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ABSTRACT: Glacier area and volume changes were quantified through the use of historical aerial photographs
in Wyoming’s Teton Range. Glacier area changes in the Teton Range were estimated for three glaciers using
unrectified aerial photography from 1967 to 2006. The total surface area of the three glaciers was 0.53 km2 in
1967 and 0.40 km2 in 2006, a decrease of 25% during the 39-year period. The smallest glacier, Teepe, experi-
enced the greatest area loss (60 ± 3%), whereas the largest glacier, Teton Glacier, lost 17 ± 3% of the 1967 area.
For the current research, aerial photography from 1967 to 2002 was used to estimate glacier volume loss using
stereoscopy techniques. The aerial photographs provide a finer resolution when compared with other datasets
including satellite imagery (e.g., Landsat). Volume loss for the three glaciers was estimated to be 3.20 ± 0.46
million cubic meters over the period of 1967 to 2002. In assessing the primary climatic driver of the glacier ice
loss, observed summer (June, July, and August) temperature data showed a statistically significant increase in
temperatures when comparing the period of study (1968 to 2006) with historical temperatures from 1911 to
1967. When comparing spring (April 1st Snow Water Equivalent) snowpack for the period of study with histori-
cal records beginning in 1931, a significant difference in snowpack was not observed.
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INTRODUCTION

Grand Teton National Park (GTNP) and the Teton
Range in northwest Wyoming is host to 10 named
glaciers that have been in a period of recession since
the 1850s or approximately the end of the last ‘‘Little
Ice Age’’ (Marston et al., 1991). The loss of glacier vol-
ume could have both environmental (decrease in criti-
cal summer streamflow that affect fish populations in
small, headwater streams) and recreational (fewer
visitors to the GTNP) impacts. With the current focus
on climate change and the potential impacts on

glaciers, GTNP personnel expressed an interest to
document changes in the Teton glaciers based on the
reported loss of glacier area in the Wind River Range
of Wyoming (Cheesbrough et al., 2009; Thompson
et al., 2011). Three glaciers were selected for this
study: Teton Glacier, Middle Teton Glacier, and
Teepe Glacier. Teton Glacier was selected because it
is the largest glacier in the range and due to its visi-
bility to GTNP visitors. Middle Teton Glacier was
selected because it is one of the larger glaciers found
in the range. To provide a range of glacier sizes, a
smaller glacier, Teepe Glacier, was also selected for
this study. The streamflow generated from the
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glaciers directly feeds the Snake River that flows into
the Colombia River.

The surface area of the glaciers is an important
element in this study as Devisser (2008) cites the
largest glacier (Teton) as being 0.30 km2. Research
efforts determined that small glaciers are highly sen-
sitive to changes in precipitation and temperature
(Meier, 1984; Oerlemans et al., 1998). Due to their
sensitivity to precipitation and temperature, the gla-
ciers are important indicators of regional climate
change (Granshaw and Fountain, 2006).

Previous Research Efforts

Teton Glacier, which occupies a spectacular east-
facing cirque between the east ridge of Grand Teton
peak and Mount Owen, has been well described by
Fryxell (1935). The glacier is fed in large part by ava-
lanches from the encircling cliffs, some of which are
more than 900 meters high (Reed, 1964). Teton Gla-
cier has been one of the most studied glaciers in the
Teton Range due to its accessibility. This has resulted
in numerous research studies and countless photo-
graphs of the glacier.

Previous studies of Teton Glacier include: Fryxell
(1935); Jepson from 1949 to 1950; M.T. Millet in
1960; and John C. Reed from 1963 to 1967. Unfortu-
nately, the results of Jepson and Millet were never
published but were included in the University of Col-
orado master’s thesis of John C. Reed, which was
published (Reed, 1964). The majority of Fryxell’s
work on the Tetons was focused on describing the
Tetons and individual glaciers. In his 1935 publica-
tion, Fryxell describes Teton, Middle Teton, and other
glaciers in great detail.

Reed’s research was conducted by placing metal
stakes into Teton Glacier to monitor the movement of
the glacier and any change in depth. This was per-
formed in 1963 and then repeated in 1964. By 1964,
the glacier had lost over 1.5 feet in depth, thus indi-
cating for the one-year period (1963 to 1964), the
glacier was decaying and in an apparent state of
recession.

The purpose of this study was to provide new
data to the GTNP’s historical ecological inventory of
the glaciers. As the glaciated regions of the GTNP
have not been intensely studied in the past, it is
essential to understand the past behaviors of the
glaciers in the region. This study aims to create a
database of quantitative information about the gla-
ciers for GTNP by quantifying the glacier area
change and glacier volume change for the three
selected glaciers (Teepe, Middle Teton, and Teton)
in the Teton Range, through the use of aerial
photographs.

STUDY AREA

The Teton Range in western Wyoming (Figure 1) is
an unbroken 65-km host to 10 named glaciers. These
glaciers were first identified in the summer of 1879
during the Hayden survey in which the party used
field glasses to spot ‘‘living’’ glaciers on Mount Moran
(Fryxell, 1935). The majority of the glaciers in the
Teton Range have a north or east aspect, with the
exception of the Falling Ice Glacier on Mount Moran,
which faces southeast (Devisser, 2008). The average
elevations of Teton (latitude: 43.742; longitude:
)110.791), Middle Teton (latitude: 43.742; longitude:
)110.805), and Teepe Glaciers (latitude: 43.736; longi-
tude: )110.798) were, respectively, 3,250, 3,326, and
3,454 meters. The glaciers are generally oriented to
the east with average slopes ranging from 27 to 38%
based on the 1967 image.

METHODS

Data

For this study, a 1-meter resolution, late-summer
(when snowcover is minimal) aerial photography was
selected. The 1-meter resolution was used to mini-
mize the error associated with estimating area and
volume losses. It has been reported that photointer-
pretation currently provides the most accurate classi-
fication (90% or higher) of temporal landscape
changes (Lindgren, 1985; Jensen, 1986).

Area Estimation

The aerial photographs were obtained from the
United States Geological Survey (USGS) and Wyo-
ming Geographic Information and Science Center
(WyGISC, 2009) in Laramie, Wyoming. Images were
acquired for 1967, 1983, 1994, and 2002 from the
USGS whereas the images for 2002 and 2006 were
obtained from WyGISC. The WyGISC images were an
orthorectified mosaic covering the entire county. As
the WyGISC images had been orthorectified, it was
the logical choice to use for georeferencing the other
images. To maintain consistency, the 2002 color infra-
red county mosaic was used as the reference image.

Five of the six images were used in the estimation
of glacial areas. The 2002 image from USGS was not
used due to the fact that this is the same image
acquired through the U.S. Department of Agriculture
aerial imagery program that was used for creating
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the orthorectified county mosaic. The 1967 and 1994
images were black and white. The 1983 and 2001
images were color infrared and the 2006 image was
true color.

Volume Estimation

Only four of the images were used in the estimation
of glacial volume change. The 1967, 1983, 1994, and
2002 images were used because stereo pairs could
be created from two images for the same year. As the
WyGISC data was a mosaic, stereo pairs could not be
created and, therefore, could not be used for volume
estimation.

Calibration reports of the images for 1967, 1983,
1994, and 2002 were obtained from the Earth

Resources Observation and Science (EROS) data cen-
ter in Sioux Falls, South Dakota. The calibration
reports provided information on the sensor and cam-
era used to take the photographs. The reports pro-
vided flying height, fiducial coordinates, and the
calibrated focal length. These reports were crucial in
developing the stereo pairs (Ledwith and Lundén,
2001) to estimate volume loss and the associated
error estimates.

Data Uncertainty

Uncertainty was assessed in calculating area and
volume changes from aerial photographs. Each image
set had to be analyzed slightly different due to the
manner they were photographed. Some images were

FIGURE 1. Location Map of Three Studied Glaciers in the Teton Range.
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black and white, whereas others were color infrared
and true color. A major challenge occurred in the
area calculations. The analyst had to determine gla-
cier ice and differentiate what was shadows, debris,
and dirty ice.

There was also uncertainty in estimating the vol-
ume change. In determining ground control points
(GCP) to create the stereo pairs, there were minimal
roads or buildings. Therefore, trees and giant boul-
ders were used as GCP. Although it can be assumed
that the boulders have not moved during the period
of the study, there is still some level of uncertainty in
that assumption. Trees were also used and can cause
some issues because shadows can make it difficult to
select the exact same point on two different images,
especially if they are a different image type (black
and white, color infrared, or true color).

Area Analysis

The images obtained from the USGS were without
spatial coordinates and, therefore, had to be associ-
ated by the user. Due to the rugged terrain of the
Tetons, this process became more challenging as the
images also required geometric correction. We created
subsets of each image to cover each glacier and also
provided additional area for locating GCP. Thirty
GCP were used in the process of geometrically cor-
recting the photographs using a third-order polyno-
mial transformation. This task was completed for
each individual glacier for every year resulting in
nine different images (three sets of images each for
1967, 1983, and 1994). County mosaics acquired in
2002 and 2006 were the remaining two images.

The images were exported to ArcMap 9.3 (ESRI,
Inc., Redlands, CA, USA), a Geographic Information
System (GIS) for analyzing the area of the glaciers.
The geographic area was calculated by ‘‘heads up’’
digitizing of each glacier. Each glacier was digitally
delineated and polygons were created in the interior
of the glacier to crop out areas of bedrock leaving an
‘‘ice surface polygon’’ (DeBeer and Sharp, 2007).

There are numerous methods available for analyz-
ing glaciers using manual or digital interpretation of
imagery. Manual digitization requires increased time
and effort, but is generally considered more accurate
as the human eye can depict differences whereas digi-
tal processing may not. Therefore, the manual
method was selected for this study as many chal-
lenges were presented with the aerial photography of
the research area. The major challenge with the aer-
ial photography is that the glaciers are either located
in a ‘‘bowl like feature’’ or on the north side of a peak
where they are shaded during the time the images
were acquired. Shadows are the primary challenge

with digital processing and classification, and the
manual method allows for better interpretation of the
shadow influence.

Area Error Estimation

The Teton Range, like many other glacier loca-
tions, was found to display rugged topographic char-
acteristics that made it challenging to evaluate
specific glaciers. Any field investigation of small gla-
ciers, such as those in the Tetons and elsewhere in
the Rocky Mountains (United States [U.S.]), is likely
to be a difficult endeavor (Fryxell, 1935). This results
in few spatial points that coincide when aerial photo-
graphs were taken from different years. This presents
challenges in determining the associated error with
error estimates. Due to a lack of field data, two meth-
ods were used to calculate the error. Hall et al. (2003)
determined that the error could be determined by an
equation using the aerial photograph being analyzed
and the base map used for georectifying.

The total digitizing error (ed) was calculated using
Equation (1) (Hall et al., 2003).

ed ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2
p þ r2

b

q
þ er; ð1Þ

where rp is the pixel resolution of the georeferenced
paper maps, rb is the pixel resolution of the base map
(2002 aerial photograph), and er is the registration
error of the summation of the georeferenced paper
map root mean-squared error (RMSE) and the 2001
base map RMSE. Once the digitizing error was deter-
mined, the area uncertainty (ea) was measured using
the following formula (Hall et al., 2003):

ea ¼ r2
i �

2ed
ri

� �
; ð2Þ

where ri is the image’s pixel resolution and ed is the
total digitizing error calculated in Equation (1).

The second method used was to carefully re-digi-
tize the glacial boundaries to depict the areas that
could have been omitted or incorrectly identified to
find the extremes of the glacial area. In some
instances, it was difficult to distinguish differences
between clean ice, dirty ice, rock outcroppings, and
ice covered by shadows casted from surrounding
mountain peaks.

The total error (dQ) was found using a method by
DeBeer and Sharp (2007) that combines the Hall
method and DeBeer and Sharp methods.
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dQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdq1Þ2 þ ðdq2Þ2 þ � � � ðdqnÞ2

q
; ð3Þ

where dq1,…, dqn represent each individual uncer-
tainty in surface area occurring from the area uncer-
tainty with respect to georeferencing as well as the
delineation process of individual glacier boundaries.

Volume Analysis

Volume change analyses were conducted in
ERDAS (ERDAS, Inc., Atlanta, GA, USA) and Arc-
GIS software (ESRI, Inc.), which contained the algo-
rithms used in this part of the study. After placing
a pair of adjacent aerial images from the same year
in ERDAS’ Leica Photogrammetry Suite (LPS) mod-
ule, information about the camera’s calibrated focal
length was entered along with the fiducial points.
The fiducial points were placed individually on each
photograph to an accuracy of 0.10 pixels RMSE.

Photographs were then georeferenced to known
points using the 2002 color infrared photograph. As
neither survey benchmarks nor anthropological struc-
tures exist in the photographs, the control and check
points were placed on distinct rock formations or veg-
etated areas that were not subject to movement over

time. Thirty points were used in creating GCP and
check points with X, Y, and Z coordinates.

Georeferencing was accomplished by overlaying
the 2002 photograph over a digital elevation model
(DEM) obtained from the USGS. One point on the
2002 photograph providing northing, easting, and
elevation was selected, then the same point was
found on the other two photographs, and the eleva-
tion was manually entered for those points. Provid-
ing this information allowed for a stereo pair to be
created for the years of 1967, 1983, 1994, and 2002.
A stereo pair is a set of two or more photographs
with overlapping portions, which are positioned such
that the parallax between the common objects
allows the user to view the objects in 3D using
either red ⁄ blue anaglyph stereo glasses or liquid
crystal display (LCD) stereo glasses.

Each stereo pair was converted to a digital terrain
model (DTM) in ERDAS LPS. The volume difference
was calculated using two DTMs from separate years
and the difference was found by subtracting the lower
surface (most recent year) from the upper surface
(earlier year) using Golden Software Inc.’s (Golden,
CO, USA) Surfer software. For example, the 1983
surface was subtracted from the 1967 surface and a
volume was calculated. This resulted in the volume
change from 1967 to 1983.

TABLE 1. Teton, Middle Teton, and Teepe Glaciers: Area With Error (km2); Fractional Area Change (FAC) –
Minimum, Average, Maximum (%); Volume Loss With Error (MCM).

Year

Teton Middle Teepe

Area (km2) ± (km2) Area (km2) ± (km2) Area (km2) ± (km2)

1967 0.259 0.005 0.212 0.003 0.055 0.002
1983 0.234 0.002 0.207 0.003 0.054 0.003
1994 0.215 0.006 0.164 0.004 0.032 0.001
2002 0.215 0.004 0.16 0.003 0.026 0.001
2006 0.215 0.004 0.158 0.007 0.022 0.001

Period

Fractional Area
Change (%)

Fractional Area
Change (%)

Fractional Area
Change (%)

Min Avg Max Min Avg Max Min Avg Max

67-83 )7 )10 )12 2 )2 )7 9 )2 )12
83-94 )5 )8 )11 )16 )21 )25 )34 )41 )47
94-02 5 0 )5 2 )2 )7 )13 )19 )24
02-06 4 0 )4 5 )1 )7 )8 )15 )22
67-06 )14 )17 )20 )21 )25 )30 )57 )60 )63

Period

Volume Loss Volume Loss Volume Loss

(MCM) ± (MCM) (MCM) ± (MCM) (MCM) ± (MCM)

67-83 0.36 0.05 0.30 0.05 0.23 0.03
83-94 0.70 0.10 0.74 0.10 0.19 0.03
94-02 0.22 0.03 0.29 0.05 0.16 0.02
67-02 1.29 0.18 1.34 0.20 0.57 0.08
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Volume Error Estimation

The error in the estimation of volume was deter-
mined through evaluating the overall elevation differ-
ence and the error associated with the DEM used in
preparing the stereo pairs. A resampling approach,
per the methodology below, was repeated 10,000
times through the use of a random number generator
that resulted in a confidence interval (CI) of 95%.

The method involved first determining a baseline
elevation by finding the average elevation difference
between two selected years. The volume change was
then divided by the average elevation to determine
an area used in error calculation. For example, if the
elevation difference was 4.84 meters and the corre-
sponding volume difference was 1.29 million cubic
meters (MCM), the area would be

1:29� 106meters3

4:84meters
¼ 2:67� 105meters2:

This was performed to determine volume change for
each pairing of years (1967-1983, 1983-1994, 1994-
2002), for all three glaciers.

The second step was to multiply the DEM error
(10 meters) by a random number with a mean of 0
and a standard deviation of 1. This resulted in an
error between the values of negative 10 and positive
10. This value was then multiplied by the aforemen-
tioned area to create an error estimate. After repeat-
ing 10,000 times, the data were normally distributed
and the CI provided the associated error estimation.

Ve ¼ CI of ðDEM error � Area� RandomNumberÞ
ð4Þ

The above equation represents one of the 10,000
iterations performed. Volume estimation (Ve) was
measured in MCM for one iteration and the CI was
found after 10,000 iterations were calculated with a
95% confidence level.

RESULTS

Glacial Area Change From 1967 to 2006

In 1967, the total surface area of Teton, Middle
Teton, and Teepe Glaciers was 0.526 ± 0.010 km2

(Table 1). The largest glacier in 1967 was Teton
Glacier with a surface area of 0.259 ± 0.005 km2.
Middle Teton Glacier was the second largest with a

surface area of 0.212 ± 0.003 km2. The smallest gla-
cier studied was Teepe Glacier with a surface area of
0.055 ± 0.002 km2.

The total 2006 calculated surface area of the
three glaciers was 0.395 ± 0.012 km2. This was a
decrease of 0.131 ± 0.021 km2, which equates to a
loss of approximately 25% of the total surface area
since 1967. Teton Glacier lost 0.044 ± 0.009 km2 of
its 1967 surface area. Middle Teton Glacier experi-
enced the greatest loss at 0.054 ± 0.010 km2. The
smallest glacier, Teepe Glacier, lost 0.033 ±
0.003 km2.

Fractional Area Change

Similar to Granshaw and Fountain (2006), the
fractional area change (FAC), the area change

(a)

(b)

FIGURE 2. (a) Individual Glacier Fractional Area Change –
FAC (%); (b) Individual Glacier Volume Loss (MCM). The ‘‘whisker’’

plots show the estimated error.
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divided by the original area, was plotted against ori-
ginal area. Between the years 1967 and 2006, the
FAC for Teton, Middle Teton, and Teepe Glacier were
17, 25, and 60%, respectively (Figure 2a and Table 1).
The FAC was calculated for each time step (1967-
1983, 1983-1994, 1994-2002, and 2002-2006)
(Figure 2a and Table 1). Referring to Figure 2a, the
‘‘whisker’’ plots (average, maximum, and minimum
FAC) show the range of uncertainty when calculating
the FAC. For example, in 1967, the surface area of
Teton Glacier was 0.259 ± 0.005 km2 whereas, in
2006, the surface area was 0.215 ± 0.004 km2. There-
fore, the average FAC was determined by (0.215 )
0.259) ⁄ 0.259 or )17%. The maximum FAC was deter-
mined by using the smallest estimated 2006 area
(0.215 ) 0.004 = 0.211 km2) minus the largest esti-
mated 1967 area (0.259 + 0.005 = 0.264 km2) divided
by the 1967 area (0.259 km2) or )20%. The minimum
FAC was determined by using the largest estimated
2006 area (0.215 + 0.004 = 0.219 km2) minus the
smallest estimated 1967 area (0.259 ) 0.005 =
0.254 km2) divided by the 1967 area (0.259 km2) or
)14%.

Glacial Volume Loss From 1967 to 2002

The glacial volume change was determined
between three periods (1967-1983, 1983-1994, and
1994-2002) and for the entire period of record
(1967-2002) (Figure 2b and Table 1). Combined, the
three glaciers lost a total of 3.20 ± 0.46 MCM
between 1967 and 2002 (Figure 3). The period of
highest volume loss appears to be 1983-1994 when
1.63 ± 0.23 MCM of volume was lost, which equates
to approximately 49% of the total volume lost
during the 1967-2002 study period. Middle Teton
Glacier lost the greatest volume, 1.34 ± 0.20 MCM.

DISCUSSION AND CONCLUSIONS

An investigation of historic climatic (Precipitation,
Snowpack, Temperature) variability in the Teton
Range was performed in an attempt to explain the
rapid loss of glacier area and mass. Initially, research

(b)(a)

(c) (d)

(f)(e)

FIGURE 3. Three-Dimensional Wireframes for (a) Teton Glacier in 1967; (b) Teton Glacier in 2002;
(c) Middle Teton Glacier in 1967; (d) Middle Teton Glacier in 2002; (e) Teepe Glacier in 1967; and (f) Teepe Glacier in 2002.

The ‘‘blue’’ area represents the estimated surface of the glacier.
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efforts that developed paleo reconstructions (using
tree rings) were investigated. However, the paleo
streamflow (Graumlich et al., 2003; Watson et al.,
2009; Barnett et al., 2010) and precipitation (Gray
et al., 2004a,b, 2007) studies were in regions adjacent
to the Teton Range. Further investigation revealed a
paleo temperature study by Naftz et al. (2002) in
which ice cores were extracted from the Freemont
Glacier in the nearby Wind River Range (Wyoming).
The ice cores revealed a rapid warming since the
1960s in the Wind River Range (Naftz et al., 2002).

Next, historic records of observed precipitation
(snowpack) and temperature were investigated. The
Natural Resource Conservation Service (NRCS) main-
tains an extensive data collection system (SNOwpack
TELemetry or SNOTEL) in the western U.S. (http://
www.wcc.nrcs.usda.gov/snow/) in which snowpack
(Snow Water Equivalent – SWE) is collected. Each of
the snowpack stations used in the current research
had complete records from 1930 to 2006 and the April
1st SWE dataset selected has been used in previous
research efforts (Hunter et al., 2006; Aziz et al.,
2010). Four SNOTEL stations in Wyoming (Base
Camp, Granite Creek, Snake River, and Lewis Lake
Divide) were identified near (within approximately
50 km) the Teton glaciers (Figure 4). The yearly April
1st SWE dataset for each station was segregated into
two time periods, 1930 to 1967 and 1968 to 2006
(time period of glacier study). Similar to Tootle et al.
(2005), the nonparametric rank-sum test was per-
formed on the two time periods, for each of the four
stations, to test the difference in the medians. The
method compares two independent datasets and
determines if one dataset has significantly larger val-
ues than the other dataset. For each of the four sta-
tions, the rank-sum test determined that there were
no significant (>90%) differences in April 1st SWE
between the two time periods. Interestingly, the April
1st SWE combined average and standard deviation
for the four stations from 1930 to 1967 (54.6 cm and
25.2 cm) and from 1968 to 2006 (56.2 cm and
26.3 cm) were very similar.

Finally, temperature data were retrieved from the
National Weather Service (NWS) Cooperative Obser-
ver Program (COOP). The Moran, Wyoming (length of
record from 1911 to 2006) and Jackson, Wyoming
(length of record from 1921 to 2006) stations were
selected due to the length of record and location near
the Teton glaciers (Figure 4). Average monthly (June,
July, and August) temperatures for the spring-sum-
mer season, when glacier melt is likely the greatest,
were selected. Similar to the SNOTEL data, the time
periods were segregated, for each station, for each
month. For the Moran station, the dates were 1911 to
1967 and 1968 to 2006. For the Jackson station,
the dates were 1921 to 1967 and 1968 to 2006. The

Moran station had missing data for July (1999 and
2002) whereas the Jackson station had missing data
for June (1925, 1934, 1948, and 1996), July (1922,
1925, and 1948), and August (1943 and 1948). Six
rank-sum tests were performed, three (June 1911 to
June 1967 and June 1968 to June 2006; July 1911 to
July 1967 and July 1968 to July 2006; August 1911 to
August 1967 and August 1968 to August 2006) for the
Moran station and three (June 1921 to June 1967 and
June 1968 to June 2006; July 1921 to July 1967 and
July 1968 to July 2006; August 1921 to August 1967
and August 1968 to August 2006) for the Jackson sta-
tion. The rank-sum testing of the Moran station
resulted in all three months having temperature dif-
ferences (>95% significance) such that the tempera-
tures during the time period of the glacier study were
significantly higher than the time period prior to the
study. The July and August months resulted in the
highest (>99% significance) differences. The Moran
station 1911 to 1967 temperatures (mean ± standard
deviation – celsius) were: June (10.6 ± 1.5), July

FIGURE 4. Location Map of SNOTEL Stations (Base Camp,
Granite Creek, Snake River, and Lewis Lake Divide) and

Temperature Stations (Jackson and Moran, Wyoming) Used in
the Current Teton Glacier Research.
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(14.4 ± 1.1), and August (13.3 ± 1.1), whereas the
1968 to 2006 temperatures were: June (11.6 ± 1.4),
July (15.5 ± 1.3), and August (14.8 ± 1.3). The rank-
sum testing of the Jackson station had similar results
in that all three months had temperature differences
(>90% significance) such that the temperatures dur-
ing the time period of the glacier study were signifi-
cantly higher than the time period prior to the study.
The June and August months resulted in the highest
(>95% significance) differences. The Jackson station
1921 to 1967 temperatures (mean ± standard devia-
tion – celsius) were: June (12.2 ± 1.4), July (16.2 ±
1.1), and August (15.1 ± 1.1), whereas the 1968 to
2006 temperatures were: June (12.9 ± 1.4), July
(16.6 ± 1.3), and August (15.6 ± 1.2).

The yearly (1930 to 2006) April 1st SWE (cm) for
the four SNOTEL stations were averaged and a 10-
year (end year) filter was applied, which resulted in a
time period of 1939 to 2006 (Figure 5). Given the
longer and more complete record of the Moran sta-
tion, the yearly (1911 to 2006) June, July, and
August temperatures (Celsius) were averaged and a
10-year (end year) filter was applied, which resulted
in a time period of 1920 to 2006 (Figure 5). The esti-
mated glacier volume loss with error (MCM) is shown
for the periods of 1967 to 1983, 1983 to 1994, and
1994 to 2002 (Figure 5). The graph clearly reveals
the increase in June, July, and August temperatures
during the glacier period of study and, thus, confirms
the Wind River Range ice core observations of Naftz
et al. (2002) of increased temperatures from the

1960s to present. Additionally, the greatest loss of
glacier mass occurred from 1983 to 1994, which coin-
cides with a rise in temperatures and a reduction in
snowpack. The snowpack variability may be associ-
ated with the Pacific Decadal Oscillation or the El
Nino-Southern Oscillation (Hunter et al., 2006). How-
ever, as determined by the rank-sum testing, the
long-term change was not of significance.

Concurrent research efforts on the Wind River
Range, using both LandSat and aerial photographs of
glacier ice, confirmed the results provided in this
research that glaciers in northwest Wyoming are in a
period of recession (Cheesbrough et al., 2009; Thomp-
son et al., 2011). Future work may include paleo
(tree-ring based) reconstructions of snowpack and
temperature in the Teton Range to provide insight
into the observed glacier recession prior to the 1960s.
The paleo reconstructions may extend back 400 years
and would reveal if the summer temperatures have
increased and ⁄ or if snowpack has decreased. Addi-
tional future research may utilize heavy isotopes
(obtained from tree rings) that reveal changes in
water sources (e.g., precipitation, glacier melt) that
would help explain the glacier recession observed.
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