 0!!' 2,770 2,810 2,860
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Toe to Headwall Altitude Ratios 
Of Stage Two Reconstructed Glaciers

0.45 0.40 0.35
N W THAR THAR THAR

Basin Lat Lon. (m) (m) (m)

1. Swifts Canyon 40°41' 111°12' 2,979 2,968 2,957
2 . Red Pine Creek 40°43' l l l o10’ 2,656 2,626 2,596
3. Ledge Fork Canyon 40°41' 111°90' 2,692 2,658 2,624
4. Smith and Morehouse 40°42' l i r a * 2,816 2,766 2,716
5. Weber River 40°42' l l l o00' 2,800 2,744 2,688
6 . Gold Hill 40°46' 110°55' 2,978 2,940 2,902
7. Hayden Fork Bear River 40°44' 110°52' 3,082 3,038 2,994
8. Stillwater Fork Bear River 40°44' 110°48' 3,130 3,080 3,030
9. East Fork Bear River 40°46' 110°43' 3,119 3,068 3,017

10. MDl Creek 40°52' 110°43' 3,188 3,170 3,152
11. Blacks Fork 40°52' 110°36' 3,058 2,990 2,922
12. Smiths Fork 40°52' 110°26' 3,284 3,222 3,160
13. Henrys Fork 40°50' 110°23' 3,364 3,324 3,284
14. West Fork Beaver Creek 40°52' 110°16' 3,142 3,094 3,046
15. Middle Fork Beaver Creek 40°52' 110°13' 3,140 3,094 3,048
16. Burnt Fork 40°51' 110°05’ 3,171 3,122 3,073
17. West Fork Sheep Creek 40°51' 110°01’ 3,066 3,032 2,998
18. East Fork Sheep Creek 40°51' 109°55‘ 3,032 2,998 2,964
19. Carter Creek 40°49' 109°52' 2,966 2,928 2,890
20. Leidy Peak 40°46' 109°46' 2,978 2,942 2,906
21. Ashley Fork 40°44' 109°49' 3,176 3,146 3,116
22. Marsh Peak 40°41* 109°48' 3,174 3,158 3,142
23. Dry Fork 40°42' 109°54' 2,912 2,844 2,776
24. White Rocks 40°45' n o w 2,948 2,882 2,816
25. Uinta River 40°45' 110°14' 3,089 3,008 2,927
26. Crow Canyon 40°36' 110°16' 3,100 3,050 3,000
27. YeUowstone River 40°45' 110°24' 3,160 3,080 3,000
28. Lake Fork 40°43' 110°36' 3,236 3,176 3,116
29. Rock Creek 40°39' 110°48' 2,996 2,926 2,856
30. Hades Canyon 40°34' 110°50' 2,882 2,838 2,794
31. Grandaddy Mountain 40°36' 110°51’ 3,106 3,082 3,058
32. Duchesne River 40°42' 110°52' 3,048 2,992 2,936
33. Provo River 40°40' 110°57' 2,910 2,860 2,810
34. North Fork Provo River 40°39' llTOO' 2,819 2,768 2,717
35. Shingle Creek 40°39' 111°05' 2,697 2,664 2,631
36. Slate Creek 40°40' 111°10' 2,708 2,676 2,644
37. Left Fork Beaver Creek 40°39' l i r i r 2,690 2,654 2,618
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