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INTRODUCTION TO GLACIAL RESOURCES

Glaciers are a significant natural resource in Alaska and
the Western United States, covering respective areas of ~74,600
and 688 km? (Dyurgerov, 2002; Fountain et al., 2007). A large
percentage of these glaciers exist within the boundaries of
lands managed by the U.S. federal government. For example,
glaciers in Wrangell-St. Elias National Park and Preserve and
Denali National Park and Preserve in Alaska cover a total area of
~20,000 km? (Adema, 2004). In contrast to geologic processes
that operate on time scales on the order of thousands or even
millions of years, significant glacier change can occur within a
human lifetime. The dynamic nature of glaciers strongly influ-
ences the hydrologic, geologic, and ecological systems in the
environments in which they exist. Additionally, the sensitive and
dynamic response to changes in temperature and precipitation
make glaciers excellent indicators of regional and global climate
change (Riedel and Burrows, 2005). Long-term monitoring of
glacier change is important because it provides basic data for
understanding and assessing past, current, and possible future
conditions of the local, regional, and global environment. A basic
understanding of local and regional environmental systems is
critical for responsible land management and decision-making.

Glacier Basics

Glaciers are perennial snow or ice masses that move (Pater-
son, 1994). More specifically, glaciers must have an area where
snow accumulates (snowfall, wind drifting, and avalanching) in
excess of ablation. Ablation includes all processes that decrease
the mass of the glacier, such as melting and runoff, evaporation,
sublimation, calving (the release of a mass of ice from a glacier),
and wind erosion (Paterson, 1994). The snow is slowly trans-
formed by compression and recrystallization into solid ice while
being transferred by gravity to lower elevations where ablation
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exceeds mass accumulation (Knight, 1999; Meier, 1964). The
area on the glacier where snow accumulation exceeds melting
during the summer is the accumulation zone. The lower eleva-
tion portion of the glacier where ablation exceeds accumulation
rates is the ablation zone. The boundary between the accumula-
tion and ablation areas, where accumulation equals ablation, is
the equilibrium line. When accumulation exceeds ablation, the
glacier increases in mass and usually advances. When ablation
exceeds accumulation, the glacier decreases in mass and thins
and/or retreats. A glacier’s mass remains stable when accumula-
tion is equal to ablation.

Glacier Controls

The controls on the formation and existence of glaciers
include climate and physical conditions (Riedel and Burrows,
2005; Knight, 1999). In most cases, the climatic variables of pre-
cipitation and temperature are the dominate influences on glacier
formation and survival. Direct precipitation of snow on the glacier
typically contributes the largest mass input into a glacier. In some
regions of the United States, however, wind drift and avalanch-
ing can also play very important roles. Alternatively, ablation on
non-calving glaciers is largely attributed to surface melting and
sublimation (Knight, 1999). Other climatic influences on glacier
development include solar insolation (a measure of solar radia-
tion reaching a given surface) and wind (Table 1).

Physical conditions dictate the geographic distribution and
spatial extent of most glaciers. Glaciers generally form at high
elevations or in polar latitudes where accumulation during the
winter exceeds ablation during the summer (Hooke, 2005). The
aspect of the glacier is also important as it dictates the amount of
solar insolation and wind-blown snow the glacier receives. Accu-
mulation in the form of ice and snow avalanches can contribute a
significant amount of mass to the glacier (Fountain et al., 1997,
Kaser et al., 2003). Avalanche-nourished glaciers can have accu-
mulation rates as high as four times the winter precipitation rates
(Knight, 1999). Glaciers with tidewater, lake, or cliff terminating
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TABLE 1. CONTROLS INFLUENCING GLACIER FORMATION AND HEALTH

Glacier controls

Conditions favoring glacier development

Explanation

Climatic Conditions

Precipitation High and winter dominated

Temperature Low annual mean and low summer mean
Insolation Low
Wind Low
Humidity High

Physical Conditions

Elevation Predominately high
Gradient Low

Latitude High

Continentality Maritime

Aspect Poleward and leeward

Accumulation character Large area and prone to avalanches

Termination character Not terminating in water or cliffs
Landslides/debris-cover

Geothermal heat Low

Frequent landsides and highly debris-covered

Increases accumulation

Reduces ablation

Reduces ablation

Reduces removal of snow from glacier surface

Increases precipitation and reduces ablation by sublimation

Increased precipitation at high elevations results in
increased accumulation
Lower temperatures at high elevation reduce ablation

Low gradient reduces ablation by slowing the transfer of ice
from accumulation area to ablation area

Reduced insolation and air temperature decreases ablation
Moist air masses increase precipitation and accumulation

Shade reduces ablation and leeward aspect increases
drifting accumulation

Increases accumulation

Reduces ablation due to calving or ice avalanches
Thick layers of debris insulate ice reducing ablation
Reduces ablation by decreasing basal melting

Note: Table adapted from Knight (1999) with additional information from Hubbard and Glasser (2005); Riedel and Burrows (2005); and Singh

and Singh (2001).

margins generally lose a significant amount of mass by calving
and ice avalanches (Dyurgerov, 2002). Other physical controls
influencing glacier development and health include landslides
and geothermal heat. Landslides frequently deposit debris on the
surface of glaciers. A layer of debris 1.5-2.0 m thick on the sur-
face of a glacier provides enough insulation that ablation virtually
stops (Knight, 1999). Conversely, a very thin layer of low-albedo
(ratio between light reflectivity and absorption) material can
increase ablation. Geothermal heat from the radioactive decay
of crustal rocks and heat from the mantle generally results in a
few millimeters or centimeters of basal melting per year (Hooke,
2005). Isolated geothermal events such as volcanic eruptions,
like those of Mount Redoubt in Alaska or Mount St. Helens in
Washington, can result in catastrophic melting events.

Influence of Glaciers on the Environment

Glaciers influence a variety of natural systems in the environ-
ment. Monitoring glacier change is important because it links the
impact that glaciers impose on the environment with the condi-
tions that influence glacier health. Understanding these relations
helps facilitate predictions of how changes in glacier controls
may alter the local and global environment. For example, if the
climate warms and glaciers melt substantially, then local hydro-
logic systems will experience reduced capability to buffer against
seasonal variability of flow (Fountain and Tangborn, 1985) and
global sea levels will rise. The following sections describe the
impacts that glaciers have on specific landscape elements.

Glacial Geology

Glaciers are one of nature’s most efficient landscape archi-
tects, constantly reshaping their environments through the pro-
cesses of erosion, entrainment, transportation, and deposition
(Knight, 1999). Bedrock material ranging in size from clay par-
ticles to large boulders are removed by the glacier or meltwater
and redistributed in the landscape. Glacial erosion and deposi-
tion is responsible for the formation of U-shaped valleys, cirques,
moraines (mass of glacial debris carried or deposited by a gla-
cier), and a variety of other glacial landforms. Figure 1 illustrates
the impact that glaciers can impose on the physical environment.
Additionally, glacial sediment is often redistributed by wind or
water, forming new soils and affecting the water quality of rivers,
lakes, and oceans.

Glacier Hydrology

Glaciers play a significant role in both the local and global
hydrologic systems. On a local scale, glaciers act as naturally
regulated reservoirs that buffer the local hydrologic regime from
seasonal droughts by storing water during cool, wet periods of
the winter and releasing it during warm, dry periods of the sum-
mer (Post et al., 1971; Fountain et al., 1997). It is estimated that
meltwater from glaciers in the North Cascades in Washington
annually contributes 800 million cubic meters of water to stream-
flow (Post et al., 1971). Globally, glaciers serve as “a land-surface
water store of fluctuating size, and a slow transport mechanism
for throughput of water from the atmosphere, via the land, back
to the ocean” (Knight, 1999). Because of these relations, glacier
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Figure 1. Glaciers continue to shape the Kichatna Mountains in Denali
National Park and Preserve, Alaska. Photo: R.D. Karpilo Jr., 2004.

changes directly influence global sea level, ocean salinity, and
sea temperature. Alaska’s glaciers are contributing ~0.27 mm of
meltwater per year to rising sea level (Arendt et al., 2002).

Glacier Ecology

Glaciers provide habitats for a variety of species of flora and
fauna, including ice worms (Meenchytraeus solifugus) and spring-
tails (Collembola) (Riedel and Burrows, 2005). Glacier meltwater
can provide aquatic habitats for endangered species of fish includ-
ing salmon (Oncorhynchus), bull trout (Salvelinus confluentus),
and western cutthroat trout (Oncorhynchus clarkii) (Riedel and
Burrows, 2005). Understanding the rates and magnitudes of gla-
cier change is important because the advance and retreat of gla-
ciers changes local habitats, altering the spatial distribution and
species composition of the associated biological communities.

Climate

Glaciers and climate have a complex, bidirectional relation-
ship (Knight, 1999). Climatic variables such as temperature and
precipitation influence glacier formation and development. Con-
versely, large glaciers exert control over global climate by affect-
ing albedo and the composition and circulation of the oceans and
atmosphere (Knight, 1999). Additionally, glaciers have a micro-
climate effect on local areas by causing katabatic winds (high
density air moving downhill) and depressed air temperatures
(Riedel and Burrows, 2005).

Glacier Hazards

Glaciers pose several significant hazards to human life and
property. Outburst floods, or jokulhlaups, occur when a large
amount of meltwater is suddenly released due to the failure of an
ice or moraine dam, or rapid melting due to a volcanic eruption
(Driedger and Fountain, 1989; Post and Mayo, 1971). Lahars
occur when volcanic debris mixes with the glacial meltwater.
Calving ice from glaciers in mountainous regions may be released
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and plunge downslope as an ice avalanche (Knight, 1999). Tide-
water glaciers produce icebergs that may threaten passing ships
or drilling platforms. Lastly, when glaciers melt they often leave
lateral moraine-debris perched on the valley walls. This debris
may fall catastrophically to the valley floor as a spontaneous or
earthquake-triggered landslide.

GLACIER VITAL SIGNS MONITORING
DESCRIPTIONS

Vital Sign 1: Annual Glacier Mass Balance

The annual mass balance of a glacier is a hydrologic bud-
get measuring the difference between the amounts of accumula-
tion and ablation experienced by a glacier during the hydrologic
year (Knight, 1999). Depending on the quantity of annual accu-
mulation and ablation; the mass balance value may be positive,
negative, or zero. Glacier mass balance is a good measure of the
general health of a glacier. A positive mass balance indicates
mass accumulation and that the glacier is growing; conversely, a
negative balance indicates that the glacier is shrinking. A glacier
with a mass balance of zero is in a steady-state and has a con-
stant volume.

Beginning in the 1870s in the Swiss Alps, glacier mass bal-
ance monitoring has been used extensively to quantify and assess
glacier changes (Mercanton, 1916; Haeberli, 1998). Glacier
mass balance monitoring is well accepted by the glaciological
community as the most direct measure of glacier health. Mass
change is directly linked to changes in glacier volume, climate,
and glacial runoff. North Cascades National Park in Washing-
ton selected mass balance monitoring as the primary indicator of
glacier change in their long-term glacier monitoring plan for the
following reasons: “First, it accounts for approximately 90% of
the annual change in volume of temperate glaciers. Second, it can
readily be measured on the only accessible part of a glacier—its
surface” (Riedel and Burrows, 2005).

Climatic changes can be inferred from temporal trends of
mass balance dynamics because changes in glacier mass balance
are highly correlated to variations in temperature and precipi-
tation (Tangborn, 1980). Trends of positive mass balance over
time generally relate to increased precipitation (increased accu-
mulation) or decreased temperature (reduced ablation); and the
opposite is typically true for negative mass balance. Monitoring
glacier mass balance can provide a seasonal measure of water
accumulation, storage, and loss, which is useful for extrapolation
to the greater population of glaciers in the region (Riedel and
Burrows, 2005).

Level One: Equilibrium Line Altitude and Accumulation-
Area Ratio

It is well established that the equilibrium line altitude
(ELA) (altitude on a glacier where annual accumulation equals
annual ablation) at the end of the ablation season is directly
related to the annual mass balance of the glacier (Paterson, 1994).
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If annual mass balance increases, the ELA will be located at a
lower elevation. Conversely, an unusually high ELA indicates a
decrease in annual mass balance. Figure 2 shows the position of
the ELA on an unnamed cirque glacier in Denali National Park
and Preserve in Alaska. If the area above or below the ELA and the
total glacier area (see Vital Sign 3) are known, an accumulation-
area ratio (AAR) can be calculated. The AAR is determined
by dividing the glacier’s accumulation area by the total glacier
area (Paterson, 1994). Monitoring annual variations in the ELA
and AAR of a glacier provides a good estimate of changes in
mass balance and variations in climate. There are a variety of
acceptable methods for determining ELA, including repeat pho-
tography, direct survey with a Global Positioning System (GPS)
receiver, and satellite or aerial imagery. Due to the low relative
cost, the repeat photography method is presented here.
Methodology. Repeat photography methodology for mon-
itoring the ELA and AAR consists of photo site selection and
establishment, photography, ELA plotting, and AAR calculation.
The two options for selecting a photo site are to establish a new
site or to reoccupy the site of an historic photograph. Reoccupy-
ing a previous photo location is preferable if a quality historic
photograph of the glacier exists and was taken from an accept-
able location. The following criteria should be considered when
evaluating a potential photo site: current and future view of the
equilibrium line, accessibility, repeatability, and potential haz-
ards. The photo site can be permanently established by install-
ing a fence post, reinforcing bar (rebar) stake, or expansion bolt
and washer, or by selecting a suitable natural feature, such as a
boulder, as a marker. The position of the site marker is recorded
with a GPS receiver and marked on a map. The photo site is

Figure 2. Equilibrium line on an unnamed glacier in Denali National
Park and Preserve. Photo: R.D. Karpilo Jr., 2004.
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photographed and a written description of the location is recorded
to assist in relocating the site in the future. The tripod and cam-
era is positioned at the marked location and several images with
bracketed exposures are captured. A field notebook is used to
record the photo direction, tripod height, lens focal length, cam-
era data, exposure number, date and time, weather conditions, and
other observations. For detailed information about photographic
monitoring field methods and techniques see Hall (2002), Jor-
genson et al. (2006), and National Park Service (2006). The pho-
tographs are used to visually estimate and plot the ELA position
on a map or to digitize it using geographic information systems
(GIS) software. If a digital elevation model (DEM) of the gla-
cier and surrounding area is available, the oblique photographs
can be georeferenced to the DEM and the ELA and area of the
glacier can be precisely digitized using GIS software. See Cor-
ripio (2004) for detailed instructions for georeferencing oblique
photographs to DEMs. If the total glacier area is available, the
ELA is used to determine the area of the accumulation zone. The
AAR is calculated by dividing the accumulation area by the total
glacier area.

Timing and frequency. Repeat photography visits should be
conducted on days with favorable weather and high visibility and
coincide with the late-summer end of the ablation season when
the maximum area of snow-free ice is exposed (Fountain et al.,
1997). In order to produce a data set useful for identifying mass
balance trends, monitoring and mapping of the ELA should occur
on an annual basis.

Equipment and costs. Depending on location and accessi-
bility, monitoring the ELA of a glacier with repeat photography
can be an effective and economical technique that requires little
specialized training and equipment. The monitoring technician
should possess a basic understanding of photographic techniques,
GPS receiver operation, and map reading skills. Knowledge of
GIS is helpful for basic analysis but is not required. Advanced
GIS skills are required to georeference the photographs to a DEM
and perform the data analysis. The necessary equipment includes
a digital camera, tripod, compass, GPS receiver, field notebook,
and topographic map. See National Park Service (2006) for a
detailed equipment list. Other useful equipment and supplies
includes a tape measure, hammer, hand drill, expansion bolts and
washers, steel fence posts or concrete rebar stakes, GIS work-
station, and a DEM of the glacier and surrounding area (Hall,
2002). The required equipment is widely available and can be
purchased from consumer home improvement and photographic
supply stores for a few hundred dollars.

Limitations. The primary limitation of this method is that it
is an approximation of glacier mass balance. The actual relation-
ship of AAR to mass balance differs from glacier to glacier. Also,
it makes the assumption that the snowline is the equilibrium
line. While this assumption is fairly accurate for most temper-
ate glaciers, at higher elevations and latitudes the effect of inter-
nal refreezing of meltwater at the base of the season snowpack
becomes important. In this situation, the refrozen meltwater looks
like ice or firn (recrystallized and partially compacted snow from
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previous seasons) rather than seasonal snow, and the estimated
ELA is mistakenly plotted too high on the glacier (Paterson,
1994). This error has never been quantified. Poor topographic
map accuracy of the glacier may contribute to errors in plotting
the ELA location. This concern is important because most topo-
graphic maps are decades old, despite revision dates, and given
the general recession of most glaciers they are no longer accurate.
Lastly, timing is a limitation because it is important to perform
the monitoring near the end of the ablation season, before the
first snowfall.

Interpretation. While ELA and AAR do not provide esti-
mates of mass change, unless other site specific information is
available, they are good indicators of variations in glacier mass
balance and climatic conditions (Meier and Post, 1962; @strem,
1975). If annual mass balance increases, the ELA will be located
at a lower elevation and the AAR will be larger, and vice versa.
A “typical” alpine glacier with a mass balance of zero will have
an AAR value between 0.5 (Meier and Post, 1962) and 0.7 (Pat-
erson, 1994). If mass balance measurements are available, a rela-
tionship between ELA and mass balance can be established, and
the mass balance measurements can be terminated. However, the
glacier cannot change geometry (area-altitude) significantly; oth-
erwise the relation between the two variables will change.

Level Two: Glaciological Mass Balance

The glaciological method is the most widely used technique
for monitoring glacier mass balance (Singh and Singh, 2001).
Direct measurement of glacier mass balance components pro-
vides the most detailed information about the processes that
control mass balance, spatial differences, and changes over time
(Fountain et al., 1997). Mass balance for the entire glacier is
determined based on a number of repeated point measurements
on the glacier surface (Paterson, 1994). The depth of snow or ice
that has accumulated or ablated at each point is measured and
multiplied by the snow or ice density to determine the mass bal-
ance at that point (Kaser et al., 2003). The point values are inter-
polated and extrapolated across the glacier surface to calculate
the mass balance for the entire glacier.

Methodology. Most commonly, point locations of mass bal-
ance are measured against poles drilled into the glacier surface.
An ideal network consists of ablation poles (or stakes) installed
in a pattern covering the entire glacier. In many cases, logisti-
cal constraints dictate that the stakes are installed along the cen-
terline of the glacier with occasional transverse profiles more or
less perpendicular to the longitudinal profile of the glacier. Stakes
should be distributed by equal elevation intervals, not equal hori-
zontal distances (Kaser et al., 2003). The location of each stake
must be recorded using a GPS receiver. For small valley glaciers,
like those found in North Cascades National Park, 1015 stakes
are usually sufficient (Fountain and Vecchia, 1999; Kaser et al.,
2003). Ablation stakes of PVC pipe, wood, aluminum, steel, plas-
tic, and bamboo have all been used successfully for mass balance
investigations (Hubbard and Glasser, 2005; Singh and Singh,
2001). An aluminum ablation stake is visible in Figure 3. Stakes
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Figure 3. A monitoring technician measures the length of ablation
stake exposed on the East Fork Toklat Glacier in Denali National Park
and Preserve, Alaska. Photo: R.D. Karpilo Jr., 2003.

are installed on the glacier by drilling holes 2—4 c¢m in diameter
and up to 10 m in depth with a steam drill or hand auger (Heucke,
1999; @strem and Brugman, 1991; Riedel and Burrows, 2005).

The network of ablation stakes is used in conjunction with
snow pits to determine the depth of snow or ice that has melted or
accumulated at each measurement location on the glacier (Kaser
et al., 2003). Ablation determinations are made by measuring
the length of exposed stakes with a tape measure at the begin-
ning and end of the mass balance year. The stakes can be used to
measure accumulation if the depth of new snow does not exceed
the length of exposed stakes. This is often not possible because
in many areas deep snow accumulations bend or break installed
stakes; therefore, snow accumulation depths must be determined
using snow pits or snow-depth probes (Kaser et al., 2003; Riedel
and Burrows, 2005). Figure 4 illustrates the use of snow-depth
probes. The density of the snow is determined using a snow den-
sity tube and a scale (Kaser et al., 2003).

The mass change at each ablation site is calculated by
multiplying the change in length of the exposed stakes at the
end of the mass balance season by the density of the snow or
ice. The density of snow needs to be determined in the field.
See Riedel and Burrows (2005) for detailed field methods for
measuring snow density. Glacier ice is assumed to have a den-
sity of 900 kg m= (Paterson, 1994). The mass gained or lost
at each stake location is calculated and extrapolated across the
entire glacier surface to determined total mass balance. The
interpolation/extrapolation of the point data varies according to
glacier conditions and the person making the evaluation. See
Geografiska Annalar 81 A (1999) for several articles presenting
a variety of interpolation/extrapolation methods. A GIS method
is presented by Riedel and Burrows (2005) and the contour
method is explained by Kaser et al. (2003).

Timing and frequency. At a minimum, mass balance field
visits should be conducted biannually—one visit at the end of the
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Figure 4. A scientist uses a probe to measure the depth of accumulated
snow on Silver Glacier in North Cascades National Park, Washington.
Photo: North Cascades National Park, 2005.

accumulation season and one at the end of the ablation season
(Kaser et al., 2003). This schedule allows direct measurement of
the magnitude of seasonal accumulation and ablation (Fountain
et al., 1997). Additional visits may be required to inspect and
maintain/replace ablation stakes, particularly in regions where
ice melt exceeds several meters per summer (Kaser et al., 2003).

Equipment and costs. Monitoring glacier mass balance
with the glaciological method is a technique of moderate cost
that requires a high level of specialized training and equipment.
The monitoring technicians should possess a basic understand-
ing of glaciology and snow science, GPS receiver operation, GIS
mapping techniques, and glacier safety. The minimum required
equipment includes: a GIS workstation or topographic map,
GPS receiver, ablation stakes, a steam drill or ice auger, snow
probes, snow density tube, scale, snow shovel, and tape mea-
sure. The necessary computer hardware and GIS software can
be purchased for approximately $2,000 (all amounts herein are
in US$), and a GPS unit will cost a few hundred dollars. The
ablation stakes can be constructed for a few dollars per stake with
materials purchased from a home improvement store. A steam
drill will cost several thousand dollars, while the ice auger option
will cost only a few hundred dollars. The remaining equipment
can be purchased for a few hundred dollars.

Limitations. The glaciological method is an excellent tech-
nique for assessing glacier mass balance; but it does have several
inherent limitations. One potential limitation is that this method
does not account for ablation due to calving (Fountain et al.,
1997). Mass balance calculations on calving glaciers require
the monitoring of the terminus position and glacier velocity to
determine calving rates. A second limitation is that the glacio-
logical method only measures ablation on the glacier surface.
Approximately 90% of ablation occurs on the glacier surface;
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thus it is assumed that the subsurface change is negligible and
can be ignored in the calculations (Mayo, 1992; Riedel and Bur-
rows, 2005). The third limitation is that crevasses or steep terrain
may not allow installation of stakes in a desired arrangement.
Other complications include field visits under adverse weather
conditions, complicated and expensive logistics and labor, and
the slow rate of data acquisition (Kaser et al., 2003).

Interpretation. The glaciological method is considered to
be the most accurate surface-based method to date and provides
highly detailed information on the spatial variation of mass bal-
ance magnitudes. Monitoring glacier mass balance provides
insights into the hydrologic cycle of the glacier and allows a com-
prehensive evaluation of glacier dynamics.

Level Three: Geodetic Mass Balance

Geodetic mass balance is determined by calculating an ice
mass’s volumetric change through time from repeated topo-
graphic surveys of surface elevation and extent (Paterson, 1994).
This technique offers a remote-sensing alternative or comple-
ment to the field-based glaciological method. There are several
acceptable methods for determining the geodetic mass balance
of a glacier, including the use topographic maps, DEMs based
on satellite or aerial imagery, and light detection and ranging
(LIDAR) surveys (Kaser et al., 2003). The aerial photography
method is presented here.

Methodology. The comparison of vertical aerial photogra-
phy with geodetic control from two different time periods pro-
vides an efficient method of assessing changes in the volume of
a glacier. The geodetic mass balance methodology consists of
image acquisition, image scanning and georeferencing, DEM
production, and glacier change calculation. Images are obtained
through vendors or appropriate government agencies specializ-
ing in aerial photography. The acquired images must be of suf-
ficient scale to discern glacier margins from the surrounding ter-
rain and should be taken late in the ablation season (Riedel and
Burrows, 2005). A useful scale for small glaciers, such as those
found in Washington and Oregon, is 1:12,000 scale (Riedel and
Burrows, 2005). The purchased images should be photogram-
matically corrected, georeferenced, used to produce a DEM with
an appropriate grid interval, and delivered in a GIS-compatible
digital format. A grid interval of 25 m was used successfully to
measure the geodetic mass balance of Gulkana Glacier in Alaska
(Cox and March, 2004). Surface elevation change is calculated
using GIS software by subtracting coregistered DEMs from dif-
ferent time horizons (Cox and March, 2004). Refer to Granshaw
(2002) for a detailed procedure for determining surface elevation
changes using a GIS. The net change in glacier mass balance over
the time interval between aerial photos is calculated by multiply-
ing the density of glacier ice by the change in volume (Cox and
March, 2004).

Timing and frequency. Aerial photography flights should
be scheduled to coincide with the late-summer end of the abla-
tion season when the maximum area of snow-free ice is exposed
(Fountainetal., 1997). The interval between photographic surveys
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can range from a few years to a few decades, depending on moni-
toring objectives and financial resources (Cox and March, 2004).
Mapping should be conducted in years of minimal snow because
anomalous late-season snow can obscure the terminus or margins
and make it impossible to accurately determine glacier extent
(Riedel and Burrows, 2005).

Equipment and costs. Monitoring glacier mass balance
changes with aerial photography is an efficient technique that
requires specialized training and equipment. Producing aerial
photographs requires a large capital investment and expert per-
sonnel; therefore images must be purchased from remote-sensing
vendors or obtained from the appropriate government agencies.
The monitoring technician responsible for the analysis should
possess a basic understanding of remote-sensing techniques and
be competent in the use of GIS. The necessary materials and
equipment includes: large-scale, digital, georeferenced images,
derived DEMs, and a GIS workstation. The minimum required
computer hardware and GIS software can be purchased for
approximately $2,000. The cost of the aerial photographs is highly
variable. Depending on the area and scale desired, imagery costs
can range from free image data sets available on the Internet to
over $100,000 for commissioned, custom products. For example,
North Cascades National Park in Washington paid approximately
$70,000 in 1998 to obtain 1:12,000 scale, color, stereo air photos
of the 2800 km? park (Riedel and Burrows, 2005).

Limitations. The geodetic method is an effective technique
for remotely assessing glacier volume change, but it does have
several inherent limitations. The primary limitation of this method
is the high cost of obtaining geodetic-quality aerial imagery (Rie-
del and Burrows, 2005). The second limitation is the potential
error derived from assuming “the density of the material gained
or lost is equal to the density of ice” (Cox and March, 2004). This
assumption may result in overestimating the mass of snow and
firn in the accumulation area. Other complications include errors
from areas of limited photographic contrast (including icefields
with limited relief), and poor DEM registration, typical of the
snow-covered accumulation zones (Arendt et al., 2002; Andreas-
sen, 1999; @strem and Haakensen, 1999).

Interpretation. It is important to note the difference between
this method and the glaciological method because the products
can be confused. The geodetic method produces a volume change
for the entire glacier, which after some assumptions about density,
is converted to mass change. This method provides an important
check on the glaciologic method and should be used in conjunc-
tion with it. The geodetic method does not provide point-specific
mass balance data, such as annual mass balance up a centerline.
For example, a glacier in equilibrium will show zero volume
change and zero elevation change up the centerline. In contrast,
the glaciological method will show increasingly negative mass
balance down glacier from the equilibrium line and increasingly
positive mass balance up glacier. The sum of the glaciologic mass
balance along the centerline would be zero. The difference in
results from the geodetic and glaciologic methods is because the
geodetic method measures the geometric response to changes in
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mass input and output, whereas the glaciologic method measures
the actual input and output.

The greatest utility of the geodetic mass balance method is
in calculating average balances over long periods of time and in
validating the glaciological cumulative mass balance (Singh and
Singh, 2001; Elsberg et al., 2001). This technique can be used to
extend the mass balance record into the past by applying the meth-
odology to historic aerial photography and topographic maps.

Vital Sign 2: Glacier Terminus Position

The glacier terminus position is defined as the physical posi-
tion of the snout of the glacier (Singh and Singh, 2001). Fig-
ure 5 shows the terminus of La Perouse Glacier in Glacier Bay
National Park and Preserve, Alaska. In non-calving glaciers, the
glacier terminus continually adjusts to variations in mass bal-
ance by advancing or retreating; and is useful in validating mass
balance measurements (Fountain et al., 1997; Singh and Singh,
2001). Glacial extent is a critical indicator of climate change;
therefore, monitoring changes in terminus position provides use-
ful data for understanding the impact of climate change on water
resources and ecosystem evolution (Kaser et al., 2003; Fountain
et al., 1997; Huybrechts et al., 1989). Additionally, past termi-
nus positions can be reconstructed from historic photographs and
terminal or recessional moraines to understand changes in past
climate (Kaser et al., 2003; Porter, 1977; Meierding, 1982; Rod-
bell, 1992).

Level One: Repeat Photography

Repeat photography is a useful tool for documenting
changes of glacier terminus position. Based on landmarks in the
photograph, the glacier terminus position can be approximated
and sketched on a map. Photo pairs or sequences of images pro-
vide visual representation of glacier change over time, and the

Figure 5. The terminus of La Perouse Glacier on the outer-coast of
Glacier Bay National Park and Preserve, Alaska. Photo: R.D. Karpilo
Jr., 2003.
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mapped terminus positions can be used to estimate changes in
glacier length and area.

Methodology. Repeat photography methodology for moni-
toring a glacier terminus position consists of photo site selection
and establishment, photography, and terminus plotting. The two
options for selecting a photo site are to establish a new site or to
reoccupy the site of an historic photograph. Figures 6 and 7 pres-
ent an example of a photo pair utilizing historical photography.
Reoccupying a previous photo location is preferable if a quality
historic photograph of the glacier exists and was taken from an
acceptable location. The following criteria should be considered
when evaluating a potential photo site: current and future view
of the glacier terminus, accessibility, repeatability, and poten-
tial hazards. The photo site can be permanently established by
installing a fence post, rebar stake, or expansion bolt and washer,
or by selecting a suitable natural feature, such as a boulder, as a
marker. The position of the site marker is recorded with a GPS
receiver and plotted on a map. The photo site is photographed and

Figure 6. Glacier in the Teklanika River Valley in Denali National Park
and Preserve, Alaska in 1919. Photo: S.R. Capps, U.S. Geological Sur-
vey, 1919.

Figure 7. Glacier in the Teklanika River Valley in Denali National Park
and Preserve, Alaska in 2004. Photo: R.D. Karpilo Jr., 2004.
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a written description of the location is recorded to assist in relo-
cating the site in the future. The tripod and camera is positioned at
the marked location and several images with bracketed exposures
are captured. A field notebook is used to record the photo direc-
tion, tripod height, lens focal length, camera data, date and time,
weather conditions, and other observations. For detailed informa-
tion about photographic monitoring field methods and techniques
see Hall (2002), Jorgenson et al. (2006), and National Park Ser-
vice (2006). The photographs are used to visually estimate and
plot the terminus position on a map, or they are digitally captured
using GIS software. If a DEM of the glacier and surrounding area
is available, the oblique photographs can be georeferenced to the
DEM and the terminus position of the glacier can be precisely
digitized using GIS software. See Corripio (2004) for detailed
instructions for georeferencing oblique photographs to DEMs.

Timing and frequency. Repeat photography visits should be
conducted on days with favorable weather and good visibility and
should coincide with the late-summer end of the ablation season
when the maximum area of snow-free ice is exposed (Fountain
et al.,, 1997). Under ideal circumstances, terminus monitoring
and mapping should occur on an annual basis. If yearly photog-
raphy is not practical, monitoring should generally occur on a
five- to ten-year schedule. It is important to note that the terminus
position of calving glaciers can change significantly over a brief
period and may require a shorter (one- to five-year) monitoring
interval (Post, 1975). Conversely, a longer (five- to ten-year)
monitoring interval may be adequate for small cirque glaciers
(Fountain et al., 1997). If significant changes are observed dur-
ing the interim period between monitoring visits, a more frequent
monitoring schedule may be appropriate.

Equipment and costs. Monitoring glacier terminus change
with repeat photography is an economical technique that requires
little specialized training and equipment. The monitoring techni-
cian should possess a basic understanding of photographic tech-
niques, GPS operation, and map reading skills. Knowledge of GIS
is helpful for basic analysis but is not required. Advanced GIS
skills are necessary to georeference the photographs to a DEM
and perform the data analysis. The necessary equipment includes
a digital camera, tripod, compass, GPS receiver, field notebook,
and topographic map. See National Park Service (2006) for a
detailed equipment list. Other useful equipment includes a tape
measure, hammer, hand drill, expansion bolts and washers, steel
fence posts or concrete rebar stakes, GIS workstation, and a DEM
of the glacier and surrounding area (Hall, 2002). The required
equipment is widely available and can be purchased from con-
sumer home improvement or photographic supply stores for a
few hundred dollars.

Limitations. The primary limitation of this method is that
unless the photograph is georeferenced to a DEM, it is an approx-
imation of the terminus position based on the interpretation of
the monitoring technician, rather than an unbiased and precise
measurement.

Interpretation. Interpretations from this monitoring tech-
nique require the comparison of a minimum of two mapped
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terminus positions. For this reason it is beneficial to reoccupy
a site of an existing historical photograph. This approach facili-
tates future analysis, but also allows an immediate assessment
of past changes with only one monitoring visit. Changes in gla-
cier terminus position generally result in changes in glacier area
(Fountain et al., 1997). Therefore, it is logical to assume that if
the glacier advances, the surface area has also increased; if the
glacier retreats, the surface area has decreased. It is possible to
crudely estimate volume changes based on changes in the ter-
minus position, but caution must be exercised, as a glacier may
advance and increase surface area without changing volume.
Similarly, a glacier with insulating debris covering the terminus
may thin without a corresponding retreat of the terminus. Using
the photo pairs to quantify glacier change is the primary goal of
this method, but the anecdotal and educational value of the photo
pairs themselves should not be overlooked.

Level Two: Survey Terminus with GPS

Surveying the position of a glacier terminus with GPS is
a simple but effective method of monitoring glacier terminus
change. Depending on the access and size of the glacier and the
mapping precision required, the terminus is mapped either by
walking or flying along the snout of the glacier with the GPS
receiver recording a track log, or by surveying with a laser
range finder and a GPS, using offset mapping techniques. The
comparisons of mapped terminus positions over time provide
a record of glacier change and can be used to calculate changes
in glacier length and area and provide insights into changes in
glacier volume.

Methodology. The methodology for monitoring glacier
terminus change with GPS mapping consists of data collec-
tion, post-processing, and GIS analysis. If the glacier terminus
is safe and accessible by foot, data collection consists of map-
ping the position of the terminus by recording a GPS track log
while walking along the glacier terminus. A similar technique
can be employed on large glaciers by flying along the terminus
in a helicopter while recording a GPS track log. Alternatively,
glaciers with inaccessible termini may be surveyed from a safe
location by performing offset mapping using a laser range finder
in conjunction with a GPS unit. If the GPS receiver supports real-
time differential correction, it should be employed during data
collection. After the GPS data is collected, it is downloaded to a
computer and differentially corrected using data collected simul-
taneously at a GPS base station. Post-processing the GPS data
reduces errors, including the signal degrading effects of the atmo-
sphere, and improves the accuracy of the data. Positional accu-
racy of differentially corrected data is generally less than 5 m.
Data is imported into the GIS for inspection and quality control.
Any points that severely deviate from the general trend of the
track log and represent obvious errors should be removed from
the data set. The GPS points collected in the track log are used to
construct a line representing the terminus position of the glacier.
The GIS is used to compare the current terminus position with
those collected in previous and subsequent years.
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Timing and frequency. Terminus mapping visits should be
conducted at the late-summer end of the ablation season when
the maximum area of snow-free ice is exposed (Fountain et al.,
1997). Under ideal circumstances, terminus monitoring and map-
ping should occur on an annual basis. If yearly field visits are not
practical, monitoring should generally occur on a five- to ten-
year schedule. It is important to note that the terminus position
of calving glaciers can change significantly over a brief period
and may require a shorter (one- to five-year) monitoring interval
(Post, 1975). Conversely, a longer (five- to ten-year) monitor-
ing interval may be adequate for small cirque glaciers (Foun-
tain et al., 1997). If significant changes are observed during the
interim period between mapping visits, a more frequent monitor-
ing schedule may be appropriate.

Equipment and costs. Monitoring glacier terminus changes
with GPS mapping is a technique of moderate cost that requires
a moderate level of specialized training and equipment. The
monitoring technician should possess an understanding of GPS
and GIS mapping techniques. The minimum required equipment
includes a GIS workstation and consumer-grade GPS receiver. If
high-precision results are desired, a survey-grade GPS receiver
and base station are necessary. The necessary computer hardware
and GIS software can be purchased for approximately $2,000;
consumer-grade GPS receivers are widely available and can be
purchased from electronic and outdoor equipment stores for a
few hundred dollars. A survey-grade GPS system and a laser
range finder will cost several thousand dollars.

Limitations. The primary limitation of ground-based GPS
mapping is that it is highly labor intensive and inefficient for
monitoring a large number of glaciers. Another limitation is that
the glacier terminus can be an inaccessible and dangerous place.
Hazards include icefalls, calving events, rockfall, and stream
crossings. These issues can sometimes be mitigated through the
technique of offset mapping with a laser range finder and a GPS
unit. Glaciers with debris-covered termini pose a substantial chal-
lenge for mapping. It can be difficult to discern debris-covered ice
from the surrounding terrain. It may also be difficult to differenti-
ate stagnant ice from active ice. Data collectors should also be
aware that poor GPS signal reception is commonly encountered
in narrow valleys and other terrain with a limited view of the sky.
An additional consideration is that it is important to perform the
monitoring near the end of the ablation season.

Interpretation. Interpretations from this monitoring tech-
nique require the comparison of a minimum of two mapped ter-
minus positions. The first data collection season will establish a
baseline for future comparison. The use of the GIS for data analy-
sis facilitates calculating changes in glacier length and estimating
changes in glacier area using the mapped terminus positions. It is
possible to estimate volume changes based on changes in glacier
surface area; however, as mentioned in the previous section, cau-
tion must be exercised, as it is possible for a glacier to change in
volume without a corresponding change in terminus. The great-
est utility of this method is the ability to identify general trends
and estimate rates of glacier change.
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Level Three: Aerial Photos or Satellite Images

Vertical aerial photographs and satellite images are a highly
efficient tool for documenting changes of glacier terminus posi-
tions (Fountain et al., 1997). Remote-sensing techniques allow
the monitoring of a large number of glaciers without the effort
associated with field-based techniques. Additionally, historic
aerial photos or satellites images of glaciers are often available,
extending the terminus monitoring record into the past. Histori-
cal sequences of images provide a visual representation of gla-
cier change over time, and are useful for communicating glacier
change to diverse audiences. Glacier terminus positions can be
digitized from georeferenced images using a GIS. The digitized
terminus positions are then used to quantify changes in glacier
length and area.

Methodology. Vertical aerial photography and satellite imag-
ery with ground control “provides a quantitative base for accurate
mapping of surface features” (Granshaw, 2002). The methodol-
ogy consists of image acquisition, image scanning and georef-
erencing, and glacier terminus digitizing. Images are obtained
through vendors or appropriate government agencies specializ-
ing in aerial photography or satellite imagery (examples include
Landsat, ASTER, or IKONOS). The acquired images must be
of sufficient resolution to discern glacier margins from the sur-
rounding terrain and must be taken late in the ablation season
(Riedel and Burrows, 2005). A useful scale for small glaciers,
such as those found in North Cascades National Park in Wash-
ington, is 1:12,000 scale (Riedel and Burrows, 2005). Larger gla-
ciers like the tidewater glaciers located in Southeast Alaska can
be photographed at larger scales. The purchased images should
be georeferenced and delivered in a GIS-compatible digital for-
mat. Once the images are loaded into the GIS, the spatial posi-
tion of the glacier terminus is recorded using manual, on-screen
digitizing techniques (Riedel and Burrows, 2005).

Timing and frequency. According to Fountain et al. (1997),
satellite or aerial photographic surveys should occur “late in the
summer so the terminus will be in its most retracted position;
the transient snowline nearest its final, seasonal position; and the
accumulation-area ratio at its seasonal minimum.” The satellite
or aerial surveys should generally be conducted on a five- to ten-
year schedule. It is important to note that the terminus position
of calving glaciers can change significantly over a brief period
and may require a shorter (one- to five-year) monitoring interval
(Post, 1975). Conversely, a longer (five- to ten-year or longer)
monitoring interval may be adequate for small cirque glaciers
(Fountain et al., 1997). If significant changes are observed dur-
ing the interim period between surveys, a more frequent schedule
may be appropriate.

Equipment and costs. Monitoring glacier terminus changes
with aerial photography or satellite images is an efficient tech-
nique that requires highly specialized training and equipment.

The costs associated with this technique are directly related
tothe size of the area covered and the desired resolution of the imag-
ery. Producing aerial photographs and satellite images requires a
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large capital investment and expert personnel; therefore, images
must be purchased from remote-sensing vendors or produced
by appropriate government agencies. The monitoring technician
should possess a basic understanding of remote-sensing tech-
niques and be competent in the use of GIS. The necessary mate-
rials and equipment includes large-scale, digital, georeferenced
images and a GIS workstation. The required computer hardware
and GIS software can be purchased for approximately $2,000.
The cost of the aerial photographs or satellite images is highly
variable. Depending on the area and scale desired, imagery costs
can range from free image data sets available on the Internet to
over $100,000 for custom products.

Limitations. In many cases, the primary limitation of this
method is the high cost of obtaining large-scale satellite or aerial
imagery (Williams et al., 1991). Aerial imagery of mountainous
environments often contains shadowed areas that may conceal
glacial margins, making it difficult to interpret the glacial bound-
ary. Debris-covered glaciers pose a substantial challenge for map-
ping, as it can be difficult to discern debris-covered ice from the
surrounding terrain. Additionally, it is important to differentiate
between stagnant ice and the active ice terminus. Another issue is
timing; it is important to acquire the satellite or aerial photography
late in the ablation season, but before the first snowfall of winter.

Interpretation. Interpretations from this monitoring tech-
nique require the comparison of a minimum of two mapped ter-
minus positions. If no historical aerial imagery exists, the first
digitized data set will establish a baseline for future comparison,
and may be useful for comparisons with historic terminus posi-
tions derived from terminal moraines. The use of the GIS for
data analysis facilitates the comparison of the mapped terminus
positions and aids in the quantification of glacier change by cal-
culating changes in glacier length and estimating changes of gla-
cier area. This method allows the efficient monitoring of future
glacier change over large areas and the ability to systematically
integrate historic imagery to identify past trends.

Vital Sign 3: Glacier Area

Monitoring changes in glacier area is important because it
generally provides a direct measure of glacier advance and retreat
and the associated creation or destruction of terrestrial and aquatic
habitats (Riedel and Burrows, 2005). Measuring the surface area
of a glacier is critical for calculating glacier mass balance, identi-
fying the location of the ELA, and calculating accumulation-area
ratios. Monitoring changes in glacier area provides an indicator
linking the response of glacier length to changes in mass balance
(Kaser et al., 2003). Documenting long-term trends of glacier
area change provides a good index for understanding local cli-
matic changes.

Level One: Repeat Photography
Repeat photography is a useful tool for documenting
changes in glacier area. The position of the glacier margin can
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be approximated based on landmarks in the photograph, and then
sketched on a map. Photo pairs or sequences of images provide
visual representation of glacier change, and the mapped area can
be used to quantify changes and identify trends in glacier length,
width, and area.

Methodology. The methodology consists of photo site selec-
tion and establishment, photography, and glacier margin plotting.
The two options for selecting a photo site are to establish a new
site or to reoccupy the site of an historic photograph. Reoccupy-
ing a previous photo location is preferable if a quality historic
photograph of the glacier exists and was taken from an accept-
able location. The following criteria should be considered when
evaluating a potential photo station: current and future view of
the glacier margins, accessibility, repeatability, and potential haz-
ards. The photo station can be established by installing a fence
post, rebar stake, or expansion bolt and washer, or by selecting
a suitable natural feature, such as a boulder, as a marker. The
position of the site marker is recorded with a GPS receiver and
marked on a map. The photo site is photographed and a writ-
ten description of the location is recorded to assist in relocating
the site in the future. The tripod and camera is positioned at the
marked location and several images with bracketed exposures
are captured. Figure 8 illustrates a typical photo station. A field
notebook is used to record the photo direction, tripod height,
lens focal length, camera data, exposure number, date and time,
weather conditions, and other observations. For detailed informa-
tion about photographic monitoring field methods and techniques
see Hall (2002), Jorgenson et al. (2006), and National Park Ser-
vice (2006). Large glaciers may require several photo stations for
complete coverage. In the office, the photographs are used to plot
the estimated glacier margin positions on a map or are digitized
using GIS software. If a DEM of the glacier and surrounding area
is available, the oblique photographs can be georeferenced to the
DEM and the area of the glacier can be precisely digitized using

Figure 8. Repeat photography of the Muldrow Glacier in Denali
National Park and Preserve. Photo: G.W. Adema, Denali National Park
and Preserve, 2004.
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GIS software. See Corripio (2004) for detailed instructions for
georeferencing oblique photographs to DEMs.

Equipment and costs. Monitoring glacier area changes with
repeat photography is an economical technique that requires
little specialized training and equipment. The monitoring techni-
cian should possess a basic understanding of photographic tech-
niques, GPS operation, and map reading skills. Knowledge of
GIS is helpful for basic analysis but not required. Advanced GIS
skills are required to georeference the photographs to a DEM and
perform the data analysis. The necessary equipment includes a
digital camera, tripod, compass, GPS receiver, field notebook,
and topographic map. See National Park Service (2006) for a
detailed equipment list. Other useful equipment includes a tape
measure, hammer, hand drill, expansion bolts and washers, steel
fence posts or concrete rebar stakes, GIS workstation, and a DEM
of the glacier and surrounding area (Hall, 2002). The required
equipment is widely available and can be purchased from con-
sumer home improvement or photographic supply stores for a
few hundred dollars.

Timing and frequency. Repeat photography visits should
be conducted on days with favorable weather and good visibil-
ity and should coincide with the late-summer end of the abla-
tion season when the maximum area of snow-free ice is exposed
(Fountain et al., 1997). Under ideal circumstances, glacier surface
area monitoring and mapping should occur on an annual basis. If
yearly photography is not practical, monitoring should generally
occur on a five- to ten-year schedule. It is important to note that
the area of calving glaciers can change significantly over a brief
period and may require a shorter (one- to five-year) monitoring
interval (Post, 1975). Conversely, a longer (five- to ten-year)
monitoring interval may be adequate for small cirque glaciers
(Fountain et al., 1997). If significant changes are observed dur-
ing the interim period between monitoring visits, a more frequent
monitoring schedule may be appropriate.

Limitations. The primary limitation of this method is that
unless the photograph is georeferenced to a DEM, it is only an
approximation of the area, based on the interpretation of the mon-
itoring technician rather than an unbiased and precise measure-
ment. Potential sources of errors are the “measurement of areas
covered by snow or debris, and improperly located ice divides”
(Riedel and Burrows, 2005).

Interpretation. Interpretations from this monitoring tech-
nique require the comparison of a minimum of two mapped
glacier areas. For this reason it is beneficial to reoccupy sites of
existing historical photographs. This approach facilitates future
analysis, but also allows an immediate assessment of past changes
with only one monitoring visit. It is possible to crudely estimate
volume changes based on changes in glacier surface area, but
caution must be exercised, as it is possible for a glacier to change
in surface area without changing volume. Using the photo pairs
to quantify glacier change is the primary goal of this method, but
the anecdotal and educational value of the photo pairs themselves
should not be overlooked.
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Level Two: Survey Area with GPS

Surveying the surface area of a glacier with GPS is a simple
but effective method of monitoring glacier change. Depending
on the access and size of the glacier and desired mapping preci-
sion, the glacier area is mapped either by walking or flying in a
helicopter along the margin of the glacier with the GPS receiver
recording a track log, or by surveying with a laser range finder
and a GPS using offset mapping techniques. The comparisons of
mapped glacier areas over time provide a quantitative record of
glacier change.

Methodology. The methodology for monitoring glacier
area change with GPS mapping consists of data collection, post-
processing, and GIS analysis. Data collection involves visiting
the glacier and recording a GPS track log while walking the mar-
gin of the glacier. The area of large tide-water glaciers or other
glaciers that are inaccessible or dangerous can be mapped in a
similar fashion by recording a GPS track log while flying along
the margin in a helicopter. Alternatively, some glaciers with inac-
cessible margins can be surveyed from a safe location by perform-
ing offset mapping using a laser range finder in conjunction with
a GPS unit. If the GPS receiver supports real-time differential-
correction it should be employed during data collection. After the
GPS data is collected, it is downloaded to a computer and differ-
entially corrected using data collected simultaneously at a GPS
base station. Post-processing the GPS data mitigates the signal-
degrading effects of the atmosphere and improves the accuracy
of the data. Positional accuracy of differentially corrected data is
generally less than 5 m. Data should be imported into the GIS for
inspection and quality control. Any points that severely deviate
from the general trend of the track log and/or represent obvious
error should be removed from the data set. The GPS points col-
lected in the track log are used to construct a polygon represent-
ing the area of the glacier. The GIS is used to compare the current
area with data collected in previous and subsequent years. Using
these techniques, changes in glacier length and area can be quan-
tified and monitored.

Timing and frequency. Area mapping visits should be
made in late summer near the end of the ablation season when
the maximum area of snow-free ice is exposed (Fountain et al.,
1997). Under ideal circumstances, area mapping should occur
on an annual basis. If yearly mapping is not practical, monitor-
ing should generally occur on a five- to ten-year schedule. It is
important to note that the area of calving glaciers can change
significantly over a brief period and may require a shorter (one-
to five-year) mapping interval (Post, 1975). Conversely, a longer
(five- to ten-year) monitoring interval may be adequate for small
cirque glaciers (Fountain et al., 1997). If significant changes are
observed during the interim period between mapping visits, a
more frequent monitoring schedule may be appropriate.

Equipment and costs. Monitoring glacier area changes with
GPS mapping is a technique of moderate cost that requires a
moderate level of specialized training and equipment. The moni-
toring technician should possess an understanding of GPS and
GIS mapping techniques. The minimum required equipment
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includes a GIS workstation and consumer-grade GPS receiver.
If high-precision results are desired, a survey-grade GPS receiver
and base station are necessary. The necessary computer hardware
and GIS software can be purchased for approximately $2,000;
consumer-grade GPS receivers are widely available and can be
purchased from electronic stores for a few hundred dollars. A
survey-grade GPS system and a laser range finder will cost sev-
eral thousand dollars.

Limitations. The primary limitation of ground-based GPS
mapping is that it is highly labor intensive and inefficient for
monitoring a large number of glaciers or glaciers that are large
in area. Another limitation is that glacier margins can be inac-
cessible and dangerous. Hazards include icefalls, calving events,
rockfall, and stream crossings. These issues can sometimes be
mitigated through the use of aircraft, but aerial GPS mapping is
costly and lacks the precision of a ground-based survey. Glaciers
with debris-covered termini, like the Kahiltna Glacier in Fig-
ure 9, pose a substantial challenge for mapping. It can be difficult
to discern debris-covered ice from the surrounding terrain. It may
also be difficult to differentiate stagnant ice from active ice. Data
collectors should also be aware that poor GPS signal reception is
commonly encountered in narrow valleys and other terrain with a
limited view of the sky. An additional issue is timing; it is impor-
tant to conduct the monitoring near the end of the ablation season
but before the first snowfall.

Interpretation. Interpretations from this monitoring tech-
nique require the comparison of a minimum of two mapped gla-
cier areas. The first data collection season will establish a base-
line for future comparison. The use of the GIS for data analysis
facilitates the calculation of changes in glacier length and area. It
is possible to crudely estimate volume changes based on changes
in glacier surface area, but caution must be exercised, as it is pos-
sible for a glacier to increase or decrease surface area without
changing volume.

Figure 9. The debris-covered terminus of the Kahiltna Glacier in Denali
National Park and Preserve. Photo: R.D. Karpilo Jr., 2004.
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Level Three: Aerial Photos or Satellite Images

Vertical aerial photographs and satellite images are a highly
efficient tool for documenting changes of glacier area (Fountain
et al., 1997). Remote-sensing techniques allow the monitoring
of a large number of glaciers without the effort associated with
field-based techniques. Historical sequences of images provide a
visual representation of glacier change over time and are useful
for communicating glacier change to diverse audiences. Glacier
areas can be digitized from georeferenced images using a GIS.
The first set of digitized areas can be compared to measurements
from subsequent years to identify trends and quantify rates of
changes in glacier length and area.

Methodology. Vertical aerial photography and satellite
imagery with ground control “provides a quantitative base for
accurate mapping of surface features” (Granshaw, 2002). The
methodology consists of image acquisition, image scanning and
georeferencing, and glacier area digitizing. Images are obtained
through vendors or appropriate government agencies specializing
in aerial photography or satellite imagery. The acquired images
should be of sufficient scale to discern glacier margins from the
surrounding terrain and must be taken late in the ablation season,
before the first snowfall (Riedel and Burrows, 2005). A useful
scale for small glaciers, such as those found in Washington, is
1:12,000 scale (Riedel and Burrows, 2005). Larger glaciers like
the tidewater glaciers located in Southeast Alaska can be photo-
graphed at larger scales. The purchased images should be georef-
erenced and delivered in a GIS-compatible digital format. Once
the images are loaded into the GIS, the spatial position of the
glacier area is recorded as a polygon, using manual, on-screen
digitizing techniques (Riedel and Burrows, 2005). Figures 10
and 11 show a Landsat TM-7 image of the Kahiltna Glacier and
the digitized glacier and perennial snow polygons.

Timing and frequency. According to Fountain et al. (1997)
satellite or aerial photographic surveys should occur “late in the
summer so the terminus will be in its most retracted position;
the transient snowline nearest its final, seasonal position; and the
accumulation-area ratio at its seasonal minimum.” The satellite
or aerial surveys should generally be conducted on a five- to ten-
year schedule. It is important to note that the terminus position
of calving glaciers can change significantly over a brief period
and may require a shorter (one- to five-year) monitoring interval
(Post, 1975). Conversely, a longer (five- to ten-year or longer)
monitoring interval may be adequate for small cirque glaciers
(Fountain et al., 1997). If significant changes are observed dur-
ing the interim period between surveys, a more frequent schedule
may be appropriate.

Equipment and costs. Monitoring glacier area changes with
aerial photography or satellite images is an efficient technique
that requires highly specialized training and equipment. Produc-
ing aerial photographs and satellite images requires a large capi-
tal investment and expert personnel; therefore, images must be
obtained from remote-sensing vendors or the appropriate govern-
ment agencies. The monitoring technician should possess a basic
understanding of remote-sensing techniques and be competent in
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the use of GIS. The necessary materials and equipment includes
large-scale, digital, georeferenced images and a GIS workstation.
The required computer hardware and GIS software can be pur-
chased for approximately $2,000. The cost of the aerial photo-
graphs or satellite images is highly variable. Depending on the
area and scale desired, imagery costs can range from free images
available on the Internet to over $100,000 for custom products.

Limitations. The primary limitation of this method is the high
cost of obtaining large-scale satellite or aerial imagery (Williams
et al., 1991). Aerial imagery of mountainous environments often
contains shadowed areas that may conceal glacial margins, mak-
ing it difficult to interpret the glacial boundary. Debris-covered
glaciers pose a substantial challenge for mapping, as it can be
difficult to discern debris-covered ice from the surrounding ter-
rain. Additionally, it is important to define where the stagnant ice
ends and the active ice terminus begins. It is important that the
satellite or aerial photography survey occur late in the ablation
season before the first snowfall of winter.

Interpretation. Interpretations from this monitoring tech-
nique require the comparison of a minimum of two mapped gla-
cier areas. If no historical aerial imagery exists, the first digitized
data set season will establish a baseline for future comparison.
The use of the GIS for data analysis facilitates the comparison of
the mapped areas and allows the quantification of glacier change
by calculating changes in glacier length and area. The greatest
utility of this method is the ability to identify quantifiable trends
and rates of glacier change.

Vital Sign 4: Glacier Surface Velocity

Glacier surface velocity is a measure of the rate at which a
glacier is moving downhill under the influence of gravity, through
the processes of sliding on its bed and internal deformation of the
ice (Singh and Singh, 2001). Generalized, singular velocities are
often presented for entire glaciers, but it is wrong to imagine the
motion of the glacier to be like that of a train, uniformly descend-
ing a mountain pass. On the contrary, the nature of glacier move-
ment is temporally and spatially variable.

Glacier movement is analogous to the internal motion of
water in a river; in which the friction of the bed and the banks
reduces the water velocity relative to the faster, unimpeded
water near the surface centerline of the main channel. Glaciers
typically behave in a similar fashion; the velocity of a glacier
is greatest at the surface along the centerline and least near the
valley walls and floor, where flow is inhibited by friction (Singh
and Singh, 2001). Changes in gradient along the glacier profile
results in variable flow velocities. Steep gradients, such as those
found at icefalls, yield the highest flow rates. Typical valley gla-
ciers have surface velocities ranging from 10 to 200 m yr~! for
most of their length, while icefalls may have rates as high as 1 or
2 km yr~! (Singh and Singh, 2001). During the quiescent phase,
surging glaciers may have a velocity consistent with non-surging
glaciers (10-200 m yr™) until interrupted by short periods of
rapid advance. Rates of up to 100 m d~! were observed during
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Figure 10. Landsat Thematic Mapper 7
(TM-7) satellite image of the terminus of
the Kahiltna Glacier in Denali National
Park and Preserve, Alaska. Image: Denali
National Park and Preserve, 2000.

Figure 11. Polygons representing the
glacier and perennial snow cover of the
Kahiltna Glacier and the surrounding
area were digitized from a 2000 Land-
sat TM-7 satellite image. Image: R.D.
Karpilo Jr., 2005.
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the 1993 surge of Bering Glacier in Alaska (Molnia, 1993).
Glacier movement is seasonal, with the highest flow velocities
coinciding with warmer ice temperatures and increased presence
of basal meltwater during the summer (Knight, 1999). A few
glaciers exhibit summer velocities that are twice as fast as their
winter rates (Singh and Singh, 2001).

“The fact that glaciers move is critical to the hydrologic
cycle, the functioning of the ocean/atmospheric system, and to
all geological and geomorphological phenomena that arise from
glaciation” (Knight, 1999). Monitoring glacier movement pro-
vides an important link between fluctuations in mass balance and
the corresponding changes in glacier geometry (Fountain et al.,
1997). The rate of glacier flow determines how quickly mass is
redistributed and is an important factor in determining whether
the glacier is advancing or retreating (Hooke, 2005).

Increases in the climatic variables of temperature and pre-
cipitation can affect glacier velocity. An increase in air tempera-
ture increases ice temperature; which correspondingly reduces
the ice viscosity and increases glacier velocity. Increasing the
air temperature increases the volume of basal meltwater, which
reduces basal friction and increases glacier velocity. If precipita-
tion increases, the ice thickness also increases, which can result
in increased glacier velocity.

Level One: Repeat Photography

Repeat photography is a useful tool for determining the gen-
eral surface velocity of a glacier. Based on landmarks in the pho-
tograph, the position of natural targets on the glacier surface can
be approximated and plotted on a map. The change in distance of
the location of the target in the photo pairs, and the known inter-
val of time between images can be used to calculate the surface
velocity of the glacier at the target location.

Methodology. The methodology for using repeat photog-
raphy for monitoring glacier surface velocity consists of photo
station selection and establishment, photography, target plotting,
and velocity calculation. It is critical to select a photo station with
a view of a recognizable natural feature, such as a large boul-
der or landslide debris, on the glacier surface. Figure 12 shows
large lobes of landslide debris on the surface of the Buckskin
Glacier in Denali National Park and Preserve in Alaska. It may
be possible to utilize a photo station previously established for
monitoring the glacier terminus or area, if an identifiable natural
feature is visible from this location. The following criteria should
be considered when evaluating a potential photo site: current and
future view of the natural feature and fixed reference landmarks,
accessibility, repeatability, and potential hazards. The photo site
can be permanently established by installing a fence post, rebar
stake, or expansion bolt and washer, or by selecting a suitable
natural feature such as a boulder as a marker. The position of
the site marker is recorded with a GPS receiver and marked on
a map. The photo site is photographed and a written description
of the location is recorded to assist in relocating the site in the
future. The tripod and camera are positioned at the marked loca-
tion and several images with bracketed exposures are captured. A
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Figure 12. Landslide debris on the surface of the Buckskin Glacier in
Denali National Park and Preserve in Alaska. Photo: R.D. Karpilo Jr.,
2004.

field notebook is used to record the photo direction, tripod height,
lens focal length, camera information, exposure number, date and
time, weather conditions, and other observations. For detailed
information about photographic monitoring field methods and
techniques see Hall (2002), Jorgenson et al. (2006), and National
Park Service (2006). The photograph is used to plot the position
of the natural target feature on a topographic map or is digitized
using GIS software. If a DEM of the glacier and surrounding area
is available, the oblique photographs can be georeferenced to the
DEM and the location of the target can be precisely digitized
using GIS software. See Corripio (2004) for detailed instructions
for georeferencing oblique photographs to DEMs. After the pre-
scribed interval, the photo station must be reoccupied and the
target re-photographed from the same camera position. Calculat-
ing the surface velocity is achieved by dividing the change in
distance of the natural target (measured on the map or calculated
using the GIS) by the change in time between the photos. The
calculated velocity can be presented on a topographic map as a
vector representing the magnitude and direction of the measure-
ment (Singh and Singh, 2001).

Timing and frequency. Repeat photography visits must be
scheduled when the natural target is snow-free and easily visible.
Under ideal circumstances, a camera with an intervalometer can
be permanently fixed at the photo station, capturing time-lapse
images at a rate of one or two frames per day. In many cases a per-
manent camera may not be practical; therefore, weekly, monthly,
or annual photo station visits may be appropriate.

Equipment and costs. Monitoring glacier velocity with
repeat photography is an economical technique that requires
little specialized training and equipment. The monitoring techni-
cian should possess a basic understanding of photographic tech-
niques, GPS operation, and map reading skills. Knowledge of
GIS is helpful for basic analysis but not required. Advanced GIS
skills are required to georeference the photographs to a DEM and
perform the data analysis. The necessary equipment includes a
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digital camera, tripod, compass, GPS receiver, field notebook,
and topographic map. See National Park Service (2006) for a
detailed equipment list. Other useful equipment and supplies
includes a weather-proof camera housing, tape measure, ham-
mer, hand drill, expansion bolts and washers, steel fence posts or
concrete rebar stakes, GIS workstation, and a DEM of the gla-
cier and surrounding area (Hall, 2002). The required equipment
is widely available and can be purchased from consumer home
improvement or photographic supply stores for a few hundred
dollars. A basic GIS workstation can be purchased for approxi-
mately $2,000.

Limitations. Using repeat photography to monitor glacier
surface velocity has many limitations. The primary limitations of
this method are that monitoring is restricted to glaciers with easily
identifiable, natural targets, and that measurements are limited to
a few sample locations on each glacier. Each monitoring loca-
tion has fixed life span because the natural target will eventually
move down the glacier and out of the field of view of the camera
station or reach terminus of the glacier and stop moving. Other
limitations are that measurements must be made during the snow-
free summer season and are restricted to the ablation zone, due to
year-round snow coverage of potential natural targets in the accu-
mulation zone. Finally, unless the photograph is georeferenced to
a DEM, plotting the position of the natural target on the map is
an approximation based on the interpretation of the monitoring
technician rather than an unbiased and precise measurement.

Interpretation. The results of this monitoring technique
should be judiciously interpreted due to the many limitations
previously presented. The paucity of data produced with this
method precludes an in-depth analysis of ice dynamics, but may
provide a useful indication of the dynamic response of the glacier
to changes in mass balance (Kaser et al., 2003).

Level Two: GPS Survey

Surveying the position of artificial targets on the surface of a
glacier with GPS is a simple but highly precise method of moni-
toring glacier surface velocity. This technique requires installing
velocity stakes on the glacier surface and repeatedly surveying
the position of the stakes using high-precision GPS. The change
in distance of the location of the velocity stake and the known
interval of time between surveys can be used to calculate the sur-
face velocity of the glacier at the target location.

Methodology. The methodology for monitoring surface
velocity with GPS surveying consists of velocity stake installa-
tion, data collection, post-processing, and velocity calculation.
A convenient alternative to installing new stakes specifically
for glacier velocity monitoring is to utilize stakes installed for
mass balance monitoring (Kaser et al., 2003). If mass balance
stakes are not available, velocity stakes must be installed by
drilling a small diameter hole several meters deep with a steam
drill or ice auger and inserting the velocity stake. Data collection
involves recording a precise location of the velocity stake using
a survey-grade GPS receiver. Figure 13 shows a high-precision
GPS receiver mounted to a mass balance monitoring stake. To

Figure 13. A high-precision GPS receiver is mounted to a stake drilled
in to the glacier surface. Photo: A. Bucki, Denali National Park and
Preserve, 2003.

maximize precision, the position of the lowest exposed portion of
the stake should be used for the measurement (Kaser et al., 2003).
If the GPS receiver supports real-time differential-correction it
should be employed during data collection. After the GPS data
is collected, it is downloaded to a computer and differentially
corrected using data collected simultaneously at a GPS base sta-
tion. Post-processing the GPS data mitigates the signal degrad-
ing effects of the atmosphere and improves the accuracy of the
data. Positional accuracy of differentially corrected data collected
with a survey-grade GPS receiver is generally within a few centi-
meters (Vadon and Berthier, 2004). At this point, data should be
imported into the GIS for inspection and quality control. After the
prescribed interval, the velocity stake must be resurveyed. Calcu-
lating the surface velocity requires dividing the change in distance
of the velocity stake (calculated using the GIS) by the change in
time between surveys. The calculated velocity can be presented
on a topographic map as a vector representing the magnitude and
direction of the measurement (Singh and Singh, 2001).

Timing and frequency. Glacier velocity surveys may be
scheduled for any time of the year; however, winter surveys in
many locations may be difficult and dangerous to access due to
severe weather and avalanche conditions. If high-resolution data
are desired, it is possible to program the GPS receiver to continu-
ously record positions and leave it running at the survey location
for a predetermined length of time. In many cases continuous
position logging may not be practical; therefore weekly, monthly,
or annual survey visits may be appropriate.

Equipment and costs. Monitoring glacier velocity with GPS
surveying is a technique of moderate cost that requires a moder-
ate level of specialized training and equipment. The monitoring
technician should possess an understanding of GPS surveying
and GIS mapping techniques. The minimum required equip-
ment includes: velocity stakes made of aluminum, PVC pipe, or
wood; a steam drill or ice auger; a GIS workstation; and a survey-
grade GPS receiver and base station. The velocity stakes can be
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purchased from a home improvement store for a few dollars per
stake. A steam drill, like the one pictured in Figure 14, will cost
several thousand dollars, while the ice auger will cost a few hun-
dred dollars. The necessary computer hardware and GIS software
can be purchased for approximately $2,000; a survey-grade GPS
system will cost several thousand dollars.

Limitations. The primary limitation of ground-based GPS
surveying is that it is highly labor intensive and limited to the
accessible portions of the glacier (Berthier et al., 2005). Survey-
ing enough points to satisfy a complex ice-dynamics investiga-
tion is generally time-consuming and expensive. Data collectors
should also be aware that poor GPS signal reception is commonly
encountered in narrow valleys and other terrain with a limited
view of the sky.

Interpretation. Despite the limitations, monitoring glacier
surface velocity with GPS by utilizing existing mass balance
stakes, or installing velocity stakes, provides a good indication
of the glacier’s dynamic response to changes in mass balance
(Kaser et al., 2003).

Level Three: Aerial Photos or Satellite Images

Tracking the motion of natural targets on a glacier surface
using a series of vertical aerial photographs or satellite images is
an effective technique for monitoring glacier velocity (Berthier

Figure 14. A steam drill for installing mass balance and velocity stakes
on the glacier surface. Photo: R.D. Karpilo Jr., 2004.
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et al., 2005; Hubbard and Glasser, 2005; Fountain et al., 1997;
Harrison et al., 1992; Krimmel and Rasmussen, 1986; Meier
etal., 1985). Remote-sensing techniques facilitate the monitoring
of a large number of glaciers without the effort associated with
field-based techniques. The displacement of natural features can
be calculated from a series of georeferenced images using a GIS.
The change in distance of the location of the target in the photo
pairs and the known time interval between images can be used to
calculate the surface velocity of the glacier at the target location.

Methodology. Vertical aerial photography and satellite
imagery with ground control “provides a quantitative base for
accurate mapping of surface features” (Granshaw, 2002). The
methodology consists of image acquisition, image scanning and
georeferencing, target displacement measurement, and velocity
calculation. Images are obtained through vendors or appropriate
government agencies specializing in aerial photography or satel-
lite imagery. The acquired images must be of sufficient scale to
identify the target features and must be taken late in the ablation
season and before the first snowfall (Riedel and Burrows, 2005).
A useful scale for small glaciers, such as those found in North
Cascades National Park in Washington, is 1:12,000 scale or
smaller (Riedel and Burrows, 2005). Larger glaciers like the tide-
water glaciers located in Southeast Alaska can be photographed
at a larger scale, as long as surface features are easily identifiable.
The purchased images should be georeferenced and delivered in
a GIS-compatible digital format. Once the images are loaded into
the GIS, the spatial position of surface features, such as large
boulders, are plotted using manual, on-screen digitizing tech-
niques (Riedel and Burrows, 2005). After the prescribed inter-
val, a new set of images is obtained and the spatial positions of
the target features are digitized. Cross-correlation techniques are
used to determine the displacement of the target features during
the elapsed time between the respective images (Hooke, 2005).
Calculating the surface velocity requires dividing the change
in distance of the natural target by the change in time between
the images. The calculated velocity can be presented on a topo-
graphic map as a vector representing the magnitude and direction
of the measurement (Singh and Singh, 2001).

Timing and frequency. The aerial photographs or satel-
lite images must be taken when the natural target is snow-free
and easily visible. Aerial imagery of mountainous environments
often contains shadowed areas that may conceal portions of the
glacier, making it difficult to identify the target; therefore images
should be timed to avoid low sun-angles. Depending on the tem-
poral resolution desired; annual to decadal monitoring may be
appropriate.

Equipment and costs. Opportunistic monitoring of glacier
velocity with aerial photography or satellite images is an effec-
tive technique that requires specialized training and equipment.
Producing aerial photographs and satellite images requires a large
capital investment and expert personnel; therefore, images must
be purchased from remote-sensing vendors or government agen-
cies. The monitoring technician should possess a basic under-
standing of remote-sensing techniques and be competent in the
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use of GIS. The necessary materials and equipment includes
large-scale, digital, georeferenced images, and a GIS worksta-
tion. The required computer hardware and GIS software can be
purchased for approximately $2,000. The cost of the aerial pho-
tographs or satellite images is highly variable. Depending on the
area and scale desired, imagery costs can range from free image
data sets available online to over $100,000 for custom products.

Limitations. The primary limitation of this method is the
high cost of obtaining large-scale satellite or aerial imagery (Wil-
liams et al., 1991). Another potential limitation is that monitoring
is restricted to glaciers with easily identifiable, natural targets,
so measurements may be limited to a few sample locations on
each glacier and may not be repeatable due to the target travel-
ing down the glacier. Measurements are restricted to the ablation
zone, because year-round snow covers most potential natural tar-
gets in the accumulation zone. Additionally, it is important that
the satellite image or aerial photography survey occurs after the
spring snowmelt, but before the first snowfall of winter to assure
that the targets are visible.

Interpretation. The use of aerial photographs or satellite
images is a proven method for monitoring glacier surface velocity.
Interpretations from this monitoring technique require the com-
parison of images from a minimum of two time horizons. Histori-
cal images may be utilized to determine past surface velocities.
If no historical aerial imagery exists, the first digitized data set
will establish a baseline for future comparison. “For a long-term
program, where the mass and volume of a glacier are expected
to change, a coincident data set of flow information is useful
for determining the dynamic response of glaciers to changes in
mass input” (Fountain et al., 1997). Understanding how a glacier
responds to changes in mass balance provides useful insight into
how the glacier may respond to future climate changes.

STUDY DESIGN

Natural resource managers interested in monitoring glaciers
must evaluate several study-specific variables before design-
ing and implementing a glacier-monitoring plan. These criteria
include: purpose of monitoring, availability of resources, study
scale, and resource value. Defining these criteria will ensure that
the glacier-monitoring plan will be successful in producing the
appropriate data and decision-making information.

Monitoring Purpose

What are the goals of the glacier-monitoring study? The
primary goal of most monitoring studies is to produce data and
information for a wide range of uses (Haeberli, 1998). Typically,
these uses include: providing information and evidence for man-
agement decisions and policy, producing data for the scientific
community, and educational material for the general public. It
is also important to define specific research goals for the study.
For example, North Cascades National Park listed the following
as the goals of its glacier-monitoring program: “(1) monitor the
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range of variation and trends in volume of glaciers in the park;
(2) relate glacier changes to status of aquatic and terrestrial eco-
systems; (3) link glacier observations to research on climate and
ecosystem change; and (4) Share information on glaciers with the
public and professionals” (Riedel and Burrows, 2005). Clearly
defining the monitoring purpose allows the development of spe-
cific objectives necessary for achieving study goals.

Availability of Resources

What resources can be devoted to the glacier-monitoring
study? Budget, personnel, and expertise are typically the limit-
ing factors in most projects; therefore, is it important to identify
these limitations and adapt the monitoring goals to the available
resources. Limited resources should not preclude glacier moni-
toring. The vital signs presented in this chapter list a range of
methods to fit most financial and personnel situations. Addition-
ally, cost-sharing agreements with other projects should be con-
sidered when obtaining expensive material with multiple uses,
such as aerial photography.

Study Scale

What is the extent of the study area and how large are the
glaciers? This is an important consideration, because a park such
as Wrangell-St. Elias National Park and Preserve in Alaska, with
several thousand square kilometers of glaciers, will require a
much different monitoring strategy than a park with only a few
small glaciers, like Rocky Mountain National Park in Colorado.
Parks with few glaciers may be able to intensively monitor all
of the glaciers within their boundaries, while parks with a large
number of glaciers should use an approach similar to the strategy
developed by the U.S. Geological Survey (USGS) and outlined
in Fountain et al. (1997). The USGS strategy “employs a nested
approach whereby an intensively studied glacier is surrounded
by less intensively studied glaciers and those monitored solely by
remote sensing” (Fountain et al., 1997).

Resource Value

Why are glaciers important? Glaciers have significant scien-
tific and economic value. Monitoring glacier change is scientifi-
cally important because it links the impacts that glaciers impose
on a variety of natural systems in the environment with the driv-
ers that influence glacier health. The economic value of glaciers
is related to their impact on regional water supplies and status as
major tourist attractions.

CASE STUDY

The following case study illustrates the use of repeat pho-
tography for monitoring changes in glacier terminus position
and area. Reid Glacier in Glacier Bay National Park and Pre-
serve in Alaska was photographed in 2004 as part of a joint U.S.
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Geological Survey and National Park Service study assessing
glacier change over the past century in several Alaska national
parks. Beginning in 2003, the research project repeated over a
hundred historic glacier photographs in Glacier Bay National
Park and Preserve, Denali National Park and Preserve, and Kenai
Fjords National Park.

Methods

The investigation consisted of searching photo archives,
locating the historic photo stations, field visits, and data analysis.
The majority of images used in this study were found at the U.S.
Geological Survey Photo Library Collection in Denver, Colorado,
and the National Snow and Ice Data Center (NSIDC) in Boulder,
Colorado. The archive searches focused on collecting historic
images of glaciers in Alaskan national parks. A large number of
images taken by G.K. Gilbert during the Harriman Expedition
in 18909 fit the search criteria. The locations of the photo stations
were determined by consulting with National Park Service staff,
triangulation using natural features, and trial and error. The photo
stations were accessed by boat and on foot. The images in Fig-
ures 15 and 16 show a repeat photo pair of Reid Glacier in Gla-
cier Bay National Park and Preserve in Alaska, taken by Gilbert
in 1899 and by the author in 2004. Despite being located only
100 m above the shore, it took several hours of bushwhacking to
locate this photo station. The location of the Reid Glacier photo
station was recorded with a GPS receiver to expedite future visits.
The 1899 Gilbert image consists of three mosaicked large-format
images. To achieve a similar field of view and perspective, four
images with a professional digital single-lens reflex camera with
a 50 mm lens were required.
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Data Analysis

Natural landmarks in the images were used to plot the 1899
and 2004 terminus positions on the topographic map in Figure 17.
The terminus positions were digitized using GIS software. Based
on the GIS analysis, Reid Glacier has retreated ~3.0 km and lost a
total of ~4.5 km? of ice during the 105 years between images.

CONCLUSIONS

Glaciers are a dynamic natural resource that are influenced
by environmental changes and have the capacity to alter local
and global ecosystems. The glacier vital signs and associated
monitoring levels presented in this chapter provide techniques
for assessing glacier conditions and identifying trends in glacier
change. The glacier monitoring methods presented in this chapter
are summarized in Table 2. Several methods in this chapter can
be used to monitor more than one vital sign. For example, repeat
photography can be used to estimate glacier mass balance, ter-
minus position change, area change, and velocity. Additionally,
methods such as geodetic mass balance can be used to validate
the results of the glaciological method. The techniques presented
in this chapter are not intended as an exhaustive list of glacier
research methods, but rather are designed to provide a variety
of glacier monitoring options for a range of personnel resources
and budget constraints. The goal of this chapter is to emphasize
that regardless of the resources available, glacier monitoring can
be conducted and valuable information can be produced. Moni-
toring glacier change generates critical data and information for
conducting scientific research, making management decisions,
and educating the public.

Figure 15. Panoramic view of the ter-
minus of Reid Glacier in Glacier Bay
National Park and Preserve in Alaska
taken by G.K. Gilbert on the Harri-
man Expedition in 1899. Note the dark
debris-covered ice in the foreground.
Photo: G.K. Gilbert, U.S. Geological
Survey, 1899.

Figure 16. Repeated image of Reid Gla-
cier in Glacier Bay National Park and
Preserve in Alaska taken by the author
in 2004. The glacier has retreated sev-
eral kilometers during the 105 years be-
tween images. Photo: R.D. Karpilo Jr.,
2004.
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Figure 17. Topographic map of Reid Glacier in Glacier Bay National Park and Preserve in Alaska with 1899 and 2004
terminus positions. Map: R.D. Karpilo Jr., 2005.

TABLE 2. SUMMARY OF GLACIER VITAL SIGNS AND MONITORING METHODS

Vital signs and methods Expertise Special Cost* Personnel Labor
equipment intensity"
Glacier Mass Balance
ELA and AAR Volunteer No $ Individual Low
Glaciological Scientist Yes $$ Group High
Geodetic Scientist Yes $$$ Individual Medium
Glacier Terminus Position
Repeat photography Volunteer No $ Individual Low
GPS survey Volunteer Yes $$ Group High
Aerial/satellite image Scientist Yes $$$ Individual Low
Glacier Area
Repeat photography Volunteer No $ Individual Low
GPS survey Volunteer Yes $$ Group High
Aerial/satellite image Scientist Yes $$$ Individual Low
Glacier Velocity
Repeat photography Volunteer No $ Individual Low
GPS survey Scientist Yes $$ Group High
Aerial/satellite image Scientist Yes $$3 Individual Low

Note: ELA—equilibrium line altitude; AAR—accumulation-area ratio; GPS—Gilobal Positioning System.

*Cost (in US$): = <$1,000; $$ = $1,000-$10,000, $$$ = >$10,000.

"Labor intensity: Low = <few hours; medium = <full day; high = >full day.
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