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Blowing in the wind: the glaciers of colorado

THE PAST
In 1887, G.H. Stone wrote in the journal Science “From 

Long’s Peak northward to Hague’s Peak is a line of noble 
mountains thirteen thousand or more feet high. The numer-
ous tributaries of the Big Thompson River take their rise in 
the snow or rather ice fields which are situated in basins or 
mountain cirques far above timber-line near the summit of 
the range.” Stone (1887) subsequently describes the scien-
tific discovery of a small glacier “in a basin roughly semicir-
cular in shape, situated on the east face of the northern spur 
of the mountain.” No doubt this “discovery” was not the 
first, as ancestral Native Americans and more recently, the 
Arapaho, Cheyenne, and Ute peoples traveled extensively 
throughout this region for thousands of years and potential-
ly utilized these glaciers/icefields in hunting activities (Lee et 
al., 2006;  Labelle and Meyer, 2019). This glacier is one of 
16 named “glaciers” in Colorado, as described by the U.S. 
Geological Survey’s Geographic Names Information System 
(GNIS, 2019; Figure 1). These “glaciers,” as Stone (1887) 
astutely noted for Hallett Glacier (later renamed Rowe Gla-
cier by the National Park Service [Fountain, 2019] in the 
text Fountain, A. Glaciers of the American West, https://

glaciers.us/glaciers.research.pdx.edu/Glaciers-Colorado.
html [accessed September 10, 2019]), are most commonly 
found in high elevation (~3700 m), east to northeast facing 
cirques where the combination of topographic shading and 
wind-blown redistribution of snow act to minimize abla-
tion (melting) and maximize winter snow accumulation. 
However, to correctly refer to these features as glaciers, they 
would, in addition to being a “large, perennial accumulation 
of crystalline ice, snow, rock…” would need to move “down 
slope under the influence of its own weight and gravity” 
(USGS, 2020). This latter clause differentiates glaciers from 
other perennial snow/ice features that do not flow, and while 
some of the largest features in the state likely meet this crite-
ria, most do not.  Thus, perennial ice patches or snowfields 
is a more appropriate term for the majority of the named 
“glaciers” in the state. 

In numerous instances during the Pleistocene, while a 
multi-kilometer thick ice sheet spread across much of mod-
ern-day Canada and the northern United States, large val-
ley glaciers formed in the mountains of Colorado (Mad-
ole et al., 1998). These glaciers, while tiny compared to 
the Laurentide, would make modern-day Alaskan glaciers 
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Figure 1.  
Map showing 
a subset of the 
named “glaciers” 
in Colorado. 
Not labeled are 
Peck and Navajo 
glaciers (located 
near Fair Glacier) 
and St Mary’s 
Glacier, which 
is located ~13 
miles south of 
Araphaho Glacier.

Figure 2. a) Photograph of lateral moraine crest in Rocky Mountain National Park.  b) Oblique view of Moraine Park, 
noting glacier flow direction and moraines.  Red star marks the approximate location of the photograph in a. c) A USGS 
3DEP LiDAR hillshade of Moraine Park.
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proud—they extended 10–25 km 
down-valley (or as much as 45 km in 
the Cache la Poudre valley in north-
ern Colorado) and reached maximum 
thicknesses of 600 m (Madole et al., 
1998). The repeated glaciations are re-
sponsible, in part, for the unique phys-
iography of the Front Range of Col-
orado, including the cirques incised 
into the crystalline core of the moun-
tains and elongated glacial troughs ex-
tending eastward, which are character-
ized by relatively low gradients, steep 
valley walls, and pronounced topo-
graphic steps coinciding with tribu-
tary junctions, where enhanced ice 
discharge increased basal erosion (An-
derson et al., 2006). Today, some of 
the clearest evidence for these once 
mighty glaciers are the large lateral and 
terminal moraines that mark their fur-
thest extents, like the ones that ring 
Moraine Park in Rocky Mountain 
National Park (Figure 2) or the large 
glacial lake outburst flood-transport-
ed boulder erratics in places like the 
Arkansas Valley (Lee, 2012). These glaciers, and the depo-
sitional and erosional landforms that they left behind, have 
been the focus of many previous studies (e.g., Benedict, 
1968; Madole et al., 1998; Dühnforth and Anderson, 2011; 
Tulenko et al., 2020). 

THE PRESENT
Today, more than 200,000 glaciers exist on Earth, span-

ning every continent and collectively covering more than 
700,000 km2 (Pfeffer et al., 2014). In the American West, 
there are ~1200 glaciers covering 550 km2 and a further 
3700 perennial snowfields covering 670 km2 (Fountain et 
al., 2017). In many locations, the most recent glacier ad-
vance occurred during the Little Ice Age (1300 to 1800 
CE), with maximum extents marked by relatively unweath-
ered terminal moraines proximal to modern day ice fronts. 
Since that time, glaciers have retreated and thinned signifi-
cantly (Marzeion et al., 2014). Most recently (2006–2016), 
glaciers (excluding the ice sheets) lost mass at a rate of 335 
Gt/yr or, in more comprehensible terms, the equivalent of 

filling >130 million Olympic-sized swimming pools per year 
with glacial meltwater (Zemp et al., 2019). Such dramatic 
changes are due, in large part, to anthropogenic-driven at-
mospheric warming (Marzeion et al., 2014) and have been 
observed using a variety of methods, including repeat sat-
ellite-derived elevation products (e.g., Zemp et al., 2019), 
satellite gravimetry observations (e.g., Wouters et al., 2019), 
and long-term in situ mass balance programs (e.g., O’Neel 
et al., 2019). At large scales, glacier mass loss has contrib-
uted significantly to global sea level rise (~27 mm between 
1961 and 2016; Zemp et al., 2019) and altered streamflow 
timing and magnitude for large river basins, giving rise to 
the concept of “peak water,” which corresponds to the tim-
ing of when annual glacier runoff reaches a maximum (Huss 
and Hock, 2018). At the individual basin scale, the retreat 
and eventual demise of alpine glaciers has altered flow re-
gimes (timing and magnitude of seasonal flow), and both 
the physical (e.g., temperature) and biogeochemical (e.g., 
dissolved organic carbon) characteristics of the water enter-
ing downstream river systems (e.g., Milner et al., 2017). The 

Figure 3. a) Photograph taken in 1950 during the annual glacier survey at Andrews Glacier. 
Photo source: National Snow and Ice Data Center (NSIDC), Andrews Glacier: From the Glacier 
Photograph Collection. b) Diagram of Andrews Glacier terminus and Andrews Tarn from 1946 
Glacier Report by H.R. Gregg.
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impact can be acute for the ecological communities that rely 
on the cold, late-season flows derived from glacier melt. For 
instance, in 2019, the U.S. Fish and Wildlife Service list-
ed the Western glacier stonefly (Zapada glacier), an insect 
found in Wyoming and Montana, as threatened under the 
Endangered Species Act due to habitat degradation follow-
ing the loss of glaciers and perennial snowfields (even more 
recent work has shown that the impact is slightly less grave 
where seasonal snow or other cold-water sources persist fol-
lowing glacier loss (Muhlfeld et al., 2020)). 

Detailed scientific observations of glaciers in Colora-
do began in the late 1890s and early 1900s (e.g., Lee, 1900; 
Fenneman, 1902; Henderson, 1905). Beginning in the 
1930s, National Park Service naturalists in Rocky Moun-
tain National Park began annual surveys on Andrews and 
Tyndall glaciers (Figure 1).  These surveys, documented in 
annual reports, made repeat measurements of the glacier 
extent relative to static features in the landscape (Figure 3; 
e.g., Gregg, 1946). Later, Waldrup (1964), Outcalt and 
MacPhail (1965), and Outcalt (1965), used a host of meth-
ods, including in situ ablation observations and repeat aerial 
imagery to produce photogrammetric maps of the glacier’s 
surface elevation. These scientists also recognized the unique 
refugia in which these glaciers reside. Outcalt writes “the 

location of the glacier is due largely to the micro-environ-
mental effects of the surrounding topography. Wind-driv-
en snow, moved within a natural windward trough on the 
tundra through the col above the glacier, accumulates as a 
lee dune to the east of the col” (Outcalt, 1965). For some 
glaciers, their unique topographic settings act to decouple 
them, at least in part, from the regional climate. For exam-
ple, DeBeer and Sharp (2009) found that ~90% of the very 
small glaciers (<0.4 km2) in the Monashee Mountains of 
British Columbia showed no observable change over a ~50 
year period, whereas larger glaciers (presumably more con-
nected to the regional climate) had a strongly negative mass 
balance and experienced extensive retreat. Working in Gla-
cier National Park, Florentine et al. (2018) documented the 
retreat of Sperry Glacier and noted that as the glacier lost 
area and retreated into its protective cirque, local processes, 
such as avalanching, became the dominant driver of its mass 
balance. However, in other locales (for example, the Swiss 
Alps), this protection does not appear as robust, and small 
glaciers are retreating rapidly (e.g., Fischer et al., 2015; Gar-
wood et al., 2020).

In Colorado, Hoffman et al. (2007), relying on his-
torical photographs and modern aerial imagery, found that 
glaciers along the Front Range were at a maximum extent/

Figure 4. Photographic timeseries of Andrews Glacier. Photo credits: 1916: Lee Willis/NSIDC; 1940: Paul Nesbit/NSIDC; 1950: 
ROMO Glacier Report/NSIDC; 1979: Russell Allen/NSIDC; 2001: unknown/Rocky Mountain National Park Library; 2016: Daniel 
McGrath. Photos between 1916-2001 from NSIDC Glacier Photograph Collection, Version 1. From McGrath, 2019.
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volume at the beginning of their 
study period in the late 1800s, sub-
sequently retreated through the 
~1940s, then grew through ~2000 
(Figure 4). Many of the glaciers be-
gan to shrink around 2000 in re-
sponse to warming summer tem-
peratures (Hoffman et al., 2007). 
More recent work has shown that 
glacier area (as mapped from sea-
sonal snow/ice extent minima in 
August/September in airborne/satel-
lite optical imagery) for 11 glaciers 
along the Front Range has been 
highly variable, but has shown no 
net change since ~2000 (Figure 5; 
McGrath, 2019). The large posi-
tive excursions in areal extent fol-
low winters with significant (and 
often, late season) snowfall (e.g., 
2011) and represent the extent of 
seasonal snow covering the glacial 
ice. On larger glaciers, such vari-
ations in normalized area would 
be correspondingly modest, how-
ever, on these very small glaciers, 
the changes appear dramatic, de-
spite only consisting of a thin veil 
of seasonal snow. More insight can 
be gained from other approaches, 
such as repeat terrestrial light detec-
tion and ranging (LiDAR) to mea-
sure seasonal volume changes and 
ground-penetrating radar surveys to 
measure snow/ice thicknesses. Using 
this combination, McGrath (2019) 
revealed that upwards of ~16 m of 
snow can accumulate on Andrews 
Glacier, followed by approximately 
equal ablation during the summer 
months (Figure 6). The winter ac-
cumulation at Andrews and Tyndall 
glaciers is many times the back-
ground “atmospheric” accumula-
tion due to extensive redistribution, 
as noted by Outcalt (1965). The 

Figure 5. Normalized area (area/mean area over interval) time series for 11 glaciers along the 
Front Range.  From McGrath, 2019.

Figure 6. Seasonal elevation differences for Andrews Glacier. The 2016 winter balance was 
derived from ground-penetrating radar (GPR) surveys, while subsequent balances were derived 
from repeat LiDAR surveys. GPR derived snow depths are overlaid on the winter balance 2017 in 
subpanel c.  From McGrath, 2019.
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majority of glaciers along the Front Range are 
found in similar sheltered locations in the lee 
of the westerly prevailing winds and although 
wind distribution is likely an important compo-
nent of their mass balances, it is unlikely to be 
as exceptional as at Andrews and Tyndall. These 
glaciers are uniquely situated downwind of ex-
pansive peneplains, which the strong westerly 
winds sweep clear of snow and subsequently de-
posit onto these glaciers each winter (Figure 7). 

THE FUTURE
Globally, glaciers are predicted to lose 25–

48% of their volume between 2010 and 2100, 
but for the western US and Canada, the predic-
tions are even more severe, with volume loss-
es exceeding 50% by 2030 and 80% by 2080 
(Huss and Hock, 2015). In a detailed study of 
western Canada, Clarke et al. (2015) predict 
near-complete loss of glaciers in the drier inte-
rior portions of their study area by 2100 and 
widespread retreat elsewhere. In the Swiss Alps, a recent 
study found that small glaciers had already lost 60% of their 
~1980 volume and predicted that more than 70% of these 
glaciers would be completely lost by 2040 (Huss and Fisch-
er, 2016). Collectively, these studies suggest that the “refugia 
effect” can persist for only so long and that widespread loss 
is essentially inevitable given projected warming.  

In recent decades, the glaciers of Colorado’s Front 
Range have responded heterogeneously to recent climate 
change. Some glaciers have thinned and retreated, where-
as others have shown very modest changes. Untangling this 
complicated story is ongoing, but one thing is clear: their 
unique topographic settings play an outsized role in how 
each individual glacier responds.  Thus, in order to accu-
rately predict their future evolution, it is essential to deter-
mine the duration over which these local processes can pro-
tect the glacier from warming temperatures,      while also 
identifying potential non-linearities that might short-cir-
cuit their mass balance regimes (for instance, rain on snow 
events that limit snow redistribution). This understanding 
can only come from additional observations, including re-
peat LiDAR or other geodetic observations.  As an exam-
ple, Figure 8 presents the surface elevation change between 
September 2005 and September 2022.  During this inter-
val, large portions of the glacier thinned by more than 10 m, 

with greater rates for more south-facing aspects of the glacier 
(Figure 8). These glaciers are already quite thin (e.g., 15–25 
m for Arapaho and Arikaree, Haugen et al., 2010 and Leo-
pold et al., 2015; maximum of ~45 m for Andrews, Figure 
9), which increases the likelihood that a prolonged period 
of decreased winter accumulation/redistribution, combined 
with warm summer temperatures, could result in their com-
plete demise. A recent winter snow drought in California 
did just this for the handful of small glaciers in the Trinity 
Alps of California (Garwood et al., 2020). Although the ex-
act timing of their disappearance is uncertain, it is increas-
ingly unlikely that G.H. Stone would be able to make a sim-
ilar “discovery” two centuries later. 

CONCLUSIONS
From the characteristic U-shaped valleys that fill many 

mountain ranges in the state to large depositional moraines 
marking prior extents, glaciers have played a major role in 
defining the rugged topography of Colorado. While the gla-
ciers of the 20th and 21st centuries pale in comparison to the 
former Pleistocene-age valley glaciers that completed this 
work, they remain emblematic features of the alpine envi-
ronment so common to the Centennial State.  Ongoing sci-
entific work is focused on quantifying how glacier area and 

Figure 7. Oblique satellite image showing high elevation peneplains to the west of 
Andrews and Tyndall glaciers.  During the winter, prevailing westerly winds scour the 
peneplain clear of snow and deposit it on the glaciers. 
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Figure 8.   
Elevation change 
of Arapaho Glacier 
between 2005 and 
2022 using LiDAR and 
structure from motion 
(SfM)-derived digital 
elevation models.  
Large portions of the 
glacier have thinned by 
more than 10 m.

Figure 9.  
GPR-derived ice 

thicknesses of 
Andrews Glacier 

in May 2017. GPR 
surveys were 

conducted using a 
Mala Geosciences 
ProEx control unit 

and 250 MHz 
antenna.  From 

McGrath, 2019.
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volume has changed over the past 50 years, as well as the 
volume of remaining ice.  This information is essential in 
order to meaningfully predict the future of these glaciers in 
the warming climate of the 21st century.
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D. Jacobsen, D. Hannah, A. Hodson, E. Hood, V. 
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