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Summary

Many elements of the cryosphere respond to changes in climate, but mountain glaciers are
particularly good indicators of climate change, because they respond more quickly than
most other ice bodies on Earth. Changes in glaciers are easily noticed by specialists and
non-specialists alike, in ways that other climate indicators, such as ocean temperature or
statistics of atmospheric circulation indices, are not. Remote sensing methods are capable
of measuring many parameters of mountain glaciers and the changes they exhibit, leading
to greater insight into processes affecting changes in glaciers and, hence, climate.
Field-based measurements are indispensable, as they yield high-precision data and give

key insights into processes. However, due to expense and difficult logistics, such measure-
ments are limited to a small number of sites. Remote sensing can cover large numbers of
glaciers per image, and some long-term data collections (e.g., Landsat) are available for
free. Algorithms and computational resources are now capable of producingmaps of glacier
boundaries at useful accuracy over large regions in a short time. New sensors will be coming
online soon that will continue and extend this capability.
Mass balance is an important parameter indicating the health of a glacier. Mass balance

can be estimated from satellite data by the “geodeticmethod” ofmeasuring volume changes,
where the change in volume is estimated by subtracting two digital terrain models of the
glacier surface. A more recent approach to detect mass changes in land ice is through mea-
surement of the gravitational field using the Gravity Recovery and Climate Experiment
(GRACE) satellite system, which measures changes in mass below the orbit track.
Advances have been made recently in remote sensing of glaciers on a number of fronts,

including more complete and more accurate glacier inventories, improved glacier mapping
techniques, and new insights from gravimetric satellites.Through international cooperative
efforts such as the Global Land Ice Measurements from Space (GLIMS) initiative and the
Global Terrestrial Network for Glaciers (GTN-G), satellite remote sensing of glaciers has led
to the ability to produce glacier outlines quickly over large regions, leading to the production
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of nearly complete global glacier inventories.These remote sensing products are being used
to better understand climate, hydrological systems, andwater resources, as our environment
continues to change.

7.1 Introduction

Many elements of the cryosphere respond to changes in climate, but mountain
glaciers are particularly good indicators of climate change because they respond
more quickly than most other ice bodies on earth (Lemke et al., 2007; Kääb et al.,
2007). Changes in glaciers are easily noticed by specialists and non-specialists alike
in ways that other climate indicators, such as ocean temperature or statistics of
atmospheric circulation indices, are not.
The most important parameter indicating the health of a glacier is its mass

balance – the difference between accumulation, in the form of snow, avalanches
and wind-blown snow, and ablation, which occurs principally through melt for
land-terminating glaciers and melt plus iceberg calving for glaciers terminating in
lakes or the ocean.The elevation atwhich accumulation and ablation occur in equal
amounts over the course of a year is known as the equilibrium line altitude, or ELA.
End-of-season mass balance can be measured at a point on a glacier, and this

quantity is generally positive (mass gain) in the accumulation area above the ELA,
and negative (mass loss) in the ablation area below the ELA. Integrating such point
measurements over the entire surface of the glacier yields the mass balance for the
whole glacier for that year. The quantity is usually expressed as a water-equivalent
change in thickness, in meters. Changes in volume or mass, measured with remote
sensing methods, can be related directly to in situmeasurements of mass balance.
There are long records of field-based measurements of mass balance (e.g., Zemp

et al., 2009), and these are valuable due to their detail and record length. However,
field measurements on glaciers are laborious and expensive, and thus remote sens-
ing techniques are necessary to extend our understanding to larger spatial scales
and more glacier systems.
Glacier volume or mass, and their changes, can be investigated through remote

sensing observations of glacier area or length, changes in elevation inferred from
digital elevation models of the glacier surface estimated at two different times, or
the end-of-summer snow line, which approximates the ELA (Braithwaite, 1984;
Rabatel et al., 2005). The connection between glacier geometry, as seen in 2-D
imagery and mass balance, is complex, so some sort of modeling must be done
to relate the two. Simple glacier flow models, together with long records of glacier
length, have been used to estimate changes in regional climate (Oerlemans, 2005).
To estimate total glacier volume over large areas from satellite imagery, scaling

relationships between glacier length or area and thickness or volume have been
used (Bahr et al., 1997; Raper and Braitwaite, 2005; Radić and Hock, 2010).
However, scaling approaches have large uncertainty and are suitable for large
samples of glaciers only; themethod can estimate the average volume, for example,
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for a system of glaciers, but not an individual one. The uncertainties of the scaling
approaches can be reduced by taking into account empirical relationships between
the glacier shear stress and the topography. Recent modeling advances, based on
these parameters, allow the calculation of an approximate glacier bed topography
and, hence, the glacier thickness and volume (Farinotti et al., 2009; Paul and
Linsbauer, 2012).
Glacier monitoring has been an internationally coordinated activity since 1894

(Haeberli, 1998), yet only recently are we beginning to have a nearly complete and
accuratemap of glaciers on Earth. Following decades of field-basedmeasurements,
many national programs are using remote sensing techniques to map glaciers in
their respective countries (Paul et al., 2002; Casassa et al., 2002; Bajracharya and
Shrestha, 2011; Lambrecht and Kuhn, 2007; Andreassen et al., 2008; Bolch et al.,
2010a). International initiatives such as Global Land Ice Measurements from
Space (GLIMS; Raup et al., 2007) are bringing these results together into a single
database (http://glims.org) and are driving more analysis in order to complete
the data set. Remote sensing data are now used to measure many parameters of
glaciers, including location, areal extent and changes in area, mass and volume
changes, ice velocity, distribution of supraglacial features such as rock debris,
ponds, and lakes, steepness, distribution of glacier area over elevation, and others.
The following sections give a brief overview of how satellite data can be used to
derive many of these measurements from space.

7.2 Fundamentals

Optical satellite imagers (instruments that produce imagery) are much like mod-
ern digital cameras, in that they sense and record the intensity of electromagnetic
radiation (radiance) in several different parts of the spectrum (called bands or
channels), which can be combined or analyzed in many different ways to derive
information about thematerials on the ground (see also Chapter 2).Materials have
unique reflectance spectra which depend on their molecular make-up. Figure 7.1
shows high resolution spectra of several materials typically found in images of
glacierized terrain.
For example, the local maximum in the green part of the visible spectrum for

deciduous vegetation is due to the chlorophyll content of the leaves.The reflectance
is higher still in the near-infrared part of the spectrum. By contrast, fresh snow has
high reflectance across the visible parts of the spectrum, then drops to much lower
values in the infrared.
The shape of the reflectance curve of a material is known as its spectral signa-

ture. Automatic methods for discriminating materials on the basis of their differ-
ent spectral signatures, specifically adapted to the task of mapping glaciers, rely
on differences in spectral signature. For clean glacier ice, automatic methods can
be used to discriminate glaciers from surrounding materials. Many glaciers have
rock and morainal debris covering their surfaces, making it nearly impossible to
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discriminate between glacier debris cover and the rock, moraines, or forefield near
the glacier. Other information must usually be brought to bear, which could be a
digital terrain model or thermal information. Simple methods can be augmented
with more sophisticated techniques, such as texture analysis or human interpreta-
tion, to compensate for the fact that debris-covered glacier ice is spectrally similar
to surrounding materials.
Another challenge is determining locations of ice flow divides, where different

parts of a contiguous ice mass flow in diverging directions. Ice flow divides gen-
erally mark a boundary between separate glaciers, but they are difficult to locate
with precision and, typically, elevation data must be used in addition to satellite
imagery to estimate ice flow directions.
Optical satellite sensors are characterized by several variables pertaining to their

capabilities. Ground instantaneous field of view (GIFOV), which is closely related
to spatial resolution, is the size of the area on the ground represented by one pixel
in the image. Typically, the size of pixels and their spacing on the ground are essen-
tially the same. Spectral resolution describes the number and spacing of pass bands
along the electromagnetic spectrum.This determines the degree to which different
materials on the ground can be discriminated.
The instruments discussed here are either multispectral instruments, which

have 4–15 bands in the visible, near infrared, and thermal infrared, or hyper-
spectral instruments, which have hundreds of closely spaced bands. Additionally,
some instruments record an integrated signal of radiance over the whole visible
spectrum, and the resulting images are called panchromatic images. These are
similar to black-and-white photographic images, which are also broadband in
their response to light.
Another property is radiometric resolution, which is determined by the number

of bits that are used to digitize the radiance signal produced by the light sensors.
For example, an 8-bit system quantizes the radiance signal into 256 levels (i.e., 28,
0–255) or digital numbers (DN), whereas a 12-bit system produces 212 (4096) lev-
els. An instrument with low radiometric resolution can suffer from saturation of
the DN values over bright targets (medium-bright to bright pixels set to the high-
est DN level), or only a few DN values being useful over dark targets. For example,
variably bright snow in an 8-bit image may all be associated with the same DN
value (255), while dark regions of the image that are in the shadow of a moun-
tain may be represented by only a few DN values. Mapping the huge variations
in brightness of a scene to only 255 levels would be similar to representing shoe
sizes with only “small,” “medium,” and “large,” rather than having a numeric scale
with 30 levels. A 12-bit system, having 4096 levels, can represent a large range of
brightness levels in a scene with high precision.
In addition to typical reflectance spectra, Figure 7.1 also shows the pass bands, or

channels, for several optical satellite instruments that have been and are being used
in glacier mapping.The primary workhorses for glacier mapping are multispectral
imagers.
After their acquisition, raw images from a digital satellite sensormust be geomet-

rically corrected so that the pixels represent a regular grid on the ground and are
in a common map projection (e.g., Universal Transverse Mercator, UTM). This is
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generally done by the data provider. An additional step, important for most glacier
mapping efforts, is to orthorectify the imagery. In simple terms, orthorectification
adjusts the locations of image pixels to correct for distortions caused by terrain.
For example, the peak of a tall mountain on the left side of an image will appear
closer to the left edge of the image than it should, due to parallax. Orthorectifica-
tion corrects for this effect, and produces an image where it appears that the viewer
is looking straight down (vertically) on all parts of the image (Schowengerdt, 2007).

7.3 Satellite instruments for glacier research

A variety of satellite data sources can be used for studying glaciers, from declas-
sified Corona photographs (panchromatic images) through LANDSAT, Advanced
SpaceborneThermal Emission and Reflection Radiometer (ASTER), Satellite Pour
l’Observation de la Terre (SPOT), to instruments recently or nearly online, such as
the high spatial resolution Quickbird or Worldview satellites (Table 7.1).
The first spaceborne sensors to acquire imagery systematically were flying on

the US Corona program strategic reconnaissance satellites, in operation between
1960 and 1972.Themost useful characteristics of the Corona panchromatic images
are their stereo capability and a spatial resolution of approximately 2–8 meters
(Dashora et al., 2007). Corona or other reconnaissance images such as Hexagon
(see Table 7.1) have recently been used to map earlier extents of glaciers with high
precision (Bhambri et al., 2011; Narama et al., 2010; Bolch et al., 2010b), extending
the observational record by a decade into the past.
A comprehensive and continuous survey of the Earth’s surface began with the

launch of the first LANDSAT satellite (originally called Earth Resources Technol-
ogy Satellite, or ERTS-1) in 1972. The satellite carried the multispectral scanner
(MSS), recording in four wavelength bands in the visible and near infrared spec-
trum with a GIFOV of about 80 m × 80 m. The first sensor to acquire data in the
short wave infrared, which makes it suitable for automated glacier mapping, was
theThematic Mapper (TM) aboard the LANDSAT 4 satellite, launched in 1982.
The LANDSAT instruments, from the MSS through the TM instruments on

LANDSAT 4 and 5, to the Enhanced Thematic Mapper Plus (ETM+) instrument
on LANDSAT 7, have been particularly useful because they collectively cover a
long time span and have a wide swath (185 km), allowing the coverage of large
areas in one image. In addition, LANDSAT images are now available at no cost as
orthorectified products (http://landsat.gsfc.nasa.gov/).The LANDSAT bands were
selected to be able to measure radiance in parts of the spectrum with absorption
features associated with a number of common natural materials, including bands
in the visible and near-infrared (useful for distinguishing vegetation from rocks
and from water), and bands in the thermal infrared (useful for measuring thermal
inertia, temperature and temperature ranges). Othermultispectral imagers, such as
the French SPOT satellites, the Indian IRS (Indian Remote Sensing) satellites and
the Japanese instrument ASTER on board the Terra satellite, have similar capabil-
ities (e.g., Figure 7.2). Recent developments include ultra high resolution imagery
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Table 7.1 Summary of characteristics for optical instruments suitable for mapping glaciers.

Platform Instrument Spectral
bands

GIFOV
(spatial
resolution)
[m]

Radiometric
resolution
[bits]

Swath [km] Stereo Time of
operation

Corona KH4, KH4-A,
KH-4B

PAN 2–8 n/a ≈15× 220 Yes 1960–1972

Hexagon KH-9 PAN 6–10 n/a Yes 1971–1986
LANDSAT 1-4 MSS VNIR ≈79 8 183 × 172 No 1972–1993
Resurs-F1,

Cosmos
KFA-1000 PAN,

multi-spectral
5 n/a 75 × 75 Yes 1974–1999

Cosmos KVR-1000 PAN 2 n/a 40 × 160 No 1981–2005
LANDSAT 4, 5 TM VNIR, SWIR, TIR 30, 120 8 183 × 172 No Since 1982
Cosmos TK-350 PAN 10 n/a 200 × 300 No Since 1984
SPOT 1 HRV PAN, VNIR, SWIR 10, 20 8 60 × 60 No 1986–2002
Resurs-F2 MK-4 6, col, pan 6-12 144 × 144 Yes 1988–1995
SPOT2, 3 HRV PAN, VNIR, SWIR 10, 20 8 60 × 60 Cross-track Since 1990
IRS LISS-III VNIR, SWIR 5,6, 23, 70, 148 7 70 × 70,

140 × 140,
800 × 800

No Since 1996

SPOT 4 HRVIR PAN,VNIR,SWIR 10, 20, 1000 8 60 × 60,
2200 × 2200

Cross-track Since 1998

LANDSAT 7 ETM+ PAN, VNIR, SWIR,
TIR

15, 30, 60 8 183 × 172 No Since 1999

Terra ASTER VNIR, SWIR, TIR 15, 30, 90 8 60 × 60 Along-track Since 2000
Ikonos PAN, VNIR 1, 4 11 11 × 14 Since 2000
Quickbird PAN, VNIR 0.65, 2.7 11 Since 2001
SPOT 5 HRS/HRG PAN, VNIR, SWIR 2,5, 5, 10, 1000 8 60 × 60,

1000 × 1000
Cross-track Since 2002

IRS-P6 LISS-IV VNIR, SWIR 5.8, 23.5, 56–70 7 24; 70, 140, 740 No Since 2003
Cartosat-1

(IRS-P5)
PAN 2,5 12 30 × 30 Along-track Since 2005

ALOS PRISM PAN 2.5 8 35 × 35,
70 × 70

Along-track Since 2006

ALOS AVNIR-2 VNIR 10 8 70 × 70 No Since 2006
Worldview-2 PAN, VNIR 0.5, 1.8 11 16 × 16 Yes Since 2009
LDCM

(LANDSAT 8)
OLI, TIRS PAN, VNIR, SWIR,

TIR
15, 30, 100 12 185 × 180 No Since 2013

Sentinel-2 MSI PAN, VNIR, SWIR,
TIR

10, 20, 60 12 290 × 290 No 2013 (sched.)

PAN = pan-chromatic. VNIR = visible and near infrared. SWIR = short-wave infrared.
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Figure 7.2 (a) Example of an
ASTER image, acquired
09-16-2010, of glaciers in the
Chugach Range of southern
Alaska. Bands 3N, 2, and 1
are displayed as red, green,
and blue. (b) Oblique aerial
photograph, taken in 1977, of
Five Stripe Glacier, visible in
the ASTER image at arrow.
The snow line is clearly visible
in (b) as the transition
between bare glacier ice
(gray) and snow (white), but
the snow line in the ASTER
image is almost above the
highest elevation of Five
Stripe Glacier.
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with a resolution of one meter and below (e.g., Ikonos, Quickbird) and fast repeat
cycles (e.g., Rapid-Eye).
The instruments described above are passive, in that they sense solar radia-

tion scattered from the earth’s surface (another class of instruments, “passive
microwave sensors”, measure microwave radiation emitted and reflected by
surfaces). By contrast, radar instruments are active systems, where a beam is
emitted from the sensor and the magnitude and phase of the backscattered energy
is recorded. The United States SEASAT mission (1978) is regarded as the first
satellite mission to carry a radar system, and was designed to measure surface
properties and topography of the oceans (Evans et al., 2005). Continuous radar
missions that are useful for glaciological applications started only in the 1990s,
with the European ERS-1, the Russian ALMAZ-1, and the Japanese, J-ERS-1
(Table 7.2).
Most satellite radar applications use synthetic aperture radar (SAR). The resolu-

tion of a radar image is inversely proportional to the size of the antenna (see also
Chapter 9 for more on SAR and radar systems). The SAR technique synthesizes
an antenna longer than is physically possible by using the constant velocity of the
radar platform and knowledge of the changing geometry between the instrument
and a given location on the ground.This technique increases the spatial resolution
of radar systems by orders of magnitude.

Table 7.2 Important radar systems and their characteristics.

Platform Instrument Resolution (m) Band Pol. Look
angle (∘)

Swath
width (km)

Operation

SEASAT SAR 25 L HH 20 100 Jun–Sep 1978
ALMAZ-1 SAR 12–20 S HH 25–60 40 1991
ERS-1 SAR 30 C VV 23 100 1991–2000
J-ERS-1 SAR 18 L HH 35 75 1992
Space Shuttle SIR-C 15–25 L

C
X

Quad
Quad
VV

20–55 30–100 1994

ERS-2 SAR 30 C VV 23 100 since 1995
Radarsat-1 SAR 10–100 C HH 20–50 10–500 since 1995
SRTM SAR 30

30
C
X

VV + HH
VV

17–65
55

225
50

Feb. 2000

ENVISAT ASAR 30
150

C Quad 15–45 100
450

2002–2012

ALOS PALSAR 7–100 L Quad 8–60 20–350 since 2006
Radarsat-2 SAR 3–100 C Quad 10–60 20–500 since 2007
TerraSAR-X SAR 3.3–17.6 X Quad 20–60 10–100 since 2007
TanDEM-X SAR 3.3–17.6 X Quad 20–60 10–100 since 2010
Sentinel-x SAR 5–40 C Quad 20–45 80–400 2013 (sched.)

SAR = Synthetic Aperture Radar; ASAR = Advanced SAR; PALSAR = Phased-Array L-band SAR.
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Other systems to measure surface elevation are laser and radar altimeters. Laser
altimetry systems such as Geoscience Laser Altimetry System (GLAS), aboard the
NASA Ice, Cloud, and land Elevation Satellite (ICESat), or radar altimetry sys-
tems such as the ENVISAT RA2 or CryoSat-2, transmit a pulse (laser light or
radar beam) to the surface, and measure the time to receive the reflected response,
thereby determining the elevation of the surface. ICESat GLAS was designed to
study primarily the Greenland and Antarctic ice sheets, but has also been used to
study mountain glacier elevation changes from space (Kääb, 2008; Moholdt et al.,
2010). The footprint of the transmitted spot for GLAS is approximately 70m but,
as the spacing of laser pulses on the ground is large compared to the size of most
glaciers, this instrument can only be used to study a limited number of larger
mountain glaciers or ice caps.
New satellites suited to studyingmountain glaciers are planned to be launched in

the near future. Particularly promising is the European Sentinel-2 satellite, sched-
uled to be launched in 2014, with a higher temporal and spatial resolution than
the LANDSAT TM and ETM+ sensors. The LANDSAT Data Continuity Mission
(LCDM) is valuable as well (Table 7.1).

7.4 Methods

7.4.1 Image classification for glacier mapping

Image classification is the process of assigning material classes (vegetation, rock,
snow, water, etc.) to each pixel in an image. This first step is essential before cre-
ating a map of features (e.g., glaciers, lakes) in the imagery, although mapping
features (e.g., glaciers) from a classified image (a map of materials) is not trivial,
as many features involve a mixture of materials. For example, a glacier is domi-
nantly ice, but it will often contain medial moraines or rock debris cover at the
terminus, and the debris cover may even support vegetation. The “glacier” will
therefore contain ice, rock, and vegetation classes in the classified image.Many dif-
ferent image classification and feature identification methods have been evaluated
for glaciermapping, includingmanual digitization, supervised classification (max-
imum likelihood, minimum distance, spectral angle mapper, etc.), unsupervised
classification, fuzzy classification techniques, and band arithmetic and threshold
techniques (Sidjak and Wheate, 1999; Paul et al., 2002; Albert, 2002; Racoviteanu
et al., 2009; Gjermundsen et al., 2011).
Supervised classification begins with the operator selecting representative sets of

pixels that are representative of identifiable materials in the image, such as vegeta-
tion, snow, glacier ice, and so on. The differences between the spectral signatures
of these “training sets” (or end-members) are then used to assign the rest of the
pixels in the image to one of those categories. Linear unmixing, a fuzzy classifica-
tion technique, begins the same way but assigns fractional end-member content
to each pixel. Unsupervised techniques such as ISODATA operate similarly, but
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attempt to identify the end-members automatically by employing cluster detection
algorithms. Details on image classification methods can be found in several books
(e.g., Schowengerdt, 2007; Richards, 1986).
There is a trade-off between the time required to create glacier outlines from a

method and the accuracy of the resulting outlines (Albert, 2002). Manual digiti-
zation, done by a glaciologist experienced in studying glaciers in remote sensing
imagery, can achieve the highest accuracy in most types of terrain. Errors of inter-
pretation can occur in some situations involving complicated patterns of debris
cover on the glacier or seasonal snow attached to the glacier, but humans tend to
do better in such situations than current computer algorithms. Mapping glaciers
by hand, however, is the most time-consuming, and hence costly, of the available
methods, and is therefore impractical for any but small regional studies.
Several studies (Albert, 2002; Paul et al., 2002; Racoviteanu et al., 2009) have con-

cluded that the best trade-off between processing time and accuracy is obtained by
band arithmetic techniques, such as computing band ratios or using normalized
differences, such as the normalized difference snow index (NDSI; see also Chapter
3). In the band ratio technique, the ratio of bands in the near-infrared (NIR) or red
parts of the spectrum and the short-wave infrared (SWIR) is computed, resulting
in a “ratio image” that has high values over snow and ice, and low values over rock
and vegetation. A threshold is applied to produce a binary raster mask indicat-
ing regions of snow/ice and non-snow/ice. Glacier outlines are then derived by
converting the raster mask to a vector representation.
Both band ratios NIR/SWIR and red/SWIR have been shown to be well suited

for glacier mapping, as they both take advantage of the large difference in spectral
signature between snow and other materials in those spectral bands (Figure 7.1).
Some studies have shown preference for Red/SWIR, as this discriminates better
between ice and snow in shadow cast by adjacent terrain (Paul and Kääb, 2005).
Andreassen et al. (2008) used the spectral characteristics of snow and ice in LAND-
SAT bands TM3 (Red) and TM5 (SWIR) for automatic classification of glaciers in
Jotunheimen in southern Norway (Figure 7.3).The subset of the full scene used in
their analysis contains neither clouds nor stark shadow, and there is no significant
debris on the ice. The image is therefore well suited to the band ratio method.
The normalized difference snow index (NDSI; see also Chapter 3), another

band arithmetic technique that is defined as (VIS-NIR)∕(VIS +NIR), can be
used similarly to map glacier outlines (e.g., Sidjak andWheate, 1999; Racoviteanu
et al., 2008b). For LANDSAT TM, for example, NDSI is obtained from the ratio
(TM2-TM5)∕(TM2 + TM5). It was developed to map snow (Hall et al., 1995;
Salomonson and Appel, 2004; see Chapter 3), but since glacier ice is composed
of densified snow, the spectral characteristics are similar (Figure 7.1). While the
NDSI is useful for glacier mapping, the good performance and simplicity of the
band ratio method for clean ice has resulted in the community predominantly
using it to do classification (Racoviteanu et al., 2009). The band ratio method
is easily automated but, as it relies on differences in spectral signatures of the
materials in the image, it erroneously excludes parts of the glacier that are
covered with rock debris. While newer techniques, discussed below, address these
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Figure 7.3 Automatic classification of snow and ice for a
subset of glaciers in Jotunheimen, southern Norway, using a
LANDSAT TM scene from 9 August 2003. (a) Red-green-
blue (RGB) composite of TM bands 5, 4 and 3.
(b) LANDSAT band TM3 (0.63–0.69 μm). (c) LANDSAT

band TM5 (1.55–1.75 μm). (d) Ratio image of TM3/TM5.
(e) Thresholded image of TM3/TM5 >2.0 and median filter
(3 ∗ 3 kernel). (f) Same as (a), with outlines (in white)
derived from raster to vector conversion of (e).

shortcomings, manual editing is generally needed to include debris-covered parts,
to exclude seasonal snow and sometimes adjacent lakes, or to include parts of the
glacier in heavy shadow.

7.4.2 Mapping debris-covered glaciers

More sophisticated methods than the ones presented above have been developed
for automatically classifying debris-covered ice as part of the glacier. Some
methods use thermal data, while others use topographic texture, curvature (geo-
morphometrics; Bishop et al., 2001; Brenning, 2009), velocity, image differencing,
or coherence images of SAR data (see next page) for detection of ice motion and
to delineate the glacier boundary.
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Finding the precise boundary of a glacier can be difficult, even for an experienced
glaciologist in the field (Haeberli and Epifani, 1986), but it usually has character-
istics that can be used to identify it, including distinctive morphology (such as a
lateral concave-up trough or topographic drop at the terminus), or different ther-
mal characteristics from surrounding rocks and tills. Semi-automatedmethods can
also be used to detect glacier boundaries based solely on curvature of the DEM
(Raup in Kieffer et al., 2000). This, and other similar approaches, show that even
using only the morphology represented in the DEM can often lead to a good first
estimate of the location of glacier boundaries.
Paul et al. (2004) developed a more automated algorithm which combines topo-

graphic information withmultispectral imagery into a single algorithm. As a start-
ing point, the algorithm uses a glacier ice region identified using the multispectral
band ratio technique described above, and then expands this region, checking to
ensure that pixels added to the region classified as “glacier” meet the following
criteria:

a) the spectral signature is snow, ice, or rock;
b) the slope angle is low, below a specified threshold;
c) a concave-up area of curvature (a trough) has not been crossed.

Figure 7.4 shows the results of applying this algorithm to LANDSAT 5 (TM)
imagery in the Bernese Alps, Switzerland. That study investigated two different
DEMs as input – one based on ASTER, and one from the Swiss Federal Office
of Topography. This general algorithm shows great promise, as most heavily
debris-laden glaciers have similar morphological characteristics (e.g., low slope
angles) to the ones investigated by Paul et al. (2004). However, the specifics
must be modified, depending on the region. Stagnant ice that supports veg-
etation, varying regional glacier slope angles, icefalls, and heavy thermokarst
activity (sub-debris melting, pond growth, and tunnel collapse) can all cause the
algorithm to fail.
Another approach is to use the differing thermal properties of the supraglacial

debris compared to surrounding rock. When the supraglacial debris is thin
enough, the underlying ice cools the debris compared to surrounding rock and
tills. For very thin debris, the intermittently exposed ice has a significant influence
on the spectral signature of the pixels. Either of these two effects causes the
debris-covered parts of the glacier to be distinguishable from the surrounding
non-glacier material. Thicker debris violates these conditions, however, so this
method appears to work well only for debris cover of less than about 0.5m (Ranzi
et al., 2004; Karimi et al., 2012). Thicker mantles of debris completely obscure the
path of radiation between the ice and the sensor, as well as serving as an insulating
layer which hides the cold surface of the ice. In addition, the spatial resolution
of thermal data is invariably lower than visible and near-infrared imagery from
the same platform, making it more difficult to apply such methods on smaller
mountain glaciers. Further work is required to make thermally based methods
capable of wide operational deployment.
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Figure 7.4 Results of applying a debris-covered glacier mapping algorithm to LANDSAT 5 imagery of the Bernese Alps,
Switzerland, and two digital elevation models (adapted from Paul et al., 2004).

7.4.3 Glacier mapping with SAR data

One main advantage of active radar systems is that they can operate in almost any
weather as well as at night, because the beam and the backscattered radiation in
the microwave region penetrate through clouds and do not depend on sunlight.
In general, SAR data are capable of distinguishing snow and ice from surrounding
areas, due to the different backscattering signal from different materials.
A limitation is that spaceborne satellite SAR systems are usually limited to one

frequency of the emitted beam, which hampers the correct classification of glaciers
(Rott, 1994). This is especially true if glaciers have variable surface roughness, for
example due to crevasses, different snow and ice facies (snow, firn, glacier ice,
refrozen melt water), and debris cover. The variable nature of the returned signal
makes finding the glacier boundary difficult. Hence, SAR data has so far played
only a minor role for glacier mapping.
An application where SAR performs better than optical methods in glacier stud-

ies is the discrimination of different snow facies. SAR data are often used to map
temporal changes of snow and ice areas due to the temporal change of the surface’s
backscatter characteristics, best observable in the C band (4 to 8GHz) and X band
(8 to 12GHz) (Nagler and Rott, 2000). The backscattering ratio of a summer and
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winter image is used to discriminate between ice and snow in summer, while a
winter image is best for obtaining the longer term ELA, because the SAR signal
integrates over several meters depth in the snow pack and the boundary between
ice and firn is therefore averaged over a few years (Floricioiu and Rott, 2001).
Recent efforts have focused on using SAR data for the detection of glaciers in

areas with frequent cloud cover, and for debris-covered glaciers where the optical
data are limited. One promising approach is the use of SAR coherence images
(Atwood et al., 2010), where areas with changing surfaces (e.g., due to glacier
motion or down-wasting) decorrelate (the phase of the returned beam changes
over time), in contrast to coherent stable areas. In addition, by taking advantage
of the phase coherence of the transmitted radar beam, data from multiple passes
can be analyzed for differences in the phase of the returned beam, which can be
used for mapping topography, detecting subtle changes in the surface (including
debris-covered areas), and mapping ice flow velocity. This technique is known as
interferometric SAR, or InSAR (see Chapter 9 also for more InSAR applications).
Once glacier outlines are obtained by anymethod, basic glacier parameters, such

as slope, aspect, elevation range, minimum,median, andmaximum elevations, etc.
can be obtained by examining DEM values within the outline or on the bound-
ary (Paul et al., 2009). Such parameters are generally stored as key parts of glacier
inventories, such as theWorld Glacier Inventory and the GLIMSGlacier Database.

7.4.4 Assessing glacier changes

Time series of satellite imagery, or imagery combined with other data sources, can
be used to detect and map changes in glacier extent, thickness, and surface char-
acteristics.
When studying a series of images, the first step is to co-register them using

ground control points (GCPs) or tie points. GCPs register the images to known
locations on the ground, while tie points are features identifiable in both (or all)
images, but may not be precisely located on the ground. This co-registration
step is crucial, as many artifacts (false changes) can appear if there are offsets
between the images. For change detection involving multi-temporal DEMs,
proper co-registration is even more important, since improper co-registration
leads to biases in the elevation differences everywhere in the domain, not just at
the boundaries of different regions within the domain, as might be the case with
classified imagery (Nuth and Kääb, 2011).
Changes in glacier area and length are easy to obtain directly from satellite

observations, because they are directly related to changes in the observed
two-dimensional (planimetric) information in the imagery. Changes in glacier
volume or mass are more important scientifically (due to the connection to
climate, and consequences such as sea level change or changes to hydrological
resources), but they are more difficult to observe from satellite data.
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7.4.5 Area and length changes

A simple yet effective way to detect change is the method of image differencing,
where an earlier image is subtracted from a later one taken with identical or sim-
ilar solar geometry (nearly the same time of day and day of year) (e.g., Sabins,
2007). The subtraction is usually done separately on each band, and results in
a grid of numbers that are near zero in areas of no or little change, and which
can be positive or negative for changed regions in the image. The grid is typi-
cally rescaled to positive numbers for display so that, for a single band, areas of
no change appear gray, areas that have become more reflective (e.g., an area newly
snow-covered) appear bright, and less reflective parts of the image (e.g., where
snow or ice has been removed) look dark. Each difference band can be viewed on
its own, or the rescaled difference bands can be displayed as red-green-blue, and
the colors then yield information about changes in materials on the ground, since
they indicate changes in spectral signature (e.g., by the appearance of vegetation
on a moraine).
Mapping changes in glacier area based on repeat glacier extent mapping is

straightforward in theory: create maps of glacier ice from two (or more) different
images, and compare the computed areas. This can be done either from the
raster map or from vector outlines that have been derived from a classified image.
Another choice that the analystmustmake is whether to comparemaps of contigu-
ous glacier ice as a whole, or to compare computed areas on a glacier-by-glacier
basis. If the aim is to compute glacier area change for each separate glacier, great
care must be taken to ensure that the ice divides (the boundaries between glaciers
at their upper reaches) match exactly. If the ice divides do not match, then one
can easily obtain the erroneous result that the glacier or glaciers on one side of a
divide have grown, while those on the other side have shrunk, even if the total ice
area did not change. This kind of investigation is therefore most safely performed
over a whole system or mountain range (e.g., Racoviteanu et al., 2008a).
Satellite imagery can also be used to derive length changes. High-resolution

satellite imagery has been used to reconstruct glacier front variations over a
period of four decades for the well-known Gangotri Glacier of northern India
(Bhambri et al., 2012). A study from Jostedalsbreen, Norway, showed that the
high spatial variability measured from field data could be observed by LANDSAT
(within one pixel, 30m resolution) for glacier tongues not in cast shadow
(Paul et al., 2011).
As satellite imagery only goes back a few decades, it is common to assess

glacier changes by comparing with other sources such as aerial photographs,
topographic maps or inventory data (Casassa et al., 2002). Glacier outlines derived
from topographic maps are a valuable source, but they are usually mapped by
non-glaciologists and might contain inaccuracies due to the existence of seasonal
snow or misinterpretation of debris cover (Andreassen et al., 2008; Bhambri
and Bolch, 2009). Satellite imagery has also been used in several regions to map
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glacier changes since the Little Ice Age maximum bymapping the glacier forefield,
which is spectrally different from the terrain beyond the Little Ice Age maximum
moraines (Paul and Kääb, 2005; Baumann et al., 2009).

7.4.6 Volumetric glacier changes

DEMs can be used to measure volume changes of glaciers by subtracting pairs of
DEMs. DEMs can be generated by different methods, such as space- and airborne
optical stereo data, interferometric SAR (InSAR) data, space and airborne radar
and laser altimetry, and topographic maps. There are three nearly global eleva-
tion products available today with high enough spatial resolution to study glacier
changes:

1 The Shuttle Radar Topography Mission (SRTM) flown in February 2000.
2 ASTER Global DEM, version 2 (GDEM2) based upon stereo scenes acquired from 2000

to the present.
3 The ICESat mission from 2003 to 2009 using spaceborne laser altimetry, or Light Detec-

tion and Ranging (LiDAR).

These data sets all have different strengths and limitations. The SRTM DEM has
relatively high resolution and covers the globe between 59∘S and 60∘N latitude, but
it includes data voids in mountainous regions of high relief. Radar penetration of
snow in the upper reaches of glaciers can lead to elevation biases there (Gardelle
et al., 2012). The ICESat elevation estimates are the most accurate (e.g., Nuth and
Kääb, 2011), but the spatial coverage is much poorer, with 170m spacing between
points along-track and hundreds or thousands of meters between tracks, depend-
ing on latitude. Nevertheless, these data are valuable for obtaining region-wide
information (Kääb et al., 2012; Bolch et al., 2013; Gardner et al., 2013).
While the SRTM and standard ASTER DEMs have been proved to be useful as

a baseline data set, more accurate DEMs are generally needed for precise volume
change determination (e.g., Berthier et al., 2010). Such DEMs can be created from
individual image pairs from suitable optical stereo satellite instruments, such as
ASTER, SPOT5, ALOS, and Cartosat-1 (e.g., Kääb et al., 2012; Berthier et al.,
2007). LiDAR DEMs acquired using airborne systems are generally the most
precise, but are limited to smaller areas. One of the largest ice bodies mapped
nearly completely with LiDAR to date is Vatnajökull, the largest ice cap of Iceland
(Johannesson et al., 2012).
Elevation change of glaciers can be calculated by DEM differencing or repeat

altimetry measurements (Figure 7.5). DEM differencing is a popular technique
that has been used for decades to assess glacier changes (e.g., Finsterwalder, 1954;
Abermann et al., 2009). Changes in the volume of the glacier are converted tomass
changes using estimates of density. This method is called the geodetic method
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Figure 7.5 Glacier elevation
changes measured by
subtracting two DEMs in the
Mt. Everest area of Nepal.
DEMs are based on 1970
Corona and 2007 Cartosat
data. Glacier outlines are
plotted as light yellow lines
(Bolch et al., 2011).
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of measuring mass changes and can be used to scale up to the whole glacier the
traditional direct mass balance measurements based on field investigations, or to
check their accuracy, or to assess changes in unmeasured areas or periods (e.g.,
Arendt et al., 2002; Cogley , 2009; Fischer, 2010; Andreassen et al., 2012).

7.4.7 Glacier velocity

There are two main techniques for deriving glacier surface flow velocities from
remote sensing data:

1 tracking of features on the glacier’s surface in sequential imagery, either optical or radar
(feature tracking);

2 satellite radar interferometry (InSAR or D-InSAR) (Luckman et al., 2007).

As in all methods for detecting change, feature tracking (Scambos et al.,
1992) requires that the input imagery should be accurately co-registered.
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Feature tracking software, such as IMCORR or Cosi-corr (see Heid and Kääb
(2012) for a comparison of algorithms), automatically finds matching features
from both images and outputs a displacement vector for each location on a grid.
For glaciers, these individual features could be ice pinnacles, crevasses, boulders,
or a distinctive pattern of debris and ice, which can be identified on both images.
Compared to field methods, where a day’s work might produce a handful of
velocity measurements for a glacier, feature tracking in satellite imagery is much
more effective, yielding tens of thousands of vectors.
When feature tracking is applied to radar data, matching is generally done using

the intensity images, which are images of the strength of the returned beam, either
by tracking large-scale features thatmovewith the ice and are visible in the imagery,
or by tracking the small-scale pattern of light and dark in the intensity image that
is due to phase coherence from one image to the next over stable surfaces. This
latter technique is known as “speckle tracking,” and it allows smaller patch sizes to
be used compared to feature-tracking (Strozzi et al., 2002; Joughin, 2002). Studies
that use feature tracking for velocitymeasurement includeKääb (2005), Bolch et al.
(2008), Scherler et al. (2008), and Quincey et al. (2009).
Interferometric synthetic aperture radar (InSAR) is used for the observation of

geometric displacements of the ground or glacier surface. Displacements on the
order of centimeters or even millimeters can be measured, depending on the time
difference between acquisitions. InSAR is based on the fact that the phase of the
radar beam returned to the instrument from a spot on the ground does not change
from overflight to overflight, provided the instrument is in the same position,
unless the surface is changing. With two overflights, the phase part of the radar
images can be subtracted to create an interferogram, which is a depiction of how
the phase has changed from one overflight to the next. A single interferogram
contains information about changes on the ground (deformation of the surface, or
changed dielectric properties), as well as effects from differing satellite positions
between overflights (orbital contributions) and topography. If the instrument is in
slightly different positions for the two overflights, the effect on the interferogram
can be modeled and removed.
Tomeasure surface velocity with this technique, the effect of topographymust be

removed. This can be done using a DEM from an external source, such as SRTM
or GDEM2, in which case only two satellite overflights are required (two-pass
method). Alternatively, in the three-pass method, the first two images are used to
generate a DEM. The time separation should be short between these two in order
to minimize effects of surface deformation and, thus, decorrelation of the signal.
The image of the third overflight is then used, together with the first or second
image, to retrieve another interferogram. The second interferogram contains not
only information about topography, but also the displacement, and by combining
the two interferograms, the component of the ice velocity in the direction toward
or away from the satellite sensor can be isolated.
The three-pass method is generally known as differential interferometric syn-

thetic aperture radar, or D-InSAR. D-InSARmakes it possible to detect sub-meter
changes in images that have a nominal ground resolution of several meters.
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Problems with this technique for glacier velocity mapping include difficulty
achieving the stability of the phase (phase coherence) necessary to make the
method work, data availability, and layover (radar beam shadowing) in regions of
high relief.
An example study using this technique is described in Yasuda and Furuya (2013),

who studied short-term glacier velocity fluctuations in the Kunlun Shan range.
More information about this technique can be found in Eldhuset et al. (2003) and
Luckman et al. (2007).

7.5 Glaciers of the Greenland ice sheet

7.5.1 Surface elevation

The earliest satellite observations of surface elevation change over the Greenland
ice sheet were based on radar altimeter data from the ERS-1 (1992–95) and ERS-2
(1995–2003) satellites (Johannessen et al., 2005; Zwally et al., 2005). The results
indicated that the ice sheet was growing above the ELA and thinning at lower ele-
vations,with an overall gain in volume.However, both studies indicatedmore rapid
elevation increases at high elevations and less thinning over the margins than did
results from repeat aircraft laser altimeter surveys within the same period (Krabill
et al., 2000). The differences at lower altitudes, where slopes are steeper, are prob-
ably due to the much larger footprint of the radar altimeter (≈20 km) compared
with the 1–3m airborne LiDAR footprint. At higher elevations, the differencemay
be due to changes in the radar penetration depth being superimposed on surface
elevation changes (Thomas et al., 2008).
Since 2002, the ICESat instrument GLAS, a laser altimeter, has been able to

sample the faster-flowing outlet glaciers more precisely than the satellite radar
altimeter systems, although the crossover points required to detect change are
geographically sparse. Data from this instrument have shown that dynamic
thinning is far more significant on the fast-flowing marine-terminating outlet
glaciers than on the slower flowing parts of the ice sheet, and now reaches all
latitudes in Greenland (Figure 7.6; Pritchard et al., 2009). Chapter 8 contains more
details on Accumulation and Surface Elevation techniques over Greenland.

7.5.2 Glacier extent

Observations of surface elevation change have focused attention on the frontal
behavior, dynamics, and flow rates of the tidewater outlet glaciers in Greenland,
where the greatest changes appeared to be concentrated.
The long archive of images from the LANDSAT series of satellites has proved to

be particularly useful for monitoring the ice-front positions of these outlet glaciers
all around the ice sheet.Manual identification of ice fronts in LANDSAT images, at
multi-year intervals from 1972 to 2010, showed that marine-terminating glaciers
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Figure 7.6 Rate of change of
surface elevation for
Greenland based on IceSAT
GLAS data collected after
2002 (Pritchard et al., 2009).
Major outlet glaciers are
labeled: H – Helheim Glacier;
K – Kangerdlussuaq Glacier;
J – Jacobshavn Glacier;
S – Sortebrae; P – Petermann
Glacier, R – Ryder Glacier.
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in the south-east and west were generally stable between 1972 and 1985, but began
a gradual retreat in 1992, which accelerated between 2000 and 2010 (Howat and
Eddy, 2011). A higher temporal resolution time series based on LANDSAT images
identified a synchronous re-advance in 2006 in the southeast (Murray et al., 2010).
The transition from stability to general retreat, which began in the early 1990s, was
coincident with warming trends in land and sea surface temperatures (Howat and
Eddy, 2011; Bevan et al., 2012).
Automating the identification of ice-fronts using edge-detection techniques on

over 100 000 Moderate Resolution Imaging Spectroradiometer (MODIS) images
allowed a ten-year daily time series of ice front positions to be produced for 32 east
Greenland glaciers (Seale et al., 2011). In spite of the trade-off between revisit fre-
quency (daily compared to 16 days in the case of LANDSAT) and spatial resolution
(250m, compared to 15 or 30m for LANDSAT), a seasonal advance and retreat
cycle of magnitude proportional to glacier width was identified. Ice fronts can be
identified all year using SAR imagery, including during the polar night and when
clouds obscure the ice fronts in optical imagery. This capability allows mosaics of
the entire ice sheet to be generated for the same time of year at annual intervals,
with the earliest coverage available in 1992. Moon and Joughin (2008) used SAR
mosaics compiled for 1992, 2000, 2006 and 2007 to compare ice-front retreat rates
between epochs and between land and tidewater terminating glaciers.
Occasionally, large individual calving events fromGreenland outlet glaciers with

floating tongues are observed in near real time in satellite imagery. For example, in
August 2010, the PetermannGlacier in northernGreenland calved back by an esti-
mated 28 km (Johannessen et al., 2011). The now multi-decadal archive of optical
and SAR imagery allows these events to be placed in a longer term perspective.
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7.5.3 Glacier dynamics

The retreat of outlet glacier ice fronts around the ice sheet often accompanies, or
results in, an acceleration in ice flow via mechanisms which have yet to be fully
understood (Joughin et al., 2010). The application of feature-tracking and InSAR
techniques has resulted in surface velocity measurements over large numbers of
glaciers at multi-year intervals, in addition to high-resolution time series of mea-
surements on individual glaciers.
Undoubtedly, the most dramatic stories for Greenland to be revealed, using

remote sensing to measure ice velocities, concerned the rapid doubling or more
of flow speeds by three major outlet glaciers. First, in the west, Jakobshavn
Isbrae began speeding up in 1998 (Joughin et al., 2004; Luckman and Murray,
2005) and then, in the southeast, Helheim began to accelerate around 2002, and
Kangerlussuaq around 2004 (Howat et al., 2005; Luckman et al., 2006). The latter
two have since decelerated, but both are still flowing faster than before (Howat
et al., 2007; Murray et al., 2010).
In parallel with results for these individual glaciers, themapping of surface veloc-

ities around the whole of Greenland showed a widespread acceleration south of
66∘N between 1996 and 2000, which rapidly extended to 70∘N by 2000 (Rignot
and Kanagaratnam, 2006; Joughin et al., 2010). Mirroring the pattern of ice-front
retreat, feature tracking of early LANDSAT 5 images from 1985 has demonstrated
that flow speeds were also stable around the ice sheet until temperatures began
increasing in themid-1990s (Bevan et al., 2012).Moon et al. (2012) used data from
a number of satellites to investigate changes in glacier speed for many of the ≈200
of Greenland’s major outlet glaciers, and document complex patterns of velocity
change that depend on glacier type (terminating in the ocean versus ice shelves
versus land). These results indicate that the changes currently being experienced
byGreenland’s glaciers aremore complex than previously thought. Underlying this
complexity, however, appears to be an oceanic driver that is causingmajor changes
in Greenland’s outlet glaciers (Walsh et al., 2012).
Comparing annual ice discharge flux for a glacier, based on remotely sensed flow

speeds, with surface mass balance, allows an estimate of net mass balance for the
catchment to bemade. For example, in 1995/96, glaciers in the southeastern part of
the ice sheet were shown to be flowing faster thanwas required tomaintain balance
(Rignot et al., 2004).This flux-balancemethod also showed that, between 2000 and
2010, Jakobshavn Isbrae and Kangerdlugssuaq must have been losing mass, while
Helheim was apparently gaining mass (Howat et al., 2011).
Feature tracking and InSAR have also been used to investigate short-term vari-

ability in ice flow speeds. Examples include the surge of Sortebrae (Pritchard et al.,
2005), the mini-surge of Ryder Glacier and seasonal cycles of acceleration and
deceleration on outlet glaciers (Luckman andMurray, 2005) and land-terminating
sectors of the ice-sheet (Joughin et al., 2008; Palmer et al., 2011). Such short-term
accelerations are thought to be driven by seasonal surface melt, percolating to the
bed and increasing the basal water pressure, thereby enhancing basal lubrication
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(Zwally et al., 2002). Once an efficient subglacial drainage system is re-established,
the flow speeds decrease again (e.g., Sundal et al., 2011).
InSAR can be used not only to measure surface velocities, but also to identify

parts of a glacier that are moving differently from other parts in a qualitative
sense. InSAR analysis has been used, for example, to locate the boundaries of rock
glaciers, which typically are spectrally indistinguishable from their surroundings,
based on finding areas that are exhibiting creep. As another example, InSAR
can be used to identify the location of grounding lines on glaciers with floating
tongues. The grounding lines are indicated by the limit of tidal flexure revealed by
differencing two velocity-only interferograms. This technique was used in north-
ern Greenland to reveal the inland migration of grounding lines between 1992
and 1996, indicating glacier thinning with a dynamic origin (Rignot et al., 2001).

7.6 Summary

Advances have been made recently in remote sensing of glaciers on a number
of fronts, including more complete and accurate glacier inventories, improved
glacier mapping techniques, and new insights from gravimetric satellites.Through
international cooperative efforts such as the Global Land Ice Measurements from
Space (GLIMS) initiative (Raup et al., 2007) and the Global Terrestrial Network
for Glaciers (GTN-G; Haeberli et al., 2007), satellite remote sensing of glaciers has
led to the ability to produce glacier outlines quickly over large regions, leading to
the production of nearly complete global glacier inventories.
Another recent project, spurred by sea level modeling needs and deadlines of

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC), has led to the production of a nearly globally complete set of glacier out-
lines, known as the Randolph Glacier Inventory (RGI). This data set lacks the
thorough attributes and documentation of data sources of GLIMS data, but it has
proved crucial to the IPCCwork. For example, the glaciers and ice caps on and near
Greenland have been completely mapped for the first time for the RGI (Figure 7.7;
Rastner et al., 2012). Both RGI and GLIMS outlines can be downloaded from the
GLIMS website (http://glims.org). Glaciers from both GLIMS and the RGI in cen-
tral Asia and the greater Himalayan region are being used for various ongoing
projects (Figure 7.8). As discussed above, simple band ratio techniques can map
glacier ice quickly, but debris cover remains a difficulty. More sophisticated tech-
niques, such as texture analysis or the “fuzzy C-means” method (Schowengerdt,
2007), have yielded promising results for awide range of glacier types (Racoviteanu
et al., 2009; Furfaro et al., submitted).
Recent results from a completely different type of measurement, satellite

gravimetry, have yielded direct estimates of mass changes in glacier ice. The
Gravity Recovery and Climate Experiment (GRACE) system is a pair of satellites,
orbiting in tandem, that use laser interferometry to measure the distance between
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Figure 7.7 Map of glaciers and ice caps surrounding Greenland, obtained by automated application of the band ratio
method to optical imagery, mostly LANDSAT (Rastner et al., 2012).
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Figure 7.8 Glacier map for Central Asia, produced from GLIMS and RGI data sources using the GMT (Generic Mapping
Tools) software.

the two satellites, producing information on changes in the gravitational field
(Tapley et al., 2004). One study applied GRACE data to measure glacier ice
changes in all major glacierized regions on Earth (Jacob et al., 2012). The spatial
resolution of this technique is coarse (some 100 km) and the uncertainties are
large compared to the signal in some regions (e.g., Himalaya), as the gravity
signal depends on many other factors, including groundwater depletion and
fluvial erosion. However, this method produces estimates of mass change that
are independent of any other technique. It is probable that future systems will
have better spatial resolution, and so will have better signal-to-noise performance
(Silvestrin et al., 2012).
In summary, remote sensingmethods are capable ofmeasuringmany parameters

of glaciers and glacier change, leading to greater insight into processes affecting
changes in glaciers and hence climate. Field-based measurements are indispens-
able, as they yield high-precision data and give key insight into processes.However,
due to expense and difficult logistics, such measurements are limited to a small
number of sites. Remote sensing can cover large numbers of glaciers per image,
and some long-term data collections (LANDSAT) are available for free. Algo-
rithms and computational resources are now capable of producing maps of glacier
boundaries at useful accuracy over large regions in a matter of days or hours. New
sensors will be coming online soon that will continue and extend this capability.
Gravitation-sensing satellites can directly measure changes in mass along their
orbit tracks, though still at low resolution compared to individual glaciers.
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Acronyms

ASTER Advanced SpaceborneThermal Emission and Reflection
Radiometer

DN Digital Numbers
ELA Equilibrium Line Altitude
ERTS 1 Earth Resources Technology Satellite
ETM+ EnhancedThematic Mapper Plus
GCP ground control points
GIFOV Ground instantaneous field of view
GLAS Geoscience Laser Altimetry System
GLIMS Global Land Ice Measurements from Space
GRACE The Gravity Recovery and Climate Experiment
GTN-G Global Terrestrial Network for Glaciers
ICESat Ice, Cloud, and land Elevation Satellite
IPCC Intergovernmental Panel on Climate Change
IRS Indian Remote Sensing
LDCM LANDSAT Data Continuity Mission
LIDAR Light Detection and Ranging
MSS Multispectral scanner
NDSI normalized difference snow index
NIR Near Infrared
RGI Randolph Glacier Inventory
SPOT Satellite Pour l’Observation de la Terre
SRTM Shuttle Radar Topography Mission
SWIR short-wave infrared
TM Thematic Mapper
UTM Universal Transverse Mercator
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