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ABSTRACT 

This thesis evaluates the effectiveness of ERS-1 synthetic aperture radar 

(Sf\.R) imagery for mapping movement of the transient snow line in the Place Glacier 

basin during an ablation season. Hydrological models of mountainous regions require 

frequent and accurate measurement of snow and ice covered areas to produce timely 

forecasts. Studies of glacier mass balance also require this information to monitor 

glacier health and assess changes in water resources. These areas are extensive and 

often inaccessible. Snow and ice accumulation can be effectively mapped using 

imagery from optical sensors such as Landsat-TM. However, the presence of cloud 

cover often limits the use of optical image data at times when it is required. SAR data 

can be obtained independent of weather and time of day, thus providing a potentially 

timely source of hydrological and glaciological data. 

The two primary objectives of this study are to normalise the topographically 

induced distortions (radiometric and geometric) inherent in SAR imagery of rugged 

terrain and to delineate the snow line in the normalised imagery as the boundary 

between the wet snow and glacier ice facies.. SAR images acquired on June 19, 1992, 

August 28, 1992, and October 2, 1992 were chosen to represent different stages of the 

ablation period. A digital elevation model (DEM) with 60 m grid spacing is created 

from survey and digitised map data to provide the topographic information necessary 

for normalising the SAR imagery. The radiometric distortions are normalised with a 

cosine correction and the image texture is enhanced to take advantage of the spatial 
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distribution of tonal variations within each image. To minimise geometric distortions 

and georeference the imagery each cosine corrected SAR image is ortho-rectified to 

an error of 40 m or better using the DEM and satellite orbital and ephemeris data. A 

supervised classification is performed on the ortho-rectified imagery to map the spatial 

distribution of snow and glacial ice within the basin. 

In June, when the glacier is still snow covered, the normalised imagery shows a 

significant difference between the return for wet snow at low incidence angles ( < 3 0°) 

and that for wet snow at large angles(> 30°), the former being several times greater. 

This is probably due to the difference between surface scattering at small incidence 

angles and volume scattering at large angles. 

The visual boundary between the wet snow and glacier ice surfaces on the 

ortho-rectified and classified August and October images is within 100 m horizontally 

and 50 m vertically of the snow line vectors obtained from field data. The glacier 

boundary is also discernible to within 50 m of the 1994 glacier outline. Several 

isolated bare ice areas that are marked with crevasses or runoff runnels give a low 

return similar to wet snow resulting in some confusion between glacier ice and wet 

snow. 

Despite the localised confusion between glacier ice and wet snow, examination 

of the methodology shows that SAR imagery is an effective and relatively inexpensive 

means of mapping glacier surface types. 
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CHAPTER! 

INTRODUCTION 

1.1 BACKGROUND AND SIGNIFICANCE OF STUDY 

Questions concerning the future of our water resources, environmental quality, 

and sustainable development require an understanding of glacial and hydrological 

processes and the ability to effectively monitor and forecast these processes. Glaciers 

are considered to be excellent indicators of climatic changes (Haeberli, 1985a; 

Oerlemans, 1986) and comprise a sensitive, integral part of the planet's ecosystem 

Glacier ice currently covers 10 percent of the Earth's surface, or about 15 million km2
, 

and contains 75 percent of the world's freshwater. However, most of this is stored in 

the Antarctic and Greenland ice sheets. Only about 4 percent of global ice cover is 

comprised of glaciers and ice caps spread over 550 000 km2 in North America (50%), 

Eurasia (44%), South America (5%), and New Zealand (1%) (UNEP, 1992). 

Throughout the world these glaciated areas are of considerable importance as they 

supply melt water to rivers used for generating hydro-electricity, irrigation, industry, 

domestic use, and the development and maintenance of stream associated habitat. 

Glaciers originate in areas above the climatic snow line (Pewe and Reger, 

1972). During an average year more snow accumulates than can be mehed under 

existing climatic conditions. This upper part of a typical glacier is called the 
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accumulation area. The snow line is defined as the location where there is just 

enough snowfall and energy available to balance accumulation and ablation. Ablation 

is the loss of ice due to meh, sublimation, and evaporation and dominates at elevations 

below the snow line. As a typical glacier flows under the force of gravity it moves 

from the accumulation area into the ablation area below the snow line. In the ablation 

area, more snow and glacier ice is melted and evaporated than is replaced by snowfall. 

Rothlisberger and Lang ( 1987) have shown that net radiation is a critical factor 

in glacier ablation, with solar radiation often providing the largest energy input during 

peak melt season. Due to the high solar reflectivity (or albedo) of snow (typically 

0.66- 0.88) as compared with glacier ice (typically 0.29- 0.40), the snow line has a 

profound effect on the glacier's energy balance (Paterson, 1994). This means that 

under the same conditions of incoming solar radiation, the energy available for melt 

will be larger at the ice surface in comparison with the snow surface, which is highly 

reflective. Thus, a large winter snowfall on a glacier can delay the peak summer 

run-off because the higher than normal glacier albedo will slow snow line movement 

and cause higher retention of melt water where the deep snow pack remains. Once 

the bare glacier ice is exposed it can meh rapidly and develops well defined conduits 

through which water can exit the glacier very quickly. Therefore, to model the run-off 

from glacier basins frequent and accurate measurement of the snow and ice covered 

area and the snow line position of the glacier must be known. 

The snow line at the end of the melt season is closely tied to the mass balance 

of a glacier through the equihl>rium line ahitude (ELA). A glacier's mass balance is 
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the difference between the measured winter accumulation prior to snow melt and 

summer ablation to the date when the ice surface is again covered by winter snow 

(Stanley, 1970). On a glacier where internal freezing is not a factor, the ELA is the 

highest position of the snow line prior to winter accumulation and divides the portion 

of a glacier that has a yearly net mass gain and net mass loss of ice. For temperate 

glaciers (defined as being at ooc throughout}, the equihl>rium line can be easily located 

and roughly coincides with the snow line at the end of the summer (Paterson, 1994 ). 

The ELA can be used for mass balance estimates if detailed mass balance studies have 

been performed on the glacier over several years, so that a correlation between 

specific mass balance and the ELA can be established (0strem, 1973; 1975). For 

glaciers with insufficient data to establish a relationship between mass balance and 

ELA, the accumulation area ratio (AAR) can be used. The AAR is the area . of 

accumulation at the end of the ablation season divided by the total glacier area. An 

AAR of0.7 roughly corresponds to a net mass balance of zero (Glen, 1963). 

Areas of extensive snow and ice accumulation are typically remote and 

inaccessible, therefore measuring and monitoring desired parameters becomes 

extremely difficult or impossible. Satellite imagery from optical sensors, such as 

SPOT and Landsat Thematic Mapper, are commonly used to monitor snow, glacier 

ice, and other hydrological· parameters. However, these sensors operate at 

wavelengths in the visible and near infra-red portion of the electromagnetic spectrum 

( 0. 4 - 1. 0 J.U11 wavelengths) requiring images to be acquired only during daylight hours 

and with a cloudless sky over the target. This is often a problem in high alpine regions 
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where the effectiveness of optical remote sensing systems can be restricted by cloud 

cover and shadows, and in polar regions where there is darkness for much of the year. 

These problems can be overcome using Synthetic Aperture Radar (SAR). A 

SAR sensor operates in the microwave portion of the electro-magnetic spectrum ( 1 

mm - 1 m wavelengths) which can penetrate smoke, haze, most cloud cover, and to a 

high degree, rain. This is achieved because imaging radar is an active sensor, 

providing its own scene illumination by transmitting a pulse of microwave energy and 

receiving the return signal, which has been reflected or scattered by an intervening 

surface. By not relying on the sun to illuminate a target, remotely sensed information 

can be obtained independently of weather and time of day. Microwave energy has the 

ability to penetrate a surface layer and is sensitive to surface roughness, moisture, and 

electrical properties. Consequently, the information content of radar imagery differs 

from that of optical imagery and may therefore be complementary (Bindschadler et al., 

1987; Werle, 1988). 

Spacebome SAR data is be~oming increasingly available with the launches of 

ERS-1 (1991), JERS-1 (1992), SIR-C (1993/94/95), RADARSAT (1995), and ERS-2 

(1996). Although glacier mapping with SAR at various frequencies is well 

documented (e.g. Rott, 1984; Mitzler and Schanda, 1984; Rott and Mitzler, 1987; 

Bindschandler et al., 1987; Rott and Davis, 1991; Shi et al., 1991; Shi and Dozier, 

1993; Shi et al., 1994) very little attention has been given to the snow line. This study 

focuses on mapping snow line movement through the ablation season in a glacier basin 

using SAR data where extensive ground verification data exists. 
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1.2 OBJECTIVES AND SCOPE 

In view of the potential advantages of using SAR data, the overall objective of 

this study is to evaluate the effectiveness of ERS-1 SAR imagery for snow line 

mapping in the Place Glacier basin during the 1992 ablation season. To accomplish 

this two specific objectives are identified : 

1) Minimise topographically induced distortions inherent in SAR imagery. 

These include radiometric and geometric distortions. 

2) Delineate the wet snow, glacier ice, and surrounding bedrock surfaces; the 

snow line being the boundary between wet snow and glacier ice. 

To meet the first objective a digital elevation model (DEM) is constructed and 

used in conjunction with a back-scatter model to reduce radiometric distortions. The 

geometric distortions are also reduced using the DEM and satellite orbital and 

ephemeris data. The second objective is met visually, by identifying the facies on each 

image based on tonal variations resulting from differences in surface roughness, 

wetness, and electrical properties. 
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2.1 SITE SELECTION 

CHAPTER2 

STUDY SITE 

The Place Glacier Basin ( 50° 26' N, 122° 36' W) is located in the Coast 

Mountain Range of western Canada approximately 140 km northeast of Vancouver, 

British Columbia (Figure 2.1 ). The glacier covers an area of 3. 7 km2 
, ranges in 

elevation from 1910 to 2550 m above sea level (a.s.l), and has two distinct basins 

with steep valley walls (Figure 2.2). The smaller, upper basin faces northeast and is 

relatively flat with several large crevasses, becoming progressively steep towards the 

head. This basin is where the accumulation area is generally found. The lower basin 

has a northwest exposure and rises gradually from the terminus in a southern direction 

for about 2.5 km to the divide with Joffre Glacier. The lower basin is usually free of 

snow by late July and is characterised by a large number of small crevasses and 

runnels. The glacier surface between the two basins has a steep slope(> 15°) and is 

heavily crevassed in places. 
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Figure 2.1: Location of Place Glacier, B.C. 
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Figure 2.2: Oblique air photo of Place Glacier looking towards the south (taken by 
RM. Krimmel on September 5, 1990). The photo does not include the entire upper 
basin (to the right). 

Place Glacier has been monitored and studied continuously since 1965, the 

beginning of the International Hydrological Decade (lliD). The original criteria for 

choosing this glacier is outlined in 0strem and Stanley (1969). Selection of Place 

Glacier for this study was based upon the availability of field data, the frequency of 

satellite passes, and the fact that very little of the glacier was affected by radar layover. 

As described in section 4.1, there was extensive field data collected during the 

1992 ablation season at Place Glacier allowing for reliable ground verification of the 

liD.agery. FromApri115, 1992 to December 15, 1992 the ERS-1 satellite had a repeat 
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cycle of 3 5 days (E. S.A, 1992 ), which provided a sufficient number of radar images 

for a study of this nature. Earlier work done by the author showed that only a small 

portion of Place Glacier (about 10%) was affected by radar layover (see section 

3.1.2.7) on scenes from a descending orbit. 

2.2 HYDROLOGY AND CLIMATOLOGY 

Meltwater from the glacier enters into a terminal lake from which it flows out 

by a single bedrock controlled channel In 1969 the Water Survey of Canada built a 

concrete weir near the lake outflow to record water levels on a year round basis. This 

gauging station was equipped with a Stevens A-35 float recorder and in 1990 a 

UDG-01 acoustical sounder and CR-10 data logger were installed. The drainage basin 

containing Place Glacier covers an area of 6. 7 km2 above the weir with an average 

discharge of 0. 75 m3s-1
• The elevations within the basin range from 1820 m a.s.l. at 

the weir to 2610 m at the peak ofMt. Oleg. 

Place Glacier is located 150 km from the Pacific Ocean, consequently climate 

is predominantly maritime in nature. Local topographic factors also contribute to 

weather conditions, which are variable over short horizontal and vertical distances. 

Because of the close proximity to the Pacific Ocean, annual temperature ranges are 

modulated but there is still a strong diurnal cycle. Although the area is influenced by a 

maritime climate the glacier is not within the beh ofhigh winter precipitation. 

Characteristics of the regional climate can be seen in Figures 2.3 and 2.4 which 

present data for the 1991/92 mass balance/hydrological year (October 8, 1991 to 
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October 1, 1992) from a meteorological station located on bedrock near the terminus 

of Place Glacier (approximately 1840 m a.s.l) and another on the glacier 

(approximately 2075 m a.s.l). Extremes in temperature range from 18.65°C in 

October, 1991 to -12.65°C at the end of March, 1992. Daily average temperatures 

remain above freezing from mid-May to near the end of October. 

Precipitation is generally well distnouted throughout the year. Snow 

accumulation begins in October reaching a maximum between February and May, 

usually not exceeding 5 m in depth. The snow pack begins to melt in May and has 

melted off the terminus by July and off the upper glacier by August. Rainfa11 occurred 

from May to October with the greatest amount fhlling in May and June. RainfaJJ 

events may also occur during winter months but are usually small and infrequent. 

- Mean Daily Air Temperature • Snow Accumulation 

20 400 

15 

Figure 2.3: Mean daily air temperature and snow accumulation above the 1991 glacier 
ice surface at Place Glacier for October 8, 1991 to October 1, 1992 (Brugman, NHRI 
Unpublished, 1992). Negative snow accumulation means that bare glacier ice was 
melting. 
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Figure 2.4: Daily rainfall at Place Glacier for October 8, 1991 to October 1,1992 
(Brugman, NHRI Unpublished, 1992). 

2.3 PHYSIOGRAPHY 

Place Glacier basin consists of metamorphosed sedimentary rock of Mesozoic 

age that exhibit a low-grade metamorphic mineral assemblage introduced. by sills, 

dykes, and small bodies of granodiorite (Mokievsky-Zubok and Stanley, 1976). 

Mass balance studies on Place Glacier have been conducted since 1965. 

Figure 2. 5 shows the annual net mass balance and equilibrium line height for 1965 ·to 

1992. The average values over this time period are - 0. 70 m of snow water equivalent 

(SWE) and 2240 m a.s.l for the mean net balance and ELA respectively. The 

cumulative net balance from 1965 to 1992 is -19.6 m SWE or a melt water yield of 

about 7.25 x 104 m3
• 
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Figure 2.5: Mass balance and equilibrium line altitude for Place Glacier from 1965 to 
1992. 
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CHAPTER3 

LITERATURE REVIEW 

3.1 IMAGING RADAR SYSTEMS 

3.1.1 BACKGROUND 

The term radar, which stands for radio detection and ranging, is an accurate 

description of the principle and performance of a radar system. A radar sensor 

transmits microwave (radio) pulses, receives the reflected component, or back-scatter, 

from the target (detection), and measures, simultaneously, the intensity and time delay 

of the return signal from transmission (ranging). This is shown in the radar equation 

(Ulaby et al., 1982): 

where P r = received power at polarisation r (W), 
Pt = transmitted power at polarisation t (W), 

(3.1) 

Gt =gain of the transmitting antenna,in the direction oftarget,at polarisation.t, 
R =distance between radar and target (slant range) (m), 
art= radar cross section of the target (m2

), 

Ar =effective receiving area of radar antenna aperture at polarisation r (m2
), 

1/4 1r R2 =isotropic spreading. 

The first term of equation 3 .1 defines the transmitted electromagnetic radiation 

received at the target; multiplied by the radar cross section of a perfectly reflecting 
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object; multiplied by the recetvtng area of the antenna aperture. The isotropic 

spreading component is the calculated loss of power against the distance of the target. 

Since imaging radar achieves across-track resolution by measuring the relative 

time delays of each echo component from a transmitted radar pulse the time delay 

variable can be expressed as: 

where c = the speed of electromagnetic radiation (3 x 109 ms-1
) 

T = elapsed travel time ( s) 

(3.2) 

Extensive presentations on radar theory are provided in Ulaby et al. ( 1981; 

1982; 1986) and Elachi (1988). For the purposes of providing some relevant 

background information for this thesis, some fundamental concepts and terms are 

discussed below. 

3 .1.2 IMAGING RADAR CHARACTERISTICS 

Two sets of factors control the back-scatter, which is exhibited in the 

grey-level variations or digital numbers of a SAR image. These factors are the sensor 

parameters, which include frequency, polarisation, and system geometry; and target 

parameters including scattering mechanisms, surface roughness, dielectric properties, 

and topography. 
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3.1.2.1 FREQUENCY 

Imaging radar systems operate in the microwave portion of the 

electromagnetic spectrum, which extends from 1 mm to 1 m wavelengths 

corresponding to frequencies of 300 GHz to 0.3 GHz. The most common imaging 

radar sensors operate at frequencies between 1.2 GHz and 36 GHz (Table 3.1) with 

the ERS-1 SAR sensor operating at 5.3 GHz (C-hand). 

Table 3.1: Common Imaging Radar Bands 

Band Frequency ( GHz) Wavelength (em) 

L 0.39- 1.55 76.9-9.4 

c 3.9- 5.75 7.69- 5.21 

X 5.75- 10.9 5.21 - 2.75 

K 10.9-36 2.75- 0.83 

The frequency of incident microwaves plays an important role in the surface 
I 

back -scatter response. For example, higher frequencies may give a higher return than 

lower frequencies, for the same surface, because the surface appears rougher to 

shorter wavelengths, which are more easily scattered than longer ones. The selection 

of a specific frequency also determines the degree of surface cover penetration. For 

most materials, the penetration depth varies linearly with the wavelength (Elachi, 

1988). An L-band signal with a 20 em wavelength will penetrate about 10 times 

deeper than a K-band signal at 2 em, resulting in different back-scatter cross sections 

for the different wavelengths. Both the wavelength and physical state of the surface 

will determine if the radar return is a result of surface scattering, volume scattering, or 

a combination ofboth. 
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3 .1.2.2 POLARISATION 

An electromagnetic wave may be described as a series of interwoven elec~ric 

and magnetic fields which vibrate at right angles to each other. The polarisation of a 

transmitted microwave describes the orientation, usually horizontal or vertical, of the 

electric field vector at a given point and time (Suits, 1975) (Figure 3~ 1). Due to 

scattering, the return will contain polarised and depolarised components of which only 

one will be received. This results in four possible transmit - receive combinations: 

horizontal transmit and receive, designated HH, vertical transmit and receive (VV), 

horizontal transmit vertical receive (HV), and vertical transmit horizontal receive 

(VH). The ERS-1 SAR sensor operates at VV polarisation. The polarisation of a 

radar signal is an important factor to consider when interpreting radar imagery since 

different polarisation combinations can give different returns for the same surface. 

1 t e<enOCFEW~ 
l 

DIRECTION Of WAVE 
PROPAGATION 

Figure 3.1: Polarisation ofElectromagnetic Waves (adapted from Trevett, 1986) 
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3.1.2.3 RADAR IMAGING GEOMETRY 

Most terrain imaging radar are side-looking systems where the microwave 

beam is radiated at an angle orthogonal to the flight direction (Figure 3.2). If radar 

was to be used in a nadir mode there would be very little relief effect. Additionally, 

the transmitted energy would be reflected directly back to the antenna and not 

back -scattered resulting in a saturated (entirely white) image. Therefore, radar 

transmission is at an angle oblique to the platform to generate artificial shadows and 

ensure useful measurement of back-scattering. 

Because radar sensors are side - looking, the viewing geometry can cause 

image distortions. These distortions are controlled primarily by the depression angle, 

or a similar geometric parameter called the incidence angle (Estes et al., 1975). 

The depression angle is the angle between a horizontal plane and the radar 

beam from the sensor to the ground surface (Figure 3.2). In the near-range portion of 

the image swath the depression angle is steeper than that of the far-range portion. For 

the ERS-1 SAR sensor the depression angle ranges from approximately 70° in 

near-range to 64° in far-range. An alternative term in defining the angular relationship 

between the radar beam and ground surface is the incidence angle. It is the angle 

between the radar beam and a line perpendicular to the ground surface. If the surface 

is horizontal the incidence angle is the compliment of the depression angle. However, 

if the surface is inclined, the local incidence angle is no longer related to the 

depression angle. 
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Figure 3.2: Geometric characteristics of side-looking radar (after Avery and Berlin, 
1985) 

3.1.2.4 SCATTERING MECHANISMS 

When an electro-magnetic wave strikes the boundary between two 

semi-infinite media, a portion of the incident wave is scattered backward and the rest 

is transmitted into the lower medium (Ulaby et al., 1982). If the lower medium is 

inhomogeneous or is a mixture of material with different dielectric properties, then a 

portion of the transmitted wave may be scattered back across the boundary. This 

form of scattering is referred to as volume scattering. If the incident wave remains 

within the volume, and is not back-scattered, then there is absorption of the wave. 

However, if the lower medium is homogeneous (i.e. is not penetrated by the incident 

wave) then there is only surface scattering at the surface boundary. In nature all 
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media are inhomogeneous, however, it is convenient to tgnore one or the other 

mechanism to simplify the often complex interactions. 

By modelling the back-scatter response to wet snow, Shi and Dozier (1992) 

have characterised the dominant scattering mechanisms for wet snow. For low liquid 

water content snow (about 3% in volume), surface scattering dominates at small 

incidence angles and volume scattering dominates at large angles. For high liquid 

water content snow (about 7% in volume) with a relatively rough surface (> 3 mm 

random surface height), surface scattering dominates at all angles. Surface - volume 

interactions are only important for low liquid water content snow with a relatively 

rough surface. These results have been confirmed by more recent treatments in Shi 

and Dozier (1995). 

3.1.2.5 SURFACE ROUGHNESS 

Surface roughness is the dominant factor in determining the strength of the 

return, and, hence, the image tone. Unlike topographic, or macroscale roughness, 

which is measured in metres, surface roughness, or microscale relief, is measured in 

centimetres. Depending on the surface roughness the incident energy can be reflected 

in either a specular or diffuse manner. 

A surface that appears smooth to the radar reflects the incident pulse in a 

single direction away from the sensor. In accordance with Snell's Law, the pulse will 

be reflected at an angle equal to that at which it strikes the surface. This process is 

called specular reflection and the surface is termed a specular reflector (Trevett, 
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1986). Theoretically, a sensor would receive no return power from a specular surface 

except for normal incidence. 

A surface that appears rough to the radar is generally composed of numerous 

faceted structures that scatter the incident energy in many directions, with some 

portion scattered back to the sensor. This is known as diffuse reflection, and the 

surface is referred to as a diffuse scatterer or a Lambertian surface (Ulaby et a/., 

1982). These surfaces can give high returns independent of the incidence angle. 

There are two main parameters which determine if a surface is 'radar rough' or 

'radar smooth'; these are the wavelength and depression angle. Their relationship is 

described by the Rayleigh criterion, which considers a surface to be smooth if (Estes et 

a/., 1975): 

h<-A-
8 sin~ 

where: h =average height of the microrelief 
A = radar wavelength 
~ = depression angle 

(3.3) 

The theoretical boundary between a smooth and rough surface is defined by 

calculating h. However, few surfaces in nature are truly rough or smooth so Peake 

and Oliver ( 1971) modified the Rayleigh criterion for intermediate roughness. A 

surface is smooth (hs) if: 

A 
hs < . ~ 25 stn 

(3.4) 

A surface is rough (hr) if: 

A hr > . A 
4.4sm..., 

(3.5) 
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For this study, using the ERS-1 SAR sensor parameters of 'A = 5. 6 em and J3 = 

67°, surfaces are considered smooth if h < 0.24 em and rough if h > 1.38 em. Field 

measurements (refer to section 4.1) show that the wet snow and glacier ice surfaces 

for all three images are rough at scales relevant to C-hand. It is estimated that the 

sedimentary rock surrounding the glacier has an average vertical microrelief > 1. 3 8 

em, with roughness generally remaining constant throughout the season. 

3 .1.2.6 CO:MPLEX DIELECTRIC CONSTANT 

The complex dielectric constant, or complex permitivity, of natural materials 

corresponds to the ability of a medium to absorb electro-magnetic radiation (Elachi, 

1988). Materials with a high dielectric constant are strongly reflect~ve surfaces which 

result in the majority of the incident energy being reflected from the dielectric 

discontinuity. The dielectric constant for most dry, naturally occurring materials is 

between 1 and 8, but will reach values as high as 80 for water. 

The dielectric constant of snow increases in a approximately linear relationship 

to moisture content (Denoth, 1989). Dry snow, which has a dielectric constant 

between 1.4 and 2.0 (Ulaby et al., 1986), is virtually transparent at C-hand (Ulaby et 

al., 1982). However, microwave penetration into a snow pack decreases dramatically 

as the liquid water content (i.e. dielectric constant) increases (Figure 3.3). With 

increasing water content, the low penetration and high reflectivity result in a large 

back -scatter response from a rough wet snow surface, due to isotropic-type scattering, 
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and smaller returns from a smoother wet snow surface, due to greater specular 

reflection (Figure 3.4). 

Since scattering from a dry snow surface can be ignored, because of deep 

penetration of the incident wave, surface roughness will have no effect on the radar 

return. Scattering from a very wet snow surface, which has low permitivity, displays a 

significant response to surface roughness (Stiles and Ulaby, 1980). Figure 3.5a shows 

that both a smooth and rough dry snow cover have a similar back-scatter response at a 

range of incidence angles. In contrast, Figure 3 .5b shows that surface roughness can 

affect radar back-scatter intensities when the snow pack is wet. 

e 
Q. 
cO 

T=-10C 

p
5
=0·4g cm3 
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0 1 2 3 4 5 
Volumetric liquid water content mv(%) 

Figure 3.3: Penetration depth at A volumetric liquid water content of snow at -1°C and 
0.4gcm-3 density at a range of SAR frequencies (from Ulaby et al., 1982) 
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3.1.2.7 TOPOGRAPHY 

The slope and aspect of an imaged surface can affect the return signal, 

particularly in high relief areas. A relatively smooth surface with a low incidence angle 

will give a much higher return than the same surface at a large incidence angle (Ulaby 

et al., 1982). This topographic influence leads to differences in backscatter, and 

consequently image tone, for the same surface type which is referred to as radiometric 

distortion. 

Highly variable relief also creates geometric distortions in which the true 

planimetric position of an object is displaced in an image. Since the position of an 

object across track is based on a signal time delay, the earliest returns are recorded in 

the near-range, later returns towards the far-range, and features at the same 

slant-range occupy the same position. Therefore, slopes facing the sensor will be 

compressed because of the short period of time the slope is illuminated by the radar 

(Figure 3.6). This compression is called foreshortening. An extreme case of relief 

displacement occurs when the top of an object is closer to the sensor than the bottom 

and is therefore recorded sooner (Figure 3. 7). The result is nearly a complete loss of 

information from the facing slope because the top of the feature has overlaid the 

bottom. This effect is referred to as layover. 
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Figure 3. 7: Radar Layover (adapted from Werle, 1988) 
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3.1.3 SARDATADESCRIPTION 

The satellite imagery used for this study are three ERS-1 SAR scenes imaged 

on June 19, August 28, and October 2, 1992 at 1100 hours local time. The images 

each span 100 km2 and cover roughly the same area, with a resolution of 3 3 m in 

range (x) and 30 m in azimuth (y). The pixel size is 12.5 m by 12.5 m. They are 

multi-look detected, taken on a descending orbit (no~h to south), and are in ground 

range presentation. The imagery has undergone relative calibration at the Canada 

Centre for Remote Sensing (CCRS) prior to distribution. 

3.1.3.1 MULTI-LOOK DETECTION AND SPECKLE 

Multi-look detection is a method of speckle reduction. Speckle is a form of 

image noise which appears as a grainy salt-and-pepper texture on all radar images. 

The return signal strength in a radar imaging system is subject to fluctuations. These 

random fluctuations are observed and averaged over a resolution cell, or pixel, the 

result producing image speckle. For instance, a homogeneous target area may 

produce returns at full strength, which result in bright pixels, while fluctuations lead to 

lower returns which give dark pixels. The fine grained random intensity pattern of 

bright and dark pixels is speckle. By making a number of 'looks' at a pixel and 

averaging them it is possible to reduce speckle. Numerous looks are achieved by 

filtering the along-track beam into a number of sub-beams. Each look is an 

independent image so the distribution of speckle within each look are also independent 
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of each other. If the looks are averaged the resulting image intensity will have 

reduced speckle effects. The trade-off of multi-look processing is that the original 

resolution of the image is degraded by a factor of N where N is the number of looks. 

This occurs because different portions of the signal must be used to generate 

independent looks. For example, the ERS-1 SAR imagery used in this study was 

processed with 3 looks which degraded the resolution from about 10m to 30m. 

3 .1.3 .2 GROUND AND SLANT RANGE PRESENTATION 

In a ground range display the position of a point on the ground is determined 

by the horizontal ground distance from nadir to that point. This distance is projected 

on a ground range image plane which extends from nadir to the far range, hence, the 

pixel size remains the same from near to far range. This differs from a slant range 

display which is measured from the sensor to the ground by the timed pulse to and 

from the target. The result is compression in the near-range and increasing pixel size, 

relative to the ground, towards the far-range. Although the pixel distortion is an 

undesirable effect, geometric distortions such as layover and foreshortening are 

minimised in a slant range display and exaggerated in ground range (refer to Figures 

3.6 and 3.7). 
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3.1.3.3 RADIOMETRIC CALffiRATION 

Although the images used in this study will be radiometrically normalised, this 

ts not 'absolute' image calibration. Radiometric calibration of a SAR system 

establishes a relationship between the SAR image intensity and the radar back-scatter 

coefficient ( cro) (Ulaby et al., 1981 ). An image can be calibrated 'relatively' or 

'absolutely'. Relative calibration determines how precisely intensity measurements can 

be compared in a single scene or swathwidth. This is usually done by the image 

acquisition agency (e.g. CCRS) who corrects instabilities caused by the radar system. 

Absolute calibration attempts to establish the accuracy of a measurement of 0°. This 

is very difficult since many radar system factors (e.g. transmitted power levels, antenna 

and receiver gain) and the scattering properties of extended area targets need to ·be 

accurately determined (Fung and Ulaby, 1983). Absolute calibration is commonly 

done using calibration targets, such as a large comer reflector, whose cro for a given 

radar system is known (Ulaby et al., 1982). The difference between the observed cro 

and the calibrator gives a constant K in the relationship between intensity (/) and the 

back-scattering coefficient (cr0
) in the form of(Werle, 1988): 

(3.6) 

Since the study images are relatively calibrated, the pixel values for a given 

surface type are consistent within each scene, but are not necessarily so between 

scenes. This is acceptable since the analysis (e.g. snow line mapping, classification) is 

done individually for each image. 
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3.2 GLACIER MONITORING 

3 .2.1 CONVENTIONAL GLACIER MONITORING IN WESTERN CANADA 

Historically, glacier monitoring involved surveys of glacier termini and 

photographic records which began early this century as railways were constructed 

through the western cordillera (Young and Ommanney, 1984). Photographs, taken 

primarily by alpinists, of the Illecillewaet, Asulkan, Robson, Y oho, and Victoria 

Glaciers (e.g. Vaux, 1909; Reid, 1909; Wheeler, 1915; 1932; Cavel, 1983) were some 

of the best data available until the middle of the century. In 1945 the Water Survey of 

Canada initiated a systematic survey of glaciers in the Canadian Cordillera (Reid, 

1972). The early surveys simply measured changes in terminus positions but later 

advanced to terr~strial photogrammetric surveys which could be used to produce 

maps from which the linear, areal; directional, and volumetric changes could be 

determined (Campbell et al., 1969; 1970). 

Glacier runoff was measured in several early studies (Keeler, 1964; Adams, 

1966), but basin hydrology was not the main focus. It was the Water Survey of 

Canada who realised the significance of glaciers in alpine hydrology (Collier, 1958) 

and began installing stream gauging stations in glacier-covered areas including one 

near the terminus of Athabasca Glacier (Mathews, 1964). 

Dramatic changes took place in glaciological studies with the initiatives of the 

lliD (1965 - 1974) (UNESCO, 1970). New glacier studies were introduced on an 

east-west transect of glaciers from the southern Rocky Mountains to the west coast 

(Falconer et al., 1966). The new measurement programs focused on net annual 
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glacier mass balance, basin runoff, and meteorological observations (0strem, 1966). 

To obtain uniformity of measurement and results a mass balance manual was published 

by 0strem and Stanley (1966) which describes simple techniques and suggests a 

suitable format for result presentation. This manual was revised by 0strem and 

Brugman (1991) and is the accepted standard for glacier mass balance measurements 

for much of the world. 

The importance of the transient snow line in glacier mass balance and runoff 

has long been recognised (0strem 1973; 1975, Young, 1982; 1990). For mass 

balance studies the snow line is surveyed near the end of the ablation season and 

corresponds roughly to the ELA for temperate glaciers (Paterson, 1994). Given a 

sufficient history of glacier mass balance measurements the ELA can be used to 

estimate glacier mass balance (0strem 1973; 1975). Hydrological modelling of glacier 

basins also requires the position of the transient snow line although more frequently 

than is needed for mass balance studies. 0strem and Brugman (1991) suggest four 

methods for mapping the position of the transient snow line. These include: 

1) Sketching the snow line in the field onto a glacier map, 

2) Noting its position with reference to stakes, 

3) Taking photos from several established points, and 

4) Using remotely sensed imagery. 
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3 .2.2 SATELLITE REMOTE SENSING OF GLACIERS 

The large areal extent and remote location of glaciers in polar and high 

mountain areas make remote sensing well suited to the study of glaciers (Hall and 

Martinec, I985). Additionally, spatial and temporal resolution of satellite information 

make the use of satellite imagery practical for many glaciological studies. Two 

common sources of glacier imagery are optical and active microwave sensors. Optical 

sensors operate in the visible and near infrared portions of the electro-magnetic 

spectrum ( 0. 4 - I. 0 J..Lm wavelengths) 'passively' collecting the reflected radiation from 

a surface. These sensors require a cloud-free sky over a target. Active microwave 

sensors operate in the microwave portion of the electro-magnetic spectrum (I mm- I 

m wavelengths), which will penetrate most cloud cover, illuminating the surface with 

pulses of microwave energy and receiving the return signal. 

3.2.2.1 OPTICAL SENSORS 

Some of the earliest work done in glacier mapping was accomplished with 

imagery from optical sensors. During most of the IHD the major technology for 

glacier mapping was the ortho-photo map, derived from aerial photographs 

(Ommanney, I986). 0strem (I973) used aerial photography to map the snow line of 

glaciers in southern British Columbia and Alberta and used the snow line to estimate 

the mass balance of several glaciers. He concluded that if air photo cover or high 

resolution satellite imagery were made available throughout the summer melt season 

one could closely follow the mass balance variations during the summer and 
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extrapolate results from field studies on a few glaciers to almost all glaciers within the 

imaged region. 

The launching of the Landsat-MSS (Multi-Spectral Scanner) satellites 

provided scientists with an enormous amount of information on the distribution and 

characteristics of the world's glaciers. Using this data Meier (1973) revealed 

previously undetermined directions of ice flow on the Bagley Ice Field, Alaska, . by 

examining faint dust bands and medial moraines which were of such a vast scale as to 

be unrecognisable on aerial photos. The shear size of many Alaskan glaciers made 

Landsat imagery practical for viewing terminus changes, glacier movement, and 

surface features such as the snow line and wavy, looped medial moraines indicative of 

surge-type glaciers (Krimmel and Meier, 1975). It was established that the 79 x 56 m 

pixel resolution of Landsat-MSS imagery was adequate for mapping the transient 

snow line (Meier, 1975; 0strem, 1975). Based on his earlier study using aerial photos 

(0strem, 1973), 0strem (1975) showed that glacier mass balance can also be 

estimated using snow line positions derived from Landsat data. 

In all of the above mentioned studies, Landsat data was examined in visual 

format. Rundquist eta/. (1980) first utilised Landsat data in digital form to produce 

plots from supervised classifications, showing selected glacial features, for several ice 

masses and mountainous areas. Taking image analysis into the digital domain allowed 

scientists to fully exploit this data source. By modifying the digital numbers through 

enhancement methods, differences in ice and snow reflectivity, attributed . to 

differences in glacier surface conditions, could be seen (Williams, 1983; 1987; Hall 
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and Ormsby, 1983). Utilising the digital numbers scientists could also classify 

Landsat-MSS images to monitor changes in glacier area (Howarth and Ommanney, 

1983; 1986; Champoux and Ommanney, 1986). However, for interpretation and 

mapping purposes, enhanced Landsat images were preferred over classification 

because of errors introduced by spectral confusion (Howarth and Ommanney, 1986). 

The new Landsat-TM (Thematic Mapper) and SPOT satellites provide 

multi-spectral imagery with resolution of 28.5 m and 20 m respectively and 

panchromatic SPOT is available at 1Om. Imagery from these high resolution sensors 

has been used more successfully to differentiate surface types on glaciers than with the 

MSS data. Hallet a/. (1987) identified the ablation zone and the wet- and dry-snow 

facies within the accumulation zone on three different glaciers using ratios of TM band 

4 (0.76-0.90 J.lm) to TM band 5 (1.55-1.75 J.tm). Through these TM estimated facies, 

changes in glacier mass balance can be determined, provided that a history of mass 

balance measurements is available (Hallet a/., 1989a). Other studies have shown that 

the Landsat-TM digital numbers can be used to estimate surface reflectance values 

that compare favourably with measurements acquired in-situ (Hall et a/., 1989b ). By 

computing reflectance within each TM band, the albedo, or spectrally integrated 

reflectance of snow, can be calculated (e.g .. Dozier, 1984; Brest and Gownard, 1987; 

Duguay and LeDrew, 1992; Koelemeijer eta/. 1993; Gratton eta/., 1994). 

Although high resolution multi-spectral imagery is optimal for surface type 

discrimination on glaciers, problems with cloud cover often limit the utility of these 

sensors for timely snow and ice measurements. Active microwave sensors possess 
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all-weather and night time imaging capabilities which provide a potentially valuable 

data source for glacier mapping. 

3.2.2.2 ACTIVE MICROWAVE SENSORS 

Early studies using SAR in mountainous areas have yielded enigmatic results. 

In some cases seasonal snow cover could not be detected at all (Meier et al., 1966; 

Meier, 1975), yet in others, using the same band, metamorphosed snow produced an 

extremely bright and distinctive return (Waite and MacDonald, 1970). In all instances 

glaciers could be distinguished from the surrounding terrain and were characterised as 

having one of the lowest returns of any surface. 

Later studies demonstrated that active microwave sensors were optimal for 

mapping wet snow covered surfaces (Matzler and Schanda, 1984; Shi and Dozier, 

1992). Using X- and C-band, wet snow could be visually separated from snow-free 

surfaces, including glacier ice, at incidence angles > 25° (Rott, 1984). Quantitative 

analysis of airborne SAR data indicated that the difference in contrast between wet 

snow cover and snow-free surfaces decreases from X-band to longer wavelengths. 

This effect· was evident on imagery from the SEAS AT satellite, which operated in 

L-band, in which wet snow could not be differentiated from firn or glacier ice (Hall 

and Ormsby, 1983; Rott, 1984; Rott and Matzler, 1987; Williams, 1987). Because 

surface topography effects SAR back-scatter, antenna incidence angles between 40° 

and 65° are appropriate for applications in high mountain regions (Rott, 1984; Rott 

and Matzler, 1987). This further complicated the interpretation of brightness 
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differences in SEASAT SAR images because the antenna incidence angle for SEASAT 

was 20.5° at mid-swath, thus creating serious geometric and radiometric distortions. 

Because radiometric distortions occur in all SAR data, researchers have found 

ways to calibrate radar imagery (Zebker et al., 1991; van Zyl et al. 1993) or correct 

the effects of local incidence angles using digital elevation data (Rinse et al., 1988; 

Bayer et al., 1989; Wivell et al., 1992). Geometric distortions, inherent in areas of 

variable relief, can also be corrected. One method is to relate the uncorrected SAR 

image to a simulated, geocoded SAR image created from aDEM and an estimate of 

the satellite position (Guindon and Adair, 1992). This was successfully employed for 

mapping wet snow surfaces in the Rocky Mountains near Banff, Alberta (Maxfield, 

1995). A second method is to ortho-rectify the SAR image using satellite orbital and 

ephemeris data, ground control points, and a DEM to position each pixel into its true 

location on a chosen cartographic projection. This geometric correction model was 

originally developed for SPOT-HRV (Toutin, 1985), adapted to satellite SARin areas 

of low relief (Toutin and Carbonneau, 1992), and successfully tested on ERS-1 SAR 

imagery of highly variable alpine terrain (Adam et al., 1995). 

Using topographic information and a geocoded SAR image Shi and Dozier 

(1993) and Shi et al. (1994) classified and mapped wet snow, glacier ice, and 

rock/moraine surfaces in a glacier basin using C- (VV and HH polarisations) and 

L-band (HH polarisation). The classification accuracy of about 75% for C-band (VV 

and HH polarisations) is high enough to justify its use as a data source in areas where 

cloud cover prevents frequent imaging by optical sensors. When topographic 
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information is not available wet snow and ice surfaces can be mapped using the 

specific polarisation signatures from polarimetric SAR (Shi et al., 1991; 1994) or 

multi-frequency back-scatter data (Rott and Davis, 1993). 

3.3 PREVIOUS STUDIES AT PLACE GLACIER 

All of the glaciological, hydrological, and meteorological data for Place Glacier 

from 1965 to the present has been collected by scientists, technicians, and volunteers 

of the National Hydrology Research Institute (NHRI). Place Glacier was one of the 

original glaciers used in the IHD program and a summary of those measurements can 

be found in Mokievsky-Zubok and Stanley (1976). Data collected by the NHRI, such 

as the annual winter balance, summer balance, net mass balance, and equilibrium line 

altitude for Place Glacier from 1965 to 1991 is reported in Kasser (1973), Muller 

(1977), Haeberli (1985b), Haeberli and Muller (1988), and Haeberli and Hoelzle 

( 1993). A summary of the specific net balance, equilibrium line altitude, and 

accumulation area ratio for 1988 to 1991 are presented in the World Glacier 

Monitoring Service Bulletins 1 and 2 (Haeberli and Herren 1991; Haeberli, Herren, 

and Hoelzle 1993). 
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CHAPTER4 

METHODOLOGY 

To extract information on the distribution of snow and glacier ice, the 

radiometric and geometric distortions inherent in SAR imagery must be minimised. 

This chapter presents the methodology used to minimise these distortions. The 

methodology is discussed in seven major sections. These included: (i) field data, (ii) 

digital elevation model construction, (iii) incidence angle map construction, (iv) 

radiometric correction, using the incidence angle map and a simple back scatter model, 

(v) the geometric correction model and image ortho-rectification, (vi) image 

classification utilising a supervised scheme, and (vii) estimation of the snow line 

position from field data. 

4.1 FIELDDATA 

In order to achieve the degree of accuracy required for operational use of 

satellite imagery it is necessary to obtain ground verification data (Lee et al., 1975). 

Field data for this study were collected during the spring and ·summer of 1992 by 

employees and volunteers of the National Hydrology Research Institute•s Glacier Mass 

Balance Program. To monitor the snow line, oblique black and white photos of the 

upper basin and terminus were taken daily by two automatic strike cameras operating 
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from May 5 to October 4, 1992. Additionally, colour photos were taken by the 

glacier field crews using 3 5 nun cameras during field work from August 12 to 17 and 

September 29 to October 5. Meteorological data is available from a station on the 

glacier and one on bedrock near the terminus. These stations collect air temperature, 

rainfall, incoming and outgoing short-wave radiation, incoming long-wave radiation, 

surface melt, and wind speed data every 15 minutes on a year round basis. This 

information is helpful in determining the surface conditions at the time of imaging. 

Several ancillary data sources are also available (Appendix A). These include 

a seven band Landsat-5 TM scene imaged on September 13, 1990 and vertical aerial 

photos taken on September 5, 1990. This data was used to assist in identifying 

prominent surface features which may show up on the radar imagery. They also help 

identify snow melt patterns since the distribution of snow in the upper basin is 

topographically controlled and is similar from year to year. Maps of the ELA for 

1989-91 are also used because the ELA during this time was approximately the same 

as that for 1992, about 2250 m. 

It is helpful to know the surface conditions at the time of imaging in order to 

understand the nature of the back-scatter response. The only surface properties 

measured precisely during imaging were the meteorological data. Other directly 

observed surface properties (e.g. roughness and wetness) can be estimated from 

observations made within several days of imaging, or from the record of observations 

during the entire ablation season. 
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It is assumed that at the time all three images were acquired the snow pack 

was actively melting. The air temperatures recorded at the glacier meteorological 

station during each image (9.04°C, 5.29°C, and 7.73°C for the June, August, and 

October images respectively) support this. Furthermore, air temperatures were well 

above zero for the entire morning prior to the SAR overflight. Strike camera photos 

for each image day and short wave radiation data suggest that these days were also 

very sunny. Dielectric measurements of the snow pack, made with a Denoth probe, 

on May 3, August 15, and Sept. 29, 1992 all record dielectric constants of about 3, 

with the latter two measurements slightly lower. Snow densities on these same three 

days fell within the 0.4- 0.5 g cm-3 range. The percent liquid water content by volume 

(W) of the snow pack can be computed by (0strem and Brugman, 1991): 

-18.7 ± J170- 353p- 81p2 + 184es W=---.;;._ ________ _ 
0.92 

(4.1) 

where p is the snow density in g cm-3 and e
5 

is the dielectric constant. This yields a 

value of approximately 4% using p = 0.45 g cm-3 andes= 3. The depth of microwave 

penetration is then estimated, using Figure 3. 3, at 5 - 10 em for each image day. 

Snow surface roughness for the June image can only be inferred by subtracting 

the depth of melt recorded by the UDGO 1 sensor from the May 3 snow pit data. At 

the depth which would be exposed during image acquisition, snow grains were on the 

order of 1 - 2 mm. Although snow metamorphism would have altered this layer by the 
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time it was exposed, a change in grain size on an order of magnitude would be 

insignificant when viewed at a 5.7 em wavelength (ERS-1 SAR, C-band). Snow 

surface roughness during the August and October images is estimated from the 

August 15 and September 29, 1992 snow pits. They reveal snow grain sizes typically 

falling in the 1 - 3 mm range and suncups at the surface on the order of 5 em (Mackay, 

NHRI, personal comm. ). 

4.2 DIGITALELEVATIONMODEL 

The utility of SAR imagery for thematic applications, such as snow line 

mapping, is dependent upon proper radiometric and geometric correction of the 

tmagery. However, correcting imagery from mountainous areas is often difficult 

because of significant distortions arising from the sensor's sensitivity to local 

topographic relief By using digital topographic information these radiometric and 

geometric distortions can be minimised (Hinse et al., 1988; Bayer et al., 1989; Wivell 

et al., 1992). 

A digital elevation model (DEM) is a digital representation of the surface 

topography in a geographic area, most often represented as a connected surface 

model, having unique z values over x and y (Weibel and Heller, 1991). DEM 

generation begins with terrain data acquisition which consists of observations of 

terrain elevations and, whenever possible, additional information about phenomena 

that may influence the shape of the terrain surface such as drainage channels, ridges, 

and other surface discontinuities. Elevation information is commonly derived from 
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ground surveys, digitised contour maps, or photogrammetric methods using aerial 

photos or satellite imagery (e.g. SPOT satellite). Since the original elevation 

observations may be at a coarse resolution and/or irregularly spaced, interpolation 

between the data points is often required, creating either a rectangular grid (or 

elevation matrix) or a Triangulated Irregular Network (TIN). 

This section outlines the methodology used to generate a DEM for the Place 

Glacier area. It begins by presenting elevation data sources for this study followed by 

the data interpolation models, a visual assessment of each DEM interpolator, and 

refinement of the final product. 

4.2.1 DIGITAL ELEVATION DATA 

At the time of this study, there were five potential sources of elevation data 

available. These included contours previously digitised from a 1: 10 000 scale map 

sheet of the Place Glacier basin, digital terrain elevation data (DTED) produced by the 

U.S. Defence Mapping Agency, air photo stereo pairs of Place Glacier taken on 

September 5, 1990, survey data collected from 1992-94 field seasons, and a National 

Topographic Series (NTS) map sheet. In order to effectively minimise the radiometric 

and geometric distortions in the SAR imagery, the information must represent the 

terrain at the time of imaging as accurately as possible. This requires recent data at a 

spatial resolution compatible with the topographic variation in alpine regions. Each of 

the above data sources and their suitability are discussed in the following sections. 
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4.2.1.11:10 000 SCALE PLACE GLACIER MAP 

This map of the Place Glacier basin was created during the lliD, compiled 

from 1965 air-photos and printed in 1967. The contour intervals are 10 m on the 

glacier and 50 min the surrounding area. All of the contours were digitised in x, y, z 

format representing easting (m), northing (m), and elevation (m a.s.l.) respectively. 

Although the resolution of the digitised contours would be sufficient for correcting 

SAR imagery, the elevation data from the glacier area is not appropriate since Place 

Glacier has lost about 8.5 x 107 m3 of ice between 1965 and 1992. During this time 

the terminus has also retreated approximately 500 m. The area surrounding the glacier 

was not used because it covered an area much smaller than was desired. Rather than 

use this information and add more data beyond its limits, it was felt that the minimum 

number of data sources should be used in order to create a seamless DEM of the 

glacier and a large portion of the surrounding area. Therefore, this was not used. 

4.2.1.2DTED 

This data is current to 1989 and has a resolution of 3 arc-seconds by 6 

arc-seconds, or about 100 m x 100 m, which is equivalent to the information found on 

1 :250 000 scale maps. Although the data is recent, the spatial resolution is greater 

than the major topographic variation in the region. Furthermore, the time of year the 

elevation data was collected is unknown. If during the winter months, snow 

accumulation and distribution could potentially distort slope and aspect information. 
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4.2.1.3 AERIAL PHOTOGRAPHS 

These were potentially the best source of topographic information because 

they were recent, most of the glacier was snow free, and they could provide 

topographic data at a very fine scale. However, due to an insufficient number of 

accurate ground control points ( GCPs) the algorithm could not properly compute 

elevations for the entire glacier. Only five points were extracted from near the 

terminus. 

The extraction procedure began by scanning in each air photo at 3 00 dpi (dots 

per inch). Scanning at a higher resolution requires more disk space and provides 

unnecessary detail which can affect the matching algorithm and cause errors in the 

final results (PCI, 1994). GCPs are chosen on each image and should be accurate to 

within several pixels. They should be distributed near the edges and comers of the 

imagery and at the lowest and highest elevations to avoid extrapolation. This 

presented difficulties because the 4 GCPs which could be positively identified on the 

images were limited to a very small area. Hence, elevations could only be extracted 

from the area bound by these points, which was mainly the terminal lake. Fallowing 

the GCP selection, an epipolar projection of one of the images is produced. This 

improves the speed and reliability of elevation extraction by reducing the y-parallax to 

just one line thus, the matching procedure is reduced to only the x-direction (PCI, 

1994}. A camera model is then generated using the GCPs and photo characteristics 

(e.g. principal point and photo dimensions) to determine the position, height, and tilt 

of the camera when the photo was taken. The final step is to match points (manually 

43 



or automatically) on one image with the corresponding points on the other image. 

The distance and direction of the point separation determines the amount of parallax 

and the corresponding elevation. 

4.2.1.41992-94 SURVEY DATA 

The survey data was the primary source of elevation data for the glacier 

surface because it was the most timely data available and was at a resolution slightly 

better than the DTED (about 7 5 m). This data consists of a network of survey points 

on the glacier located mostly at poles used for determining mass balance. Since the 

location of the poles, and thus the survey points, remained essentially unchanged from 

1992 to 1994, only the 1992 pole measurements were used so that different elevations 

were not input for the same location. Some additional data from 1994 was added 

because the glacier was surveyed extensively, partly for the purpose of providing more 

data for the DEM. The final result is an x, y, z point file representing easting (m), 

northing (m), and elevation (m a.s.l.) respectively at about a 75 m resolution. It is felt 

that the accuracy of the surveys is greater than the resolution of the satellite imagery 

with which it is used. 

4.2.1.5 NTS MAP SHEET 1:50 000 SCALE 

A 8 km x 8 km portion of the NTS map sheet 92 J/7 was used to provide 

topographic information for the area surrounding Place Glacier. The map was 

compiled from 1951 air-photos, partially updated in 1967, and printed in 1970. Points 
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on every second contour line were digitised (each contour is at 100 ft intervals) 

resulting in an x, y, z text file representing eastings (m), northings (m), and elevation 

(m a.s.l) respectively at roughly 60 m grid resolution. The final elevation point file 

including the NTS map and glacier survey data is shown in Figure 4 .I. 
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Figure 4.1: Digital elevation observations from survey and digitised data 
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4.2.2 INTERPOLATION METHODS 

To generate the DEMan interpolation model is required to calculate the values 

of the background pixels in order to approximate the behaviour of the entire surface. 

Interpolators can be exact, which honour original data points, or smoothing, which do 

not. Different interpolation methods yield a wide range of artefact errors for the same 

elevation data set (Krajewski and Gibbs, 1994), thus several interpolation techniques 

were evaluated for topographic fidelity and minimal artefacts. The interpolation 

procedures tested include Delaunay triangulation, inverse distance, minimum 

curvature, and conic search algorithms. A useful way to compare interpolation 

methods is with a separate shaded relief map derived from each DEM (Figure 4.2). 

This method easily allows a visual assessment of the interpolated surfaces and 

resulting artefacts. Each DEM is 8 km x 8 km with 12.5 m x 12.5 m grid spacing, the 

same as the pixel size in the radar images. The light source for all of the maps is 

located at an azimuth of approximately 3 20° and a sun angle elevation of 20°. It was 

felt that this would best show artefacts on the glacier and the surrounding area. 

4.2.2.1 DELAUNAY TRIANGULATION 

Delaunay triangulation differs from the other interpolators used in this study 

because this method produces a TIN rather than an elevation grid. A TIN is based on 

triangles which is created by drawing lines, which are then used for interpolation, 

between the data points. The . original points are connected so that the triangles will 

not intersect. The three original data points determine the tilt and elevation of each 
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Figure 4.2: Shaded relief maps for Place Glacier DEM using A) TIN, B) inverse distance, 
C) minimum curvature, and D) conic search grid interpolators. The glacier boundary is 
in white. 
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triangle and all of the grid nodes within a given triangle are defined by its surface. 

Because the triangles are defined by the original data points, these data are honoured 

exactly. Interpolation is achieved by locally fitting polynomials to the triangles or, as 

with this case, a linear interpolation within triangles. The main advantage of 

triangulation over many rectangular grids is the ability to adequately reflect the 

variable density of data points and the terrain roughness with fewer sampled points 

(Peucker, 1978). 

The resulting shaded relief map is shown in Figure 4.2a. The area surrounding 

the glacier has been modelled effectively, however, the glacier surface is represented 

by many large triangular facets which result from low point density on the glacier. 

These facets are an over -generalisation of the glacier surface and, without making 

severe manipulations (e.g. a large image filter), may give misleading results when used 

to reduce topographic distortions in the SAR imagery. 

4.2.2.2 INVERSE DISTANCE 

This gridding method is a weighted average interpolator where data points are 

weighted such that the influence of one data point relative to another declines with 

distance from the grid node. A weighting power is assigned to the data points which 

controls how the weighting drops off as distance from the grid node increases. The 

higher the power, the less effect points far from the grid node have during 

interpolation. Powers between 1 and 3 are recommended so a power of 2 was used 

(Davis, 1986). Inverse distance is an exact interpolator so when a grid node is 
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coincident with an observation the grid node retains the observed value and 1s 

unaffected by neighbouring observations. 

The resulting shaded reli~f map clearly shows many artefacts (Figure 4.2b). 

The appearance of 'steps' on hill slopes and 'dimples' on the glacier surface are a 

common result of this interpolation method (Krajewski and Gibbs, 1994). The steps 

are a consequence of sampling along contours and· the dimples, in this case, arise from 

too fine a grid. Visually, this method is the least acceptable of the four used. 

4.2.2.3 MINIMUM CURVATURE 

Minimum curvature generates the smoothest possible surface while attempting 

to honour the original data as closely as possible. However, minimum curvature is not 

an exact interpolator, hence, the original data points are not always honoured. The 

interpolated surface is analogous to a thin, elastic plate passing through each of the 

data points with a minimum amount of bending. Minimum curvature produces a grid 

by iterating an equation over the grid in a attempt to smooth it. The grid node values 

are recalculated until successive changes in the values are less than the maximum 

residual or the maximum number of iterations specified by the user is reached. A more 

involved discussion of minimum curvature can be found in Briggs (1974) and Smith 

and Wessel (1990). The resulting shaded relief map shows a very smooth surface over 

the entire area with 'dimple' artefacts on the glacier (Figure 4.2c). This interpolation 

method offers a reasonable model of the surface behaviour. 
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4.2.2.4 CONIC SEARCH 

The conic search is a morphology-dependent interpolation procedure which 

honours all original observations. The program searches in 8 directions around each 

observation along 22.5° cones for the location of the two nearest observations. Each 

background pixel is then classified morphologically as residing on a slope, depression, 

or peak. The interpolation algorithm depends on this classification. The algorithm is 

described in detail in Carrara (1988). 

A visual comparison of the shaded relief maps shows that the conic search and 

minimum curvature grid interpolations generated the most acceptable DEMs, having a 

high degree of topographic fidelity with few artefacts (Figure 4.2d). However, the 

conic search method is preferred because it honours all original data and works well 

with very large data sets. The final DEM is 640 pixels by 640 lines, 12.5 m x 12.5 m 

grid (pixel) spacing, and contains the Place Glacier Basin and some of the surrounding 

area. 

4.2.3 DEM MANIPULATION 

DEM manipulation is most commonly accomplished through editing and 

filtering. No grid points were edited, but the entire DEM was put through a 3 x 3 

average filter. The average filter computes the mean within the 3 pixel by 3 pixel 

window surrounding each pixel. To filter the entire image edge pixel values are 

duplicated to provide sufficient data. The average filter has the effect of smoothing 
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the image and reducing noise. A small filter window was chosen to preserve as much 

of the original information as possible (Figure 4.3). 

Figure 4.3: Perspective view of the Place Glacier DEM. Bright areas face towards the 
radar and shadowed areas are facing away. The light source is at the approximate 
ERS-1 satellite position, an azimuth of 90° and elevation of 66°, which is similar for 
all scenes used in this study. 
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4.3 RADAR IMAGE ANALYSIS 

4.3.1 INCIDENCE ANGLE MAP 

To correct radiometric distortions tn SAR imagery usmg topographic 

information, the geometric relationship between the incident radar pulse and surface 

morphology must be established. As discussed earlier, the angular relationship 

between the radar beam and the surface can be expressed by the incidence angle. It is 

the angle between the radar beam and a line perpendicular to the surface. For terrain 

with variable relief this angle will change depending on the surface slope and aspect. 

To simulate the angle of incidence, a DEM is required for topographic 

information and the position of the satellite must be estimated to provide a source of 

scene illumination. For this study the satellite position was manifest in three 

parameters: the azimuth of the satellite position (degrees), the distance from the 

satellite to the earth•s surface (km), and the elevation of the satellite from the 

horizontal (degrees). Since all three SAR images were obtained along the same 

descending orbit the satellite position is nearly the same for all of them (Table 4.1). 

The first two parameters, satellite azimuth and distance, where obtained from output 

following GCP collection and orbital model generation (Appendix B). The third 

parameter is equal to the depression angle which was estimated by determining the 

position of the glacier across track. For instance, we know that the depression angle 

for the ERS-1 sensor is 70° in near range and 64° in far range, therefore, if the glacier 

is half way across the image plane then the elevation of the satellite from the 

horizontal is 67°. 
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Table 4.1: Satellite position characteristics for the 3 study images 

Azimuth (degrees) Distance (km) Elevation (degrees) 

June 19/92 90.21 929 66.5 

August 28/92 90.21 929 66.4 

October 2/92 90.21 927 66.3 

Because the topographic information for the incidence angle map is derived 

from the georeferenced DEM, the resulting incidence angle map will also be 

georeferenced. However, because the radiometric distortions are normalised prior to 

the geometric distortions·. the geographically referenced incidence angle map must be 

're-projected' to correspond to the original uncorrected imagery. To accomplish this a 

method has been developed to relate the incidence angles from the georeferenced map 

to their corresponding position on the uncorrected SAR image. This method is 

demonstrated in 8 steps (Figure 4.4): 

1. A small rectangular area within each 100 km x 100 km SAR scene was 

selected. This area fits inside the georeferenced incidence angle map and includes the 

glacier and a small amount of the surrounding area. 

2. In an empty image channel the pixels within the rectangle were numbered 

from 1 to n starting at the upper left comer and numbering successively to the right. 
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3. The channel with the numbered area was ortho-rectified in order to see 

where the pixels in the uncorrected image would end up in the a georeferenced image. 

Since the original uncorrected images have severe geometric distortions, the 

ortho-rectified rectangles will become severely distorted. Furthermore, due to the 

pixel shuffiing and resampling that occurs during ortho-rectification, some of the 

original rectangle reference numbers will be missing or duplicated. 

4. The reference numbers from the georeferenced rectangle were output to a 

file with their corresponding geographic location in northing and easting. 

5. A bitmap of the ortho-rectified rectangle was put over the incidence angle 

map and the incidence angles beneath this were also output to a file with their 

corresponding geographic location. 

6. The reference numbers were listed in ascending order ( 1 to n) and were 

paired up with incidence angles of the same geographic location. The incidence angles 

for duplicated reference numbers were averaged and missing reference numbers were 

added in and given an incidence angle of oo. 

7. The incidence angles were input to the original uncorrected image via their 

association with the reference numbers 1 ton. 

8. Since there were added reference numbers with an incidence angle of zero, 

the incidence angle map was interpolated using the conic search grid interpolation. 
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100km 5. Incidence Angle Northing Easting 

200 5586980.0m 5627320.0m 
21° 55869BO.Om 5627332.5m 
190 5586967.5m 5627345.0m 
20° 5586967.5m 5627357.5m .. 22° 5586955.0m 5627370.0m ........ 

0 
0 

"' 3 
6. Reference #. Incidence Angle 

1 13° 
2 15° 
3 oo . 4 170 

2. 5 16° 
6 oo 
7 190 
8 200 ......... 

7. 

8. 

4. Ref~rence # NQrthing Easting 

256 5586980.0m 5627320.0m 
257 5586980.0m 5627332.5m 

7 5586967.5m 5627345.0m 
8 5586967.5m 5627357.5m 
9 5586955.0m 5627370.0m ........ 

Figure 4.4: Procedure for assigning incidence angles from the goo-referenced database 
to their corresponding positions on the uncorrected SAR imagery. 
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4.3.2 RADIOMETRIC NORMALISATION OF SAR IMAGERY 

Imagery from optical sensors such as the Landsat-TM and SPOT satellites are 

composed of many wavelength bands providing a broad spectrum of radiometric 

information. The ERS-1 SAR sensor on the other hand operates at a single 

polarisation (VV) resulting in only one intensity measurement per pixel. Therefore, 

one must rely on the electrical properties and roughness of a surface to discriminate 

between surface types, or facies. However, because the strength of the back-scatter 

signal also depends on the local incidence angle, similar facies with different slope 

orientations may give different returns particularly if the surface is not very rough. 

This variation in back-scatter that is unrelated to the surface cover is particularly 

evident for high relief surfaces and is unlikely to be reliable for target discrimination 

purposes (van Zyl eta/., 1993). Figure 4.5 illustrates the confusion between facies in 

the original uncorrected SAR image for October 2, 1992. 
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Figure 4. 5: Uncorrected pixel values for rock, glacier ice, and wet snow facies at a 
range of incidence angles. 
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It is evident that near the middle range of incidence angles glacier ice may be 

confused with both wet snow and rock. This is due to local incidence angle effects 

and variability in glacier ice roughness and wetness. Therefore, in high relief areas the 

angular dependence of the SAR back scatter must be normalised in order to 

confidently utilise pixel grey values for surface type discrimination. It is important to 

normalise the radiometric distortions prior to the geometric distortions so that the 

normalisation is applied to the rawest form of imagery to preserve the original data. 

An effective method for normalising the effects of local incidence angles is to 

use a back-scatter model and digital elevation data (Hinse et al., 1988; Bayer et al., 

1989; Wivell et al., 1992). The digital elevation data can be used to construct a map 

of incidence angles which is then used in the back -scatter model. A simple 

back -scatter model, developed by Clapp ( 1946), assumes that the surface behaves as a 

collection of small spherical scatterers shown by 

(4.1) 

where cro is the back-scatter coefficient and 8i is the local incidence angle. The 

parameter cr0(0) is the normalised back scattering coefficient related to the target 

back- scattering properties (e.g. dielectric properties and surface roughness), and the 

function cos2 (8i) represents the angular dependence of back-scattering coefficients of 

a surface target, depending on the dominant scattering mechanism. This model 

assumes that the surface is rough and reflects uniformly in all directions. The 
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re-radiation is in accordance with a cosine law rather than being isotropic for each 

sphere. Such a surface is generally termed a diffuse or Lambertian reflector. Rough 

physical surfaces show this behaviour over the middle range of incidence angles 

(Ulaby eta/., 1986). 

Other researchers have also demonstrated that the function cosn (9), where n = 

1.8 (Shi and Dozier, 1993) and n = 2.2 (Shi eta/., 1994), is effective for snow and ice 

mapping using C-band (5.3 GHz) at VV polarisation. However, preliminary empirical 

work (this study) showed that integer values for n ranging from 1.8 to 2.4 did not 

produce significantly different images. Therefore, n = 2.0 was used because of it's 

theoretical foundation. 

4.3.2.1 SAR IMAGE TEXTURE ENHANCEMENT 

SAR image texture is an important characteristic for target discrimination. 

Unlike spectral features which describe the average tonal variation within an image 

band, textural features contain information about the spatial distribution of tonal 

variations within a band. For example, snow is generally more uniform in distribution 

than a rock surface thus these differences in image texture should provide further 

information to discriminate between facies. 

The texture measure used for this study is a 3 x 3 co-occurence matrix which 

shows the relationship between a given pixel and its specified neighbour (Haralick, 

1979). The matrix for a given window depends on two factors: the spatial relationship 

(i.e. distance and direction) between the reference pixel and its neighbour and, the 
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pixel grey values. Figure 4.6 shows an example of a 3 x 3 co-occurrence matrix with 

the spatial relation being one pixel to the right. Starting from the top left comer the 

occurrence of each reference pixel to the specified neighbour pixel is counted and 

listed in the matrix. 

Resulting Co-occurrence Matrix 

3 x 3 Image Window 
Neighbour Pixel 

1 2 3. ~ ~ ~ 1 
R 1 0 0 0 0 0 0 0 

e 2 0 0 0 0 1 0 0 
2 5 1 

f 3. 0 0 0 0 0 0 0 
p ~ 0 0 1 0 0 0 0 

6 4 3 

~ 1 0 0 0 0 0 0 

X ~ 0 0 0 2 0 0 0 
7 6 4 

e 1 0 0 0 0 0 1 0 

Figure 4.6: Example of a 3 x 3 co-occurrence matrix (as defined by Haralick, 1979). 

Because the matrix is based on the spatial relationship between pixels it is 

considered asymmetric. For example, a matrix with a neighbour specified one pixel to 

the right of the reference pixel would be different from one with a neighbour specified 

one pixel below and to the left of the reference pixel. This characteristic makes 

co-occurrence matrices conducive to describing texture for radar imagery, which are 

affected by the flight path and imaging angle (PC I, 1994 ). 

59 



The image texture is related to the distance of the matrix elements to the 

diagonal elements (elements (1, 1), (2,2), ... (n,n)). The amount of dispersion that the 

matrix elements have about the diagonal was measured using the standard deviation 

by: 

m n 

L L P(i,j)(IR(i)- J.L) 2 

i=l j=l 

where P(i,j) = a co-occurrence matrix element 
IR(i) = the grey level for a row (i.e. reference) 
i = matrix row 
j = matrix column 
J.1 = grey level mean for a given row 
m = number of rows 
n = number of columns 

(4.2) 

The 'neighbour' specified in this study was one pixel to the right. The rationale 

behind this is that since the imagery ranges from right (near edge) to left (far edge), 

the glacier will not be related to areas affected by compression and layover. 

4.3.3 SAR IMAGE GEOMETRIC CORRECTION 

It is necessary to georeference SAR imagery by correcting geometric errors if 

the extraction or addition of geographically referenced information is desired (Wivell 

et a/. 1992). The geometric correction method used in this study was originally 

developed for SPOT-HRV (Toutin, 1985), and has been adapted to MOS-MESSR, 
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SEASAT-SAR (Toutin and Carbonneau, 1992), airborne SAR (Toutin et al., 1992), 

and Landsat-TM satellite data (O'Brien et al., 1991) at the CCRS. This method has 

two main components. The first is a mathematical satellite model that estimates the 

geometry and residual motion of the satellite using ephemeral orbital information and 

GCPs. The second component incorporates the satellite model with digital elevation 

data to create an ortho-image by positioning each pixel into it's true location in the 

UTM cartographic system. 

4.3.3.1 SATELLITE MODEL 

Two main sources of information are required to compute the satellite model: 

GCPs in user defined ground co-ordinates and satellite ephemeris data. The GCPs 

include points digitised from 1:50 000 scale NTS map sheets and survey points. 

Control points digitised from the map sheets have an accuracy of about 3 0 m which is 

sufficient for the model and expected results with satellite SAR. A minimum of 8 

GCPs for each scene are necessary and 12 or more are recommended (Adam et al., 

1995). By using 8 GCPs, there are nearly the same number of equations as parameters 

and only one degree of freedom. Therefore, several more GCPs ( 12 or more in total) 

will increase the degrees of freedom. With a greater number of GCPs, the final 

ortho-image may not be more precise (since the errors inherent in the digitised GCP 

and DEM data are of the same order) but the mathematical model will be more 

reliable, robust, and a higher level of confidence will result (Toutin, CCRS, personal 

communication). Some points should be distributed near the edges and comers of the 
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imagery and at the lowest and highest elevations to avoid extrapolation. Other points 

can be evenly distributed throughout the image. 

Fallowing the selection of the GCPs, model parameters for each image are 

computed by integrating the GCPs and satellite ephemeris data. The ephemeris data 

are provided within the image tape header of slant range or ground range SAR image 

products and includes orbital, sensor, and Earth model information. For this study the 

Earth model is based on the Clarke 1866 ellipsoid. Essentially, the model accounts for 

and integrates the entire viewing geometry of the satellite (velocity, position), the 

sensor (orientation, angle, time), the Earth (curvature, rotation, elevation), and the 

cartographic projection. Although some of these parameters (e.g. the Earth's 

curvature and rotation) are normally corrected by SAR processor algorithms this 

model assumes and corrects the presence of some geometric error residuals (Toutin 

and Carbonneau, 1992). 

The satellite, vector, and Earth data are used to calculate the oscillatory orbital 

parameters at the scene centre. These parameters are refined in an iterative "bundle 

adjustment" which results in a mathematical satellite model that will compute image 

co-ordinates from cartographic co-ordinates defined by the GCPs (Toutin et al., 

1992). Computing the model parameters is an interactive process which allows the 

user to review the residual errors generated for each GCP and to modify or delete the 

position of any GCP. If any GCPs are deleted or modified, the model is recalculated 

until it is accepted by the user. 
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4.3.3.2 SAR IMAGE OR THO-RECTIFICATION 

The final step in the geometric correction is to resample the image using the 

previously computed model and aDEM to produce an ortho-rectified image in which 

each pixel is referenced to the ground reference system defined by the GCPs. 

Resampling involves the extraction of a brightness value from a location in the original 

(geometrically distorted) image and its relocation to the appropriate co-ordinate 

location in the ortho-rectified image. During this process the brightness value of each 

pixel in the ortho-rectified image is determined by interpolation in the raw image 

(which in this case is the cosine corrected image). The resampling method used is the 

zero-order, nearest-neighbour interpolation. In this method the brightness value of the 

pixel closest to the co-ordinate specified in the input (uncorrected) image is assigned 

to the output (corrected) co-ordinate. The satellite model computed earlier provides 

the mathematical equations that are used for resampling. Therefore, because of the 

pixel resampling, it is appropriate to perform the radiometric correction prior to the 

geometric correction so that the radiometric correction is applied to the least altered 

data set. 

Since geometric modelling considers the distortions caused by elevation, a 

DEM is used to create a more precise ortho-image. Therefore, the final accuracy of 

the ortho-image depends on the accuracy of the DEM. Figure 4. 7 gives the estimated 

planimetric distortion on an ortho-image as a function of the satellite viewing angle 

and DEM accuracy. With aDEM error margin of approximately 40 m (see section 

5. 5. 3. 3) and a viewing angle of 26°, at the far edge, for ERS-1, the planimetric error 
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will be at least 20m. This is still sufficiently accurate for most thematic applications in 

alpine hydrology using SAR. 
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Figure 4.7: Planimetric plotting error on ortho-images (Toutin and Carbonneau, 1992) 

4.3.4 IMAGE CLASSIFICATION 

The purpose of the radiometric and geometric corrections ts to remove 

distortions inherent in S_AR imagery so that information may be interpreted and 

extracted. Thematic maps provide an effective way to present information on the 

spatial distribution of natural features such as snow and ice cover. To transform the 

corrected image data into thematic information all pixels in each digital image can be 

classified into one of several land cover types, or facies. The classes used in this study 

are wet snow, glacier ice, and bedrock. The snow line is the boundary between the 

wet snow and glacier ice facies . 
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Image classification employs algorithms designed to classify imagery based on 

the pixel values within each image band. At the simplest level, pixels with similar 

digital numbers are grouped together, which implies that the corresponding areas- at 

the surface are also similar. In general, the more spectral information available (i.e. 

image bands) the easier it is for the algorithm to discriminate between .classes and 

group . pixels. However, a classification will only improve if the additional bands 

represent new or different information from the others. 

Classification of single-band SAR data is accomplished by using the integrated 

spectral (tonal) and spatial (texture) information over the image brought about by the 

dielectric properties and roughness of the surface. For this study a supervised 

classification scheme was used. 

4.3.4.1 SUPERVISED CLASSIFICATION 

In a supervised classification, the identity and location of some of the facies are 

known a priori through a combination of field data, analysis of aerial photography, 

maps, and personal experience (Heaslip, 1975). The user locates specific sites on the 

imagery that represent homogeneous examples of these known facies. These areas are 

commonly referred to as training sites because the spectral characteristics of these 

areas are used to train the classification algorithm for eventual mapping of the 

remainder of the image. Multivariate statistical parameters (e.g. means, standard 

deviations, covariance matrices) are calculated for each training site. Every image 

65 



pixel, both inside and outside of the training areas, is then evaluated and assigned to 

the class to which it has the highest likelihood of being a member. 

The wet snow, glacier ice, and bedrock training areas for each corrected SAR 

image were chosen using a number of information sources. These include the oblique 

black and white photos of the upper basin and terminus taken daily throughout the 

ablation season, colour photos taken by the glacier field crews using 3 5 mm cameras 

during field work, Landsat-5 TM image taken on September 13, 1990, vertical aerial 

photos taken on September 5, 1990, and maps of the ELA for 1989-91 are also used 

because the ELA during this time was approximately the same as that for 1992, about 

2250 m .. Training pixels for each class were chosen at various sites throughout each 

image to obtain a sample that reflects the full variability of the facies. Ideally, > 10 n 

pixels of training data were collected for each class, where n is the number of bands 

the training data are being extracted from (Jensen, 1986). Therefore, at least 10 pixels 

were trained upon since only 1 band, the ortho-rectified SAR scene, was used for the 

classification. 

Following the selection of appropriate training areas spectral signatures are 

generated for each class. The signatures contain the spectral statistics for each class 

needed by the classification algorithm to determine whether or not a pixel belongs to a 

given class. 

The classification algorithm used for this study is the maximum likelihood 

classifier. A thorough discussion of the derivation of the algorithm is provided ·by 

Swain (1978). With this scheme, the probability that a pixel belongs to a given class is 
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calculated and the pixel is assigned to whichever class is most likely. Using the 

spectral signature statistics the classifier delineates ellipsoidal equi-probability 

contours, or decision regions (Figure 4.8). The shape 'of these contours expresses the 

sensitivity of-the likelihood classifier to correlation. For example, in Figure 4.8 it can 

be seen that pixel A would be appropriately assigned to the ( • ) category. This is 

accomplished by evaluating both the variance and correlation. Areas on the SAR 

imagery affected by layover and pixel saturation are masked leaving all of the lower 

glacier, about 60% of the upper basin, and some surrounding bedrock and moraine for 

classification. 

m 
Cl) 

c 
c 
ca 

.s::. 
0 

Channel A 

Figure 4.8: Schematic diagram of the Maximum Likelihood Classifier (adapted from 
PCI, 1994). The symbols <• e • *)represent pixels belonging to a particular class 

and + is the class mean. 
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4.3.5 SNOW LINE POSITION FROM FIELD DATA 

The position of the snow line on each image day was determined using several 

sources of information. The main source are black and white oblique photos acquired 

daily from two automatic cameras (between May 5 to October 4, 1992), one 

photographing the terminus and the second photographing the area between the upper 

and lower glacier. On June 19, 1992 the snow line had not yet retreated to the 

terminus (Figure 4.9). Due to the strike camera's sensitivity to humidity and possibly 

other environmental factors (such as wind and temp~rtaure changes), the camera 

photographing the upper basin took forty-two extra pictures. Because six photos 

were taken each day, the snow line photo for August 28 (Figure 4.10) has a margin of 

error of, at most, seven days. However, cross-referencing the photos with 

meteorological data, and other photos taken by the field crew, reduces the margin of 

error closer to two or three days. A colour slide of the accumulation area taken on 

October 2, 1992 by a member of the field crew is also used (Figure 4.11). From these 

photos the snow and glacier ice boundary is estimated for each image day. Snow melt 

patterns from recent years have been changing only slightly in size probably because 

the spatial distribution of snow on the glacier is topographically controlled and the 

accumulation area is relatively small. Therefore, the 1989-91 ELA maps, 1990 

airphotos, and the 1990 Landsat image were used to provide information on the 

spatial distribution of snow cover from an aerial perspective. This was necessary 

because it was difficult to accurately map the spatial distribution of snow cover from 

68 



an oblique perspective. The approximate position of the snow line for each image day 

was drawn onto a map of Place Glacier and digitised into a vector format (Figure 

4.12) to be overlaid onto the georeferenced SAR imagery. 

Figure 4.9: June 19, 1992 photo of the Place Glacier terminus taken by the lower 
strike camera showing that the terminus is still snow covered. The weir and stream 
gauging station appear in the foreground and the terminal lake near the picture's 
centre. 
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Figure 4.10: August 28, 1992 photo of upper Place Glacier taken by the second strike 
camera clearly showing the boundary between snow (white) and glacier ice (grey). 

Figure 4.11: October 2, 1992 slide of upper Place Glacier taken by the a field crew 
member. It shows the patches of snow remaining in the upper basin (background) and 
the upper meteorological tower (foreground) 
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Figure 4.12: The approximate snow line position digitised from plots on a map of 
Place Glacier for: a) August 28, 1992 and b) October 2, 1992. The snow line position 
was similar at these two times (about 2200 m a. s.l.). The glacier outline is derived 
from the 1994 survey and is within 1 pixel (12.5 m) of the 1992 boundary. 
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CHAPTERS 

RESULTS AND DISCUSSION 

This chapter presents the results of this study, discusses significant findings, 

and concludes with an error analysis. The results are addressed in four main sections, 

which include: (i) incidence angle maps, (ii) radiometric normalisation and texture 

enhancement, (iii) the geometric correction model and image ortho-rectification, and 

(iv) supervised image classification. 

5.1 INCIDENCE ANGLE MAPS 

With digital elevation data and an estimated satellite position, . a georeferenced 

map of local incidence angles is constructed by computing the angle between a line 

from the satellite to each pixel and a line normal to each pixel. Because the satellite 

position is essentially the same for all three images, the incidence angle maps are 

indistinguishable. Only the map from the October image is presented (Figure 5.1a). 

Incidence angles within the basin range from 3° to 71°, with an average angle of 

incidence of 33°, and a standard deviation of 13.5°. Incidence angles on the glacier 

range from 4° to 56°, with a mean of27°, and a standard deviation of7.3°. 

When the pixels from this map are 're-projected' to their corresponding 

position on the uncorrected SAR imagery the scene becomes severely distorted and 
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areas of layover are apparent (Figure 5.lb}. Layover occurs on slopes with angles 

greater than 66.5°, the depression angle of the radar, or negative incidence angles .. 

A 

B 

Part of upper aJaeier laidover by mountaiD 

Figure 5.1: Maps of local incidence angles for Oct. 2, 1992, a) from georeferenced 
DEM, and b) reprojected to original uncorrected pixel locations. Light shades are 
large angles and darker shades are lower angles. 
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5.2 RADIO:METRIC NORMALISATION/TEXTURE ENHANCE:MENT 

Using topographic data and a cosine correction, the angular dependence of the 

SAR back -scatter is normalised in order to correct pixel values for local incidence 

angle effects. Wet snow, glacier ice, and rock differ in roughness and dielectric 

properties, resulting in facies that are identifiable in the normalised imagery. 

Additionally, by taking advantage of differences in the spatial distribution of tonal 

variations within the facies, image texture enhancement improves the definition 

between the surface types in the August and October images. 

5.2.1 JUNE 19,1992 IMAGE 

During image acquisition the entire glacier and about 75% of the surrounding 

bedrock slopes were covered with wet snow. This uniform snow cover is evident on 

the uncorrected SAR image and defines the glacier boundary very well (Figure 5.2a). 

The return from the wet snow is many times greater in areas with low incidence angles 

(approximately < 3 0°) than the return from areas where the incidence angles are large 

(> 30°) (Figure 5.3a). The return from the wet snow covered areas with low incidence 

angles is also as high as, or even greater than, the return from the surrounding, 

snow-free bedrock slopes which are substantially rougher and therefore, should give a 

much higher return. The possible causes of this are discussed in detail in section 

5. 5 .1. This localised effect is normalised once the cosine correction is applied (Figures 

5.2b and 5.3b). The surrounding snow free bedrock slopes become brighter and wet 
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A) Uncorrected Image B) Cosine Corrected 
BEDROCK BEDROCK 

WET SNOW 

C) Texture Enhanced 

WET SNOW 

Figure 5.2: June 19, 1992 SAR image of Place Glacier A) original, uncorrected, 
B) cosine corrected and, C) texture enhanced. Arrows point to examples of 
the different facies; wet snow (dark & bright), bedrock (bright). 
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A) Uncorrected Image 
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Figure 5.3: June 19, 1992 SAR pixel values for training areas ofwet snow and rock at 
a range of incidence angles. Type I areas are generally characterised by incidence 
angles< 30° and Type II areas by angles> 30°. 
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snow on the bedrock slopes can also be discerned. However, the difference between 

the two wet snow covered areas is still evident. 

Because this entire scene is composed of large areas of wet snow and rock, 

which are spatially contiguous and possess distinct back scatter signatures, the texture 

enhancement offers very minor improvements in facies discrimination over the cosine 

correction (Figures 5.2c and 5.3c). Since the co-occurrence matrix highlights the 

spatial relationship within the 3 x 3 window the extensive, relatively homogeneous wet 

snow and bedrock areas remain essentially unchanged. 

5.2.2 AUGUST 28, 1992 IMAGE 

During image acquisition the snow line was in the upper basin, approximately 

2200 m a. s.l., leaving about 80% of the glacier snow free. In the original uncorrected 

image it is very difficult to distinguish between glacier ice and bedrock and in some 

areas between glacier ice and wet snow (Figures 5.4a). The pixel values of the 

training areas show that snow and ice can have similar returns at the same incidence 

angles and that all three facies have similar returns within the entire range of incidence 

angles (Figure 5.5a). The return from snow free bedrock appears much lower than 

expected when compared to the smoother snow and ice surfaces because of 

topographic effects. The low return from wet snow on the upper glacier is discernible 

but its spatial distribution is clouded by minor image speckle. The wet snow and 

glacier ice located on the steep divide between the upper and lower glacier basins is 

not visible because this area faces directly into the sensor and is saturated. 
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A) Uncorrected Image B) Cosine Corrected 
GLACIER ICE 

WET SNOW 

C) Textue Enhanced 

Figure 5.4: August 28, 1992 ERS-1 SAR image of Place Glacier A) original, 
uncorrected, B) cosine corrected and, C) texture enhanced. The arrows point to 
examples of the different facies~ wet snow (dark), glacier ice (medium), 
bedrock (bright). 
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A) Uncorrected Image 
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Figure 5. 5: August 28, 1992 SAR pixel values for glacier ice, wet snow, and rock 
training areas at a range of incidence angles. 
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Foil owing the cosine correction the glacier - bedrock boundary and the wet 

snow - glacier ice boundary are more apparent. The relative brightness of each 

surface type is closer to what is expected based on surface roughness and dielectric 

properties with rock being the brightest, followed by glacier ice and wet snow 

(Figures 5.4b and 5.5b). Near the terminus of the glacier, the return from glacier ice is 

similar to the low return expected from wet snow. Possible causes of this are 

discussed in section 5.5.2. 

By highlighting the spatial distribution and spatial dependence among grey 

tonesin a local area (i.e. the 3 x 3 window) the co-occurrence matrix improved the 

definition between wet snow and glacier ice both visually (Figure 5. 4c) and digitally 

(Figure 5.5c). However, this also further defines the dark areas near the terminus 

resulting in what appears to be wet snow. 

5.2.3 OCTOBER 2, 1992 IMAGE 

At the time of image acquisition the snow line was at approximately the same 

elevation as in the August image (2200 m). The uncorrected image is similar to the 

uncorrected August image, in that it is very difficult to visually differentiate between 

glacier ice and bedrock, and in some areas between glacier ice and wet snow (Figure 

5.6a). 

The cosine correction successfully separated the surrounding bedrock from the 

glacier and the low return from wet snow, in the upper basin, clearly delineates the 

snow line. However, the anomalously low returns occur in the same areas near the 
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terminus (Figure 5. 6b). The grey values illustrate the expected result of a cosine 

correction, with bedrock producing the highest return followed by glacier ice and wet 

snow. It is still difficult to separate wet snow and glacier ice in some cases (Figure 

5. 7b ). The majority of glacier ice pixels plotted with a low return represent training 

areas sampled near the terminus. 

The texture enhancement improves the definition between the three facies both 

visually (Figure 5. 6c) and digitally (Figure 5. 7 c). The dark areas near the terminus are 

also enhanced and are larger than those in the August image. 

5.3 SAR IMAGE GEOMETRIC CORRECTION 

To determine whether the wet snow - glacier ice boundary in the normalised 

images corresponds to the true snow line position for each image day the images are 

corrected for geometric distortions and projected to the UTM grid. The results are 

presented in two parts; the geometric correction model output, and a comparison 

between the ortho-images and glacier outline and snow line vectors. 

The RMS residuals for the geometric correction model are summarised in 

Table 5.1 and the entire output for each image model is presented in Appendix B. 

Table 5.1: Geometric correction model RMS residuals for each image. 

IMAGE # ofGCP's RESIDUAL x (m) RESIDUAL y (m) RMSx,y(m) 

June 19, 1992 15 29.7 20.51 36.09 

August 28, 1992 13 25.26 23.74 34.67 

October 2, 1992 12 33.06 29.95 44.61 
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A) Uncorrected Image B) Cosine Corrected 
GLACIER ICE BEDROCK GLACIER ICE BEDROCK 

WET SNOW WET SNOW 

C) Texture Enhanced 
GLACIER ICE BEDROCK 

Figure 5.6: October 2, 1992 ERS-1 SAR image ofPlace Glacier A) original, 
uncorrected, B) cosine corrected and, C) texture enhanced. Arrows point to 
examples of the different facies; wet snow (dark), glacier ice (medium), 
bedrock (bright). 
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A) Uncorrected Image 
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Figure 5.7: October 2, 1992 SAR image pixel values for glacier ice, wet snow, and 
rock training areas at a range of incidence angles. 
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The residuals are larger in x than in y because of the relief displacement in the x 

direction, or across track, caused by the radar's side looking image geometry. 

Because this model corrects the image globally and not locally at the GCP locations 

the RMS residuals mainly reflect the error in positioning and plotting of each GCP. 

Once the cosine corrected and texture enhanced images are ortho-rectified, 

geographically referenced information, such as the snow line and glacier outline 

vectors, can be added to, and extracted from, the imagery (Figure 5.8). The snow 

line vectors for August and October, are each within 100m (8 pixels) of the wet snow 

- glacier ice boundary. The 1994 glacier outline is within 50 m (four pixels) of the 

glacier - bedrock boundary in all three images. The average elevation of the snow - ice 

boundary for the August and October images is 2250 m, based on the DEM. 

Areas affected by layover are almost entirely saturated (bright white) having 

lost most of the information. Although these areas appear stretched this is not a result 

of 'rubber sheeting'. Due to the nature of the nearest neighbour resampling scheme, 

the original, saturated pixel values are assigned to the corrected pixels originally 

affected by layover giving the appearance of stretching. 
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A) June B) August 

C) October 

Figure 5. 8: Ortho-rectified ERS-1 SAR images with cosine correction and 
texture enhancement for A) June 19,1992, B) August 28,1992 and, 
C) October 2,1992. Arrows point to examples of the different facies. The 
snow line vector is obtained from field photos (refer to Figure 4.12). 
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5.4 SUPERVISED IMAGE CLASSIFICATION 

To present the three facies thematically, each ortho-image is classified using a 

supervised classification scheme with the snow line being the boundary between the 

wet snow and glacier ice classes. The results illustrate the distribution of the facies 

with accuracy's of 75%, 49%, and 48% for the June, August, and October images 

respectively. The low accuracy for the latter two images is a result of the confusion 

between the wet· snow and glacier ice spectral signatures. 

For this study, separability between a pair of class signatures is measured using 

the transformed divergence (Swain and Davies, 1978). This measure yields values 

between 0 and 2, where 0 indicates complete overlap between signatures and 2 

indicates a complete separation between the two. The measure is monotonically 

related to classification accuracy, therefore the larger the separability values are, the 

better the final classification accuracy (assuming accurate training areas). The 

following rules are suggested for separability values x: 

0. 0 < x < I. 0 (Very Poor Separability) 
I.O < x < I.9 (Poor Separability) 
I. 9 < x < 2. 0 (Good Separability) 

The accuracy of the final classification is determined empirically using a sample 

of pixels from the thematic map and comparing their labels against reference data, 

which are commonly the training areas. From these comparisons the percentage of 

pixels from each class in the image labelled correctly by the classifier is estimated, as 
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well as those pixels from each class erroneously labelled into every other class. These 

results, expressed as percentages of reference pixels correctly and incorrectly labelled 

by the classifier, are presented in tabular form normally referred to as a confusion 

matrix (Richards, 1986). 

The overall accuracy can be computed from the confusion matrix by: 
n 
:E PuV 
i=l 

n 
:E V; 
i=l 

where Pii = percent correctly classified per class, 
~ = total number of pixels in each class training area. 

(5.1) 

Two types of errors found in image classification are evident in the confusion 

matrix, these are errors of omission and errors of commission. Errors of omission 

refer to those pixels belonging to the class of interest that the classifier has failed to 

recognise, whereas errors of commission are those that correspond to pixels from 

other classes that the classifier has labelled as belonging to the class of interest 

(Richards, 1986). The former refer to rows of the confusion matrix and the later refer 

to columns. 

Another measure of classification accuracy computed from the confusion 

matrix is the Kappa coefficient of agreement (Rosenfield and Fitzpatrick-Lins, 1986). 

Unlike the overall accuracy, which only considers the diagonal elements of the 

confusion matrix, the Kappa coefficient is a measure of total map accuracy utilising all 

cell values and thus accounting for errors of omission and commission. The estimate 

of Kappa is the proportion of agreement, between reference areas and the classified 
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map, after chance agreement is removed from consideration. The coefficient is zero 

for chance agreement, unity for perfect agreement, and negative for less than chance 

agreement. Because the errors of omission and commission are considered, the Kappa 

value is a more robust indicator of classification accuracy than the overall accuracy 

(Rosenfield and Fitzpatrick-Lins, 1986). 

5.4.1 JUNE 28, 1992 CLASSIFICATION 

Because the glacier was completely snow covered in June, ideally only two 

classes, wet snow and bedrock, could be separated. However, since wet snow had 

significantly different returns between areas with high (> 3 0°) and low ( < 3 0°) 

incidence angles three facies were trained upon resulting in three classes (Figure 5.9a). 

Upon visual inspection the classification results are very good showing the distribution 

of wet snow at· high and low incidence angles over the entire glacier and some of the 

surrounding slopes. Additionally, the glacier boundary is within 50 m ( 4 pixels) of the 

1994 glacier boundary vector. The success of this classification is due to the 

difference in typical pixel grey values between the facies (Figure 5.10a), which enables 

effective class separability (Table 5.2) with little confusion between them (Table 5.3). 

Table 5.2: Separability Matrix for June 19, 1992 SAR image class signatures. 

Snow 8i< 30° Snow 8i> 30° 

Snow 8i> 30° 1.9994 

Bedrock 1.9713 1.95954 
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Figure 5.9: Classified ERS-1 SAR images of Place Glacier for 
A) June 19,1992, B) August 28, 1992 and, C) October 2,1992 showing 
snow line vectors from field data (refer to Figure 4.12) and the glacier 
outline surveyed in 1994. 
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Figure 5.10: Frequency of pixel brightness values for the wet snow, glacier ice, and rock 
training areas from the cosine corrected, texture enhanced images. 
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Table 5.3: Confusion Matrix for June 19, 1992 SAR image classification 

#of Pixels Unclassified Snow 91< 30° Snow 9 1> 30° Bedrock 
(%) (%) (%) (%) 

Snow 9 1< 30° 10190 1.6 95 2.5 0.9 

Snow 9 1> 30° 587 2.6 3.4 93.5 0.5 

Bedrock 319 0 0 0 100 

For this classification the Kappa coefficient is 0.75 ± 0.02 at the 95% 

confidence level. Expressed as a percent (Kappa x 1 00), this value is significantly 

lower than the overall accuracy because of the inclusion of omission and commission 

errors in the computations. 

5.4.2 AUGUST 28, 1992 CLASSIFICATION 

The results show that the wet snow - glacier ice boundary in the upper basin is 

within 100 m (8 pixels) from the actual snow line position and the glacier boundary 

corresponds closely to the 1994 outline (Figure 5.9b). In areas near the terminus, 

glacier ice was classified as wet snow because the low returns were statistically similar 

to wet snow cover higher in the basin. When the frequency of class pixels is plotted 

against elevation one can see that wet snow anomalously occurs at lower elevations 

(Figure 5.11a). 
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Figure 5.11: Frequency of class occurrence at a range of elevations for A) August 28, 
1992, and B) October 2, 1992 images. These values were extracted only from the 
classified glacier and do not include the surrounding area or unclassified parts of the 
glacier. 
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The similarities between snow and ice pixel values are evident in the 

separability matrix, which shows very poor separability between the wet snow and 

glacier ice signatures (Table 5.4), the confusion matrix, which shows that 18.4% of 

what was identified as ice in the training areas was classified as snow (Table 5. 5), and 

a grey value frequency histogram (Figure 5.1 Ob ). 

Table 5.4: Separability Matrix for August 28, 1992 SAR image class signatures. 

Glacier Ice Wet Snow 

Wet Snow 0.61651 

Bedrock 1.95762 1.98612 

Table 5. 5: Confusion Matrix for August 28, 1992 SAR image classification. 

#of Pixels Unclassified Wet Snow Glacier Ice Bedrock 
(Ofo) (%) (%) (o/o). 

Wet Snow 1040 1.2 62 36.8 0 

Glacier Ice 9437 1.7 18.4 79.5 0.5 

Bedrock 953 1.7 0 0.6 97.7 

The overall accuracy is 79% and the Kappa coefficient is 0.49 ± 0.02 at the 

95% confidence level. The low classification accuracy, of approximately 49%, is a 

direct result of the confusion between snow and ice pixel values, particularly the 

omission of 36.8% of the wet snow training area classified as glacier ice. This implies 

that there is less snow in the accumulation area of the classified image than field data 
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would suggest and, therefore, is not truly representative of the snow line position. 

The 18.4% commission error is responsible for the wet snow found near the terminus. 

5.4.3 OCTOBER 2, 1992 IMAGE CLASSIFICATION 

The results from this classification are ·similar to those of the August image 

classification. The boundary between the wet snow and glacier ice classes in the upper 

basin is ±100 m from the estimated snow line position for that period (2200 m) and 

the ice- rock boundary corresponds closely (±50 m) to the glacier outline. Compared 

to the August image there is an increase in the size of the wet snow commission near 

the terminus as seen on the classified image (Figure 5.9c). This is also evident on a 

histogram of the number of class pixels plotted against elevation which illustrates that 

wet snow occurs at nearly all elevations below the snow line (Figure 5.11 b). Again 

the snow and ice confusion is due to the very poor separability between the snow and 

ice signatures (Table 5.6) which results from similar grey values between these facies 

(Figure 5.1 Oc ). 

Table 5.6: Separability Matrix for October 2, 1992 SAR image class signature 

Glacier Ice Wet Snow 

Wet Snow 0.91122 

Bedrock 1.89005 1.99078 

94 



Table 5. 7: Confusion Matrix for October 2, 1992 SAR image classification. 

#of Unclassified Wet Snow Glacier Ice Bedrock 
Pixels (%) (%) (o/o) (%) 

Wet Snow 878 1.3 86.3 12.4 0 

Glacier Ice 10019 1.4 20.8 75.8 2 

Bedrock 908 0.3 0.1 1.5 98 

The overall accuracy is 78% and the Kappa coefficient is 0.48 ± 0. 02 at the 

95% confidence level. Although the classification accuracy's for the August and 

October images are not significantly different, the boundary between the snow and ice 

classes is more representative of the true snow line position in this image. This is due 

the high proportion of wet snow that was successfully classified in the accumulation 

area of this image (86.3% of 878 pixels) as compared to the August image (62% of 

1040 pixels). The low overall accuracy mainly reflects the 20.8% of glacier ice that 

was wrongly classified as wet snow, primarily near the terminus. 

5.5 DISCUSSION 

5.5.1 JUNE IMAGE 

Although the snow line has not yet appeared in the June image the obvious 

difference in return between wet snow at high and low incidence angles (Figures 5.2a 

and 5.3a), even after the cosine correction (Figures 5.2b and 5.3b), warrants 

discussion. The difference likely depends upon numerous factors, including surface 

roughness and electrical properties, incidence angle effects, and the dominant 
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scattering mechanism, which in turn are all interrelated. Because there are only 

measurements of surface and subsurface parameters at a few locations, and those that 

could be inferred from meteorological observations, only theoretical explanations will 

be emphasised. 

A probable explanation for the contrasting returns can be found by examining 

the dominant scattering mechanism for the two surfaces. As discussed in section 

3.1.2.4, the dominant scattering mechanism depends on the snow wetness, roughness, 

and incidence angle. Field data (section 4.1) suggests that the snow surface was 

moderately wet and rough. Thus, i.t is likely that scattering is dominated by surface 

scattering at small incidence angles and volume scattering at large incidence angles. 

The entire lower glacier, and a majority of the upper basin, have low incidence 

angles ( < 35°). In these areas, the dominant scattering mechanism is surface 

scattering (Shi and Dozier, 1992), where the back-scatter signal at a given incidence 

angle is mainly influenced by dielectric properties and surface roughness. Therefore, 

the presence of a relatively we.t and rough surface should give the high return seen in 

these areas. 

The back -scatter signal from the wet snow cover at larger incidence angles 

was dominated by volume scattering. The low return from these areas is likely a result 

of absorption of the incident radiation by the snow pack and a small back -scatter 

component from the wet snow surface (Shi and Dozier, 1992). As a result of the large 

difference between the high and low return surfaces the cosine correction may not 

have been able to effectively normalise these areas. 
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5.5.2 AUGUST AND OCTOBER IMAGES 

Although the snow and ice boundary in the upper basin on the georeferenced 

and classified images corresponds reasonably well with the true snow line position, the 

confusion between the back -scatter response of snow and ice, particularly the areas 

wrongly classified as wet snow near the terminus, requires some explanation. To 

explain the mechanisms which result in similar returns, each area is addressed 

separately, beginning with wet snow. 

In general, the confusion occurs in areas with small incidence angles (20° -

35°). Field data suggests that the snow surface was rough and actively melting, with, 

perhaps, a slightly lower dielectric than in June. Consequently, the dominant 

scattering mechanisms for the wet snow include volume scattering at large angles and 

surface-volume interactions at smaller angles (Shi and Dozier, 1992; 1995). 

Absorption of the incident wave would explain the low wet snow return at all 

incidence angles for the August and October images. 

The low return from the glacier surface (classified as wet snow) would be a 

result of either near specular reflection from the surface or absorption of most of the 

incident wave. For the former to be the case, the surface must highly reflective and 

smooth. The dark glacier ice areas near the terminus are distributed mainly along the 

eastern half of the glacier stopping almost exactly at the centre of the glacier in both 

August and October images. The 1990 airphotos (Appendix A) clearly show that the 

lower, eastern portion of the glacier is characterised by dirty ice, marked with 
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crevasses and runoff runnels, extending from the glacier's centre to the eastern 

boundary. This area has a low albedo and, consequently, could be very wet. Total 

incoming short-wave data suggests that the imaging day was clear and sunny. 

However, for specular reflection to occur, the surface also has to be smooth. Field 

data shows that grains were on the order of several centimetres in the summer and fall 

months. 

Absorption of the incident wave is a more likely explanation for the low 

glacier ice return. The crevasses and runnels, in this area, are linear features oriented 

almost entirely parallel to the radar look direction and can be 0.1 m to over 20m deep 

and up to 5 m across. At this scale these are no longer considered 'roughness' features 

but belong to a larger macro-topographic scale. Because the incident microwaves are 

polarised vertically, the incident wave can be lost or depolarised in these features, 

particularly those aligned parallel to the incident wave. This results in a decrease in 

the return signal. To see how closely the runnels and crevasses corresponded to the 

dark glacier ice area, an airphoto was geocoded and the runnels and crevasses were 

digitised into vectors. The result shows that these vectors correspond very closely to 

the 'wet snow' area when overlaid onto the classified images (Figure 5.12). 
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5.5.3 ERROR ANALYSIS 

5.5.3.1 FIELD DATA 

Because measurements of surface properties were not recorded precisely 

during SAR over-flights only estimates are available. However, by integrating 

meteorological data, available during scene acquisitions, with observations made 

throughout the ablation season, the estimates become more reliable. The surface 

properties estimated for the three images agree with typical values published for 

density (Seligman, 1936) and dielectric constant (Hallikainen et al., 1986; Denoth, 

1989). 

5.5.3.2 SNOW LINE POSITIONS FROM FIELD DATA 

During this procedure, the largest error occurred while transposing the snow 

line positions onto the glacier map, from the oblique field photos, for digitising. 

Because of the field photo perspective, plotting the aerial extent of the snow cover 

was difficult. This was an entirely interpretative procedure, using the distribution of 

snow from previous years, with comparable snow line elevations, to draw the 1992 

snow line position onto the 1967 map of Place Glacier. Similarities in snow 

distribution can be seen in Appendix A for 1988/89, 1989/90, and 1990/91 ELAs at 

2350, 2250, and 2250 m a.s.l. respectively. Defining an absolute error value for the 

hand drawn snow line positions is impossible without geodetic control. But a 

qualitative estimate, of ±50 min planimetry, is suggested. This is based on a visual 
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approximation of the possible interpretations of snow line positions from the oblique 

photos. 

5.5.3.3 DIGITAL ELEVATION MODEL 

The potential errors encountered with the DEM construction fall into three 

categories; surveying, digitising, and interpolation error. Surveying errors can be 

classified into blunders, constant, instrumental, natural, and personal errors (Maslov et 

al., 1984). Blunders have been removed from the data and personal and natural errors 

are too small to effect the quality of the DEM. The accuracy of the observations 

depends on the accuracy of the benchmarks, which contain systematic, or constant, 

errors. When the benchmarks were established in 1965, the geodetic accuracy was 

better than 1 min the horizontal and vertical (NHRI, unpublished). This is more than 

adequate for the DEM. 

The map digitising procedure can be further broken down into errors with the 

cartographic data source (i.e. contour map) and errors encountered through digitising. 

Contours are mainly a form of terrain visualisation and are not particularly effective as 

a scheme for numerical surface representation (Weibel and Heller, 1991). Errors can 

be introduced in map drawing, line generalisation, or reproduction, and information is 

lost in the map making process. A rigorous test of map accuracy it is beyond the 

scope of this study, however, the map sheet error is estimated at ±50 m horizontal 

and ±50 m (1 contour interval) vertical (Energy, Mines and Resources, personal 

comm.). 
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During the digitisation process, potential errors could include inaccurate map 

registration, misplacement of the digitising puck about the contour line, and 

inappropriate sampling density along the contour. The RMS error for map 

registration was about 10 m (planimetric) using 6 GCPs. This value represents the net 

displacement of each point necessary for the best fit between the entered location and 

the digitisation of each GCP (ROOTS, 1992). Since it has been shown that contour 

line digitisation produces a normal distribution of points about the line (Maffini et al., 

1986), the likely contour digitising error is statistically averaged to be negligible and 

should only reflect map and registration inaccuracies. Accounting for the errors in the 

map sheet (50 m horizontal and vertical) and map registration {10 m horizontal) the 

RMS error of the digitised map is 36m horizontal and 50 m vertical. The sampling 

density of points was high in variable terrain and lower in flatter terrain since more 

observations are required to characterise rugged areas. 

There are two notable errors introduced during the interpolation process. 

First, while generating a DEM the fidelity of the surface may not. be maintained for 

abrupt breaks in slopes, ridges, or channels. This is a potential problem at the glacier -

rock boundary but is not significant enough to affect topography dependent 

calculations such as incidence angle. Second, the conic search grid interpolation 

represents the surface with planar facets, implying that surface generalisation has 

occurred. The degree of generalisation depends upon the density of observations from 

which the DEM is generated and the variability of the surface being defined. The 

density of points in the glacier basin is adequate for the ruggedness of the terrain, but a 
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resolution of< 50 m would be optimal for radiometric and geometric correction of 

satellite SAR imagery (Toutin and Carbonneau, 1992). Since the conic search 

algorithm is an exact interpolator, and the interpolated surface was put through an 

average filter, the vertical error in the final DEM is assumed to be insignificant for the 

purposes of this study. 

5.5.3.4 RADIOMETRIC NORMALISATION 

The plots of facies separation with respect to pixel brightness (Figures 5.3, 5.5, 

5.7, and 5.10) show that the cosine correction and texture enhancement improve 

definition between the facies. However, in some instances there is overlap between 

facies, particularly between wet snow and glacier ice. Some of this can be attributed 

to random intensity fluctuations, or image speckle, but with multi-look detected 

images, speckle is greatly reduced and should be less of a factor. Figure 5.13 

illustrates that the confusion between wet snow and glacier ice arises mainly when 

glacier ice pixels have been sampled from areas of the glacier which have crevasses 

and runnels. It is evident that the mean pixel brightness for glacier ice with runnels is 

significantly lower than glacier ice without runnels, and falls within the standard 

deviation of wet snow pixel brightness. 
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Figure 5.13: Pixel brightness values for areas covered by Wet Snow, Glacier ice with 
runnels, and glacier ice without runnels at the full range of incidence angles. 
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5.5.3.5 IMAGE ORTHO-RECTIFICATION 

It has been shown that a large number of independent checkpoints (around 3 0 

or more) provides an accurate assessment of the restitution accuracy (Toutin et a/., 

1992; Toutin and Carbonneau, 1992). However, since a significantly greater number 

of points are difficult to locate, due to the remoteness of the image area, only an 

estimate of the final ortho-rectification is available using the residuals from the GCPs 

(refer to Table 5.1). As the residuals are of the same order of magnitude as the GCP 

co-ordinate accuracy (36m), the mathematical model fits the viewing geometry of the 

SAR images and should not induce significant errors. These values are also 

comparable to the planimetric plotting error predicted by Figure 4.7 (about 20m). 

Any discrepancies in geometric restitution will affect the positioning of 

geographic information imported to, and extracted from, the image. However, for the 

purposes of this study, these discrepancies are insignificant. For example, mass 

balance estimated from the ELA, derived from the October 2, 1992 radar image, 

would not be seriously affected. If the ELA, which is at about 2200 m, has a 

planimetric margin of error of ±45 m, and the upper basin of Place Glacier has an 

average slope of 15°, then the vertical error is, at most, 24m. Taking into account the 

vertical error of the DEM (15 m), the RMS error for the SAR derived ELA is only 

20m. 
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5.5.3.6 IMAGE CLASSIFICATION 

The errors encountered during classification arose entirely from confusion 

between wet snow and glacier ice pixels in isolated areas. An easy solution is to omit 

the glacier ice area with the low return, or the entire lower basin, from the 

classification procedure. This is possible because field data confirms that snow did not 

occur in the lower basin. It can be argued, however, that in ·order for snow line 

mapping with SAR to be operational, field data should be minimised and, therefore, 

unavailable for cross referencing. This can be achieved if elevation data is used to help 

make decisions on snow line positions. For example, Figure 5. 9 shows that wet snow 

occurs at various locations over the entire glacier, resulting in several 'possible snow 

lines'. However, when elevation information is included (such as Figure 5.11), only 

one snow line , the higher one, is most probable. 
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6.1 SUMMARY 

CHAPTER6 

SUMMARY AND CONCLUSIONS 

The primary atm of this study was to evaluate the effectiveness of SAR 

imagery (C-band) for snow line mapping in the Place Glacier basin during the 1~92 

ablation season. To accomplish this, topographically induced distortions inherent in 

SAR imagery were minimised and the snow line was identified on the resulting images. 

The topographic distortions affect image radiometry and geometry. 

Radiometric distortions were normalised on the raw SAR imagery using a cosine 

correction and a map of local incidence angles developed from a OEM and an 

estimated satellite position. On June 19, 1992 the entire glacier was covered with wet 

snow which gave two distinct returns depending on the incidence angle. For areas 

with an angle< 30° the returns were many times greater than areas with angles> 3.0°. 

This anomaly persisted even after the cosine correction. For the August and October 

images, the cosine correction made it easier to distinguish bedrock from wet snow and 

glacier ice at all incidence angles. Some confusion arose between wet snow and 

glacier ice in areas where glacier ice was characterised by runnels and crevasses . 

To take advantage of the spatial distribution and relationship between pixel 

values, variations within the normalised scene a texture enhancement was applied. For 
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the June image the texture enhancement improved the definition of wet snow on the 

slopes surrounding the glacier but snow cover on the glacier remained essentially 

unchanged. The definition between wet snow and glacier ice improved in all areas 

following the texture enhancement for the August and October images. 

In order to extract or add geographical information the SAR imagery must be 

gee-referenced. Major topographic distortions, such as layover, common to SAR 

imagery of mountainous terrain, were rectified using a two step approach. The first 

was to compute a satellite model using GCPs and orbital data. The second step was 

to ortho-rectify the imagery using the satellite model and a DEM. The estimated RMS 

error from the camera model is 36m, 35 m, 44 m for the June, August, and October 

images respectively. When the 1994 glacier vector was laid onto the rectified images 

the difference for all three images was in the neighbourhood of four pixels, or 50m, 

which is close to the residual error output for the GCPs. The edge of the wet snow 

cover in the accumulation area was within 100m horizontally and 50 m vertically of 

the actual snow line position for both the August and October images. 

The DEM used to normalise the radiometric and geometric distortions was 

constructed from digitised contours and survey data at a resolution of approximately 

60 m. Conic search grid interpolation was used to fill in the background values, 

resulting in aDEM with 12.5 m x 12.5 m grid spacing and an error of36 m horizontal 

and 50 m vertical. 

To illustrate the snow line position thematically each of the cosine corrected 

and texture enhanced images was classified using a supervised classification scheme. 
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The classification accuracy based on the training areas is 75%, 49%, and 48% for the 

June, August, and October images respectively. The low accuracy for the latter two 

classifications is due to the confusion between snow and ice, particularly in those areas 

where glacier ice was marked with runnels and crevasses. The boundary between the 

wet snow and glacier ice classes was within 106 m horizontally and 50 m vertically of 

the actual snow line position for both the August and October images. 

6.2 CONCLUSIONS 

The ability to map hydrological and glaciological parameters, such as the snow 

line, in a timely manner is necessary for hydrological models and glacier mass balance 

studies. SAR imagery has the potential to accomplish this in virtually all weather 

conditions and at any time of day. This study has demonstrated an effective and 

reproducible methodology to normalise radiometric and geometric distortions in 

ERS-1 (C-hand) SAR imagery of mountainous terrain for surface cover mapping. The 

success of each normalisation procedure depends upon the topographic fidelity ·and 

resolution of the DEM used. It has been shown that a DEM, at a useful resolution, 

can be constructed from simple, widely available sources of topographic information. 

Results show that bedrock, wet snow, and glacier ice facies can be separated at 

all incidence angles using ERS-1 SAR imagery. Glacier ice gives a return similar to 

wet snow in areas that are marked with crevasses, runoff runnels, or are excessively 

wet. Because of this, glacier ice can be mistaken for wet snow. However, it has been 

demonstrated that the snow line can be accurately mapped if the imagery is cross 
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referenced with additional data sources. This can include elevation data, previous 

snow line locations (e.g. the ELA from mass balance studies), or snow melt patterns 

(e.g .. aerial photos). The accuracy to which the snow line can be located is more than 

acceptable for mass balance studies and hydrological models requiring this input. 

Using radar imagery does not replace field measurements, but may reduce the 

frequency of site visits to obtain surface cover measurements or further enhance those 

measurements. 

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH 

The confusion between glacier ice and wet snow in crevassed areas could 

potentially be minimised by using a sensor with HH polarisation, or a shallower 

depression angle such as that available on RADARSAT. Co-registering different data 

sources, su~h as ERS-1 (C-hand, VV) and RADARSAT (C-hand, HH) to obtain 

multi-polarisation images or JERS-1 (L-band, HH) and RADARSAT (C-hand, HH) 

for multi-frequency images, has the potential to improve facies separability. Although 

layover is an unavoidable problem found in SAR imagery of rugged terrain, images 

from various orbits or viewing angles could expose those areas affected and 

potentially make available the entire glacier for surface cover mapping. 
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Ortho-rectified Landsat-5 TM image of Place Glacier, B.C. (outlined in white) 
acquired on September 13, 1990. The snow line is apparent in the upper 
basin as the division between wet snow (white) and glacier ice (grey). 

122 



I 
tv 

1987/88 
I 

0 600m 

-Ls-net balance isolines (m] 

-o- equilibrium line 

I:<A ablation area 

I 
tv 

1988/89 
I 

0 

Net Balance maps for Place Glacier 1987/88 and 1988/89 (adapted from Haeberli and 
Herren (eds.), 1991). The EIAis about 2250 mand 2350 mfor 1987/88 and 1988/89 
respectivey. 
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Net Balance maps for Place Glacier 1989/90 and 1990/91 (adapted from Haeberli, 
Herren, and Hoelzle (eds.), 1993). The ELA for both years is about 2250 m 
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Vertical airphoto ofPlace Glacier taken by RM. Krimmel (U.S.G.S.) on September 5, 
1990 showing the terminus and meltwater lake. 
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Vertical airphoto of Place Glacier taken by RM. Krimmel (U.S. G. S.) on September 5, 
1990 showing the area between the upper and lower glacier. The snow line is evident 
on the left (west) illustrating the snow melt pattern characteristic of this site. 
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GROUND CONTROL POINTS FOR JUNE19, 1992 ERS-1 SAR IMAGE, PLACE GLACIER 

Units1: UTM, Units2: PIXEL, Zone: 10 U NAD27, Number of GCPs: 15 

GCPID EASTING(m) NORTHING (m) PIXEL(x) PIXEL(y) ELEV.(m) 

3 506793 5631451 536.27 160.2 914.4 

6 550216 5526097 5552.16 7658.03 61 

12 582635 5573130 7376.22 3437.97 610 

13 519898 5596020 2117.97 2711.97 640 

14 480256 5541004 126.94 7692.19 1523 

15 534106 5568219 3615.55 4649.52 213 

16 578784 5610990 6335.64 545.05 213 

17 546875 5613468 3839.31 892.94 274 

18 486903 5559161 272.98 6160.95 1173 

19 517930 5575982 2276.03 4317.03 457 

22 548348 5599759 4639.81 1940.69 2676 

24 555795 5577104 5472.53 3583.53 1905 

25 570634 5554252 7025.41 5119.41 1905 

26 515035 5550044 2672.55 6391.61 1447 

27 499872 5594792 517.52 3151.48 275 

GROUND CONTROL POINTS FOR AUGUST 28, 1992 ERS-1 SAR IMAGE, PLACE 
GLACIER 

Units1: UTM, Units2: PIXEL, Zone: 10 U NAD27, Number of GCPs: 13 

GCPID EASTING(m) NORmiNG (m) PIXEL(x) PIXEL(y) ELEV.(m) 

I 510078 5631654 798.51 406.54 747 

2 520255 5595355 2183.09 3073.41 625 

3 499857 5594784 552.56 3466.44 274 

4 514666 5575055 2030.79 4759.88 213 

5 537920 5561409 4067.51 5434.52 213 

6 486892 5559048 310.04 6484.15 1183 

7 504455 5540636 1934.52 7623.48 850 

8 572342 5613329 5836.54 788.51 244 

9 554457 5527403 6226.52 7808.55 1730 

10 559863 5554068 6202.53 5635.53 1821 

11 576218 5569920 7132.58 4115.52 1455 

12 549101 5605419 4545.48 1803.52 2234 

13 551579 5579356 5131.09 3794.03 1895 
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GROUND CONTROL POINTS FOR OCTOBER 2, 1992 ERS-1 SAR IMAGE, PLACE 
GLACIER 

Units1: UTM, Units2: PIXEL, Zone: 10 U NAD27, Number ofGCPs: 12 

GCPID EASTING(m) NORmiNG (m) PIXEL(x) PIXEL(y) ELEV.(m) 

1 510078 5631654 827.54 94.51 747 

2 514666 5575055 2058.49 4446.54 213 

3 539709 5556756 4522.36 5448.2 1386 

4 485684 5564053 241.53 5797.53 1722 

5 499899 5594785 577.55 3153.52 274 

6 502413 5539206 1920.55 7461.55 1379 

7 584420 5613576 6931.03 254.09 914 

8 543000 5524574 5390.08 7905.08 1630 

9 569994 5555264 7015.55 5054.52 1905 

11 534492 5612349 3267.52 1191.48 1988 

12 539319 5584046 4101.48 3321.52 1813 

13 557853 5525269 6540.98 7603.08 1630 
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GEOMETRIC CORRECTION MODEL OUTPUT FOR JUNE 19, 1992 ERS-1 
SAR IMAGE, PLACE GLACIER 

GCPID CALCULATED GCP 
X y 

------------------------------
3 506790.93 5631451.16 
6 550189.35 5526115.42 
12 582628.90 5573151.36 
13 519919.59 5596054.36 
14 480291.65 5540998.31 
15 534079.04 5568199.90 
16 578767.60 5610994.97 
17 546917.54 5613434.90 
18 486857.30 5559162.38 
19 517953.40 5575965.98 
22 548297.83 5599768.97 
24 555814.08 5577121.44 
25 570670.09 5554210.79 
26 515043.40 5550049.95 
27 499859.30 5594793.12 

RMS 

N02 (2 X ellipsoid normal) : 
aa (Unknown tied to earth rotation): 
ALPHA (IFOV) : 
bb (Unknown of 2nd order) : 
CO (Scene centre column): 
cc (Unknown of 2nd order): 
COSKlll (Parameter): 
DELGAM (Unknown of 2nd order): 

RESIDUAL (m) 
X y RMS 

------------------------------
2.07 -.16 2.08 

26.65 -18.42 32.40 
6.10 -21.36 22.21 

-21.59 -34.36 40.58 
-35.65 5.69 36.10 
26.96 19.10 33.04 
16.40 -4.97 17.13 

-42.54 33.10 53.90 
45.70 -1.38 45.72 

-23.40 16.02 28.36 
50.17 -9.97 51.15 

-19.08 -17.44 25.85 
-36.09 41.21 54.78 
-8.40 -5.95 10.29 
12.70 -1.12 12.75 

29.70 20.51 36.09 

.12782067120596980+08 

. 34 73 81494822673 90-02 

.13544186600766840-04 
-.70211868217181550-07 
.40000000000000000+04 

-.47495466465134850-07 
.99999196127738040+00 

GAM?vfA (Scene orient. rei. to the North): 
-.34024730367378670-07 
.21420219407537330+00 
.12732447566225740-05 
.40000000000000000+04 
.12503237730644250+02 
.92901280380094530+06 
.40096931434425390-02 

K_1 (Cross track scale function): 
LO (Scene centre row): 
P (Along track scale function): 
Q (Satellite-Scene centre dist): 
TAU (Levelling angle along track dir): 
THETA (Levelling angle across track dir): 
THETAS (THETA/COS_Klll): 
XO ( Carto coord of scene centre): 
YO ( Carto coord of scene centre): 
DELH (Radar parameter in H dir.): 
COEFY2 (Radar parameter in Y2 dir.): 
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-.18092086953183500+00 
-.18092232391621270+00 
.54104387816810730+06 
.55749951749363470+07 
-.25863180290035360+01 
-.24500666865935130-07 



GEOMETRIC CORRECTION MODEL OUTPUT FOR AUGUST 28, 1992 
ERS-1 SAR IMAGE, PLACE GLACIER 

GCPID CALCULATED GCP 
X y 

------------------------------
1 510097.97 5631651.12 
2 520212.80 5595396.93 
3 499848.19 5594783.76 
4 514708.69 5575035.18 
5 537906.41 5561376.59 
6 486868.22 5559043.95 
7 504483.63 5540649.38 
8 572325.33 5613333.28 
9 554441.51 5527411.00 
10 559846.50 5554044.97 
11 576249.20 5569934.90 
12 549099.91 5605383.47 
13 551594.64 5579391.49 

RMS 

N02 (2 X ellipsoid normal) : 
aa (Unknown tied to earth rotation) : 
ALPHA (IFOV) : 
bb (Unknown of 2nd order): 
CO (Scene centre column): 
cc (Unknown of 2nd order): 
COSKHI (Parameter): 
DELGAM (Unknown of 2nd order): 

RESIDUAL (m) 
X y RMS 

------------------------------
-19.97 2.88 20.18 
42.20. -41.93 59.49 
8.81 .24 8.81 

-42.69 19.82 47.07 
13.59 32.41 35.15 
23.78 4.05 24.12 

-28.63 -13.38 31.60 
16.67 -4.28 17.21 
15.49 -8.00 17.43 
16.50 23.03 28.33 

-31.20 -14.90 34.57 
1.09 35.53 35.55 

-15.64 -35.49 38.78 

25.26 23.74 34.67 

GAMMA (Scene orient. rei. to the North): 

.12782066745500700+08 

.58565473128821240-02 

.13544186600766840-04 
-. 36213 941813 3 3 6960-07 
.4000000000000000D+04 
-.84396640511161870-07 
.99999704194896810+00 
-.18210453395664040-07 
.21341660072490170+00 
.12744575239925250-05 
.40000000000000000+04 
.12495791788942600+02 
.92890339642888610+06 
.24323092553806030-02 
-.18334223011560420+00 

K_1 (Cross track scale function): 
LO (Scene centre row): 
P (Along track scale function): 
Q (Satellite-Scene centre dist): 
TAU (Levelling angle along track dir): 
THETA (Levelling angle across track dir): 
THETAS (THETA/COS_KHI): 
XO ( Carto coord of scene centre): 
YO ( Carto coord of scene centre): 
DELH (Radar parameter in H dir.): 
COEFY2 (Radar parameter in Y2 dir.): 
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-.18334277245288140+00 
.54144589208013150+06 
.55789520685125130+07 
-.25302508119971230+01 
-.37057879691224340-08 



GEOMETRIC CORRECTION MODEL OUTPUT FOR OCTOBER 2, 1992 
ERS-1 SAR IMAGE, PLACE GLACIER 

GCPID CALCULATED GCP 
X y 

------------------------------
1 510089.76 5631646.41 
2 514716.56 5575046.26 
3 539640.49 5556797.14 
4 485667.05 5564071.14 
5 499862.67 5594789.91 
6 502443.83 5539157.75 
7 584406.51 5613586.37 
8 542992.41 5524624.96 
9 570032.92 5555219.23 
11 534494.68 5612340.85 
12 539334.91 5584058.55 
13 557845.22 5525248.43 

RMS 

N02 (2 X ellipsoid normal) : 
aa (Unknown tied to earth rotation) : 
ALPHA (IFOV) : 
bb (Unknown of 2nd order) : 
CO (Scene centre column) : 
cc (Unknown of 2nd order): 
COSKID (Parameter): 
DELGAM (Unknown of 2nd order): 

RESIDUAL (m) 
X y RMS 

------------------------------
-11.76 7.59 14.00 
-50.56 8.74 51.31 
68.51 -41.14 79.92 
16.95 -18.14 24.83 
36.33 -4.91 36.66 

-30.83 48.25 57.26 
13.49 -10.37 17.02 
7.59 -50.96 51.52 

-38.92 44.77 59.32 
-2.68 8.15 8.58 
-15.91 -12.55 20.26 

7.78 20.57 21.99 

33.06 29.95 44.61 

.12782067993035740+08 

.49608165630758990-02 

.13 544186600766840-04 

.49545657423951830-08 

.4000000000000000])+04 
-.8118554094817058])-07 
. 9998189846051218])+00 
-.28828498083 98879D-07 

GAMMA (Scene orient. rei. to the North): .2136410339938943])+00 
.1270242397703955])-05 K_1 (Cross track scale function): 

LO (Scene centre row): 
P (Along track scale function): 
Q (Satellite-Scene centre dist): 
TAU (Levelling angle along track dir): 
THETA (Levelling angle across track dir): 
THETAS (THETA/COS_Klll): 
XO ( Carto coord of scene centre): 
YO ( Carto coord of scene centre): 
DELH (Radar parameter in H dir.): 
COEFY2 (Radar parameter in Y2 dir.): 
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. 4000000000000000])+04 

.124991625103401 00+02 

.9270190461986293])+06 
-.1902969030768383])-01 
-.1679569456645701])+00 
-.1679873539617820])+00 
.5401978876195303])+06 
.5575228388689785])+07 
-.2421046305679237])+01 
.2000949093273 561])-08 
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