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Abstract 46 

Glacier mass balance measurements help to provide an understanding of the behavior of 47 

glaciers and their response to local and regional climate influences. In 2005, the United States 48 

Geological Survey established a surface mass balance monitoring program on Sperry Glacier, 49 

Montana, USA. This program is the first quantitative study of mass changes of a glacier in this 50 

region and continues to the present. This paper describes the methods used during the first 51 

eleven years of measurements and reports the associated results. Between years 2005-2015, 52 

we estimate Sperry Glacier lost approximately 4.37 m of water equivalent averaged over its 53 

entire area. The mean winter, summer, and annual glacier-wide mass balances were 2.92 m per 54 

year, -3.41 m per year, and -0.40 m per year respectively. We derive these cumulative and 55 

mean results from an expansive dataset of snow depth, snow density, and ablation 56 

measurements taken at selected points on the glacier, the resultant mass balance point values 57 

for these measurement sites, and a time series of seasonal and annual glacier-wide mass 58 

balances for all eleven measurement years. We also provide measurements of total glacier 59 

surface and accumulation areas for select years.  All data have been submitted to the World 60 

Glacier Monitoring Service and are available at http://dx.doi.org/10.5904/wgms-fog-2016-08. 61 

This foundational data enhances our basic understanding of mass balance of Sperry Glacier, 62 

and future work will focus on the processes that control accumulation and ablation patterns 63 

across the glacier.  64 

  65 

1. Introduction 66 

The worldwide retreat of glaciers in the past century is seen as both an effect of, and 67 

evidence for, global climate change. In the United States (U.S.), one example of this global 68 

trend is the retreat of glaciers in Glacier National Park (GNP), which is located in the Rocky 69 

Mountains of northwest Montana (Fig. 1). In 1850, during a period known as the Little Ice Age, 70 

approximately 150 glaciers existed in the area now encompassed by GNP, making it one of the 71 

largest concentrations of glaciers in the U.S. Rocky Mountains (Key et al., 2002 & Pedersen et 72 

al., 2004). The amount of glacier-covered area has receded dramatically since that time, a trend 73 

documented by decades of photographs and measurements of glacier area (Alden, 1914 & 74 

1923; Dyson, 1948; Johnson, 1980; Carrara and McGimsey, 1981, 1988, Carrara, 1989; Key et 75 
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al., 2002). By 1998, 37 named glaciers remained, 11 of these had a total surface area of 8.25 76 

km2, a 67% loss compared with 25.5 km2 for the same 11 glaciers in 1850 (Key et al, 2002). 77 

The fraction of glacier area lost since 1900 is markedly higher in GNP than in the other 78 

mountain regions of the contiguous U.S. (Fountain, 2007).  79 

This trend and its effects are expected to continue. One geospatial model scenario 80 

predicts a complete disappearance of five glaciers in GNP by 2030 with continued warming (Hall 81 

and Fagre, 2003). Another process-based model that specifically examines Sperry Glacier 82 

suggests the glacier may last until about 2080 given the current climate and glaciological 83 

conditions (Brown et al., 2010). The retreat of glaciers in GNP has had and will continue to have 84 

hydrologic and ecological effects in the region’s mountain ecosystems and some degree of 85 

economic effect for its human communities (Clark et al., 2015).  86 

It is widely accepted that the regional retreat of glaciers has been driven by climate 87 

change, at least some of which is anthropogenic (IPCC, 2013). However, no quantitative 88 

measurements of mass changes have ever been conducted for any glacier in GNP. Without such 89 

studies, it is difficult to determine whether or how the retreat of GNP’s glaciers directly reflects 90 

regional climate trends. To address this gap, the U.S. Geological Survey (USGS) established a 91 

long-term mass balance monitoring program in which glaciological, surface area, and 92 

hypsometric measurements provide a quantitative estimate of mass changes for one glacier in 93 

the park, Sperry Glacier. The changes and trends measured on this glacier serve as a reference 94 

for others in the region, an approach outlined by Fountain et al (1997) and since adopted 95 

widely (Kaser et al, 2003). Sperry Glacier is now one of four benchmark glaciers studied by the 96 

USGS Glaciers and Climate Program, with two benchmark glaciers located in Alaska, and one in 97 

Washington. 98 

This paper presents the data collection methods and results from the first eleven years 99 

of measurements, from 2005-2015. Results include measurements of glacier area, ice motion, 100 

snow depth, snow density, and ablation of snow, firn, and ice. We calculate the associated point 101 

balance values (Cogley et al., 2011) for the snow depth and ablation measurement sites. We 102 

also compute and report conventional glacier-wide seasonal and annual mass balances (Cogley 103 

et al., 2011) for the same period. Results from this work will improve our understanding of 104 

glacier responses to climate in GNP as well as the role of glaciers as a water resource. The data 105 
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sets included in this paper may also be used for general analysis of regional and global glacier 106 

mass balance trends. 107 

 108 

1.1. Sperry Glacier Site Description  109 

 Sperry Glacier (48.623o N, -113.758o W) is a small cirque glacier located immediately 110 

west of the Continental Divide and roughly in the geographic center of GNP (Fig. 1). The 111 

remote location limits the type and manner of research that can be undertaken at the site. 112 

Sperry Glacier is located in a backcountry zone managed as de facto wilderness by the U.S. 113 

National Park Service. Helicopter access to the glacier is very limited due to environmental and 114 

cultural concerns as well as management policies. Therefore, with very few exceptions, all 115 

equipment and instruments must be backpacked to the glacier, which requires a 15 km hike or 116 

ski with over 1500 m of elevation gain. 117 

Sperry was chosen as a site for surface mass balance measurements because of two 118 

factors that are rare in the region. First, it has a history of previous scientific studies that 119 

documents its progressive retreat over the past century (Johnson, 1980). Second, its physical 120 

characteristics best meet those recommended for detailed mass balance studies and regional 121 

benchmark glacier status (Fountain et al. 1997; Kaser et al. 2003). These characteristics include 122 

a well-defined drainage basin and topographic features that are representative of many of 123 

Glacier Park’s glaciers. 124 

Sperry is a winter-accumulation type glacier composed of temperate ice. It is located 125 

within the Flathead River watershed, in the headwaters of the Columbia River basin. It lies in a 126 

north-facing cirque and is roughly fan-shaped and wider than it is long relative to the flow 127 

direction, which is predominantly north-northeast (Fig. 2). The irregular terminus measures 128 

about 1200 m across and steep rock walls rising another 100-300 m above the glacier line its 129 

east and most of its west flanks. In 2005, it had a median elevation of 2450 m, and an altitude 130 

range of 2250 m to 2800 m. Numerous small streams drain its broad terminus, making it 131 

impractical to measure runoff with a single stream gage 132 

The local climate is influenced by both maritime and continental air masses because of 133 

the study area’s position along the Continental Divide. However, given its position on the 134 

western and predominantly windward side of the Divide, Pacific storm systems dominate the 135 
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weather. These bring heavy precipitation and moderate temperatures as warm, moist Pacific 136 

fronts collide with and lift over the Rocky Mountains. 137 

 138 

2. Methods 139 

2.1. Glacier Geometry and Accumulation Area Mapping 140 

Initially, the surface area of Sperry was mapped using aerial photographs taken in 141 

September, 1998. To ensure that mass balance calculations included the most current estimates 142 

of the glacier surface, we mapped the terminus using multi-channel GPS receivers at the end of 143 

the 2003, 2005, 2007, 2009, and 2013 ablation seasons. We conducted the mapping by walking 144 

the terminus (Fig. 2) of the glacier, with the terminus defined as any ice contiguous with the 145 

main body even if debris-covered. We did not map the glacier margin below the near-vertical 146 

cirque walls that rise above the upper elevation margins of the glacier for safety reasons. 147 

We differentially-corrected the GPS data collected during the mapping, then smoothed 148 

the track by removing obvious errors such as loops caused by the mapper’s movement. We 149 

overlaid each mapped terminus with a polygon of the 1998 glacier outline and calculated the 150 

area of each resulting polygon for each year. For these years, the resulting values should be 151 

considered the maximum possible glacier extent for a given year because they do not include 152 

any small changes at the glacier margins below the steep cirque walls or on the ridge above the 153 

headwall. In 2015 the complete glacier margin was mapped again from 0.5 meter resolution 154 

aerial imagery and included area changes across the entire glacier including the margins along 155 

the flanks and head of the glacier. 156 

During years 2005, 2009, 2010, and 2013 we walked the seasonal snow line with a GPS 157 

unit at the end of the ablation season. This end-of-summer snow line separates the ablation 158 

and accumulation areas on the glacier since the area at elevations above this line were still 159 

covered with snow that accumulated the previous winter. We divided these mapped 160 

accumulation areas by the total area of the glacier to obtain the accumulation area ratio (AAR). 161 

Area altitude distributions (AAD) were calculated for eight years of the eleven year study 162 

period (Table 1) from a time series of 5 m resolution digital elevation models (DEM). These 163 

DEMs were derived from aerial photographs taken of the glacier in August or September so as 164 

to capture the glacier near its mass minimum (Fahey, 2014). The raw DEM coverage reached 165 
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beyond the glacier’s margin so each DEM was clipped by the most recently measured glacier 166 

margin so that all cells in the DEM represent snow/firn/ice-covered area within the glacier 167 

margin. Each cell from these glacier DEMs was then binned into 50 m bands and then summed 168 

to derive the total area for each elevation band.  169 

 170 

2.2. Study Assumptions and Conventions 171 

For this study, we determined conventional (Cogley et al., 2011) seasonal and annual 172 

surface mass balances for Sperry Glacier using the glaciological method combined with the most 173 

recently mapped glacier margin and AAD. We followed established protocols for measuring 174 

snow depth, sampling snow density, and installing and reading ablation stakes (Ostrem and 175 

Brugman, 1992; Kaser et al 2003). The snow depth measurements included all snow deposited 176 

on the glacier surface during the winter season, including seasonal snowfall, avalanche debris, 177 

and wind-transported snow. Because we were not able to directly measure melt that occurred 178 

during the winter season, we did not specifically account for it in the winter balance terms of 179 

mass balance calculations. Similarly, we did not include summer-season precipitation in our 180 

summer balance terms because it fell primarily as rain and was assumed to run off and not 181 

measurably contribute to the glacier’s mass change. In addition, local climate data (Finklin, 182 

1986) show that both winter-season melt and summer-season precipitation likely have minimal 183 

contributions to the net balances of each period. Because Sperry Glacier is a small, temperate 184 

glacier, we assumed that runoff transported nearly all melt off the glacier with negligible mass 185 

retained by refreezing and/or the formation of superimposed ice. This is a common assumption 186 

(Kaser et al 2003) and is supported by our field observations. 187 

We determined the mass balance year for field measurements and balance calculations 188 

using a time system that combined stratigraphic and floating-date systems (Cogley et al 2011). 189 

Ideally, measurements of accumulation are conducted when the glacier’s mass is at its 190 

maximum for the year and ablation measurements during its minimum, with the balance year 191 

the period between two consecutive minima. For Sperry, such timing is impractical because 192 

difficulties with access preclude continuous monitoring. Also the time of the maxima and 193 

minima can vary by several weeks between years.  194 

We therefore defined each mass balance year as the period between the latest ablation 195 
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stake readings in successive summer seasons (Table 2). These readings were timed to occur as 196 

late as possible in September or early October of each calendar year, so as to coincide as 197 

closely as possible with the formation of that year’s end of summer surface, which represents 198 

the minimum annual mass for that year. We used the previous summer’s surface as the 199 

reference surface for snow depth probing at the end of the subsequent accumulation season, 200 

and defined winter balances bw (winter point balances) and Bw (winter glacier-wide balances) as 201 

the net mass gain between formation of the previous year’s summer surface and the 202 

subsequent year’s peak accumulation. We defined summer balances bs (summer point 203 

balances) and Bs (summer glacier-wide balances) as the net mass loss between the peak 204 

accumulation, approximated by the earliest date in the spring when depth measurements and 205 

ablation stake installations occurred, and the formation of that year’s end of summer surface. 206 

Under these definitions, the winter season at Sperry Glacier typically runs from mid-207 

September/early-October to late-May/late-June, with the summer season comprising the 208 

remaining part of the year (Table 2). The balance year is thus roughly equivalent to the 209 

hydrologic year. 210 

We adhered to the notation and signing conventions delineated in Cogley et al (2011) 211 

and used terms as defined in that glossary. The dimensions of the depth and surface altitude 212 

measurements are length (m). Multiplying these by the sampled snow density or, for firn and 213 

ice, an assumed density of 720 and 874 kg m-3 respectively, yields a mass per unit area whose 214 

units are kg m-2 of water equivalent. Because mass balance is a rate of mass change, its 215 

dimensions are mass per unit time (M T-1), though as is common in mass balance studies, we 216 

report mass primarily in length (m) of water equivalent (w.e.) because it allows for ease of 217 

visualization and we omit the time dimension as our measurements span roughly one year 218 

(Cogley et al 2011). Thus all balances are reported in meters of water equivalent (m w.e.) for 219 

each year in the 11 year study period. 220 

 221 

2.3. Mass Balance Point Measurements (bw, bs, ba) 222 

A winter mass balance point measurement (bw) is the sum of accumulation and to a 223 

much lesser extent, ablation over the winter season. It represents nearly all the annual mass 224 

input at any point that accumulates continuously as precipitation and as wind and avalanche 225 
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deposited snow. To obtain bw we combined snow depth measurements taken at locations on 226 

the glacier with a snow density value. 227 

A summer mass balance point measurement (bs) represents the sum of ablation, 228 

and to a much lesser extent, any accumulation over the summer season. To obtain bs 229 

we measured the height loss on ablation stakes that were drilled into the glacier’s 230 

surface (Supplement) at the start of the ablation season.  231 

An annual mass balance point measurement (ba) represents the sum of 232 

accumulation and ablation over the mass balance year. These were calculated by 233 

summing the winter balance (bw) and summer balance (bs) values measured at each 234 

ablation stake site (Supplement) for each respective year. 235 

  236 

2.3.1. Snow Depth and Density Measurements 237 

The primary method for taking snow depth measurements was to probe vertically 238 

through the seasonal snowpack to the previous summer surface. A sectional solid aluminum 239 

probe was used and depths were measured to the nearest 0.01 m or 0.05 m depending on the 240 

year. Measurement locations were recorded using handheld GPS receivers. Depending on the 241 

GPS equipment available, some locations were differentially corrected. For safety reasons, we 242 

made no measurements on the steep headwall above the bergschrund (Fig. 2). 243 

In 2005, density measurements were made in two snow pits (Supplement). The first pit 244 

was located roughly 275 m above the terminus; the second pit was 500m further up the glacier, 245 

roughly 125m below the bergschrund. During 2006, 2007, and 2008 measurements were made 246 

at one pit dug at the lower location. From 2009-2013 no density measurements were made on 247 

the glacier and a bulk density value derived from the relationship between snow depth and 248 

density using the 2005-2008 data was employed to calculate balances. Density measurements 249 

resumed in 2014 were taken at ablation stake sites A, C, and D that year, and at sites A and D 250 

in 2015. 251 

For the years 2005-2008, direct density measurements were made by weighing samples 252 

of snow from the shaded face of a snow pit. The samples were collected in 10 cm increments 253 

with a 1000 cm3 cutter and weighed on a digital scale. Snow pits were dug to the previous 254 

summer’s surface in 2005 and 2006 when the snow depth was less than 4.75m. During 2007 255 
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and 2008 when the height of snow was greater than 5 m, the snow was sampled only in the 256 

upper 2.0-3.5 m portion of the column. 257 

In 2014 and 2015 density was measured by weighing snow samples collected at 3 or 4 258 

specific depths in a 1.5 m deep snow pit.  One sample was taken within 0.10 m of the snow 259 

surface, the second at about 1.0 m and the third at about 1.5 m.  At depths greater than 1.5 m 260 

from the snow surface, snow samples were obtained using a coring cylinder at 0.10 to 0.30 m 261 

intervals until the previous summer’s surface was reached. Densities were then derived by 262 

weighing these samples. 263 

 264 

2.3.2. Ablation Measurements 265 

 We measured the surface change at the ablation stake locations and obtained a water 266 

equivalent length value for the total ablation by multiplying the height loss of snow, firn, and ice 267 

by their respective densities. We used the same density value for the snow component of bs as 268 

used to calculate bw at that point. We used previously published estimates of the densities of 269 

firn and ice to account for mass loss of those components (Cuffey and Paterson, 2010). We 270 

used a value of 720 kg m-3 for firn, which equals the mean between the approximate maximum 271 

densities of snow (600 kg m-3) and firn (840 kg m-3). For ice melt on the glacier’s surface we 272 

used a density of 874 kg m-3, the mean value for glacier ice as described by Cuffey and 273 

Paterson’s (2010). 274 

 275 

2.4. Glacier-Wide Mass Balances (Bw, Bs, Ba) 276 

Glacier-wide mass balances represent the mean balance for the infinite number of 277 

possible points across the glacier’s surface. These values cannot be directly measured and are 278 

typically estimated from point measurements or interpolations of point measurements. We 279 

estimate glacier-wide mass balances for the winter (Bw) and summer (Bs) seasons as well as an 280 

annual balance representing the entire mass balance year (Ba). We used the site-index method 281 

where one or more point balances in a specific elevation band represent the average balance 282 

across the entire surface area for that elevation band. Balances in each respective band were 283 

multiplied by the band’s area yielding a volume. Volumes from each band were summed, then 284 

this quantity was divided by the glacier’s total surface area to provide the specific glacier-wide 285 
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mass balance value. The number and size of the elevation bands varied slightly between years 286 

depending on the point balances available and the changing geometry of the glacier. In the 287 

case where more than one point balance was located within a band, we use the mean value. 288 

During some years no measurement points were located at the very lowest elevations of 289 

the glacier below 2300 m. In these cases, measurement points within 10 m of 2300 m were 290 

used to assign balances to this elevation band. In situations where this was not possible, then a 291 

single point balance, taken from the lowest elevation measurement point(s) was used instead 292 

(Supplement). For some balance years there were no measurements taken at the higher 293 

elevations of the glacier between 2550-2650 m (Supplement). The winter and summer balances 294 

for these bands were derived using a gradient found between two point balances and their 295 

respective elevations at two different measurement sites. The stakes used to calculate these 296 

gradients are presented in the data tables included in our Supplement. Furthermore, no 297 

measurements of any kind have been collected at the uppermost elevations of the glacier on 298 

the steep southern headwall above 2650 m. With respect to the winter balance, observations 299 

show that frequent avalanches prevent large amounts of snow from accumulating on this steep 300 

slope (Fig. 2). Thus it is likely winter balances will be lower on areas above the bergschrund 301 

than those immediately below it. For the area located on this headwall, we used the mean 302 

winter point balance taken from all measurement points on the glacier to represent winter 303 

balances. Ultimately the snow depths on the headwall are unknown, yet it is necessary to 304 

assign balances to this region. Using the mean bw is a method to accomplish this while 305 

minimizing the influence of these uncertain balances on Bw. For the summer balances on the 306 

headwall we again used a gradient value derived from an ablation versus elevation relationship 307 

observed at two different stake sites (Supplement).  308 

Annual balances for elevation bands with no point balances were derived by summing 309 

the winter and summer values assigned to them via the extrapolation methods discussed 310 

above.  This sometimes resulted in negative balances on the steep southern headwall. This is 311 

consistent with observations showing much of this headwall will melt down to firn and ice 312 

during years with a strongly negative Ba despite the fact this is the highest elevation region of 313 

the glacier (Fig. 2).    314 

 315 
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2.5. Cumulative Mass Balance 316 

 The cumulative mass balance is the total mass gained or lost over multiple balance 317 

years. For this study, we calculated cumulative mass balances for the eleven study years by 318 

summing the glacier-wide annual (Ba) balances. 319 

 320 

3. Results and Discussion  321 

3.1.1. Glacier Mapping – Terminus Position and Glacier Area  322 

Sperry Glacier has decreased by 0.08 km2 in total area since 2005 at an average rate of 323 

0.007 km2 a-1 (Fig 3, Table 3). Overall the terminus continually retreated with each 324 

measurement interval. However there are selected, small areas where the terminus has slightly 325 

advanced. The largest changes occurred around the glacier’s northernmost edges, where the 326 

elevation of the glacier is lowest. At this location, many small fingers of ice melted away or 327 

separated from the main ice body and islands of bedrock began to appear (Fig. 4). Some of the 328 

change/error in area for each period is likely attributable to changes in personnel conducting 329 

the mapping. For certain regions, especially where rock debris conceals and/or distorts the 330 

terminus location, different personnel have interpreted the margin’s location slightly differently. 331 

The existence and annual variability of rock covered ice makes distinguishing ice compared to 332 

rock somewhat difficult. 333 

 334 

3.1.2. Glacier Mapping - Accumulation Area 335 

 In years 2005, 2009, 2010, and 2013 the accumulation area ratios were 34%, 46%, 336 

48%, and 36% respectively. The average value is 41%.  While we did not measure the AAR for 337 

any other year, we noted that during the two years with the most positive Ba (2008 and 2011), 338 

most of the glacier’s surface was still covered with snow from previous winter at the end of the 339 

ablation season in late September/early October.  340 

 341 

3.2. Mass Balance Point Measurements (bw, bs, ba) 342 

When combining all points from all years (n=477), the mean bw was 2.64 m w.e. with a 343 

standard deviation of 0.88 m w.e. The minimum was 0.00 (due to wind-scouring down to bare 344 

ice) and the maximum was 5.66 m w.e. The mean values for all points binned by individual year 345 
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had a narrower range of 1.92 m w.e. and a lower standard deviation of 0.54 m w.e. Snow 346 

depth and density plus winter balance values for all measurement points are presented in the 347 

tables included in the Supplement. Table 4 details summary statistics for the winter point 348 

balances. 349 

A somewhat complicated relationship exists between winter balance and elevation after 350 

averaging the bw values from all years within their respective 50 m elevation bands (Fig. 5). On 351 

the lowest elevation portions of the glacier, between the terminus and about 2400 m, the 11-352 

year averaged winter balances increased gradually with rising elevations. On the middle of the 353 

glacier, the winter balances actually decreased slightly with elevation. On the upper elevations, 354 

winter balances increased rapidly as elevation increases.  355 

In 2005, 2006, and 2007 the number and locations of ablation stakes varied. Beginning 356 

in 2008, when seven stakes were placed in the same locations each year, the winter, summer, 357 

and annual balances were measured consistently at each site every year with the exception of 358 

one stake in 2009. Stake Z was added in 2015 to better measure the uppermost accumulation 359 

zone and to compare balances found at nearby stake D. 360 

Ablation, as reflected in the change of the glacier surface elevation at the ablation stake 361 

sites, followed a similar temporal pattern in all ten years. The surface change was greatest 362 

during June and July and sometimes early August with surface lowering rates ranging between 363 

-0.06 to -0.10 m d-1 and a mean rate of -0.08 m d-1. From mid-August until the end of the 364 

ablation season in September or October, surface lowering rates dropped consistently among all 365 

years and range from -0.01 to -0.05 m d-1 with an average rate of -0.03 m d-1. The decrease in 366 

late summer ablation rates is due to multiple factors. When the glacier’s surface at the stake 367 

sites transitions from snow to ice, surface lowering rates decline due to the higher density of 368 

ice. In addition the shorter days with lower sun angles of late summer/early fall combined with 369 

the cooler, cloudier, and wetter weather all act to slow ablation. Finally, August and early 370 

September storms will often deposit small amounts of new snow on the glacier which slows or 371 

temporarily halts ablation. 372 

When combining all stake measurements from all years (n=74), the mean stake bs was -373 

3.57 m w.e., with a range of 3.06 m w.e. and a standard deviation of 0.70 m w.e. The stake 374 

means for each year had a narrower range of 2.37 m w.e. and a standard deviation of 0.64 m 375 
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w.e (Table 5). However, less variance existed within individual years. The range of bs amongst 376 

stakes for individual years spanned 0.51 to 1.58 m w.e. and the standard deviations ranged 377 

from 0.20-0.51 m w.e. 378 

The relationship between summer balance and elevation varied between years and 379 

sometimes in a complex manner. When all bs values from all years were grouped within 50 m 380 

elevation bands and averaged, bs did not consistently increase with increasing elevation (Fig. 381 

6). 382 

When combining the annual point balances from all stakes from 2005-2015 (n=80), the 383 

11-year mean stake ba was -0.70 m w.e., with a range of 5.53 m w.e. and a standard deviation 384 

of 1.18 m w.e. The mean ba for each year varied between -1.55 m w.e. to 2.41 m w.e.  (Table 385 

6). The range amongst all measurement points for individual years was lower as well and 386 

spanned 1.08 to 3.52 m w.e. with standard deviations falling between 0.38-1.14 m w.e. 387 

 388 

3.3. Glacier-Wide Mass Balances 389 

3.3.1. Winter Mass Balances (Bw) 390 

 The site index method resulted in Bw values ranging from 2.19 m w.e. in 2007 to 4.13 m 391 

w.e. in 2011 with a mean of 2.92 m w.e for 2005-2015 (Table 7). For the first five years, Bw 392 

never exceeded 2.78 m w.e. But from 2010-2014 winter accumulation values consistently added 393 

more mass to the glacier, with Bw exceeding 3.00 m in 2011, 2012, and 2014. In 2015 the 394 

winter balance dipped below the 11-year average with a value of 2.79 m.  395 

Bw contour maps reveal a sometimes complicated relationship between winter mass 396 

balance and elevation (Supplement). For all years except 2005, 2012, and 2015, the mid-397 

elevations between 2400-2500 m had winter balance values that were less than those found at 398 

lower elevations (Fig. 7). For instance, during years 2007-2010 and 2013, 2014 winter balance 399 

values at these mid-elevations were the lowest for any elevation band on the glacier. Winter 400 

balances increased rapidly with elevation above 2500 m until the bergschrund located at the 401 

base of the cirque wall at about 2650 m. On the headwall above the bergschrund winter 402 

balances decrease because of assumed mass re-distribution on the slopes below, likely through 403 

avalanches and wind transport. 404 

3.3.2. Summer Mass Balances (Bs) 405 
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Bs values ranged from -4.31 m w.e. in 2013 to -2.11 m w.e. in 2008 with a mean for the 406 

11-year record of -3.41 m w.e (Table 7). The summers of 2013 and 2015 were exceptional for 407 

ablation and were the only two years where Bs was lower than -4.00 m w.e. 2008 and 2010 saw 408 

the least amount of summer ablation and Bs did not drop below 3.00 m w.e. For all other years 409 

Bs values ranged between -3.93 and -3.17 m w.e.  410 

Similar to the winter balances, summer mass balances did not always vary consistently 411 

with elevation (Fig. 8). For years 2005, 2006, 2008, and 2010 Bs continually increased, although 412 

sometimes very slightly, with increasing elevation. For the remaining years the smallest summer 413 

balance values were often found closer to the mid-elevations of the glacier, usually between 414 

2350 and 2400 m. Some general trends are revealed when the summer balances for each 415 

elevation band were averaged for the period of record. Mean summer balances vary only by a 416 

few cm w.e between the terminus and 2500 m, an area encompassing most of the glacier. 417 

Above 2500 m summer balances increase at a fairly consistent rate of about 0.25 m w.e. per 50 418 

m elevation gain (Fig. 8). 419 

 420 

3.3.3. Annual Mass Balances (Ba)  421 

 The first three balance years, 2005-07, were strongly negative with 2007 having the 422 

lowest Ba on record at -1.52 m w.e. In 2008, conditions reversed and the glacier experienced its 423 

most strongly positive year with a Ba of 0.97 m w.e. 2009 was the second most negative year at 424 

-1.39 m w.e. and then in 2010 the annual balance was near neutral with a value of 0.15 m w.e. 425 

The annual balance in 2011 was the second most positive at 0.83 m w.e. and the balance in 426 

2012 was slightly positive as well at 0.41 m w.e. The three years of neutral or positive annual 427 

balances ended in 2013 with value of -1.07. Annual balance in 2014 was neutral (0.07 m w.e.) 428 

and finally the annual balance in 2015 was the third most negative year on record (-1.22 m 429 

w.e.). The mean site index Ba for the study period is -0.40 m w.e (Table 7). 430 

Again, similar to the winter and summer balances, the changes in annual balances with 431 

elevation were variable (Fig. 9) and (Supplement). For years 2005, 2006, 2010, and 2012 Ba 432 

continually increased, although at different rates, with increasing elevation from the terminus to 433 

the bergschrund at 2650 m. However, for the seven remaining individual balance years, the 434 

lowest annual balances were found at the mid-elevations between 2400 and 2500 m. The 435 
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annual balance values on the headwall above the bergschrund are reduced, with negative 436 

values in 2005, 2007, and 2009. It is important to note again that balances on this section of 437 

the glacier come with high uncertainty because they are not measured directly. However, 438 

observations revealed some years where the headwall is composed mostly of ice and would 439 

thus have negative balances, while the slopes immediately below it are still covered in the 440 

previous winter’s snow and would have maintained a positive balance. 441 

 442 

3.4. Cumulative Mass Balances 443 

Cumulatively the glacier lost 4.37 m w.e. between 2005 and 2015 by way of the site 444 

index method. About 70% of that loss occurred during the first three years of the study. Both 445 

seasonal and annual balances exhibited more variability in the remaining eight years of the 446 

study. 447 

 Cumulative balances in the ablation zone, which typically comprises about 60% of the 448 

glacier ranged from -11.28 to -9.79 m w.e. Meanwhile in the accumulation zone, cumulative 449 

balances were as low as 3.38 m w.e. and as high as 21.94 m w.e. in the region directly beneath 450 

the headwall. These differences translate to cumulative balances that change as much as 30.00 451 

m w.e. over less than 400 m of linear distance and fewer than 200 m of elevation gain. 452 

 453 

4. Conclusions 454 

Conventional glacier-wide seasonal and annual mass balances were estimated using 455 

glaciological methods from 2005-2015 at Sperry Glacier and reported along with all the 456 

accompanying glaciological measurements. Measurements of glacier extent were also measured 457 

during certain years and are included in this paper. 458 

Results from the site index method reveal that, on average, Sperry Glacier loses about 459 

0.40 m w.e each year. During the 11-year study period, glacier-wide winter balances ranged 460 

from 2.19 m w.e. to 4.13 m w.e., glacier-wide summer balances between -4.31 and -2.11 m 461 

w.e., and annual glacier-wide balances between -1.52 and 0.97 m w.e. The mean winter and 462 

summer glacier-wide mass balances were 2.92 m w.e. and -3.41 m w.e. respectively. 463 

Point balances ranged even wider. Some winter point balances exceeded 5.00 m w.e., 464 

while at other locations on the same day there were patches of bare ice where no winter snow 465 
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had accumulated. During particularly hot and long summers, summer point balances 466 

approached -5.00 m w.e. at certain locations. 467 

Between 2005 and 2015, it is estimated Sperry Glacier lost between 4.37 m w.e. 468 

averaged over its entire area. In the ablation zone (which averaged about 60% of the glacier 469 

area for the four years it was measured) cumulative balances were as low -11.28 m. In the 470 

accumulation zone, cumulative balances ranged from as little as 3.38 all the way up to 21.94 m 471 

w.e. on the region directly beneath the headwall. 472 

The variable relationship between mass balance and altitude on Sperry is likely affected 473 

by concurrent multiple drivers that are not yet fully understood. Further research is needed to 474 

improve our knowledge of the processes that control accumulation and ablation patterns on this 475 

glacier. Specific to ablation, local factors that regulate the balance of heat energy input from 476 

solar radiation such as aspect, slope angle, and cirque-wall shading, combined with the type of 477 

material present on the glacier’s surface may have greater influence on ablation rates than the 478 

gradient between altitude and air temperatures. The winter balance is likely bolstered by the 479 

snow added to the glacier from avalanches and wind, especially in the areas directly beneath 480 

the cirque walls, but this re-distribution of mass remains to be quantified. 481 

Sperry’s surface area has decreased by 0.08 km2 over the 2005-2015 time period, a 482 

change of about 9%. Most of this decrease occurred in the northeastern section, the lowest 483 

elevation area of the glacier. 484 

The timing, number, and distribution of measurements taken on the glacier varied 485 

considerably among years. A developing understanding of the accumulation and ablation 486 

patterns over this time has been used to guide the current methods used for data collection. 487 

Now measurements are taken at fewer points that are more strategically located. No doubt 488 

future work will continue to influence the type, number, location, and timing of measurements 489 

taken on the glacier.  490 

 491 

 492 

 493 

 494 

 495 
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 619 

Figure 1. An overview map of Sperry Glacier which displays the locations of the long-term 620 

measurement sites and the weather station, plus changes in glacier extent between 2005 and 621 

2015. Glacier surface elevations are contoured from a DEM derived from imagery pairs taken on 622 

September 2nd, 2005.   The aerial photo in this figure was taken on August 26th, 2005 by the 623 

U.S. National Agricultural Imagery Program. 624 
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 626 

 627 
 628 

Figure 2. Oblique photo showing overview of the glacier, the bergschrund, and headwall. 629 
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 649 

 650 
Figure 3. Measured extent for Sperry Glacier for the period 2005-2015. 651 
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 668 

 669 
Figure 4. Mapped outlines of Sperry Glacier for the period 1998-2015. 670 
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 672 

 673 
Figure 5. Winter balance measurements from all points/all years which were grouped by 674 

elevation (NAD83) into 50 m bins. We plotted the mean for each bin against the mean elevation 675 

for each bin. The number of measurements in each bin varies within years and among years 676 

depending on the year’s measurements. 677 
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 692 

 693 
Figure 6. Summer balance measurements from all points and all years which were grouped by 694 

elevation (NAD83) into 50 m bins. We plotted the mean for each bin against the mean elevation 695 

for each bin. The number of measurements in each bin varies within years and among years 696 

depending on the year’s measurements. Note scale is equal to that in Figure 5. 697 
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 713 

 714 
Figure 7. Winter mass balances for years 2005-2015 plotted against each elevation (NAD83) 715 

band. Area altitude distribution is from 2005. Gray bars represent the percentage of glacier area 716 

within each elevation band. Colored lines plot the winter mass balances across the elevation 717 

range of the glacier. 718 
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 732 

 733 
Figure 8. Summer mass balances for years 2005-2015 plotted against each elevation (NAD83) 734 

band.  Area altitude distribution is from 2005. Gray bars represent the percentage of glacier 735 

area within each elevation band. Colored lines plot the summer mass balances across the 736 

elevation range of the glacier. 737 
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 750 

 751 
Figure 9. Annual mass balances for years 2005-2015 plotted against each elevation (NAD83) 752 

band.  Area altitude distribution is from 2005. Gray bars represent the percentage of glacier 753 

area within each elevation band. Colored lines plot the annual mass balances across the 754 

elevation range of the glacier. 755 
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Figure 10. Bars represent the seasonal and annual mass balances on the glacier. The black line 772 

depicts the running cumulative balance for the period of record.  773 
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 784 
 785 

 786 

 787 
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 790 

Table 1. List of acquisition dates for aerial photographs and

measured terminus positions used to derive each DEM and AAD.

AAD Year DEM Date Glacier Margin Meas. Date

2005 9/2/2005 9/9/2005

2006 9/2/2005 9/9/2005

2007 8/25/2007 9/8/2007

2008 9/11/2008 9/8/2007

2009 8/28/2009 8/26/2009

2010 8/28/2009 8/26/2009

2011 8/10/2011 8/26/2009

2012 8/10/2012 8/26/2009

2013 8/21/2013 9/4/2013

2014 9/7/2014 9/4/2013

2015 9/7/2014 9/25/2015

Table 2.  Dates for mass balance years and winter and summer seasons for the study years, 2005 through 2015.  

Mass 

Balance 

(mb) Year

Start mb Year/ 

Winter 

Season

End Winter 

Season/Start 

Summer 

Season

End Summer 

Season/mb 

Year

# Days 

Winter 

Season

# Days 

Summer 

Season

# Days mb 

Year

2005 Unknown 23-Jun-05 9-Sep-05 Unknown 78 Unknown

2006 9-Sep-05 8-Jun-06 28-Sep-06 272 112 384

2007 28-Sep-06 26-May-07 9-Sep-07 240 106 346

2008 9-Sep-07 16-Jun-08 12-Sep-08 281 88 369

2009 12-Sep-08 16-Jun-09 18-Sep-09 277 94 371

2010 18-Sep-09 23-Jun-10 2-Oct-10 278 101 379

2011 2-Oct-10 24-Jun-11 3-Oct-11 265 101 366

2012 3-Oct-11 28-Jun-12 1-Oct-12 269 95 364

2013 1-Oct-12 11-Jun-13 27-Sep-13 253 108 361

2014 27-Sep-13 11-Jun-14 18-Sep-14 257 99 356

2015 18-Sep-14 25-May-15 22-Sep-15 249 120 369

mean 21-Sep 13-Jun 21-Sep 264 100 367

min 9-Sep 25-May 9-Sep 240 78 346

max 3-Oct 28-Jun 3-Oct 281 120 384
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Table 3: Sperry Glacier areal extent, 2005-2015 

Year Measurement date
Measured 

Area (km
2
)

Δ area 

(km
2
)

Rate Δ/years; 

(km
2
)

% Change

Rate                    

(% change/ 

years)

2005 9-Sep 0.86 0.00 0.000 0.0 0.0

2007 8-Sep 0.84 -0.02 -0.010 -2.3 -1.2

2009 26-Aug 0.83 -0.01 -0.004 -1.0 -0.5

2013 4-Sep 0.82 -0.01 -0.002 -1.2 -0.3

2015 25-Sep 0.78 -0.04 -0.022 -5.5 -2.8
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