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ABSTRACT 

An abstract of the thesis of Patrick J. Bardel for the Master of Science in Geography 

presented May 10, 2001. 

 

Title: Surface Mapping of Polar Glaciers Using Synthetic Aperture Radar. 

 

Synthetic aperture radar (SAR) images were acquired of Taylor Valley, 

Antarctica in January 1999 in coordination with ground-based measurements to assess 

SAR detection of the snowline on dry polar glaciers. I anticipated significant 

penetration of the radar wave resulting in an offset of the SAR detected snowline 

relative to the true snowline, results indicated no detectable displacement of the SAR 

snowline. Results showed that snow depths of 15 cm over ice can be detected on the 

imagery. I hypothesize that the optical depth of thin snowpacks is enhanced by 

reflection and refraction of the radar beam by internal snow layers. The enhanced 

optical depth increases the volume scattering and thereby enhances backscatter 

sufficiently to be detected by the SAR. Consequently, SAR imagery may be used 

directly to image the position of transient snowlines in dry polar regions. Once a 

snowline is established using SAR, its variability can be measured over time and 

interpretations on changes on temperature and snowfall can be made. This 

information can be used to provide snowline data for incorporation into ice sheet 

climate models. 
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CHAPTER I 

INTRODUCTION 

 

 

 The possibility of global climate change has caught the attention of both 

the scientific community and the public. Increasing levels of atmospheric 

carbon dioxide, affected by human activity, may be causing increasing global 

temperatures (Crowley, 2000; Watson, 1996). The phenomenon of the El 

Niño-Southern Oscillation (ENSO), the development of a cap of warm ocean 

water along the coast of Peru that blocks the upwelling of cold water (Sarachik, 

1997), and how it affects weather around the planet have become a common 

concern in our society. Global Circulation Models (GCMs) have been 

developed to predict climate change, and the global warming trend is predicted 

to continue (Crowley, 2000; Watson, 1996). This temperature increase is 

believed to be melting glaciers and contributing to the rise in sea levels 

(O’Farrell et al., 1997; Oerlemans and Wegener, 1989). 

 Antarctica plays a critical role in global climate variation. Because of its 

large size and low temperatures, Antarctica is one of the largest energy sinks 

on earth (Tzeng et al., 1993). Ocean surface currents and subsiding flows 

circulate warmer water to Antarctica and cold water towards the equator (ibid). 

Latitudinal temperature gradients control meridional atmospheric flow that 

moves atmospheric heat and moisture to the pole (ibid). 



2  

  To predict changes in the Antarctic Ice Sheet, GCMs are coupled with 

ice sheet models (Marsiat, 1996; Verbitsky and Saltzman, 1995). Because the 

response time between snowfall and glacier advance or retreat movement is so 

long, ice sheets will rarely obtain equilibrium (Fastook and Prentice, 1994). A 

warming Antarctica, however, may not contribute water to the oceans via 

melting, because it may also increase snow precipitation due to the 

atmosphere’s increased ability to carry moisture to the continent (Budd et al., 

1994; Fastook and Prentice, 1994; Krinner and Genthon, 1997; O’Farrell et al., 

1997). 

 A vital parameter in ice sheet models is mass balance (Budd et al., 1994; 

Fastook and Prentice, 1994; Marsait, 1996; Van De Wal, 1996). Mass balance 

is the difference between mass gain (snowfall) and mass loss (ablation) over 

the whole ice body (Patterson, 1994). Because the atmosphere drives most of 

these processes, mass balance is a proxy measure of the climate (ibid). Changes 

in glacier and ice sheet mass balance are one of the most important components 

for predicting global sea level (Ohmura et al., 1996; Oerlemans, 1989; 

Oerlemans, 1992).  

 Mass balance changes are measured over a single year. These year-to-

year changes in mass affect the position of the terminus after some lag time 

depending on the thickness, length, and temperature of the glacier (Patterson, 

1994). The changes in advance or retreat of glaciers and ice sheets are 

responses to multiple past mass changes that occurred over different time 

scales (ibid).  

 The equilibrium line altitude (ELA) of a glacier is the dividing line 

between the region of yearly net mass accumulation (the accumulation zone) 
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and the region of yearly net mass loss (the ablation zone): at this line, the mass 

balance is zero, or at equilibrium (Patterson, 1994). The ELA moves up or 

down due to changes in meteorology (snowfall, latent and sensible heat). The 

ELA responds only to meteorological variations whereas terminus variations 

are a result of meteorology and ice dynamics. Thus, the ELA is an important 

variable in climate studies, energy balance studies, and runoff modeling. For 

temperate glaciers the transient snowline may be different than the ELA, but on 

Antarctic (polar) glaciers the snow line is the ELA (ibid). This is because of 

melt on a polar glacier. The sub-freezing, dry atmosphere sublimates the snow 

in place. 

 One of the most attractive techniques for tracking the ELA in Antarctica 

is satellite synthetic aperture radar (SAR). SAR has several benefits: it covers 

broad areas; it has a long wavelength allowing it to image through clouds; and 

it is self-illuminating allowing it to image in darkness. Therefore SAR has an 

all-weather, day/night capability, which is an attractive feature for imaging 

Antarctica because of the frequently cloudy skies near the continental margins 

and darkness throughout the austral winter. Compared to ground 

measurements, SAR is an inexpensive approach to monitoring the ELA 

position. 

 Although the US Navy has used radar (RAdio Detection and Ranging) 

since 1934 for object detection (Ulaby et al., 1981), specific questions as to 

exactly how it interacts with different surfaces are now in the forefront of 

research. Various researchers have noted penetration of radar energy into snow 

surfaces (Bindschadler, 1998; Bindschadler et al., 1987; Fahnestock et al., 

1993; Jezek, 1993a; Partington, 1998; Rott et al., 1993; Rott and Davis, 1993). 
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The penetration depth of SAR in dry snow was theoretically estimated to be 20 

m (Ulaby et al., 1981); however, field studies comparing the SAR image with 

measured penetration are lacking. Because of penetration of radar energy into 

dry snow, the thinner snow margins are not detected, causing underestimation 

of the full extent of snow cover and could cause up-slope displacement of the 

ELA. 

 This thesis demonstrates a methodology for estimating the location of 

the ELA using SAR. This work has two important applications. First, defining 

the ELA on the Antarctic Ice Sheet will be more easily investigated on a large 

scale. Second, the McMurdo Long Term Ecological Research (LTER) project 

in Taylor Valley, Antarctica, will benefit by using SAR to monitor the ELA on 

more glaciers. The McMurdo LTER is part of a long-range collaborative 

investigation focusing on ecological processes. The entire LTER consists of 21 

sites, one of which is in the McMurdo Dry Valleys (including Taylor, Wright 

and Victoria Valleys) (Figure 1.1) (Harris, 1998; Moorhead and Priscu, 1998). 

Currently five glaciers in the valley are monitored by field measurements, but 

with SAR a more complete picture of the variation in the ELA will be 

acquired. Since the valley’s microbial communities depend on the influx of 

liquid water, understanding how the climate could change in this valley and 

estimating the corresponding levels of biotic activity will allow researchers to 

further understand how life exists in one of the most extreme environments on 

earth. 

 Additional applications of this research may be applied to the Martian 

Polar Ice Caps. Earth-bound radar imagery of the Martian Polar Ice Caps has 

shown the cap to be very heterogeneous (i.e. very fractured and lumpy) and 
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thus very reflective (Muhleman et al., 1995). A Magellan-type mission (which 

mapped Venus in 1990-1994 using a SAR) to Mars may resolve similar glacial 

zones discussed in this thesis. 



 

 

 

CHAPTER II 

SITE DESCRIPTION 

 

 

 To develop a method of using SAR to track the ELA, a study area must be 

selected. Four factors are required for a good study site. First, to examine dry snow 

conditions, to quantify SAR penetration, the glaciers must be polar glaciers. Second, 

a variety of glaciers must be in a close proximity to compare different glaciological 

features and topographic characteristics relative to the SAR position. Third, access to 

the study site must be available to support the investigation. Fourth, the surface travel 

over the glaciers must be accessible by foot; too many crevasses and icefalls would 

preclude surface travel and therefore this experiment. The glaciers in Taylor Valley, 

Antarctica meets all the requirements for this research. 

 Taylor Valley is about 35 km long and 12 km wide, extending from 

McMurdo Sound to the east and to the Taylor Glacier (an outlet glacier of the East 

Antarctic Ice Sheet) in the west (Figure 1.1). The Asgard Range bounds the Taylor 

Valley to the north and the Kurki Hills to the south, both rising 2,000 m.  

The mean annual air temperature of Taylor Valley is -18° C, with summer 

(December and January) temperatures reaching 0° C and winter temperatures 

dropping as low as -40° C (Clow et al., 1988). Average monthly wind speeds range 



 8

from 2-4 m s-1 in Taylor Valley. In 1995 the mean annual wind speeds ranged from 

2.7-3.9 m s-1 with peak averages 11-15 m s-1 (ibid). Testifying to the high winds of the 

valley, ventifacts are found throughout the valley (Fountain et al., 1998). 

Precipitation in the valleys is less than 10 cm water equivalent yr-1; however it is 

mostly lost to sublimation and does not accumulate (Keys, 1980). 

The winter climate is strongly influenced by episodic katabatic winds. The 

katabatic winds begin on the Polar Plateau with intense radiative cooling of the 

ground and subsequent downslope movement of cold near-surface air under the 

influence of gravity (Parish and Bromwich, 1987). As the air descends, it heats 

adiabatically and its relative humidity drops. These winds exhibit speeds up to 20 m 

s-1 and persist for an average of six hours (Clow et al., 1988). At Lake Hoare, 

adjacent to Canada Glacier, katabatic winds greater than 5 m s-1 occur 33% of the 

time during the winter; air temperatures increase 20-30˚ C; to approximately -12˚ C, 

and the relative humidity drops by 20-30% (ibid). 

Meltwater streams originate from all glaciers in the valleys indicating surface 

melt during the austral summer (Fountain et al., 1998). Stream flow is dependent on 

melting ice and is determined, in part, by air temperature (Conovitz et al., 1998). This 

melt water is the primary limiting condition for life in the valley: during the short 

summer, the glacial meltwater transports water and the nutrients that the biologic 

community depends on (Conovitz et al., 1998; Moorhead and Priscu, 1998). 

Snow has a very high albedo (the reflectivity of a surface) from 0.7-0.9 

reflecting most of solar radiation, whereas ice has a much lower albedo, 0.2-0.4, 

absorbing more energy and melting more readily (Patterson, 1994). Because of this, 
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even a thin snow cover greatly influences glacial melt. A summer snowstorm 

covering the glacier ice stops almost all melt for weeks (Fountain et al., 1998). 

 Many glaciers in Taylor Valley have steep termini that form near-vertical 

cliffs (Fountain et al., 1998). Most of the glaciers are small (3-5 km
2
) alpine glaciers 

that descend from altitudes of about 1000 m to the valley floor about 50 m above sea 

level. Net snow accumulation is only 0.1 m water equivalent (weq) averaged over the 

accumulation zone. Similarly the annual mass loss in the ablation zone is on the order 

of 0.1 m weq. The glaciers vary in roughness from smooth (roughness less than 1 cm) 

to extremely rough (10 m or more). The movements of the glaciers are slow, roughly 

4 m yr-1 (Fountain, unpublished). The equilibrium line altitude (ELA) of the glaciers 

rises from about 200 m near McMurdo Sound to about 900 m at the western end of 

the valley (Fountain et al., 1999). The rise in the ELA results from a strong climatic 

gradient in the valley: snowfall decreases and windiness increases away from the 

coast. Since glaciological observations began in Taylor Valley, the snow in the 

accumulation zones has been dry, although thin ice layers in the snow indicates slight 

melting (Fountain et al., 1998). Melting is mostly limited to the exposed ice region 

near the lower margin of the glaciers (ibid). The mass changes of Taylor Valley 

glaciers are small: 10-30 cm of snow collecting in the accumulation zone and 6-15 

cm of ice lost in the ablation zone (Fountain et al., 1999). The primary components of 

ablation in Taylor Valley are sublimation, evaporation, and melting. Surface energy 

calculations on Canada Glacier indicate that evaporation and sublimation accounts 

for up to 70-90% of the summer ablation, and melting 15-30% (calving accounts for 

1-3%) (Lewis et al., 1995). 
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McMurdo Dry Valleys Long Term Ecological Research (LTER). 

 The National Science Foundation funded, McMurdo Dry Valleys Long Term 

Ecological Research (MCM-LTER) project, has studied the Taylor Valley ecosystem 

since 1993 (Fountain et al., 1999; Harris, 1998). The project is one of twenty-one 

sites representing diverse and unique ecosystems, ranging from the dry valleys in 

Antarctica, to a tropical rainforest in Puerto Rico (ibid.). Taylor Valley is relatively 

pristine, with a relatively sparse ecosystem (dominated by microbiota) with short 

food chains, and lacks all high plant and animal life (Moorhead and Priscu, 1998). 

The valley presents an opportunity for study of basic ecological processes without 

complications of higher organisms. The environment is very sensitive to physical 

changes and offers an opportunity for measuring response of the ecosystem to subtle 

climatic variation (Harris, 1998; Moorhead and Priscu, 1998). The life that exists in 

this polar desert is approaching the environmental limits of life on Earth (Moorhead 

and Priscu, 1998). It is an "end member" in the spectrum of environments studied by 

the LTER network (ibid). 

The glaciological research of the MCM-LTER project helps to define the 

controls on water flow variation in the valley that animates the biotic community. 

The project has produced a rich body of data that are useful for interpreting SAR 

data. The glaciological investigations in the valleys include mass balance 

measurements, surface energy balance calculations on the Canada Glacier, ice 

velocity measurements, and ice depth. These studies are focused on four glaciers: 

Canada, Commonwealth, Howard, and Taylor glaciers. Glacier mass balance data are 
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collected twice a year, once in the spring (November) and once in late summer 

(January), to provide winter and summer mass changes (Fountain et al., 1998). The 

measurements are based on a 130-stake network spread across the four glaciers. The 

main questions being answered by these measurements are (1) whether the glaciers 

are in balance with the current climate, (2) how surface slope and aspect affect 

ablation, and (3) methods for predicting glacial melt. The measurements at each stake 

include surface height change, snow density, and stratigraphic characteristics of the 

snow (including snow crystal size and form). From surface height change and 

density, mass change is calculated. 

Nine meteorological stations are located in the dry valleys with eight in 

Taylor Valley (Doran et al., 1995). All stations measure air temperature, humidity, 

ice (or soil) temperature, wind speed/direction, snowfall, and incoming and outgoing 

solar flux. Stations located on Glaciers also measure longwave radiation and 

barometric pressure is measured at two stations (Lake Hoare and Canada Glacier). 

The sensors are queried every 30 seconds and store data every 15 minutes. 
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CHAPTER III 

SYNTHETIC APERTURE RADAR THEORY 

 

 Among the remote sensing tools now available, radar is unique. It is an 

"active" sensor and emits its own beam of energy, which reflects off the earth and 

returns to the sensor. Thus radar collects data independent of solar illumination and 

because of its comparatively long wavelength, weather has minimal affect (Ulaby et 

al., 1981). Within the electromagnetic spectrum (Figure 3.1) radar is in the 

microwave range of  ~1 cm to ~1 m. 

 When radar was first being developed by the military, the microwave spectrum 

was divided into bands (Table 3.1), with illogical designators to help conceal their 

applications (Campbell, 1996). Common terminology uses “microwave” as passive and 

“radar” is usually reserved for active microwave. Radar also refers to the sensor itself 

including: the transmitter, the antenna, the receiver, and the data handling equipment. 

Radar has been used since the early 1960s to image the surface (and near surface) of 

sea ice and glaciers (Hall, 1998).  Airborne radars frequently use the L, C, K, and X-

bands, satellite radars have used the C and L-band frequencies (Campbell, 1996). These 
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longer wavelengths are used in satellites because they are least sensitive to atmospheric 

attenuation by clouds, rain, and snow.   

Table 3.1: Radar Frequency Designations. 
Band Wavelength (cm) 
Ka 0.75-1.18 
K 1.18-1.67 
Ku 1.67-2.40 
X 2.40-3.75 
C 3.75-7.50 
S 7.50-15.0 
L 15.0-30.0 
UHF 30.0-100.0 
P 77.0-107.0 

 

 Because the microwave range is well removed from the visible spectrum, it 

interacts quite differently with surfaces compared to visible light. Although radar 

images look very similar to a black and white aerial photograph, they defy many of the 

intuitive interpretation we unconsciously apply to visible light images. The scattering 

properties of surfaces in the microwave range are affected by the electrical properties of 

the surface, its orientation, and its porosity. These factors will be discussed later. The 

short radar wavelengths yield higher resolutions but lower penetration of the 

atmosphere due to moisture. The long wavelengths readily penetrate atmospheric 

moisture, but yield lower resolutions and higher surface penetration (Campbell, 1996). 

 

Synthetic Aperture Radar Principles. 

   Side looking, fixed-antenna-length airborne radar was developed by the 

military to image areas behind enemy lines while flying over safe territory 
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 (Figure 3.2)  (Avery and Berlin, 1992). For fixed-length antennas, resolution depends 

on antenna length and decreases with increasing distance from platform to target 

(Avery and Berlin, 1992). Thus satellite application of radar was largely precluded. To 

overcome the limitation of antenna size “Synthetic Aperture Radar” (SAR) was 

developed (Ulaby et al., 1981). In the same way that a wide photographic aperture 

allows more light to reach the film in a camera, a long antenna receives more radar 

waves. Antenna length is analogous to a camera aperture. A larger antenna (aperture) is 

synthetically produced by using the forward motion of the platform to carry a relatively 

small antenna to a new location (Figure 3.3) (Lillesand and Kiefer, 1994). Because of 

the beam shape, some areas are imaged multiple times (Figure 3.2); the successive 

portions are treated electronically as though each one were an individual element of the 

same antenna (Avery and Berlin, 1992). The concatenation of the signal modulations of 

the multiple returns for each target is what increases the resolution in a SAR image 

(Raney, 1998). For example, the European Remote Sensing (ERS)-2 SAR synthesizes 

the equivalent of a 4 kilometer-long antenna (Alaska SAR Facility website, 2000). 

  Radar measures the round-trip travel time of the emitted and reflected 

microwaves (i.e. time domain) as well as the signal strength (Avery and Berlin, 1992). 

Imaging radars transmit about 1500 pulses per second, each pulse lasting for 10-50 

microseconds (Ulaby et al., 1981). Once the pulse reaches the Earth's surface, it is 

scattered and some of the scattered energy is directed back towards the antenna. The 

signal is converted to digital format and then either temporarily stored using the 

satellite’s on-board tape or immediately transmitted to a ground receiving station (Jet 

   



 18

Propulsion Lab website, 2000). 

 On current satellite platforms, the radar beam is like-polarized. It is emitted 

vertically (V) or horizontally (H) and only the same polarization signals are accepted 

back into the SAR (called VV or HH) (Campbell, 1996). The space shuttle and various 

aircraft SARs can operate in multi-polarizations. They may be transmitting and 

receiving like and/or unlike polarizations. 

 Object range is calculated by using the time delay between emitted and reflected 

radar pulses (Avery and Berlin, 1992; Ulaby et al., 1981). Because the signal data is 

sorted by time delay, radars image to the side, rather than downward to remove 

ambiguities between the right or left return signals. Each pulse is coded so that the SAR 

knows which pulse is coming back: the first signal returning is from the near-range and 

the later signals are from progressively longer ranges until the last bit of information 

from the far-range is received (Avery and Berlin, 1992). The pulse length (how long the 

radar is emitting the pulse times the speed of light) determines range resolution (shorter 

the pulse, the higher the resolution) (Figure 3.4) (Campbell, 1996). 

  Azimuth, relative to the satellite, is calculated by measuring the doppler shift of 

the returning pulse relative to emitted pulse (Avery and Berlin, 1992). Doppler shift in 

the electromagnetic spectrum is analogous to the doppler shift of a whistle on a passing 

train: as it approaches, the whistle's tone is doppler shifted negatively (compressing 

incident wavelengths and producing a higher-pitched whistle), and as it moves away, it 

is doppler shifted positively (producing longer apparent wavelengths, and a lower-

pitched whistle). In the same manner SAR measures the doppler shift, except the 
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platform is moving and the target is stationary. The area of the earth that is illuminated 

by the SAR sensor is a series of teardrop-shaped footprints. Surface features enter the 

illumination area, and in each successive pulse, move through it and exit with the 

features further from the sensor being illuminated more times (ibid). Using multi-look 

signal processing, the signal modulations (signatures of the returns for a specific target) 

are matched at each point in the SAR scene (Raney, 1998).  This signal processing, 

called SAR processing, is done on ground-based computer systems. Since the satellite 

is moving relative to the Earth, this processing requires very precise data on the relative 

motion between the imaging platform and the target (Avery and Berlin, 1992). The 

achievable azimuth resolution of a SAR is approximately equal to one-half the length 

of the actual (real) antenna and does not depend on platform altitude (distance) (Raney, 

1998; Ulaby et al., 1981). 

 The final SAR image is composed of many small squares. These squares, or 

pixels (picture elements), represent the averaged intensity of radar signal returning to 

the sensor, or backscatter, for an area on the ground. SAR image pixel size is controlled 

by the length of the actual (real) antenna (controlling azimuth resolution), radar pulse 

which determines range resolution, signal coherence which controls signal quality or 

“noise”, and the accuracy that the processor is able to match the signal modulations 

(Raney, 1998). 
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Radar Distortions and Terrain Corrections. 

 Initially, SAR distance is in slant range, or the inclined plane from the 

platform to the earth’s surface (Figure 3.5). Maps, however, are made using plan-

view ground distances. Using slant-to-ground range correction software, the satellite 

data are projected into ground distance. Each pixel represents a specific area on the 

ground and is re-projected into a standard grid (UTM, polar stereographic, etc). The 

pixels are then “geocoded” with evenly spaced in longitude and each row is assigned 

a specific latitude. Topographic distortions do occur because the radar data are 

originally collected in a time domain. They are foreshortening, layover, and 

shadowing. 

 Foreshortening occurs in mountainous terrain where the top of a mountain is 

close to the same distance from the platform as the bottom (Figure 3.6). Radar 

reflections returning from the base of the mountain arrive at very nearly the same 

time as those returning from the peak. The uncorrected image looks like the 

mountain's slope is much steeper than in reality. Layover is an extreme form of 

foreshortening and occurs when returns from a steep mountaintop arrives before its 

base (Figure 3.6). It is impossible to decorrelate the reflections to determine which is 

from the base or the top of the mountain and the image in this region has no 

recognizable features. Shadowing occurs in mountainous regions in the same way the 

sunlight casts shadows. Where the radar cannot illuminate some of the ground 

because a mountain blocks the radar beam, no returns are collected and become “no 

data” areas (Figure 3.6). These distortions are related to look angle from the platform 
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and surface topography (Lillesand and Kiefer, 1994). Look angle can vary not only 

from orbit to orbit, but also varies within a scene because the near-range has a smaller 

look angle than the far-range (ibid). For this reason, shadowing increases towards the 

far-range and foreshortening decreases (ibid). These terrain distortions 

(foreshortening, layover, and shadowing) can be minimized by employing known 

elevation data of the imaged area. This terrain correction will be discussed in detail 

in Chapter VI. 

 

Radar Backscatter. 

 Bright pixels in a SAR image represent areas where a comparatively large 

fraction of the radar energy was reflected back, and dark pixels signify those areas 

from which little energy was returned. There are four types of radar scattering: 

diffuse, specular, volume and corner reflection (Figure 3.7). Diffuse scattering sends 

the incident energy in all directions (like light reflecting off a sheet of white paper). 

Specular reflection directs the incident radiation in a single direction (like light 

reflecting off a mirror). Volume reflection scatters the incident energy in all 

directions (like the dark, rich blue seen in a deep, clear lake, is a volume reflection of 

the visible blue light from varying depths in the lake). The fourth type of scattering is 

corner reflection, which occurs when a beam specular reflects two or more times, 

reversing the energy directly back towards the source. This type of reflection is used 

in land surveying methods for laser range finding. In SAR images, it commonly 

occurs in urban areas where buildings provide an abundance of highly reflective 
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structures presenting right angles to incident radar (ibid). Naturally occurring corner 

reflectors include cliffs, fault lines, and tree trunks. 

 A variety of factors influence backscatter strength including: satellite ground-

track, incidence angle, radar polarization, surface roughness, and the dielectric 

properties of the surface (Campbell, 1996). A satellite ground-track (the path on the 

earth directly below the satellite) that is parallel to a linear feature (e.g., a fault line, 

row of crops, or ocean waves) will produce a higher backscatter than a perpendicular 

ground-track. Similarly, variations in the incidence angle of the radar beam with 

respect to the earth’s surface, low incidence angles yield a high backscatter; high 

incidence angles yield low backscatter (causing more specular reflection). Because of 

this, slopes facing the radar beam will have a higher backscatter than slopes facing 

away. As mentioned before discussing satellite look angle, on a geoid the far range

will have a higher incidence angle causing more specular reflection than the near 

range which will have lower incidence angles.  

 Backscatter will also vary depending on the use of different polarization. VV 

polarization is most sensitive to vertically oriented features such as plant stalks and 

tree trunks (Avery and Berlin, 1992). HH polarization is more sensitive to horizontal 

oriented surfaces like roads, riverbeds, and faults. 

  Roughness relative to the radar wave is determined by three factors: size of 

the surface variation, wavelength of the radar signal, and incidence angle of the radar 

beam (Avery and Berlin, 1992). Objects that are as large as or larger than the 

wavelength of the radar beam reflect the radar energy and thus are “rough,” appearing 
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bright. Objects smaller than the wavelength do not reflect much energy and appear 

dark (smooth) (Campbell, 1996). Roughness varies with wavelength: short-

wavelength radar can discern smaller variations of roughness than long-wavelength 

radar. Incidence angle becomes less important in rough surfaces because the surface 

will be diffusely reflected (Figure 3.7) (Campbell, 1996). 

 Radar reflectivity also varies with an electrical property of the reflecting 

material called the complex permittivity εc, often called the dielectric constant. It is the 

measure of a medium’s response to the presence of an electric field (Raney, 1998). 

Specifically it is: 

εc = ε'+ iε"  (3-1) 

where the first term on the right hand side, ε', is the dielectric constant of the material, 

and the second term is the imaginary part, where i is the square root of –1, and ε" is the

“lossy” part of the dielectric constant. The dielectric constant of the material (ε’) is an 

absolute measure of the medium’s response to an electrical field. When an electric field 

is applied to the medium, the molecules realign to the lowest energy state to fit their 

polarity to the electric field. Because the molecules are in a crystalline structure, they 

cannot completely align to the applied field. Different substances align with varying 

completeness and the success of the alignment is what the dielectric constant describes. 

The lossy part (or dielectric loss factor) of the dielectric constant (ε”) describes the lag 

time between the application of the electric field and response of the molecules in the 

medium. This lossy part is associated with the absorption of the electromagnetic 

radiation.  
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 As the dielectric of a material increases, the reflectivity also increases (Table 

3.2). Liquid water, because of its high dielectric, has a pronounced effect on a 

material's dielectric constant (Avery and Berlin, 1992). For example, as a dry porous 

medium (soil, sand, snow) increases wetness; its dielectric constant increases, causing 

its reflectivity to radar waves to increase. Incident radar waves specular reflect away 

from the platform resulting in a dark pixel. Conversely, a dry medium, having a low 

dielectric, allows the radar wave to penetrate and volume reflect, producing a much 

brighter return at the sensor (Figure 3.7d). 

 

Table 3.2: Dielectric values of some materials. 

Material Dielectric constant of the material (ε’) 

Sea water 81         (Raney, 1998). 
Fresh water 81         (ibid). 
Wet earth 10-35    (Ulaby et al., 1981). 
Dry earth 3-5        (ibid). 
Dry snow 1-3        (ibid). 

 

Radar Penetration. 

 Penetration of SAR energy into dry granular materials (e.g. sand or dry snow) 

has been documented for over a decade (Short and Blair, 1986). Radar penetrated 2 m 

of dry alluvium revealing buried igneous dikes in the Mojave Desert (Blom et al., 

1984). Radar also penetrated “up to several meters” through dry sand in the Selma Sand 

Sheet in Sudan, exposing paleodrainage systems and buried geologic structures (Short 

and Blair, 1986; McCauley et al., 1982). For a single wavelength, the degree of 

penetration is related to the dielectric constant of the material (lower the constant, the 
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higher the penetration) and its density (lower the density, the deeper the penetration). 

Longer radar wavelengths are able to penetrate deeper than shorter wavelengths (Shi 

and Dozier, 1993). 

 

SAR Platforms. 

 Orbiting SAR sensors include Shuttle Imaging Radar–C/X (SIR-C/X), Radarsat 

satellite (Canadian Space Agency), and European Remote Sensing –2 satellite (ERS-2, 

European Space Agency). SIR-C/X first operated 1994, is occasionally carried aboard 

the space shuttle and consists of three individual antennas: L-band (23.5 cm), C-band 

(5.8 cm), and X-band (3 cm). The L-band and C-band antennas can measure both 

horizontal and vertical polarizations. Because of the different polarizations, SIR-C/X 

aids in understanding the interaction of microwaves with surfaces in more ways than a 

single polarization SAR can. 

 Radarsat carries a single frequency C-band antenna, with a unique ability to 

steer its radar beam over a 500-kilometer range (Table 3.3) (Jezek et al., 1993). A 

wide variety of beam selections are available: the swath width can be adjusted from 

45 to 500 kilometers, with resolutions from 8 to 100 meters, and incidence angles 

from 10º to 60º. Repeat coverage is available daily in the high latitudes, and in 

equatorial latitudes every six days (Canadian Space Agency website, 2000). The 

orbital period is 100.7 minutes and the polarization is HH. The European Remote 

Sensing satellite (ERS-2), launched in 1995, carries a C-band SAR, with VV 
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polarization (Table 3.3). It images a 100 km swath of the Earth's surface. Repeat 

coverage is available every three days, and has a resolution of 25 m. 

 

Table 3.3. Radar instrument specifications for Radarsat, and ERS-2 (Campbell, 1996). 
 Radarsat ERS-2 
Frequency/Band 5.3 GHz/C-band 5.3 GHz/C-band 
Wavelength 5.66 cm 5.66 cm 
Polarization HH VV 
Accessible swath 50-500 km 100 km 
Look angle(s) 20-59°  23° 
Resolution 8-100 m 25 m 
Launch date 1995 1995 

 

Application of SAR to Snow and Ice. 

 Radar scattering from snow is dependent on its dielectric constant, which 

varies due to changes in water content. The snow’s dielectric value influences 

whether the beam will reflect and/or penetrate the snowpack (Avery and Berlin, 

1992). The imaginary part of the complex permittivity (ε") is extremely sensitive to 

liquid water in the snow mixture, the greatest change of ε" occurs over wetnesses of 

only 0-0.5%. So only a small amount of liquid water in the snowpack will begin to 

absorb the radar and lessen volume scattering. The radar penetrates dry snow and the 

energy scatters from the dielectric discontinuity between ice crystals and air (Hall, 

1998; Ulaby et al., 1981). The scattering occurs at varying depths of the snow pack, 

sending the signal in all directions, yielding a bright return

at the sensor (Hall, 1998; Jezek et al., 1993; Mätzler, 1987). As the snow pack 

increases wetness the dielectric constant increases, penetration decreases and specular 

reflection increases (Avery and Berlin, 1992). Larger incidence angles also increase 
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penetration resulting in deeper near-range penetration and shallower penetration at 

the far-range (Shi and Dozier, 1993). 

 Penetration in dry snow-packs is dominated by surface roughness, scattering by 

snow grains, and internal density contrasts (Hall, 1998; Rott and Mätzler, 1987; Shi and 

Dozier, 1993). As snow ages, grain size increases (Patterson, 1994), and changes the 

scattering properties, increasing reflectivity. Compared to new snow, firn (snow that 

survived the ablation season ~1 year old), with larger grain structure, yields a brighter 

reflection (Hall, 1998). Sublimation at depth creates large ice crystals in the shape of 

prisms, pyramids, or hollow hexagonal cups called depth hoar (Patterson, 1994). Depth 

hoar is highly porous and its density is low (100 to 300 kg m-3) with its large grain 

structure yields a bright SAR reflection. 

 At C-band frequencies, scattering losses in homogeneous dry snow are small 

and penetration depth can be calculated solely on the effective dielectric constant (ε) 

(Achammer and Denoth, 1994; Rott et al., 1993; Rott and Davis, 1993). The value of ε 

can be calculated by volumetrically weighted average of the dielectric constants of the 

bulk material, air and ice (Rott et al., 1993; Rott and Davis, 1993). Using these relations 

Rott and Mätzler (1987) calculated penetration depths of 21.7 m at a wavelength of 4.9

cm (C-band) and 8.1 m at a wavelength of 3.1 cm (X-band) for dry, homogeneous, firn. 
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Table 3.4. Snow dielectric properties and penetration depth for wet, 6% liquid water, 
density 500 kg m-3 (Rott and Davis, 1993) and dry, 440 kg m-3 (Rott et al., 1993) snow. 
Dry snow figures in bold. 
    

Band X  C C L 
Frequency (GHz) 10.3 5.3 5.2 1.25 
ε’  2.95 1.87 3.23 

ε’’ .00021 0.571 0.0001 0.170 
Depth of estimated 
penetration (m) 

8.1 0.027 21.7 0.404 

 

Equation 3-1 contains two parts for determining the dielectric or complex permittivity. 

The first term ε', or dielectric constant of the material, relates to the snow. The second 

term ε’’, or the imaginary part, relates to the amount of moisture of the snow. The 

absorption of the electromagnetic field by moisture in the snow is described by this 

second term. The dielectric constant (ε) for dry snow, is calculated by adding the real 

part (ε') and the imaginary part (ε'') of for the frequency (f) using Mätzler’s (1987) 

mixing formula:  
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where εd is the dielectric constant for dry snow, W is the liquid water content 

(expressed as a volume fraction), and f0 is the relaxation frequency of wet snow. The 

penetration depth was obtained by:  
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where 0λ  is wavelength of the SAR, and  ε' and ε" are obtained from the above formula 
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(Rott and Davis, 1993).

 Penetration depth for wet snow with water content of 2-4% is typically one 

wavelength (Rott and Mätzler, 1987). Any surface melt on a snow surface results in 

almost complete specular reflection and lower backscattering values (Jezek et al., 

1993; Rott and Mätzler, 1987). Therefore SAR return in wet snow is more dependent 

on the surface roughness; a smooth melting snow surface yields a dark backscatter 

(Bindschadler et al., 1987; Bindschadler, 1998; Fahnestock et al., 1993; Forster et al., 

1991; Jezek et al., 1993) and a rough wet snow surface is brighter (Smith et al., 

1997). 

   Ice, whether dry or wet, is uniform in its backscatter, specularly reflecting the 

radar energy away from the sensor (Bindschadler et al., 1987; Bindschadler, 1998; 

Fahnestock et al., 1993; Forster et al., 1996; Jezek et al., 1993; Partington, 1998; 

Smith et al., 1997). Only if the surface is very rough, can the beam reflect and yield a 

bright return (Bindschadler et al., 1987; Bindschadler, 1998; Fahnestock et al., 1993; 

Forster et al., 1991; Partington, 1998).

 

Radar Zones. 

 Carl S. Benson developed a theory of glacier zones during his traverses across 

the Greenland Ice Sheet 1952-1955 (Benson, 1962). At about the same time Fritz 

Müller was also developing a similar theory (Müller, 1962). Because of the parallel 

development, the glacier zone model is known as the “Benson-Müller” facies model. 

The model treats glaciers and ice sheets as a monomineralic formation, primarily 
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metamorphic, but with a sedimentary veneer of snow and firn. With this hypothetical 

model, the lithological term "facies" is used to differentiate zones on ice sheets and 

glaciers.  

 The four Benson-Müller facies are: ablation, soaked, percolation, and dry-snow 

(Figure 3.8). The ablation facies begins at the terminus of the glacier and ascends to the 

firn line approximately equal to the ELA. The firn line is the highest elevation to which 

the annual snow cover recedes at the end of the summer. It is an ice surface and is in 

temperate zones wet in the summer. The soaked facies is firn, which at the end of the 

melting season is wet throughout. The facie begins at the firn line and rise up glacier to 

the saturation line. The saturation line is the highest altitude that the 0º isotherm 

penetrates to the snow surface of the previous summer. The percolation facies is 

characterized by melting, and percolation of the water into the snow-pack, without 

becoming wet throughout. The melted water freezes inside the snow-pack forming 

lenses (lens-shaped inclusions parallel to firn strata), glands (pipe-like vertical ice 

masses), and ice layers (flat-shaped sheets extending over large areas parallel to the firn 

strata). This facie begins at the saturation line and terminates at the dry-snow line. The 

dry-snow facies includes the entire glacier above the dry-snow line in which negligible 

melting occurs. 

 The backscatter of radar energy appears to correspond with locations of the 

Benson-Müller facies (Table 3.5) (Partington, 1998; Fahnestock et al., 1993). An 

additional radar zone beyond the Benson-Müller facies model is included and called the 

crevassed zone. Because of the bright returns from crevasses, highly crevassed areas 
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appear distinctly different.  

 
Table 3.5: The five glacier radar zones. SAR brightness and surface characteristics 
are described relative to facie. 

 Partington, 
1998 

Fahnestock et al., 1993 Smith et al., 1997 

Location 
 

Greenland & Mt. 
Wrangell, AK 

Greenland Stikine Icefeilds, B.C. 

Type glacier Polar/winter temperate Polar Temperate 
Platform ERS-1 ERS-1 ERS-1 
Dry Snow Very dark-grain size 

small (<5 mm). 
Dark—small grain size 
and low density. 

Bright return -cold 
winter snow, with no 
liquid water. 

Percolation Bright—ice pipes and 
lenses. 

Bright—frozen pipes 
and lenses. 

Dark-liquid water 
present (the 0° C 
isotherm). 

Soaked Dark. Dark. Bright—rough 
melting snow. 

Ablation Dark—specular 
reflection from super-
imposed ice. 

Dark—rough surface 
texture contributing to 
reflectance. 

Dark—specular 
reflection from ice. 

Crevassed  Bright—heavily 
crevassed ice providing 
linear reflectors. 

 

 

Consensus on radar signatures of each zone (except for “soaked”) is clear in polar 

glaciers. The temperate glacier in the Smith et al. (1997) study was conducted in winter 

when the upper part of the glacier was continuously below freezing. Smith’s dry snow 

zone melts in the summer and likely contains ice pipes, lenses, and ice layers; which 

would be more like the percolation zone of the polar glaciers. Smith’s percolation zone 

may more closely correspond to a soaked facie and the soaked zone of “rough melting 

snow” a local melt phenomena. If Smith’s zones are indeed displaced and a melt 

feature of “rough melting snow” is disregarded, the glacier zones theory appears to 

agree across the studies. 

 Clearly different melt processes on the glacier control much of the tonal 
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patterns in C-band radar (Jezek et al., 1993). The ELA corresponds roughly to the 

boundary between the dark bare ice zone and the brighter snow areas on the SAR 

image (Bindschadler et al., 1987; Bindschadler, 1998; Jezek et al., 1993; Partington, 

1998; Smith et al., 1997). However, “dark” and “light” in a SAR image, are a 

perception of the 0-255 brightness scale (8-bit) by the viewer. It is difficult to be exact 

as to where “dark” and “light” lie in this scale because it varies from viewer and image, 

but in general “dark” refers to 0 to 170, and light is 200 to 255 (Smith et al., 1997). 

   



 

 

 

CHAPTER IV 

METHODOLOGY OF THE DATA COLLECTION 

 

Objective. 

 To determine snowline position by comparing brightness variations in the two 

SAR images with measured surface features on Commonwealth and Howard 

Glaciers. 

 

Experimental setup. 

 Radarsat ScanSAR, and ERS-2 satellites are utilized. The axes of both glaciers 

are generally parallel to the SAR look direction (Figure 4.1), while the optical depth 

of the radar beam will vary considerably between the two glaciers (Figure 4.2). It is 

because these two glaciers have very different incidence angles that they were 

chosen. The differences in backscatter between the two glaciers may reveal 

differences in  mapping the position of the snowline. 

 Commonwealth Glacier.  The main study site for the SAR investigation was 

Commonwealth Glacier (Figure 4.3). It is 52 km2, faces to the southeast, ranges in 

elevation from 100-1000 m, and is 3 km from the ocean. Its gentle slope (5°)

and broad width (~2 km) provides a large and relatively even surface to compare SAR 

brightness variations. The glacier slope faces toward the SAR beam and the optical 



 40

depth (parallel to the beam direction) of the snow is close to the actual depth (Figure 

4.2). Commonwealth Glacier is dotted with a network of 26 stakes across the surface 

to measure mass balance (Figure 4.3). The ELA is approximately 350 m. In the 

ablation zone, roughness vary from 1 cm to 5 m with the larger roughness located 

near the glacier terminus (Fountain et al., 1998). Cryoconite holes are seemingly 

randomly dispersed (Wharton et al., 1985) and vary in width and depth from three to 

forty centimeters (Derek Mueller, personal communication). A cryoconite hole is a 

hole, sometimes with a re-frozen cap, containing a layer of wind-blown sediment and 

possibly (in the austral summer) water. They form by debris blowing to the glacier ice 

and subsequently absorbing more solar radiation and forming a depression. The 

depression collects more wind-blown debris, increasing the solar radiation absorption 

and (occasionally) producing water. Snow cover in the ablation zone ranges from 

traces to dune-like formations 4 to 35 cm high and covering areas from less than 1 m
2
 

to 20 m
2
. In the accumulation zone, dry snow exists on the surface with thin ice layers 

and hoar snow at depth. The accumulation zone is generally quite smooth with 

roughness amplitudes typically less than a few centimeters and wavelength of 10 

meters.  

 Howard Glacier.  Howard Glacier (Figure 4.3) is the secondary study glacier, 

has similarly varying roughness and snow cover as Commonwealth Glacier, but it is 

steeper; 10º in the ablation area, 10-23º in the upper part of the glacier, and 16º 

overall 
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average. It is 8 km2, faces to the north, ranges in elevation from 260-1000 m, and is 8 

km from the ocean. The glacier faces away from the radar beam and the optical snow 

depth should be much larger than the actual depth (Figure 4.2). Seventeen mass 

balance stakes are found on the glacier (Figure 4.3). The ELA crosses the glacier at 

approximately 500 m. 

 The Radarsat image was acquired through Dorothy Hall at National 

Aeronautics and Space Administration (NASA). The ERS-2 image was ordered 

through the NASA Earth Observation System project science office via the Alaska 

SAR Facility (ASF). The image data were collected within range of the ground 

receiving station at McMurdo, Antarctica, to which the data was immediately 

transmitted. The data was then transferred to high-density digital tape and mailed to 

ASF at the University of Alaska in Fairbanks, Alaska, where the tapes were 

processed. SAR processing is complicated and computationally intensive, the 

following processing summary is a general review.  

 First the ASF reads the tape for the processing parameters such as: sensor 

name, wavelength, elevation/azimuth beam width, right or left side looking, nominal 

look angle, orbit data, chirp data, attitude, and number of samples per range line 

(Olmsted, 1993). Second, an array is calculated containing the best estimate of the 

spacecraft's location, orientation, and rotation rates. And finally, the ASF checks the 

doppler parameters, transmitted chirp (signal pulse), signal to noise ratio, and other 

parameters with default values to determine if they are within limits (Olmsted, 1993; 

Raney, 1998). The processing step geolocates the image (assigns geo-coordinates to 

the image corners and center), computes a slant to ground range conversion vector, 
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applies radiometric corrections, realigns data along azimuth, and interpolates the data 

to a ground-based grid. The image is then either sent to the user on a 9 mm tape in the 

mail or (as I received it) downloaded from the ASF via the Internet.  

 

The Digital Elevation Model. 

 To terrain correct the images; a Digital Elevation Model (DEM) is used 

(details of this process are in Chapter 6). The US Geological Survey created the DEM 

of the Taylor Valley (Figure 4.4). The transformations that evolve to the DEM begin 

with 1970 aerial photography from which 1:50,000 scale Lambert Conformal Conic 

maps were produced. The USGS digitized the 50 meter contour lines from this map 

and created a triangulated irregular network (TIN) using a Geographic Information 

System (ArcInfo) (Cheryl Hallam, USGS, personal communication). They converted 

TIN to a DEM consisting of a square grid of points at 30 m intervals and shifted the 

datum from the Camp Area Datum of 1962 to World Geodetic System 1984. 

 

Surface-Based Measurements. 

 The mass balance stakes on Commonwealth and Howard Glaciers are 

measured twice annually to assess the seasonal mass change. The measured variables 

are: layer thickness, snow density, crystal structure, and depth to last year snow 

surface. I measured additional surface conditions on a transect on each glacier to 

provide spatially detailed data to help explain brightness variations on the SAR 

image. 

 Commonwealth Glacier.  The transect, 3.5 km long, began in the ice-covered 
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ablation area and extended to the snow covered region just above the snowline 

(Figure 4.3). To aid in identifying the transect on the SAR image, I placed two 

reflectors on the ice surface along the transect 2.5 km apart (the lower reflector at the 

start and the upper near the snowline). These reflectors were triangular trihedral 

corner reflectors, which are known location bright spots on the SAR image (Rott and 

Davis, 1993; Trevett, 1986). Reflectors were not placed on Howard Glacier because 

the effectiveness of the reflectors was unknown and resources for the corner reflectors 

were limited. To corner reflect; only two surfaces meeting at a 90˚ angle must be 

pointed toward a beam (Figure 4.5a). A triangular trihedral corner reflector presents 

three reflective surfaces arranged at 90-degree angles (Figure 4.5b) and requires less 

precision in pointing the reflector towards the radar beam (Fuller, 1970). To enhance 

identification, the reflectors were placed on glacial ice, which commonly appears dark 

on a SAR image. They crossed diagonally across the ablation area to capture an 

intervening bright region observed on previous SAR images. The transect then 

continues beyond the second reflector, into deep, dry snow: a bright SAR region 

where reflector identification would be difficult. 

 The reflectors need to be aimed at the location in the sky where the SAR 

platform will be when it illuminates the ground. The two critical directions from the 

ground, azimuth and inclination, were supplied by the ASF (Figure 4.6a). I 

determined the reflector inclination angle by hanging a plumb bob off the back apex, 

and adjusting the distance from the bottom point of the reflector to the plumb-bob by 

tilting the reflector. This distance, can be calculated by using the sine of the desired 

inclination (Figure 4.6b):  
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Sin (i) = x/h (4-1) 

x = h Sin (i) (4-2) 

where i is the inclination angle, h is the height of the reflector, and x is the measured 

distance from the plum bob to the bottom point of the reflector. 

 The Science Construction Unit of Antarctic Support Associates at McMurdo 

Station built the reflectors according to specifications supplied by the ASF. They 

consist of three triangular aluminum panels, backed with 1/2" plywood, and bolted to 

a steel frame (Figure 4.7). At the opening of the reflectors forms an equal lateral 

triangle with 8’ per side; the minimum depth to the bottom point is 4’. The three 

corners anchor to 2’ long steel poles drilled into the ice. The anchors are covered with 

snow to block the solar radiation from heating the metal and melting them out of the 

ice. The bottom point of the reflector is set in a corner-shaped hole in a wooden beam, 

which is chiseled into the ice to prevent it from shifting. Surveyors determined the 

exact positions of the reflectors using a Global Positioning System (GPS) with post-

processing to achieve centimeter accuracy.  

 Along the transect, sample sites are located every 250 m yielding 11 sites over 

the 2.5 km transect. Judging from previous SAR images of the area, this ensures that 

sample sites will closely bracket significant brightness changes on the SAR image. I 

sampled the snow conditions along the transect twice, the first time the distances 

between sample sites was “chained out” by stretching out a 50 m climbing rope 

between two people and repeating this five times for each sample distance (250 m). 

The second sample, I used a hand-held global positioning system (GPS) and followed 

the footprints from the previous transect to keep on track. The second sampling was 
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completed a week after the first because some measurements were not taken at each 

site on the first pass. The transect continued one kilometer beyond the upper reflector 

into the accumulation zone. The total transect length is 3.5 km. 

 Howard Glacier.  On Howard Glacier I established an 850 m transect with five 

sample sites and no corner reflectors (Figure 4.3). It begins in the ablation zone and 

rises into deep snow. The first sample site was at stake 31 and the second was at stake 

30. The other three sites were selected along the bearing lining up stake 31 and 30 

and were located using GPS. The measurements on this transect give an opportunity 

to compare backscatter of opposite slopes: Commonwealth Glacier faces the SAR, 

while Howard Glacier faces away (Figure 4.2). On Howard Glacier it is likely to have 

higher degrees of specular refection and different locations of the glacier radar zones 

due to the different aspect affecting the SAR incidence angle. 

The Measured Surface Variables. 

 The variables measured at each site included: snow temperature, ice 

roughness, slope/aspect, snow depth, snow density, and snow grain size. Temperature 

affects liquid water content, which increases specular reflection off snow (Avery and 

Berlin, 1992; Hall, 1998; Jezek and Carsey, 1993; Mätzler, 1987). The temperatures 

on the glaciers in Taylor Valley in recent years have not often reached the melting 

point (Nylen, personal communication 2000). Ice and snow roughness increases radar 

backscatter. Snow and ice surfaces on the study glaciers are typically smooth (< 50 

cm), except near the terminus where the amplitudes reach 10 m (Fountain et al., 

1998). Surface orientation to an incident radar beam affects how the beam will reflect 
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and the depth of its penetration. Shallow dry snow is transparent to radar, while 

deeper snow will display volume reflection (Bindschadler, 1987; Hall, 1998; Jezek 

and Carsey, 1993). Internal density changes of the snow layers increase volume 

reflection (Rott and Mätzler, 1987; Shi and Doizer, 1993). Larger snow grains scatter 

radar more than small grains (Hall, 1998; Rott and Mätzler, 1987; Shi and Doizer, 

1993). The snow grains on the study glaciers are typically small (<3 mm) (Fountain et 

al., 1998). In addition to measuring surface characteristics, a general description of 

each site includes: ratios of snow and ice cover, percentage coverage of cryoconite 

holes, percentage coverage of snow dunes, and crevasses. 

 I measured surface temperatures using a digital thermometer (accuracy within 

0.1º C). For ice surfaces temperature was recorded by placing the thermometer in a 

small (1 - 5 mm) hole, shielding the area from the sun, and allowing the reading to 

stabilize within 0.5° C. By pushing the thermometer 1 - 5 mm into the snow, 

temporarily shielding the area from the sun, and allowing the reading to stabilize 

within 0.5° C an accurate snow temperature was recorded. 

 I measured ice surface roughness by laying a 2 m pole (the fiberglass snow 

depth probe was used) on the glacier surface and measuring the vertical distance from 

the pole to the ice surface. A folding ruler with millimeter increments was used to 

measure the vertical height at 5 cm intervals along the pole (Figure 4.8). On snow-

covered ice, I tapped the folding ruler through the snow layers to the ice surface to 

obtain depth snow depth. The roughness is given as the standard deviation of values. 

Two sets of roughness measurements were collected at each site, one with the bar 

parallel to the SAR beam direction and the other with the bar perpendicular. I sighted 
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over a reflector and selected a landmark on the horizon of the Kurki Hills across the 

valley; this gave me an approximate SAR beam direction on Commonwealth Glacier. 

This landmark was then used to orient the pole. On Howard Glacier I used the 

centerline axis of the glacier as the approximate SAR beam direction. 

 I determined the slope, relative to the SAR beam, by using the inclinometer on 

a Brunton compass and an ice axe. The ice axe was laid on its side in a region that 

best represents the average slope and its length (75 cm long) averages the high points 

of the sample surface. I oriented the long axis of the ice axe parallel to the SAR beam 

direction, and placed the Brunton compass on the shaft to measured the slope. Facing 

the general fall line and comparing it to a landmark that was to the north determined 

aspect. This method determined directions to only the eight cardinal directions (or 

about ±22.5°). 

 I measured snow depth using a chimney sweep pole with centimeter intervals 

marked along the shaft. The tip of the pole was a machined steel point that aided in 

breaking through thin ice-crusts. Four snow depth readings were taken at each snow 

site. A snow pit was dug at both reflectors, mid-way between the reflectors, and 500 

m above the upper reflector. Snow stratigraphy was determined and three variables 

were measured in each snow layer: density, grain size, and layer thickness. I 

calculated snow density by weighing 100 cm3 of snow; density measurements were 

done for every layer thicker than 3.5 cm (due to the height of snow sample scoop). 

Grain size was determined by sprinkling snow on graph paper and estimating the 

average diameter. I measured layer thickness from the surface, to each layer using a 

folding ruler. The area around each site, within a 50 m radius was characterized as to 
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relative aerial fractions of type of surface (snow, ice) and any notable features (e.g. 

crevasse, cryoconite holes). The fractional area of cover (e.g. snow, ice, cryoconite 

holes) was established by a consensus of estimates between Andrew Fountain (my 

thesis advisor) and myself. 

 I brought a calorimeter method of measuring water content of the snow to the 

field (Akitaya, 1985) but the snow was very dry and the error of the method high 

enough that reliable measurements of low moisture content were not possible. 



  

   

 

 

CHAPTER V 

RESULTS OF THE FIELD MEASUREMENTS 

 

 

 

 The field campaign on Commonwealth Glacier lasted from January 19 to 26 

and on Howard Glacier on January 27, 1999. Two SAR images were acquired: an 

ERS-2 on January 15 (Figure 5.1), and a Radarsat on January 19, 1999 (Figure 5.2). 

During this time the weather and the surface conditions of the glaciers did not vary. 

Along with the data collected specifically for this investigation, the LTER data 

collection of snow pit and stake measurements is also utilized (Appendix A). 

During the 1999 field season Paul Langevin made the mass balance measurements 

at the stakes. These data include snow layer thickness, mass, density and crystal 

structure. 

 

Imagery.  

 The ERS-2 image is a high-resolution image with 12.5 m pixel spacing, and 

with VV polarization (Figure 5.1). The average incidence angle of the SAR beam 

was 23.1º, pixel spacing was 12.5 m, yielding 30 m resolution, and covering a
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108 km2 area. The image covers a small slice of Taylor Valley fortunately including 

all of Commonwealth Glacier. Unfortunately, almost all of Taylor Valley including 

Howard Glacier is off the image (Figure 5.3). The glaciers are identified on the 

SAR image by the shape, darker ablation area, and bright accumulation area. Lake 

Vanda is the only ice covered lake visible and is a middle-gray surrounded by dark 

bare earth (Figure 5.1). 

 Radarsat.  The Radarsat image is a ScanSAR image with 50 m pixel 

spacing, and HH polarization (Figure 5.2). The average incidence angle of the SAR 

beam was 35º, pixel spacing was 50 m, yielding 75 m resolution, and covering a 

512 km square area. The image includes the East Antarctic Ice Sheet, Ross Island, 

the McMurdo Dry Valleys including Taylor Valley, and Drygalski Ice Tongue. 

Glaciers are identifiable on the image, but because of the large pixel size, smaller 

glaciers like Howard require familiarity of the area to identify. Like the ERS-2 

image, the (large) glaciers show flow lines (Drygalski Glacier), darker ablation 

areas, and bright accumulation areas. The Ross Sea is the darkest area of the image 

and bare earth a dark gray. 

 

Transects. 

 Commonwealth Glacier.  The ice roughness between the measurements 

perpendicular and parallel to the SAR beam is very similar and they correlate at 
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R2 = 0.8 because of this, the orientation of the measurements are disregarded and 

the roughness measurements pooled. Standard deviation of roughness ranged from 

0.7 to about 3 cm (Figure 5.4).  

 On both glaciers, I observed dune-like formations of snow that ranged from 

0.10 to 100 m2 in area and 4-48 cm deep. Because of their frequent flat-topped and 

steep sided edges, I called them called “snow tables” (Figure 5.5). Areal coverage 

of snow tables ranged from 10 to 50% (Figure 5.4), and the snow depths averaged 

12 cm. Ice roughness and snow table coverage generally followed a similar pattern 

of roughness (Figure 5.4).  

 Areal coverage (density) of cryoconite holes (Figure 5.6) varied 0-10% 

(Figure 5.4), with depths to the exposed ice bottom averaging 14.4 cm deep with a 

maximum of 28 cm (Appendix B). The bottoms of the holes frequently contained a 

layer of sediment. The sediment, absorbing sufficient solar heat to melt ice, forms 

pools of water (Wharton et al., 1985). Many cryoconite holes had re-frozen caps, 

and because of this, I could not measure these depths (Appendix B). The cryoconite 

holes were difficult to spot because some were covered with snow and some of the 

ice caps were difficult to distinguish from the surrounding glacier ice. 

 Near-surface snow temperature measured as low as –3.7º, averaging –2.1º, 

and ice temperature as low as –3.5º, averaging –1.6º C (Appendix B). Air 

temperature was measured at the beginning of each day and ranged from –2.2 to –

1.3˚ C. 
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 The snowline on the transect began just below transect site #12 (T12) with 

an average snow depth of 15.3 cm and the maximum average depth on the transect 

measured at T16 of 67.6 cm (Figure 5.7). The snowline is an ambiguous 

demarcation: ascending the glacier snow patches become more-and-more frequent 

until the ice surface is completely ice covered. The snowline is defined in this study 

where the fraction of the ice surface is at least 90% covered by snow. Ascending the 

glacier, snow patches on the ice become more frequent, until they begin to merge, 

isolating ice patches until the surface is completely snow-covered. The transition at 

the snowline is much like M. C. Escher's "Sky and Water" woodblock print, where 

a black sea of fish (ice) transforms into a white sky of geese (snow) (Figure 5.8).  

  I dug snow pits at T12, and T9 (Figure 5.9). Depth of the layers, snow 

crystal descriptions, and hardness were recorded (Appendix B). Snow grains were 

separated into six categories: facets, rounds, wind crust, honeycomb, broken stellar, 

and hoar. Densities of the layers were not determined. At sites T13, T15, and T16 

hard layers were noted as the rod was pushed through the snow to glacier ice and 

these depths recorded as layers (Figure 5.10). The snow was dry and ranged from 

fluffy and loose to a consistency of Styrofoam. I judged the snow to be dry by the 

look and feel and the fact that no melt on the snow, or the ice (which has a higher 

albedo and should melt first) was observed. The hard layers were wind-compacted 

snow or thin (1-2 cm) ice crusts.  

 Howard Glacier.  My data collection was less extensive on Howard Glacier. 

Percent coverage (of ice, snow, snow tables, and cryoconite holes), snow depth, and 
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roughness were recorded (Figure 5.5f, Table 5.1). I only collected five sample sites 

because the transect quickly entered deep snow (Figure 5.11). Site 1 and 2 are in the 

ablation zone, site 3 is just above the snowline, site 4, and 5 were in the 

accumulation zone. Ice roughness averaged 2.0-4.5 cm and ice temperatures were 

not recorded. 

Table 5.1: Cover and snow depth at sites near the snowline. 
Site 

 
Distance (m) Percent cover 

of snow 
Percent cover 
cryoconite holes 

Snow depth 
(cm) 

1 (Stake 31) 0 5 15 0 
2 (Stake 30) 800 75 2 4.5 
3 1200 100 — 10 
4 1300 100 — 24.8 
5 1600 100 — 40.7 
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