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TheWind River Range spans roughly 200 km along the continental divide in westernWyoming and encom-
passes at least 269 glaciers and perennial snowfields totaling 34.34 ± 0.13 km2 (2006), including Gannett
Glacier, the largest glacier (2.81 km2) in the continental U.S. outside of Washington State. To track changing
glacier and perennial snow surface area over the past century we used historic maps, aerial photography,
and geologic evidence evident in said imagery. Since the end of the Little Ice Age (~1900), when the glaciers
retreated from their moraines, to 2006 the ice-covered area shrank by ~47%. The main driver of surface area
change was air temperature, with glaciers at lower elevations shrinking faster than those at higher eleva-
tions. The total contribution of ice wastage to late summer stream flow ranged from 0.4 to 1.5%, 0.9 to
2.8%, 1.7 to 5.4%, and 3.4 to 10.9% in four different watersheds, none of which exceeded 7% glacier cover. Re-
sults from previous studies were difficult to include because of differences in interpretation of glacier
boundaries, because of poor imagery, or to extensive seasonal snow. These difficulties highlight potential
problems in combining data sets from different studies and underscores the importance of reexamining
past observations to ensure consistent interpretation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Interest in global glacier shrinkage has increased in recent decades
owing to its consequences for sea level rise (Dyurgerov and Meier,
2000; Kaser et al., 2006; Pfeffer et al., 2008) and loss ofwater storage ca-
pacity (Jansson et al., 2003; Barnett et al., 2005). Regionally, perennial
ice and snow are important to the hydrology of high alpine environ-
ments (e.g., Moore et al., 2009), with meltwater buffering stream flow
during warm dry summers (Fountain and Tangborn, 1985; Moore
et al., 2009). Improved inventories of ice-covered regions and assess-
ments of glacier change are needed to better quantify these estimates
and to inform on past and possible future contributions to the hydrolog-
ic cycle.

Perennial ice and snow in theWind River Range are of particular in-
terest because of important runoff contributions to the Green–Colorado,
Missouri–Mississippi, and Snake–Columbia basins (Marston et al.,
1989, 1991). Runoff into theMissouri River basin is especially impor-
tant to eastern Wyoming as a vital water source during the dry sum-
mer months and years of low precipitation (Pochop et al., 1989). The
need for water in Wyoming is demonstrated by the 2006 state-
funded weather modification project ($8.8 million USD) to increase
Michigan State University, East
winter snowfall with the intention of increasing snowmelt runoff
during the summer (Boe, 2008). Therefore, assessing temporal and
spatial patterns of glacier wastage in the Wind River Range is impor-
tant for understanding stream flow variation in the region. The pur-
pose of this paper is to present a comprehensive inventory of glaciers
and perennial snowfields (G&PS) in the Wind River Range, quantify
their area changes over the twentieth century, identify the factors
influencing the changes, and estimate the volume loss and its contri-
bution to regional runoff.

2. Background

The Wind River Range spans roughly 200 km along the continen-
tal divide in western Wyoming. Based on 1:24,000 U.S. Geological
Survey topographic maps, the Range contains 679 G&PS (Fountain
et al., 2007), with a combined surface area of about 55.8 km2

(Fig. 1). The region contains 25 of Wyoming's 38 named glaciers, in-
cluding Gannett Glacier, the largest glacier in the continental U.S.
outside of Washington State (Pochop et al., 1990). The earliest docu-
mented exploration of the Wind River Range was John Fremont's ex-
pedition of 1841 that included climbing the peak that now bears his
name (Sprague, 1964). In 1877 the U.S. Geological and Geographical
Survey of the Territories, otherwise known as the Hayden Survey, ar-
rived in the Wind River Range to catalog the geology, biology, and
geography (Hayden, 1878). However, no glaciers were observed be-
cause of the persistence of seasonal snow late into the summer
(Hayden, 1879). The survey returned to the region in 1878 and,
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Fig. 1. Location of theWind River Range inwesternWyoming and of the 679 snow and ice features identified on USGS 24K topographicmaps by Fountain et al. (2007). Note that snow and
ice features are not to scale.
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because of the relatively low snowfall the previous winter and sub-
sequent earlier exposure of glacial ice (Russell, 1885), made the
first recorded observation of glaciers on the north side of Wind
River peak (Hayden, 1878). Subsequent glacier discoveries around
Fremont peak were made soon after (Hayden, 1883).

The first topographic maps that depicted glaciers were limited to
the area around Fremont peak and completed in 1906 by the U.S.
Geological Survey (USGS) (Wilson, 1907). Unfortunately, the glacial
outlines are generalized precluding their use for area estimates
(Meier, 1951). The first published scientific investigation of the
glaciers examined the North, East, and West Gannett Glaciers, now
referred to as Gannett, Dinwoody, and Mammoth glaciers, respec-
tively, and included approximate measurements of surface area
(Wentworth and Delo, 1931). Delo returned to Dinwoody Glacier
in 1940 to observe ‘the extensive recession of the glaciers during
the intervening decade,’ but no measurements were reported
(Delo, 1940). The first application of modern glaciological methods
was completed by Meier (1951), concentrating on the region around
Gannett and Fremont peaks. He constructed detailed maps of 14
named glaciers and included the Little Ice Age (LIA) maximum ex-
tent and the 1950 extent. Results showed that all glaciers examined
were receding with losses between 7 and 41% of their LIA maximum.
Since that time, a number of studies documented continued glacier
shrinkage (Marston et al., 1989, 1991; Wolken, 2000; Cheesbrough,
2007; Thompson et al., 2011; VanLooy et al., 2014). The mean retreat
rate of Dinwoody Glacier was 5.4 m year−1 and for Gannett Glacier
8 m year−1 between 1958 and 1983 (Marston et al., 1989, 1991).
Dinwoody lost 36.9% (1.28 km2) from 1950 to 1999 (Wolken,
2000), or 39.7% (1.44 km2) of its LIA area. The area change of 42 gla-
ciers from 1985 to 2005 was −37% (Cheesbrough, 2007). Over this
time period, runoff from glacial mass loss during the July–October
period was estimated to contribute 4.7–9.8% of the runoff in various
watersheds (Cheesbrough, 2007). Unfortunately, no mass balance
measurements have been recorded in this region.

Our effort differs from these previous reports in several ways.
First, we compile a comprehensive inventory of not only glaciers, de-
fined as perennial snow or ice that moves (Cuffey and Paterson,
2010), but we also attempt to inventory the perennial snowfields
as well. Second, we examine all the publicly available fine resolution
imagery to develop a time series of glacier change for the entire pop-
ulation of G&PS. Third, we incorporate the results from all previous
studies to develop a detailed history of glacier change for the subset
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Fig. 2. Visible Little Ice Age moraines on Bull Lake and Knife Point glaciers, Wind River
Range, on the 2001 digital orthographic photograph from Sanborn Colorado LLC. The mo-
raines were delineated using Meier's (1951) maps as a guide, and lobe boundaries were
separated based on inferred ice flow divides.
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of glaciers with a rich data legacy, from which we infer glacier
change for the entire Range. Finally, we examine these results to de-
fine the climate drivers and impact on regional hydrology.
3. Methods

3.1. Glaciers and perennial snowfields

We compiled the perimeter and surface areas of G&PS digitized
from various maps and aerial photos because they are the most spa-
tially and temporally extensive data available. The USGS 1:24,000 to-
pographic (24K) maps provided the baseline coverage for the
location, perimeter, and surface area of G&PS features. The 24K
maps were based on aerial photos acquired in the summers of
Fig. 3.Meanmonthlymaximum temperature (Tmax),minimumtemperature (Tmin), and
precipitation for the study region calculated from PRISM data. The dotted line indicates
0 °C.
1966, 1968, 1974, and 1989; each including 76%, 2%, 14%, and 8% of
the total number of G&PS, respectively.

To assess glacier change we digitized the perimeter of all visible
snow and ice present in digital orthophotograph quadrangle
(DOQ) imagery acquired from the Wyoming Geographic Informa-
tion Science Center (WyGISC), University of Wyoming, and the Na-
tional Agriculture Imagery Program (NAIP). All of the DOQs had a
spatial resolution of 1 m and were acquired during late summer
in 1994 (black-and-white) and in 2001, 2006, and 2009 (color).
Late summer photography minimizes the confounding effects of
seasonal snow. Unfortunately, despite the late summer acquisition,
the 2009 DOQs showed a snowy alpine landscape, and we exclud-
ed the imagery from our analysis. However, Dinwoody Glacier was
relatively unaffected by the seasonal snow, and we were able to
clearly identify and digitize the perimeter, allowing us to include
the 2009 surface area. We did not use satellite imagery because
of either the prohibitive cost or inappropriate spatial resolution
given the size of the G&PS features in the region (Thompson
et al., 2011).

One challengewe faced is the definition of perennial snow. Unlike
glaciers, which are typically easy to identify because of the exposure
of ice, distinguishing seasonal from perennial snow is somewhat am-
biguous. We define seasonal features as those that have the potential
to melt completely in the summer months of any given year. Howev-
er, because our study is based solely on remotely sensed imagery ac-
quired at erratic intervals, we have limited means to track changes in
these features. Seasonal features may appear in multiple years of im-
agery caused by persistent patterns of snow accumulation. Depend-
ing on regional climate patterns and local influences of avalanches,
wind redistribution, and terrain shadowing, some seasonal features
may even survive multiple summers before completely melting
away again. To standardize our interpretation of seasonal versus pe-
rennial, we adopted four interpretation rules. First, any feature found
in the photography that was not included in the 24K, were as-
sumed to be seasonal (and ignored). Second, 24K features that
were not found in the 1994 photography were considered sea-
sonal. Third, 24K features that were found in the 1994 photogra-
phy but not in the 2001 and 2006 photography were assumed to
be perennial features that disappeared. Fourth, if a feature is
present on multiple images but exhibits a standard deviation
of area N40% of the 24K area, then it was considered too affected
by seasonal snow and excluded from the analysis. The threshold
of 40% was empirically determined by identifying the smallest
ratio associated with features that flickered between presence/
absence in the time series of the imagery. This approach defines
perennial as features that are present for 20+ years. Results
from these interpretation rules showed that only small features,
typically b0.1 km2, were affected.

The G&PS inventory is partitioned into glaciers and perennial
snowfields. If ground observations were available, including direct
measurements and presence of crevasses or fine-grained sediment
in the glacial streams (evidence of basal sliding), we could distin-
guish between the two features by movement (Cuffey and
Paterson, 2010). Because our study is entirely based on maps and re-
motely sensed imagery, we cannot detect movement directly, and
we did not inspect the images for crevasses. Instead, movement
was inferred based on whether the calculated basal shear stress
exceeded the yield stress of ice (Basagic and Fountain, 2011). The
basal shear stress is calculated from the thickness and surface slope
of the ice and the yield stress, 105 Pa (Cuffey and Paterson, 2010).
Thickness is estimated from the glacier volume (see below) divided
by the measured surface area. Surface slope is the maximum slope,
derived from the 1 arc sec National Elevation Dataset (NED) digital
elevation model (DEM) (Fountain et al., 2007). Topography is limit-
ed to the 24K data set, and we used the glacier area from the 24K for
consistency.
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Fig. 4. The four USGS gauge stations and upstream watershed in relation to the snow and ice features identified in the 24K maps. Note, snow and ice features are not to scale.
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In addition to the regionwide inventories of G&PS, a number of
individual glaciers have been studied over numerous years, provid-
ing greater insight on historic changes. Meier (1951) produced 14
maps of glaciers, derived from unorthorectified aerial photos and
field observations, which included a 1950 perimeter and the LIA
maximum extent. Each of Meier's maps were individually scanned
and georeferenced to the 2001 DOQs within ArcGIS. At least 11
control points were used, along with a third order transformation,
which provided the best fit between the maps and DOQs. Owing to
the remote location of the Wind River Range, hard ground control
points (e.g., roads, building corners) were absent, forcing us to rely
on soft ground control points (e.g., terminal moraines, headwalls,
nunataks) (Hughes et al., 2006). Of the 14 glacier maps, 12 were
successfully georeferenced, then digitized within ArcGIS. Two gla-
ciers, Sphinx and F-3, could not be georeferenced because of the
lack of suitable ground control. Another two glaciers, Fremont
and Knife Point have split and have been officially renamed since
the Meier study. Fremont Glacier is now the Upper Fremont and
Lower Fremont glaciers, and Knife Point is now Bull Lake and
Knife Point glaciers.

While georeferencing the Meier (1951) maps, we realized that
his mapped LIA extent served as an excellent guide to identifying
LIA moraines that were easily observed on the 2001 DOQs (Fig. 2).
Consequently, we were able to derive the LIA extents for eight addi-
tional glaciers not included in Meier (1951). Since the LIA, the gla-
ciers have shrunk and retreated, and some lobes of the once larger
glacier have separated into individual glaciers. For our analysis, we
have separated the lobes into their modern analogues based on in-
ferred ice flow divides (Fig. 2). The date associated with these LIA
extents (i.e., the year the glacier retreated from the terminal mo-
raine) was inferred to be ~1900, based on Wentworth and Delo
(1931) who stated that ‘it appears that there has been a moderate
retreat of the glaciers and a restriction of glacial action in the last
two decades in this district [Gannett Peak].’ Our inference is sup-
ported by historic photos of glacier change in the Sierra Nevada
Range, California, which showed the glaciers did not retreat from
the LIA moraines before 1910 (Basagic and Fountain, 2011).

In addition to the LIA and 1950 measurements, Meier (1951)
mapped the extent of Gannett Glacier in 1930 and 1940 from
ground-based photography (Wentworth and Delo, 1931; Delo,
1940). Since 1950, Gannett and Dinwoody glaciers have been the tar-
gets of numerous glacier change studies (Marston et al., 1989;
Pochop et al., 1989; Marston et al., 1991; Wolken, 2000) based on
field surveys and on remotely sensed imagery from aircraft and sat-
ellites. Combining all of these supplementary surface area values
allowed us to reconstruct surface area change for Gannett and
Dinwoody in greater detail.

3.2. Uncertainty

Three main sources of uncertainty are encountered when defin-
ing the outline of G&PS: georectification, digitizing, and interpreta-
tion (DeBeer and Sharp, 2007; Sitts et al., 2010; Thompson et al.,
2011). Georectification uncertainty refers to the quality of the imag-
ery or maps being analyzed. Digitizing uncertainty represents the
difference between the digitized boundary and the actual boundary
of a feature (Gong et al., 1995). Interpretation uncertainty includes
potential misinterpretation of a boundary leading to disagreement
amongmultiple users' interpretations (Middelkoop, 1990). Interpre-
tation uncertainty is often the largest of the three uncertainties be-
cause rock-covered ice, valley wall shadows, and seasonal snow
canmask large areas (Pochop et al., 1989). Our rules of interpretation
are in part an attempt to minimize interpretation uncertainty and
dictate that only visible snow or ice is digitized. This approach may
lead to underestimates of features masked by shadows or debris.
Correspondingly, it's quite possible to misinterpret seasonal snow
patches as perennial resulting in the overestimation of feature area.
Interpretation error is difficult to quantify given that it has the po-
tential to both overestimate and underestimate surface area, and it
varies between users.
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Fig. 5. The percent population of perennial features versus surface area. Note the scale change on X-axis between graphs A and B.
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Digitizing and georectification uncertainty are closely linked.
Digitizing error is dependent on the quality of the imagery and
its spatial resolution relative to the size of the feature being digi-
tized. The only published quality measure of the 24K maps and
DOQs is positional accuracy associated with random uncorrelated
points. However, polygon vertices are correlated and preclude po-
sitional uncertainty as an estimate of area uncertainty. To account
for image quality and its impact on the user's ability to accurately
digitize a boundary, we estimate a combined uncertainty of digitiz-
ing and georectification by multiplying the positional uncertainty
(e.g., RMSE) by the spatial resolution of the image.

Uncertainty of features derived from the 24K maps was previous-
ly published by Fountain et al. (2007). To estimate the uncertainty in
digitized features from the DOQs we adapted the uncertainty
Fig. 6. The population versus centroid elevation of the 269 perennial and 251 seasonal features.
elevation was derived from the 1 arc sec NED DEM.
calculation method used by Hoffman et al. (2007), based on Ghilani
(2000), to incorporate the combined measure of digitizing and
georectification uncertainty,

U ¼ 1:414 � RMSE � R � A �
ffiffiffi
2

p
ð1Þ

where U is the feature uncertainty (m2), RMSE is the root mean
square error of the DOQs or georeferenced map (m), R is the spatial
resolution of the imagery (m), and A is the surface area of the digi-
tized feature (m2).

The RMSE values used to estimate the uncertainty for each of the
georeferenced Meier (1951) maps are calculated,

UMeier ¼ 1:414 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RMSE2 þ RMSE2Georef

q
� R � A �

ffiffiffi
2

p
ð2Þ
Cumulative area is the total area of all features using 50m elevation bin intervals. Centroid
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Fig. 7.Aspect of the 269 perennial snow and ice features in theWind River Range: (A) distribution of the population of features in percent; (B) distribution of total ice-covered area (km2).
The topographic characteristics are derived from digital elevation data based on aerial photography from 1963 to 1974.
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where UMeier is the feature uncertainty (m2), RMSE is from the 2001
DOQsused for control points to georeference theMeiermaps, RMSEGeoref
is the calculated RMSE produced from the georeferencing of the Meier
maps (m), R is the spatial resolution of the 2001 DOQ (m), and A is
the surface area of the digitized feature (m2).

3.3. Topographic and climate data

The topographic and climatic characteristics of the G&PS were ex-
tracted from the previously mentioned NED DEM and from gridded
monthly air temperature and precipitation climate data. The DEM
was used to derive the maximum, minimum, mean elevation, slope,
and mean aspect for each G&PS (Fountain et al., 2007). We
partitioned mean aspect into northness and eastness variables;
with northness calculated by taking the cosine of the mean aspect,
producing a value between 1 and −1, with ‘1’ being true north and
‘−1’ being true south. Eastness was calculated by taking the sine,
with ‘1’ being true east. No photogrammetric terrain data were in-
cluded in the DOQs; consequently, we limited all topographic data,
except area, to the 24K data set.

Monthly climate data were obtained from the 4-km gridded
Parameter-elevation Regressions on Independent Slopes Model
(PRISM) over the time period between 1900 and 2006 (Daly et al.,
1997). The monthly data included total precipitation and mean,
Table 1
Area of 269 glaciers and perennial snowfields (G&PS) based on the USGS 1:24,000 (24K) maps

24K date Num 24K 1994

Area (km2) % U Area (km2) % U % change

1963 1 0.03 9.97 0.02 7.70 −44.8 ± 8.6
1966 217 43.70 0.26 37.83 0.16 −13.4 ± 0.4

Avg. 0.20 2.67 0.17 1.61
1968 5 0.53 2.38 0.36 1.65 −31.4 ± 2.4

Avg. 0.11 4.82 0.07 3.22
1974 46 2.71 1.05 1.66 0.77 −38.9 ± 1.0

Avg. 0.06 6.42 0.04 4.44
Total 269 46.96 0.25 39.86 0.16 −15.1 ± 0.4

Avg. 0.17 2.92 0.15 1.74

a The 24K date is the year the aerial photographswere acquired to construct the 24Kmaps, an
year and U is its uncertainty. Change represents the change in total area from the 24K date. Th
minimum, and maximum air temperature. The 4-km grid cells are
certainly much larger than the individual G&PS features. However,
we are not interested in the specific climate of each feature but rath-
er the surrounding region, and particularly, the temporal changes.
Seasons were defined by mean monthly temperature calculated
over the period of record: winter — both mean minimum and mean
maximum monthly air temperatures were below 0 °C (November
to April); spring and autumn — mean minimum temperature was
below freezing and the mean maximum air temperature was above
freezing (May and June, September and October); and summer —
mean minimum and mean maximum temperatures were above
0 °C (July and August) (Fig. 3). To aggregate the monthly tempera-
ture data into seasonal time periods, we converted the data into
degree-days above 0 °C and multiplied by the number of days in
eachmonth (Badescu and Zamfir, 1999). Although this method prob-
ably underestimates the number of degree-days (Wang et al., 2006),
for our general purposes this approach is sufficient. We calculated
degree-days for the mean maximum and for the mean minimum
monthly air temperatures. Precipitation differences also followed
the temperature-defined seasons, winter — greatest precipitation
(~80 mm per month); and summer — the lowest precipitation
(~45 mm per month). The monthly total precipitation and degree-
days data were then summed for winter, spring, summer, and
autumn periods.
and from aerial photographs a.

2001 2006

Area (km2) % U % change Area (km2) % U % change

0.02 3.35 −45.0 ± 3.7 0.02 3.13 −38.60 ± 4.0
33.21 0.07 −24.0 ± 0.1 32.33 0.07 −26.0 ± 0.1
0.15 0.71 0.15 0.73
0.30 0.78 −42.7 ± 0.9 0.38 0.69 −27.0 ± 1.1
0.06 1.45 0.08 1.29
1.20 0.39 −55.7 ± 0.3 1.61 0.33 −40.5 ± 0.4
0.03 2.21 0.04 1.96

34.73 0.07 −26.1 ± 0.1 34.34 0.07 −26.9 ± 0.1
0.13 0.77 0.13 0.80

dNum is the number of G&PS identified for that date. Area is the total area of G&PS for that
e average G&PS area and its uncertainty is provided for each data set.
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Table 2
Reconstructed areas for 22 glaciers in the Wind River Range based on georeferenced maps (LIA, 1950) by Meier (1951) and on aerial imagery; the LIA inferred from aerial imagery (not
from Meier, 1951) does not include data for 1950; LIA is Little Ice Age, U is the uncertainty in area.

Glacier name LIA 1950 1966 1994 2001 2006

Area (km2) % U Area (km2) % U Area (km2) % U Area (km2) % U Area (km2) % U Area (km2) % U

Baby Glacier 0.50 1.1 0.29 1.4 0.24 3.5 0.24 2.0 0.22 1.1 0.21 0.9
Bull Lake Glacier 2.04 0.7 1.44 0.8 1.36 1.5 1.33 0.9 1.28 0.4 1.21 0.4
Connie Glacier 0.59 1.4 0.46 2.6 0.39 1.6 0.34 0.9 0.33 0.7
Dinwoody Glacier 3.63 0.6 3.17 0.6 3.06 1.0 2.65 0.6 2.43 0.3 2.38 0.3
Downs Glacier 1.00 1.1 0.61 2.2 0.54 1.3 0.55 0.7 0.51 0.6
Gannett Glacier 5.25 0.5 4.01 0.6 3.32 0.9 3.01 0.6 2.90 0.3 2.81 0.3
Gooseneck Glacier 0.61 0.8 0.31 1.1 0.33 3.0 0.31 1.8 0.29 0.9 0.29 0.8
Grasshopper Glacier 4.16 0.5 3.28 1.0 2.79 0.6 2.46 0.3 2.34 0.3
Harrower Glacier 0.40 1.7 0.22 3.7 0.21 2.1 0.18 1.2 0.16 1.1
Heap Steep Glacier 0.25 1.3 0.19 1.5 0.16 4.3 0.12 2.8 0.11 1.5 0.11 1.3
Helen Glacier 1.89 1.0 1.39 1.2 1.39 1.5 1.19 0.9 1.07 0.5 1.05 0.4
J Glacier 0.60 1.4 0.40 2.7 0.35 1.7 0.30 0.9 0.29 0.8
Knife Point Glacier 2.01 0.7 1.47 0.8 1.30 1.5 1.04 1.0 0.89 0.5 0.83 0.5
Lower Fremont Glacier 1.03 0.8 0.93 0.8 0.77 2.0 0.65 1.2 0.56 0.7 0.49 0.6
Mammoth Glacier 3.41 0.3 2.88 0.4 2.54 1.1 2.29 0.7 2.06 0.3 2.00 0.3
Minor Glacier 0.85 0.7 0.71 0.8 0.65 2.1 0.55 1.3 0.44 0.7 0.41 0.7
Sacagawea Glacier 3.64 0.7 3.18 0.8 3.28 1.0 2.38 0.6 2.10 0.3 2.11 0.3
Sourdough Glacier 1.64 0.8 1.33 1.5 1.11 0.9 1.02 0.5 0.99 0.4
Stroud Glacier 0.82 1.2 0.52 2.4 0.42 1.5 0.39 0.8 0.38 0.7
Tiny Glacier 0.04 5.1 0.03 10.1 0.03 6.0 0.02 3.3 0.02 3.0
Twins Glacier 0.79 1.0 0.58 1.1 0.49 2.5 0.35 1.7 0.32 0.9 0.27 0.8
Upper Fremont Glacier 1.52 0.7 1.33 0.7 1.23 1.4 1.28 0.8 1.26 0.4 1.21 0.4
Total 36.67 0.2 27.32 0.3 23.37 0.2 21.29 0.1 20.40 0.1

Surface area change since LIA maximum extent
Fourteen Meier Glaciers 0.00% −20.20% −29.65% −36.55% −41.89% −43.92%
Eight Additional Glaciers 0.00% −25.99% −36.94% −43.10% −45.72%
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3.4. Correlation and principal component analysis

Pearson correlation coefficient and principal component analysis
(PCA) were used to identify the climate and topographic variables
that correlate with temporal changes in ice cover. The independent
Fig. 8. Percent surface area change since the glacier's LIA maximum extent (i.e., ~1900) for (A)
glaciers. Each graph also includes the combined total surface area change of all 22 glaciers that h
the change in surface area when the areas obtained from Marston et al. (1989), Pochop et al. (
variables for each G&PS included mean elevation, latitude, longitude,
and aspect, and for the seasonal climate variables included precipita-
tion, maximum temperature degree-days, and minimum tempera-
ture degree-days. Because the interval of time between area
estimates was erratic, we summed the climate variables over the
Knife Point, Lower Fremont, and Upper Fremont glaciers, and (B) Dinwoody and Gannett
ave identifiable LIA extents. The dotted lines for Dinwoody and Gannett glaciers represent
1989), and Wolken (2000) are included.
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Table 3
Surface areas, surface area uncertainty (U), and area change relative to the LIA extent for Gannett and Dinwoody glaciers (‘na’ indicates no data).

1900 1930 1940 1950 1966 1989 1994 2001 2006 2009

Gannett Area (km2) 5.25 4.32 4.08 4.01 3.32 3.29 3.01 2.90 2.81 na
U (km2) ±0.03 ±0.02 ±0.02 ±0.02 ±0.03 na ±0.02 ±0.01 ±0.01
% change 0.0 −17.8 −22.4 −23.7 −36.8 −37.3 −42.7 −44.9 −46.5

Dinwoody Area (km2) 3.63 na na 3.17 3.06 2.70 2.65 2.43 2.38 2.37
U (km2) ±0.02 ±0.02 ±0.03 na ±0.02 ±0.01 ±0.01 ±0.01
% change 0.0 −12.5 −15.6 −25.7 −26.9 −33.0 −34.3 −34.7
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interval. For example, if the interval between aerial photographs was
10 years, then thewinter precipitation and degree-days for each sea-
son was summed for that 10-year period.

Significant relationships were identified using a one-tailed 95% con-
fidence interval for the Pearson correlation analysis. The predicted rela-
tionship between surface area change and a given variable used in the
analysis can be viewed in Table A1. We used the PCA to aggregate cor-
related variables from 1966 to 2006 into uncorrelated classes
(i.e., factors) and then identify which factors have the greatest variance
between individual G&PS. The PCA was performed using Varimax rota-
tion and a significant loading threshold of≥0.7 to identify the pertinent
variables in each factor. The number of factors extracted from the PCA
was chosen by examining the eigenvalues, explained variance, scree
plot, and an introduced random variable, which was used to identify
the break point between viable factors and background noise inherently
present in the data.

3.5. Ice mass wastage contribution to runoff

To estimate the contribution of ice wastage to stream flow, ice vol-
ume loss is compared to measured runoff. Glacier volume was estimat-
ed for two different times based on scaling relations between glacier
area and volume (Granshaw and Fountain, 2006; DeBeer and Sharp,
2007; Marks, 2012) and using a bulk ice density for glacier ice of
880 kg m−3 (LaChapelle, 1965). Two relations were applied, one theo-
retical (Bahr et al., 1997) and one empirical (Chen and Ohmura,
1990). Both equations take the form,

V ¼ bAc ð3Þ

where, V is the ice volume, A is the ice area, and b and c are constants.
For the theoretical relation, b = 0.90 and c = 1.396 (Bahr et al.,
1997) and for the empirical, b = 28.50 and c = 1.396 (Chen and
Ohmura, 1990). Estimates of glacier volume in the Wind River
Range using Bahr et al. (1997) were found to provide adequate, if
underestimated, estimates of glacier volume change (Marks, 2012).
However, we recognize that the relation between area change and
volume change is not necessarily consistent across all glaciers
(e.g., VanLooy et al., 2014). In addition, Eq. (3) results in significant
errors for individual G&PS. To compensate for high individual feature
Table 4
Estimate of total perennial ice-covered area for the Wind River Range (asterisk (*) indi-
cates estimates from the 14 Meier (1950) glaciers).

Year 14 Meier glaciers
area (km2)

217 G&PS area (km2)

LIA 27.42 67.77*
1950 21.88 51.29*
1966 19.29 43.7
1994 17.40 37.83
2001 15.93 33.21
2006 15.38 32.33
uncertainty, G&PS volumes are summed for each watershed
(Granshaw and Fountain, 2006), and reported as a range of volumes
estimates using Chen and Ohmura (1990) and Bahr et al. (1997) as
the maximum and minimum values, respectively.

Daily mean stream flow data were obtained from four USGS
gauge stations, Bull Lake Creek (station number — 06224000),
Dinwoody Creek (06221400), Green River (09188500), and Pine
Creek (09196500) (Fig. 4). However, approximately year-long gaps
in recorded stream flow data occurred for each station. To fill the
data gaps, we identified the neighboring gauge station whose stream
flow best correlatedwith the gauge of interest, then linear regression
was used to fill in the gaps. To prevent spurious values being pro-
duced from the gap-filling process (e.g., negative stream flow
values), the regression results were bounded by the minimum and
maximum stream flow values ever recorded at the gauge station
for the particular day being filled. The watershed upstream of each
gauging station was delineated using the ArcHydro extension in
ArcGIS 9.2 using the 1 arc sec DEM and following the methods
outlined in Maidment (2002); defining the stream gauge location
as the outlet, or in GIS terms, pour point. The centroid of each G&PS
was used to identify which basin meltwater drained. We assume
that ice melt (mass loss from long-term storage) only occurs from
August to September when seasonal snow extent is a minimum
and glacier ice/perennial snow is most exposed. We also assume
that all melt becomes runoff with no loss to evaporation or to
groundwater.
4. Results and analysis

A total of 679 snow and ice features were found on the 24K maps
with a combined area of 54.59 ± 0.13 km2 (Table A2). We were un-
able to accurately digitize outlines for 159 features in either the
1994, 2001, or 2006 imagery, owing to shadows or late season
snowfall; hence these features were removed from our analysis.
The 24K area of the removed features totaled 3.55 km2, with an aver-
age and median area of 0.02 km2. Based on our rules of interpreta-
tion, 251 features were identified as seasonal and removed from
the analysis, totaling 4.08 km2, with an average area of 0.02 km2

and median of 0.01 km2. A total of 269 G&PS were identified with
combined area of 46.96 ± 0.12 km2, a mean area of 0.175 km2, and
a median of 0.037 km2 (Fig. 5A). Of these G&PS, 43 (16%) were iden-
tified as glaciers based on their basal shear stress, and they repre-
sented 74% of the G&PS area. The mean centroid elevation of the
G&PS ranges from 3239 m to 4153 m, averaging 3651 m (Fig. 6). No
preferred aspect exists for the number of G&PS, but the total area is
greatest facing north and east, indicating larger features, as expected
for the Northern Hemisphere (Fig. 7).

Comprehensive inventories of the 269 G&PS were compiled for
the 24K (spanning 1963–1974), 1994, 2001, and 2006 (Table 1). Dur-
ing this time the ice-covered area shrank by 26.9% to 34.34 ±
0.13 km2. We further partitioned the G&PS data set based on the
dates associated with 24K quadrangles to examine glacier change
(Table 1). Although we believe that the G&PS changed little over



Table 5
Results of the Pearson correlation analysis showing the significant correlations (95% level) between area change of glaciers and perennial snowfields, and climate and topographic variables
for each time period. Two data sets are examined, the 217-glacier and perennial snowfields and the 14 glaciers that have the longest andmost complete data record. NA indicates the lack
of statistical significance.

Surface area data set Highest significant correlated variable

Positive Negative

Time period Variable Correlation coefficient Variable Correlation coefficient

All perennial features
1966–1994 Mean elevation 0.51 Winter maximum temperature −0.35
1966–2001 Maximum elevation 0.50 Winter maximum temperature −0.25
1966–2006 Mean elevation 0.35 Winter maximum temperature −0.26
1994–2001 Maximum elevation 0.21 NA

Glacier subset
1900–1966 Maximum elevation 0.44 NA
1900–1994 Mean elevation 0.64 NA
1900–2001 Mean elevation 0.74 NA
1900–2006 Mean elevation 0.74 NA
1966–1994 Mean elevation 0.49 NA
1966–2001 Mean elevation 0.58 NA
1966–2006 Mean elevation 0.61 NA
1994–2001 Mean elevation 0.39 NA
1994–2006 Maximum elevation 0.58 Autumn maximum temperature −0.41
2001–2006 Maximum elevation 0.55 Spring maximum temperature −0.52
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the 11-year period of imagery acquisition, to ensure absolute tempo-
ral consistency, our analysis of change was limited to a subset of 217
features obtained from quadrangles with a 1966 acquisition date. In
1966, the 217 G&PS covered an area of 43.70 ± 0.11 km2, 78% of the
total ice-covered area, averaging 0.201 km2. Over the 40-year period
from 1966 to 2006, the total ice-covered area decreased by 26% to
32.33± 0.02 km2 at a rate of−0.28 km2 year−1. Themedian area de-
creased from 0.036 km2 to 0.023 km2. The fastest rate of change was
from 1994 to 2001, −0.66 km2 year−1; whereas the other two pe-
riods, 1966–1994 and 2001–2006, were about −0.2 km2 year−1.
We are unable to detect G&PS disappearance prior to 1994 because
Table 6
Principal component analysis of climate and topographic variables to explain the variance
of the 217 glaciers and perennial snowfields over the period 1966–2006; significant load-
ings/factor coefficients (≥0.7) are labeled in bold.

Variable Factor

1 2 3 4 5

Elevation Location MinTemp Precip NA

Longitude 0.075 0.884 −0.028 0.267 0.098
Latitude −0.107 −0.942 0.145 0.133 −0.106
Minimum elevation 0.787 0.037 −0.020 −0.199 0.120
Maximum elevation 0.839 0.059 0.064 −0.108 −0.021
Mean elevation 0.949 0.015 0.024 −0.161 0.059
Northness −0.031 0.151 0.160 0.068 0.499
Eastness 0.197 0.018 0.091 0.070 0.614
Min autumn temp 0.018 −0.089 −0.908 0.150 −0.105
Min spring temp 0.032 0.295 −0.912 0.150 −0.036
Min summer temp −0.117 −0.045 −0.897 0.291 −0.059
Max autumn temp −0.367 0.433 −0.626 0.265 0.183
Max winter temp −0.561 −0.390 −0.424 0.450 0.097
Max spring temp −0.500 −0.348 −0.489 0.505 0.109
Max summer temp −0.513 −0.475 −0.432 0.491 0.082
Autumn precipitation 0.276 0.145 0.167 −0.923 −0.004
Winter precipitation 0.155 0.022 0.059 −0.965 −0.002
Spring precipitation 0.256 −0.163 0.350 −0.833 −0.020
Summer precipitation 0.072 −0.287 0.282 −0.881 0.009
Random 0.080 0.031 0.220 0.135 −0.656

Eigenvalues 7.47 3.14 2.01 1.62 1.13
% variance explained 18.1 13.7 20.0 22.9 6.2
of our interpretation rules, but no G&PS was observed to disappear
since 1994.
4.1. Change since the Little Ice Age

Meier (1951) maps provided the LIA and 1950 extent for 14
glaciers, 1930 and 1940 extents for Gannett Glacier, and
allowed us to infer the LIA extents for eight other glaciers. We
georeferenced the Meier (1951) maps based on a balance between
visual fit, the greatest number of GCP, and the lowest RMSE. The
resulting RMSE was large, ranging between 0.7 and 6.7 m, resulting
in higher uncertainty values. Our estimated glacier areas differed
somewhat from that of Meier (1951), which we attribute to the
georegistration of his otherwise unrectified maps, which supports
Meier's comments regarding the uncertainty associated with his
maps. The revised LIA surface area measurements were generally
smaller than those reported by Meier (1951), averaging −8.8%
and ranging from −25% to +12%; for the 1950 areas, −15%
(−28% to +1%). Our revised area estimates of Meier's data were
used to assess glacier change. Based on Meier's mapping of the
LIA extents, we could identify LIA moraines from the 2001 aerial
imagery for eight other glaciers, bringing the total to 22 glaciers.
Area changes since the LIA (~1900) to 2006 showed that over the
last century the glaciers lost about 44% of their area (Table 2). Al-
most half of the change occurred in the past 35 years since 1966
(Fig. 8A).
Table 7
USGS gauge watershed area, number of perennial snow and ice features, and feature area
statistics; G&PS means glaciers and perennial snowfields, and % is the fraction of water-
shed covered in G&PS.

USGS gauge Watershed
area (km2)

# of G&PS G&PS area (km2)

Total % Mean Median

Bull Lake Creek 485 62 11.713 2.4 0.189 0.028
Dinwoody Creek 227 61 14.448 6.3 0.237 0.040
Green River 1202 47 7.956 0.7 0.169 0.020
Pine Creek 195 14 1.497 0.8 0.107 0.036



Table 8
Contribution of ice volume loss to the runoff from four watersheds in the Wind River Rangea.

Year Watershed

Dinwoody Creek Pine Creek Green River Bull Lake Creek

Dinwoody Creek Pine Creek Green River Bull Lake Creek
1966 G&PS vol range (km3) 0.499–0.158 0.024–0.008 0.220–0.070 0.340–0.107
1994 G&PS vol range (km3) 0.438–0.138 0.017–0.005 0.188–0.059 0.285–0.090
2001 G&PS vol range (km3) 0.381–0.120 0.014–0.004 0.157–0.049 0.250–0.079
2006 G&PS vol range (km3) 0.362–0.114 0.012–0.004 0.149–0.047 0.240–0.076

Time period
1966 to 1994 Vol change (km3) 0.061–0.019 0.007–0.002 0.032–0.010 0.054–0.017

Stream flow (km3) 0.850 0.528 1.809 1.303
% contribution 7.13–2.25 1.28–0.40 1.78–0.56 4.16–1.31

1994 to 2001 Vol change (km3) 0.057–0.018 0.003–0.001 0.031–0.010 0.035–0.011
Stream flow (km3) 0.253 0.172 0.444 0.353
% contribution 22.67–7.16 1.92–0.61 7.08–2.24 10.03–3.17

2001 to 2006 Vol change (km3) 0.019–0.006 0.002–0.0005 0.007–0.002 0.010–0.003
Stream flow (km3) 0.153 0.057 0.221 0.163
% contribution 12.66–4.00 2.67–0.84 3.30–1.04 6.04–1.91

Total Vol change (km3) 0.137–0.043 0.012–0.004 0.071–0.022 0.099–0.031
Stream flow (km3) 1.256 0.757 2.474 1.819
% contribution 10.94–3.45 1.53–0.48 2.87–0.90 5.47–1.73

a For each watershed the estimate range of G&PS volume for each inventory is provided with the total runoff for August and September for each time period of glacier volume change.
USGS gauges for each watershed are Bull Lake Creek (USGS station number — 06224000), Dinwoody Creek (06221400), Green River (09188500), and Pine Creek (09196500).
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Because Dinwoody and Gannett glaciers have been the focus of
numerous glacier change studies over the years, we attempted to
compile a more detailed history of area change by including data
from these previous reports (Marston et al., 1991; Wolken, 2000;
Cheesbrough, 2007). Unfortunately, data from Cheesbrough (2007)
were inconsistent with our measurements and with the other au-
thors for the three years reported in all studies (1989, 1994, and
1999) and we did not include them. This discrepancy is likely caused
by the Landsat 5/7 satellite imagery used by Cheesbrough (2007),
which has a relatively coarse spatial resolution of ~30 m when com-
pared to the 1-m spatial resolution of the aerial photography
(Thompson et al., 2011). The data for 1958, 1983, 1989, and 1999
from Marston et al. (1991) and Wolken (2000) were also inconsis-
tent with our temporal trend of glacier area (Fig. 8B). By including
their data, the area change was flashy, contrary to glacier behavior.
To resolve the possible interpretation differences, we obtained cop-
ies of the aerial photographs for 1983 and 1989 used by Marston
et al. (1991) and Wolken (2000). No 1958 photograph was found
so we eliminated that year from our analysis. The 1983 aerial photo-
graph revealed substantial seasonal snow precluding accurate area
determination and was excluded from our analysis. The 1989 photo-
graph exhibited little seasonal snow, and Dinwoody and Gannett
glacier outlines were digitized following our rules of interpretation.
For Dinwoody, we obtained a smaller (−7.2%) surface area than re-
ported by Wolken (2000), which better matched the trend. The
1999 area of Dinwoody was mapped by Wolken (2000) using a
hand-held GPS unit, but he reported limited access to the entire pe-
rimeter, therefore resulting in a smaller surface area. In total, we
compiled seven area measurements for Dinwoody Glacier and nine
for Gannett Glacier from ~1900 to 2006 (Table 3). The overall
change of Dinwoody and Gannett glaciers from ~1900 to 2006 was
−35% and −48%, respectively, and brackets the change of the 22
glaciers in the range of −46%. Over the last 40 years (1966–2006),
the Dinwoody and Gannett glaciers each changed, relative to
~1900, about −11.2% and close to the average of −10.2% for the
22 glaciers.

Estimates of the changes of the total ice-covered area over the
past century are derived by scaling the changes from the glacier
subsets. The most robust measure of change is the 217 G&PS data
set because it accounts for 78% of the entire ice-covered area and
because its topographic characteristics of the G&PS are not statisti-
cally different. However, estimating changes prior to 1966 requires
utilizing the smaller glacier data sets (Table 2) composed of gla-
ciers that are much larger than the typical G&PS of the region. To
account for the differences between data sets, the total area for
the 14 Meier (1951) glaciers and the 22-glacier data set were
regressed against the total areas of the 217 data set over the peri-
od of overlapping data, 1966–1994. The regressions of both data
sets resulted in correlation coefficients N0.99 and the regression
using the total area of the 14 glaciers was slightly higher than
that for the 22 glaciers. For that reason, and the fact that the 14
glacier record includes 1950, we used the 14-glacier subset regres-
sion equation to estimate the area change for the 217 glaciers prior
to 1966 (Table 4).

4.2. Correlation and principal component analysis

The results of the correlation analysis showed overall physically rea-
sonable results (Table 5; Table A1). Elevation exhibits the highest signif-
icant positive correlation coefficients for both data sets, the 217 G&PS
and the 14 glaciers. That is, higher glaciers show less area loss then
lower glaciers. For the climate variables, only maximum temperatures
exhibited significant (negative) correlations. For the G&PS data set,
maximum winter temperatures were significantly correlated over all
periods including 1966–2006, except for 1994–2001. For the 14-
glacier subset, maximum autumn air temperatures between 1994 and
2006 were significant, and for spring maximum temperatures,
2001–2006. Summer temperatures were not significant with either
data set.

The PCA of the 217 G&PS resulted in four factors that explained
~75% of the variance (Table 6). In order of explained variance, pre-
cipitation (factor 4) explained ~23% of the variance with significant
loadings (correlations) on all seasons; minimum temperature (fac-
tor 3), explained 20% of the variance with significant loadings on
autumn, spring, and summer temperatures; elevation (factor 1) ex-
plained 18% of the variance, having significant loadings on all three
elevation variables; and latitude/longitude or location (factor 2) ex-
plained 13.7% of the variance. The elevation loadings support the



Fig. 9. Surface area change of Gannett Glacier from the end of the LIA (~1900) to 2006 mapped on a 2006 NAIP color DOQ.
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correlation analysis underscoring the importance of elevation to
glacier change and that glaciers at lower elevations recede more
than at upper elevations. Air temperature was also shown to be sig-
nificant in both analyses, but with minimum temperatures rather
than maximum temperatures in the correlation analysis. Spring
and autumn temperatures were significant variables in both
analyses.
4.3. Ice mass wastage contribution to runoff

The four gauged watersheds vary in area and G&PS cover, and
no watershed exceeds 7% ice cover (Fig. 4, Table 7). The range of
G&PS volume change was used to estimate August and September
meltwater runoff for each watershed (Table 8). Dinwoody Creek
had the greatest average contribution of meltwater, with an esti-
mated range of 4.4–14.1%. Pine Creek had the lowest average run-
off contribution, with an estimated range of 0.6–1.9%. The relative
contribution of meltwater to stream runoff within each watershed
was consistent with the fractional area covered by ice. For the
three largest watersheds, the time period with the greatest contri-
bution of G&PS melt to stream runoff was 1994 to 2001, with an
estimated contribution to Dinwoody Creek alone ranging from
7.1 to 22.6%.
5. Discussion and conclusions

When the U.S. Geological Surveymapped theWind River Range at
1:24,000, they identified 679 snow and ice features of which at least
269 are G&PS covering 46.96 ± 0.12 km2 and do not exceed 428
G&PS covering a total area of 50.51 ± 0.13 km2. The range in these
numbers is from the ambiguity in defining and tracking the 159 fea-
tures excluded because of late season snowfall or shadows within
the imagery. The 269 G&PS are typically small, averaging 0.175 km2

(median 0.037 km2) with an average elevation of 3651 m and rang-
ing from 3239 m to 4153 m. Of these 269 G&PS, 43 were identified
as glaciers based on estimates of their basal shear stress,
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corresponding to a count of 44 glaciers nominally identified as
the primary group (Thompson et al., 2011). We have likely
underestimated the number of glaciers. Our estimate of G&PS change
between 1966 and 2006, −26%, is similar to that of Edmunds et al.'s
(2011) −25% between 1967 and 2006 in the neighboring Teton
Range, and a bit larger than the change of the 14 Meier glaciers,
−20%, in the Wind River Range. But our results are much smaller
than those of Thompson et al. (2011), −38%, in the Wind River
Range over the same period. Although our sample size differs greatly,
217 G&PS versus 44 glaciers, it's unlikely that sample size alone ex-
plains the difference. The difference may be attributable to the data
source for the 1966 inventory. We used the USGS quadrangle out-
lines, whereas Thompson et al. (2011) reinterpreted the original ae-
rial imagery. For the period ~1950 to 2001, the 14 Meier glaciers
shrank about 27% compared to 15% in the Canadian Rockies
(DeBeer and Sharp, 2007). Between the end of the LIA, ~1900, and
2006 our results showed that the glacier area decreased from about
62.3 to 32.8 km2, a loss of about 47%, with the largest glacier,
Gannett, shrinking by 2.44 km2 during this time (Fig. 9). The magni-
tude of change in the Wind River Range is consistent with that ob-
served elsewhere in the continental U.S., including the Sierra
Nevada −55% (Basagic and Fountain, 2011) and the Colorado Front
Range about −34% (Hoffman et al., 2007), and elsewhere globally
(e.g., Paul et al., 2004). The rate of glacier change over the past cen-
tury is consistent with glaciers elsewhere in the U.S. and in the
Northern Hemisphere with rapid shrinkage after the Little Ice Age,
from ~1900, through to about the 1950s, after which the shrinkage
generally slowed and in some cases glaciers enlarged. By the early
1990s, the glaciers resumed their rapid shrinkage. No glaciers disap-
peared since 1966 that we can detect. This is consistent with the re-
sults of Granshaw and Fountain (2006) who found that in the
Cascade Mountains of Washington less than five G&PS disappeared
between 1958 and 1998.

Most glacier inventories set a minimum area criterion, typically
0.1 km2, below which features are ignored (e.g., Post, 1971; Paul
et al., 2004). The advantage of this approach is its simplicity and
it eliminates many seasonal features; however, it also eliminates
an unknown number of perennial features. Our approach attempts
to define perennial by examining features over time. We are inter-
ested in the hydrologic contribution of all perennial features that
may be important to small alpine watersheds as well as their col-
lective influence on regional runoff. Our inventory can be made
compatible to the conventional ones simply by imposing a mini-
mum size criterion.

The attempt to include data from other authors highlights the dif-
ficulty and potentially large errors incurred. Quality control and as-
sumptions differ between studies. If all protocols are identical,
different investigators commonly define a glacier perimeter differ-
ently. For example, some investigators may include a small tributary
ice patch while others may exclude it (e.g., Jackson and Fountain,
2007). Combining these two data sets without regard to understand-
ing differing assumptions and techniques, particularly as sequential
time series, leads to erroneous results. This issue becomes particular-
ly important when a glacier ablates into separate ice bodies. In any
case, this circumstance underscores the importance for closely ex-
amining the source of area data gleaned from the literature or from
other investigators.

The correlation analysis identified elevation and air temperatures
explaining most of the variability in P&GS area change, and the PCA
analysis suggested that they account for 38% of the variability be-
tween glaciers. Elevation is not a driver of change per se but sets
the environment and, therefore, climatic vulnerability, with G&PS
at lower elevations is more vulnerable than the ones at higher eleva-
tions. Lower elevations are warmer, receive less snow, and increas-
ingly, frequent winter rain events (McCabe et al., 2007), yielding
shorter winters and less snow accumulation (McCabe and
Fountain, 1995). The northern Rocky Mountains, including the
Wind River Range, have been subjected to these elevational effects
on snow cover, and lower elevation snowpacks have thinned over
time compared to those at high elevations (Hall et al., 2012;
Pederson et al., 2013). Furthermore, elevation should be a more sen-
sitive indicator compared to air temperature in our analysis because
our elevation data have a spatial resolution of 10m, whereas air tem-
perature has a spatial resolution of 4 km. Within that 4-km cell, a
number of different G&PS maybe be present but at differing eleva-
tions. The identification of spring and autumn air temperature in
the correlation and PCA analysis suggests the emerging importance
of warmer air temperatures in these seasons, which lengthen the ab-
lation season. The importance of spring temperatures was found in
the Colorado Front Range (Hoffman et al., 2007) and in the Sierra
Nevada (Basagic and Fountain, 2011). Declining snowpack over the
past few decades is directly related to spring temperatures
(Pederson et al., 2013). The importance of warming winter temper-
atures was indicated only in the correlation analysis using the full
217 G&PS data set and not in the 14-glacier data set or in the PCA.
This may be an effect of elevation and the influence of the low eleva-
tion glaciers. Surprisingly, correlations with summer air tempera-
tures were not significant and we infer the variability in the winter
(and perhaps spring and autumn) temperatures to be themore influ-
ential factors. Precipitation was not significantly correlated with
G&PS change over time but is identified as a significant factor in the
PCA (~23%). This likely indicates a strong spatial variation account-
ing for the variance. The G&PS that receive less precipitation are
more vulnerable to variations in air temperature and shrinkage.
Finer spatial resolution data on temperature and precipitation data
will be needed to adequately examine the relationship between gla-
cier change and local environment, a particular issue inmountainous
regions where avalanching and wind drift play vital roles for small
glaciers (Kuhn, 1995). We infer from these correlations and from
the PCA analyses that the G&PS at low elevations are shrinking faster
than those at higher elevations and that the principle driver is
warming air temperatures.

The loss of long-term storage and subsequent contribution of
meltwater to late summer stream runoff is significant. The two
watersheds with glacier cover exceeding 2% are of particular con-
cern, with total percent contributions ranging from 2 to 6% and
from 4 to 14%, and in one eight-year period ranging as high as
3–10% and 7–22%. These results are consistent with those of
Bell et al. (2012) who found that total glacial runoff, which in-
cluded loss from long-term and seasonal storage, accounted for
23–54% of the total runoff from the watershed. Furthermore,
our results are consistent with Thompson (2009) and Marks
(2012) who estimated that the loss from long-term storage
accounted for 2–12% of the late summer runoff. The anticipated
shrinkage of glaciers with continued climate warming will in-
crease the drought stress of these watersheds directly through
the loss of runoff and indirectly by increased water loss through
evaporation.
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Table A1
Predicted surface area change and topographic/climate variable relationship and correlation analysis results; significant one-tail results are in bold; results significant with a two-tail test are italicized; however, these results are considered spurious
since they do not correspond with the predicted relationship.

Variable Predicted
relationship

1900 to 1966 1900 to 1994 1900 to 2001 1900 to 2006 1966 to 1994 1966 to 2001 1966 to 2006 1994 to 2001 1994 to 2006 2001 to 2006

Glacier
subset

Glacier
subset

Glacier
subset

Glacier
subset

Perennial
features

Glacier
subset

Perennial
features

Glacier
subset

Perennial
features

Glacier
subset

Perennial
features

Glacier
subset

Perennial
features

Glacier
subset

Perennial
features

Glacier
subset

Longitude − −0.040 0.078 0.043 −0.048 −0.031 0.163 0.185 0.063 0.110 −0.066 0.236 −0.145 0.120 −0.310 −0.091 −0.388
Latitude + 0.163 0.025 0.091 0.163 −0.087 −0.177 −0.186 −0.011 −0.160 0.101 −0.132 0.274 −0.020 0.391 0.059 0.375
Minimum elevation + 0.237 0.393 0.375 0.317 0.496 0.272 0.214 0.210 0.266 0.150 −0.183 −0.026 −0.318 −0.077 −0.045 −0.117
Maximum elevation + 0.444 0.577 0.660 0.725 0.365 0.276 0.499 0.408 0.332 0.532 0.207 0.386 −0.149 0.580 −0.279 0.552
Mean elevation + 0.370 0.643 0.735 0.736 0.513 0.490 0.411 0.579 0.345 0.606 −0.004 0.392 −0.291 0.451 −0.184 0.305
Northness + 0.041 0.227 0.184 0.170 0.063 0.289 −0.036 0.172 −0.021 0.143 −0.111 −0.115 −0.123 −0.077 0.075 0.001
Eastness + 0.218 0.138 0.108 0.087 0.071 −0.086 0.069 −0.071 0.013 −0.076 0.002 −0.002 −0.122 −0.017 −0.046 −0.022
Min autumn temp − −0.193 −0.298 −0.287 −0.249 0.070 −0.117 −0.036 0.043 −0.094 0.071 −0.006 0.271 0.042 0.230 0.041 0.070
Min spring temp − −0.235 −0.307 −0.265 −0.290 0.112 −0.117 0.072 −0.040 0.013 −0.110 0.018 −0.045 0.121 −0.180 0.057 −0.275
Min summer temp − −0.241 −0.340 −0.319 −0.312 −0.029 −0.236 −0.060 −0.131 −0.064 −0.141 0.030 −0.007 0.126 −0.110 0.067 −0.194
Max autumn temp − −0.209 −0.165 −0.193 −0.296 −0.173 0.011 −0.016 −0.089 −0.070 −0.248 0.140 −0.180 0.217 −0.407 0.030 −0.434
Max winter temp − −0.265 −0.273 −0.278 −0.331 −0.352 −0.160 −0.249 −0.133 −0.260 −0.235 0.057 0.161 0.245 −0.197 0.048 −0.465
Max spring temp − −0.204 −0.271 −0.207 −0.273 −0.302 −0.161 −0.176 −0.081 −0.223 −0.201 0.105 0.035 0.235 −0.249 0.015 −0.424
Max summer temp − −0.202 −0.300 −0.228 −0.277 −0.316 −0.226 −0.218 −0.117 −0.249 −0.224 0.079 0.041 0.239 −0.291 0.036 −0.522
Autumn precipitation + −0.048 0.024 −0.026 0.032 0.236 0.106 0.096 0.022 0.136 0.112 −0.041 0.005 −0.175 0.090 −0.032 0.061
Winter precipitation + −0.028 −0.017 −0.068 −0.012 0.208 0.061 0.032 −0.017 0.089 0.065 −0.173 −0.165 −0.162 −0.016 0.024 0.147
Spring precipitation + −0.100 −0.028 −0.061 0.019 0.212 0.084 0.060 −0.003 0.092 0.128 −0.138 −0.038 −0.204 0.299 0.012 0.418
Summer precipitation + −0.035 0.047 −0.019 0.053 0.166 0.075 0.002 −0.005 0.034 0.105 −0.161 −0.053 −0.124 0.334 0.027 0.448

Appendix A

Table A2
List of USGS 1:24,000 topographic maps, Wind River Range, Wyoming, used to identify the baseline coverage of perennial snow and ice featuresa.

Quad name USGS Quad ID Photo date # of features Total area (km2) % U Largest feature (km2) Min elevation (m) Max elevation (m)

Gannett Peak 43109-B6 1966 105 18.66 0.40 3.32 3315 4206
Downs Mountain 43109-C6 1966 106 9.51 0.56 2.50 3220 4029
Fremont Peak North 43109-B5 1966 41 8.89 0.58 2.79 3399 4174
Fremont Peak South 43109-A5 1966 61 5.46 0.74 1.36 3353 4115
Simpson Lake 43109-D6 1966 19 2.64 1.06 0.94 3182 3739
Roberts Mountain 42109-H3 1974 69 2.51 1.09 0.20 3181 3865
Halls Mountain 42109-H4 1974 100 1.74 1.31 0.15 3209 3687
Lizard Head Peak 42109-G2 1974 48 1.73 1.31 0.28 3114 3798
Mount Bonneville 42109-G3 1974 53 1.04 1.70 0.09 3177 3785
Temple Peak 42109-F2 1968 19 1.02 1.71 0.27 3268 3924
Union Peak 43109-D7 1966 29 0.87 1.85 0.16 3151 3515
Ink Wells 43109-C5 1966 9 0.25 3.44 0.07 3270 3694
Green River Lakes 43109-C7 1966 8 0.11 5.19 0.03 3295 3607
Squaretop Mountain 43109-B7 1966 9 0.09 5.74 0.02 3276 3540
Horseshoe Lake 42109-H5 1963 2 0.05 8.05 0.03 3362 3520
Washakie Park 42109-H2 1974 1 0.04 9.06 0.04 3251 3368
Total 679 54.59 0.23 3.32 3114 4206

a The table is sorted by the total ice-covered area within each quadrangle. % U is the percent total uncertainty of the total surface area of perennial snow and ice features. Total uncertainty is calculated by taking the root of the sum of squared
uncertainty of each feature in a quadrangle map. Max/min elevation is the centroid elevation of the highest, lowest feature within the quadrangle. Aerial photo year is the date the aerial photography was acquired from which the USGS map was
derived.
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