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Abstract.

The Greenland ice sheet is an important component of the global hydrological system and
contributes to the global radiation budget. A knowledge of the extent and surface state of
this ice sheet is therefore important in predicting and monitoring global climate change.
This thesis shows how active and passive multifrequency polarimetric microwave remote
sensing measurements may be used to provide such information.

The microwave response of the four different zones of the Greenland ice sheet is
investigated. The four zones are the central dry zone, the percolation zone, the soaked
zone and the ablation zone towards the edge of the ice sheet (Benson, 1962). High
resolution active data from the NASA/JPL AIRSAR airborne synthetic aperture radar,
and lower resolution, more extensive, passive data from the Defense Meteorological
Satellite Program Special Sensor Microwave Imager (DMSP SSM/I) are used.

A multifrequency polarimetric matrix based computer model is developed to determine the
theoretical 3D polarimetric response of simulated geophysical surfaces. This model is
based on conservation of energy and predicts the polarimetric content of the reflected
signal (amplitude and phase components) and the emitted energy. A method is developed
to determine the dielectric constant (and hence moisture content) of imaged areas using the
remotely sensed polarimetric signals. This allows classification of the different zones of
the ice sheet, so providing a useful tool for mapping the extent of the different ice sheet
zones. The annual variation of the polarimetric signals is investigated to determine the
seasonal changé of the surface state of each zone.

The polarimetric data suggest that subsurface layers or other discontinuities (for example,
subsurface ice layers or depth hoar) play a major role in the microwave response of the
Greenland ice sheet. This should be considered in future climatological and topographical
studies of ice sheets.
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1 Introduction -

1.1 The Earth’s climatic system and global change.
The Earth's climatic system may be symbolized by the diagram given below (figure 1.1).
The five major components of the system are the atmosphere, ocean, biosphere (i.e.
vegetation), geosphere (i.e. land) and cryosphere (i.e. snow and ice).

Changes in solar radiation

Space 4

Atmosphere

Terrestrial radiation
(H"O, N*,0%, CO™, O3 etc.)
Clouds
Heat tranter
Precipitation,
Evaporation
Ice Wind
sheets, stress Ice sheets
Snow . . Snow
Biomass Sea ice
Ocean
Changzs in Changes in landfeatures, Changes of ocean
atmospneric Vegetation, Albedo ec. basin shape.
composition Salinity etc.

coupled atmosphere - land - ocean - ice system, where the heat transfer between the
components are summarized as:

1) atmosphere - land

2) atmosphere - ice

3) atmosphere - ocean

4) ice - ocean

where the biosphere and cryosphere are included within both the land and ocean.

Figure 1.1: Schematic diagram of the Earth's climatic system (after Houghton, 1984,
presented in Houghton et al., 1990).

The main energy budget is determined by the incoming short wave solar radiation and the
outgoing long wave terrestrial radiation, due to the reflection, absorption and transmission

of the atmosphere as shown in figure 1.2.
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some solar radiation
is reflected by the earth
and the atmosphere

short wave long wave (infrared)
(high frequency) terrestrial radiation
solar radiation

some infrared radiation is absorbed
and re-emitted by the greenhouse gases:
this warms the earth's surface and

the lower atmosphere

Atmosphere

Earth's surface

absorption of solar radiation  infrared radiation
warming earth's surface emitted from the earth's surface

Earth

Figure 1.2: Effect of the atmosphere, illustrating the energy budget (from Houghton et
ai, 1990).

The incoming short wave radiation (0.2 - 3|/im) is mainly absorbed by the Earth's surface
(soil, vegetation, ocean, ice) after passing through the Earth's atmosphere.

The incoming solar energy is partly reflected at the underlying land surface. The ratio of
the amount of solar radiation reflected from the surface to the total amount incident on it is
defined as the albedo of the surface.

The absorbed energy is then re-emitted from the Earth's surface as infrared radiation (3-
100pm). The wavelength of the emitted radiation is longer than that of the incident solar
radiation as the Earth is cooler than the sun. Some of this emitted radiation is then
absorbed and re-emitted by the greenhouse gases within the atmosphere (main natural
greenhouse gases are H2 O, CO2, CH4, N2O; and O3 in the troposphere (lowest 10-
15km of the atmosphere) and stratosphere). The presence of these atmospheric gases

determines the radiative cooling and heating of the atmosphere.

The evaporation of moisture and the direct heating of the Earth's surface is determined by
the interaction of the atmosphere and the underlying land. This provides the heat transfer
mechanism by which the energy is transported. The atmospheric processes respond to

changes in climate with a timescale of the order of hours or days.
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The ocean absorbs approximately half of the solar radiation that reaches the Earth's
surface, stores this energy, then redistributes it due to the various currents before
releasing it back into the atmosphere, largely by evaporation. The timescale of the
response of the ocean to changes in climate depends on the depth, and is of the order of
days for the surface, and thousands of years for the depths of the ocean.

The biosphere controls the magnitude of the flux of some of the greenhouse gases
(including CH4 and CO») between the atmosphere and the underlying land surface. The
biosphere processes react on the timescale order of hours (plankton growth) to centuries
(tree growth).

The effect of the geosphere on climate is mainly concerned with the hydrological cycle.
The amount of water stored as soil moisture influences the biosphere; water run off
influences the ocean circulation and the interaction of soil with the atmosphere influences
the flux of greenhouse gases. These land processes react on the timescale order of days to
months.

The cryosphere, classified as seasonal snow on land, sea ice, permafrost, river and lake
ice, mountain glaciers and ice sheets, ice shelves and icebergs; plays an important part in
the climatic system. The extent of seasonal snow cover, and ice formation and melt,
causes large changes in albedo which affect the global radiation budget. Changes occur on
a timescale of days for snow cover and of seasons for the ice.

The ice sheets contain ~80% of the Earth's fresh water supply and therefore act as an
important global hydrological reservoir. Any changes in their size will affect the global
sea level. Complete melting of the Earth's ice could cause a 72m rise in mean sea level
(Oerlemans and van der Veen, 1984). The response time for the ice sheets ranges from
decades to millennia (Houghton et al., 1990).

1.1.1 The ice sheets and global change.

Ice sheets are nearly continuous masses of glacier ice, formed by the accumulation of
snow and ice. The contents of the ice sheets are continually changing due to the
accumulation from snow fall and the ablation processes; including evaporation, surface
melting, draining by subsurface ice streams and the calving of icebergs.

The ice sheets are an important part of the terrestrial cryosphere as snow, ice and glacial
extent are key parameters in the climatic system due to their effect on the atmospheric heat
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transfer and the global radiation budget.

The ice and snow albedo feedback mechanism is positive, which therefore acts to
accelerate climatic change. For an increase in temperature, the snow and ice cover
decreases, thus decreasing the albedo and increasing the absorption, therefore resulting in
further temperature increase. This relationship is discussed further in section 1.1.2.2 with
specific reference to the Greenland ice sheet.

Details of the snow moisture content and the extent of the snow cover are necessary for
hydrological calculations. The water balance, ocean salinity and sea level are affected by
the ice sheets, which must therefore be considered in determining the global hydrological
cycle.

The ice sheets act as an important store of fresh water. If they should melt it would have a
great effect on the global sea level with important economic and social consequences. The
amount of fresh water stored in glaciers varies due to changes in climate. Studies of ice
sheets are therefore made to provide both climatological and important economic
information.

1.1.2 The Greenland ice sheet and global change.

The Greenland ice sheet is a remnant of the last ice age and remains because its height is
sufficient to keep the temperature low enough to maintain it. If it were to melt it would not
reform in today's climate.

If the Greenland ice sheet were to completely melt the effect would be to increase the
mean sea level by approximately 6m. This is calculated from the ice volume expressed as
an equivalent sea level rise, with other factors remaining constant (Oerlemans and van der
Veen, 1984).

Recent models of the behaviour of the ice sheets in a doubled CO, climate indicate that
surface warming would occur sooner over Greenland than over the larger Antarctic ice
sheet indicating that it may be particularly important to study Greenland for the detection
of climate change (Houghton et al., 1990).
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1.1.2.1 The position and structure of the Greenland ice sheet.

Greenland is an island situated in the Northern hemisphere, between ~60° and ~83° N,
and ~20° to ~66° W in the Arctic Ocean. The exposed rock areas at the coastal edges of
Greenland are permanently ice free, but the central area is covered with ice. The bedrock
of Greenland is dipped, with mountainous edges and the interior bedrock is close to sea
level. The maximum surface elevation of the ice sheet is ~3300m and the profile of the ice
sheet may be assumed to be approximately parabolic in shape, with the highest part in the
dry central region and the lowest at the edges near the coast.

The total area of the Greenland ice sheet is ~1.7%100 km2 and the mean ice thickness is
1530m, with the total ice volume ~2.6*100 km3. About 20 large glaciers at the edge of
the ice sheet form the outlet of the ice sheet into the sea, where large icebergs are formed.
Loss of ice by the calving of icebergs and the other ablation processes (evaporation,
melting and draining) are almost equally responsible for the loss from the ice sheet. The
annual accumulation due to snowfall is ~34cm of ice depth per year. These dimensions
are all taken from Oerlemans and van der Veen (1984). In today's climate it is presently
assumed that the mass balance of the Greenland ice sheet is zero and that Greenland is in
dynamic equilibrium (Oerlemans and van der Veen, 1984).

The Greenland ice sheet may be considered to consist of four different zones: (1) dry
zone, (2) percolation zone, (3) soaked and (4) ablation zones. These zones are defined by
Benson (1962). The dry snow area is mainly unaffected by melting and exists in the
Northern interior or highest elevations of the Greenland ice sheet. The percolation zone
exists where localized melting in summer causes the water to percolate through the surface
layers of snow before refreezing, forming ice lenses and layers beneath the surface. The
wet snow area is that where all the snow deposited over winter becomes saturated during
the melt season. The ablation zone is the area nearest the end of the glacier where the
production of melt water is the main ablation process. This ablation zone extends from the
firn line (the highest elevation to which the snow line recedes in summer) to the end of the
glacier (Hall and Martinec, 1985). The original definition of the zones as given by Benson
(1962) is still widely used. More details of the different snow facies may be found in
Paterson (1981).

A schematic diagram showing the different zones of the ice sheet is given in figure 1.3
and the location of these zones over the Greenland ice sheet is given in figure 1.4.
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Figure 1.3: Different zones of glacial ice sheets in order of glacier descent:
1) dry snow

2) percolation zone

3) wet snow

4) ablation zone.
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Figure 1.4: Location of zones of the Greenland ice sheet (Benson, 1962)
(from Jezek, 1994, showing Crawford Point test-site in the percolation zone).
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1.1.2.2 Mass balance of the Greenland ice sheet.

Kuhn (1989) gives the following equation to describe the factors affecting the mass
balance (B) of the ice sheets:

Mass Balance = Accumulation - |{Ablationl|

where Accumulation = Precipitation (P) + Redistribution by snow drift (D) + Deposition
or erosion of snow by avalanches (A) (usually positive terms)

and Ablation = Evaporation (E) + Melting (M) + Calving (C) (negative terms)

orB=P+D+A+E+M+C
Equation 1.1: Kuhn's equation of mass balance.

These different processes must all be considered to determine the net effect on the ice
sheets.

Exactly how the Greenland ice sheet would respond to changes in temperature is
uncertain. It is thought that the precipitation rate would increase at this latitude in a
warmer climate, producing more snowfall on the ice sheet. This therefore causes the
accumulation rate to increase and the overall mass balance of the ice sheet would also then
increase. On a short timescale it is thought that the mass balance would increase, but any
rises in the surface temperature would increase the surface melting and lead to the retreat
of the ice sheet and decrease its size.

Key parameters to be measured include the extent, surface state, and surface velocity
of the ice sheet as these all affect the net balance of the ice sheets.

The extent of the ice sheet is important for the overall mass balance, and any changes
observed in the size may indicate climate change. Mapping the extent of the different
zones of the ice sheet and monitoring any differences in the zones over a period of time
gives information on the variation within the ice sheet which may occur due to climatic
changes.

The extent of melt is a particularly important parameter to be measured for predictions of
the ablation rate of the ice sheet. Knowledge of the surface state over a period of time
gives valuable input for climate modelling.
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In addition, the surface velocity of the ice sheet may be measured by temporal studies of
high resolution imagery of the surface. The repeat measurements may show the
movement of discontinuities within the ice sheet and the surface flow may be calculated.
This information is useful for modelling the dynamics of the ice sheet.

There is presently considerable uncertainty as to the current state of the Greenland ice
sheet, mainly due to the lack of available data. Estimates of the total mass budget of the
Greenland ice sheet made over the last 30 years are summarized in table 1.1 below (mass
budget given in 1012 kgyr-1).

The error in these estimates is thought to be in the region of 30% (Houghton et al.,
1990) and more measurements are therefore needed to improve these estimates. The
difference in these estimated figures are large, and the zeros in the balance column do not
indicate stability but rather, dynamic equilibrium. The equilibrium is then assumed,
where: Balance = Accumulation - [(Ablation + Calving)l.

Mass budget of the Greenland ice sheet (in 1012 kg yr'l)

Source Accumulation Ablation Calving Balance
Bader(1961) +630 -120 to -270 -240 +270 to +120
Benson(1962) +500 -272 -215 +13
Bauer(1968) +500 -330 -280 -110
Weidick(1984) +500 -295 -205 0
Reeh(1985) +487 -169 -318 0

Ohmura +535 / / /

and Reeh(1990)

Table 1.1: Estimates of the mass budget of the Greenland ice sheet in 1012 kg yr -1
(Houghton et al., 1990).

The variation in the estimates of the mass budget of the Greenland ice sheet made over the
last 30 years are large and uncertain. The sensitivity of the ice sheet to global change is
also unknown. It is thought that the precipitation rate may increase over Greenland in a
warmer climate, therefore increasing the snow accumulation rate and increasing the mass
balance. However, the ice sheet would retreat in a warmer climate due to the ablation
processes of surface melt, calving of icebergs and increased basal water flow (run off).
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Changes in the precipitation rate and cloud cover as well as temperature changes will
affect the overall state of the ice sheet. An increase in the global mean annual air
temperature of 1°C would cause an increase in the annual precipitation by about 5%,
which counteracts the overall effect on the mass balance of the ice sheet by about 30%
(Houghton et al., 1990).

Recent estimates of the sensitivity of the Greenland mass balance to climate change are
given in table 1.2 below, in rate of change of global mean sea level (mm yr'l).

Source T(+1°C) P(+5%) C(+5%) Comments
Ambach and +0.31 -0.13 Analysis of
Kuhn(1989) EGIG data
Bindschadler +0.45 EGIG data/
(1985) retreating margin
Braithwaite and +0.36 to +0.48 Energy balance
Olesen(1990) , calculation
Oerlemans +0.37 -0.11 -0.06 Energy balance
(1990) model

Table 1.2: Estimates of the sensitivity of the Greenland mass balance to climate change in
rate of change of global mean sea level (mm yr'l) (Houghton et al., 1990) where
T = temperature, P = precipitation, C = cloudiness.

The error in predicting the sensitivity of the Greenland ice sheet to changes in climate is
large (0.3 £ 0.2mm yr‘1 per degree warming) mainly due to the unknown change in the
precipitation patterns over Greenland in a warmer climate.

The effect of iceberg calving is also uncertain as it is not known whether the calving will
increase with increasing basal flow. Also, the ice near the edge of the ice sheet is almost
afloat and therefore the contribution to sea level change would be negligible. The thinning
of the ice sheet further inland is unlikely to affect the sea level in the next 100 years
(Houghton et al., 1990).

The global sea level has been rising (~1-2mm yr'l) over the last 100 years, apparently
due largely to the thermal expansion of the oceans and also from the increased melting of
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glaciers and the margins of the Greenland ice sheet (Houghton et al., 1990). The
possible contribution of this past sea level rise from the decadal changes in summer
temperature over Greenland is calculated to be ~ 0.23mm yr‘1 (#0.16mm yr'l) and
therefore the contribution from Greenland is seen to be rather less than that from glaciers
and thermal expansion of the oceans (Houghton et al., 1990).

The overall effect of the Greenland ice sheet in a warmer climate is still uncertain though,
as the increased snowfall may offset the increased melting and runoff (Houghton ef al.,
1990).

1.2 Remote sensing.

Remote sensing instruments such as imaging radar are an increasingly important method
of data collection especially over inaccessible and inhospitable areas such as the polar ice
sheets.

The advantages of Earth observation by remote sensing techniques include the ability to
collect vast amounts of data quickly and accurately, and the uniform method of data
collection by satellite instruments enables the measurements to be correlated as they are
continued over a period of time. These repeat measurements are useful for monitoring and
investigating changes.

The key parameters of the extent and the surface state of ice sheets may be measured by
microwave remote sensing instruments such as active Synthetic Aperture Radar (SAR)
systems (Curlander and McDonough, 1991), and passive microwave radiometry systems
(Massom, 1991).

1.2.1 Polarimetric microwave remote sensing.

The particular advantage of microwave instruments (compared with visible and infra-red
methods) is that they offer all weather and day/night viewing thereby continuing to
provide data regardless of weather or daylight conditions.

The additional advantage of polarimetric systems is that the response for the imaged
surface for incident waves of different polarization states may be determined. This
polarimetric data can give extra information of the imaged area. For example, the
difference between the linear polarization states (HH and VV) of return power may be
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used to calculate the mean dielectric constant of the surface. This information may then be
used to determine actual geophysical properties of the imaged surface, for example the
water content of snow.

1.3 Basics of polarimetric remote sensing: Polarimetry.

The state of polarization of an electromagnetic wave is determined by the path of the tip of
the electric field vector, perpendicular to the direction of propagation of the wave. A
diagram showing a linear vertically polarized electro-magnetic plane wave is given below
(figure 1.5). As the wave travels along the y direction, the E vector oscillates in the
vertical (z) direction and hence this type of wave is of linear vertical polarization.
Conversely, if the E vector were to oscillate in the x direction only, the wave would be a
linear horizontally polarized wave.

Any wave may be represented by its vertical and horizontal components, whether it is of
simple linear, circular or any general elliptical polarization. The amplitude and phase of
the two mutually perpendicular components and their behaviour with time is sufficient to
describe the complete nature of the wave.

The co-ordinate system adopted to describe these components is important. For the work
in this thesis a right-hand system is adopted and the definition of parallel and
perpendicular polarization used is given in Appendix Al.1.

(Further details of the polarization state of an electromagnetic wave, the ellipticity and
orientation, Poincaré sphere representation with co, cross and conjugate points, and the
3D polarimetric response plots are given in chapter 2 of this thesis. Useful references are:
Born and Wolf (1980); Mott (1986); Stutzman (1993); Kong (1990); Feynmann (1963)).

E field
(vertically polarized wave)

/ t ; -

Figure 1.5: Electromagnetic plane wave (vertical polarization).
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The interaction of active radar with an imaged target depends on the polarization state of
the incident signal. Recording the complex return signal (amplitude and phase
components) for two mutually perpendicular incident polarization states enables the total
polarimetric radar response of the imaged surface to be determined. This technique,
known as radar polarimetry, gives greater information about the parameters describing the
surface than for the more conventional single fixed polarization radar.

The use of polarization diversity in radars is reviewed by Guili (1986).

The transmit polarization diversity of the NASA/JPL AIRSAR imaging polarimetry
system is achieved by alternately transmitting horizontal and vertical polarization signals.
The receive polarization diversity is attained by measuring the complex components
(amplitude and phase information) of the return signal at both horizontal and vertical
polarization (van Zyl et al., 1992).

This active imaging radar polarimeter measures the amplitude and phase components of
the returned signal which allows the determination of the scattering matrix for a small
element of the imaged surface. The complex scattering coefficients for all transmit and
receive polarizations are determined by polarimetric antenna synthesis techniques (Zebker
etal., 1987; van Zyl et al., 1987). The theory relevant to the work in this thesis is
detailed in chapter 2.

The return power as measured by the polarimeter is displayed as a 3D plot showing the
polarimetric response of the surface. These 3D polarimetric response plots show the
variation of the co and cross polar power of the reflected signal from the surface as a
function of the orientation and ellipticity of the incidence wave. The co polar and cross
polar return power is plotted on 3D grids as shown below in figure 1.6. The normalized
output power is given on the z axis, for all possible input polarization states of ellipticity
(-45 to +45 degrees, on y axis) and orientation (0 to 180 degrees, on x axis) of the
incident wave.
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Figure 1.6: 3D polarimetric co and cross polar output power response plots.

The use of radar polarimetry for geoscience applications is discussed by Ulaby and Elachi
(1990). The range of applications include glaciology, hydrology, oceanography, ecology

and vegetation science, geology, land use and terrain classification.

1.3.1 Active systems.

Active microwave radars measure the imaged area to high resolution, independent of the

weather or daylight conditions.

The multifrequency fully polarimetric data sets from active multifrequency fully
polarimetric radar systems such as the NASA/JPL AIRSAR, offer additional information
as the different frequency radar will penetrate certain surfaces (e.g. snow and ice) to
different depths, giving information about the dielectric constant of the surface and
subsurface material and the internal discontinuities. The penetration depth is dependent on
the wavelength (and therefore the frequency) of the operating radar. Use of a variety of
different frequencies provides a range of penetration depths into the snowpack of low
dielectric constant. High frequency radar is used for imaging the surface whereas lower
frequency radar may be used to penetrate the snowpack and give details of the dielectric

constant of the subsurface material.

The radar is sensitive to features comparable to the size of the operating wavelength and is
affected by the orientation of discontinuities. Multifrequency, fully polarimetric radar with
arange of operating wavelengths and full polarization capability may provide additional
information about the size, nature and orientation of discontinuities. This is particularly
important for studies of subsurface features; for example ice lenses and layers within the

ice sheets.
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1.3.1.1 NASA/JPL DC8 AIRSAR system.

The AIRSAR multifrequency fully polarimetric images analysed in this thesis are
measured using the NASA/JPL DC8 AIRSAR system. The AIRSAR instrument operates
at three frequencies; P, L and C band (0.4, 1.2, 5.3 GHz) with full polarization
capability. Both the amplitude and phase information of the received signal is retained for
both the horizontal and vertical (H and V) polarization transmit/receive antennas, enabling
the production of full multipolarization imagery (Zebker et al., 1987; van Zyl et al.,
1987).

This active airborne polarimetric radar system consists of a Synthetic Aperture Radar
viewing to the left-hand-side of the McDonald Douglas DC8 aeroplane. Typical values of
the range of incidence angles are ~20 degrees for the near edge of the image and ~60
degrees for the far edge. A typical image size is ~12*8 km? (azimuth*slant range), with
pixel size ~ 12*7m2 (van Zyl et al., 1992).

The geometry of this airborne imaging system is given in figure 1.7 below.

aeroplane

flight
direction

near
range

far
range

Figure 1.7: Geometry of the NASA/JPL DC8 AIRSAR system, where
Ro = slant range to near edge of image, R = slant range to imaged point P

0 = incidence angle at point P, h = altitude.
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The AIRSAR system is successfully used to collect data for a wide range of different
investigations. Many papers detailing the progress in using AIRSAR for the applications
of terrain classification, geology, ecology and vegetation science, hydrology,
oceanography and glaciology are given in the AIRSAR workshop summaries (van Zyl,
1992).

The NASA/JPL DC8 AIRSAR system may also be used in interferometric mode. The
along-track and across-track interferometers (ATI, XTI) are described by van Zyl et al.
(1992). The across-track interferometer measures surface heights and the along-track
interferometer measures surface velocities.

The TOPSAR system (across-track interferometer) uses the two C band antennas (vertical
polarization) mounted vertically above each other to measure topography. The TOPSAR
system and across track interferometric results are detailed by Zebker and Goldstein
(1986) and Zebker et al. (1992).

The along-track interferometer (C, L bands) is used to measure surface velocities of, for
example, ocean surface currents, as described by Goldstein and Zebker (1987).

1.3.1.2 Use of multifrequency multipolarization SAR for polar climate
studies:

i) Snow moisture content.

The moisture content of snow may be measured and monitored using SAR as the radar is
sensitive to the electrical properties of the imaged area. The dielectric constant of snow is
dependent on the water content, so the moisture content may be determined from the radar
return. The radar parameters of frequency, incidence angle and polarization, and the
physical parameters of the snow including density, liquid water content, particle size and
shape, ice content, and roughness parameters all affect the radar backscatter.

Recent work by Shi and Dozier (1992a,b) evaluates the radar response to snow wetness.
An algorithm for determining the moisture content of snow using C band polarimetric

measurements is developed.

Shi and Dozier (1992a) note that the current understanding of the radar response of snow
is limited due to few ground and airborne measurements, covering only a small range of
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the possible snow conditions, and the lack of understanding of the importance of
determining the correct scattering mechanism. Most importantly, the need for a complete
polarimetric model to describe the backscattering at different polarization and incidence
angles in terms of the snow physical parameters is stated.

ii) Snow extent and seasonal snow cover.

Snow extent may be mapped using SAR. A method of mapping snow and glacier covered
areas is described by Shi, Dozier and Rott (1992) using polarimetric SAR data. The
polarimetric response from NASA/JPL AIRSAR is analysed for three different data sets;
of wet snow, glacier ice and a rock and moraine region. Using C band AIRSAR data it is
found that this classification method accurately determines the snow and glacier regions
but has less success in discriminating between the glacier and moraine regions,
independent of the surface roughness. The ability to map snow covered regions without
any topographic information is found to be effective.

The seasonal snow cover may be determined from multitemporal SAR imagery.

The multifrequency radar system allows information about the surface and subsurface
material to be obtained. The depth of penetration of the radar signal depends on the
wavelength (or operating frequency) of the SAR, so multifrequency SAR imagery gives
additional information. The surface characteristics are more easily discernible using high
frequencies, and lower frequencies may be used to give information about

subsurface effects.

iii) Ice sheet surface state.

Seasonal melt areas of ice sheets may be determined and monitored using SAR from the
change in the return power noted for the melt areas. Areas covered by the melt pools on
the ice sheet appear dark on a SAR image due to the low return power from the open
water. This is due to the smooth surface of the open water acting as a specular reflector,
directing the energy away from the receive direction. The surrounding snow appears as
the brighter areas on the SAR image. This is illustrated by an image measured by the
AIRSAR instrument over the ablation zone in SouthWestern Greenland, Aug.1989 (Jezek
et al. 1993). See chapter 5 for a copy of this image (Total power 233-1 image).

Information on the extent of the melt pools in the ablation zone is important in determining
the temporal changes over the ice sheets. The extent of the melt pools and the duration of
the melt season is determined and monitored as any changes noted from temporal studies
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may indicate climate change. This is especially important for the Greenland ice sheet as it
is thought to be extremely sensitive to climate changes (Houghton et al., 1990).

Jezek et al.(1993) also note that the multi-frequency AIRSAR data show that the
subsurface crevasses appear to be more noticeable at P band than at C band due to the
greater penetration depth of the lower frequency radar. Some modelling work is
undertaken with results that compare well for the C band data.

The AIRSAR (1989) data is compared with SEASAT SAR (1978) data (L band, single
polarization HH) over the same area. These two sets of data show that the location of the
surface lakes remained unchanged over the ten year time interval of the two data takes.
The position of the surface lakes is therefore thought to be related to basal topography as
the ice flow of the glacier is continuous, but the overall shape appears to remain constant.

Previous work using single polarization SAR imagery to study the Greenland ice sheet
includes work by Vornberger and Bindschadler (1992), Bindschadler et al. (1987).
Vornberger and Bindschadler (1992) use Landsat (passive, visible and infrared) and
airborne SAR (active, X band, HH polarization) data over Greenland to produce co-
registered scenes. Two study areas were used: a moraine area and a lakes area in Southern
Greenland. The penetration of the SAR data through winter snowpack is noted, and the
effect of liquid water is discussed.

Bindschadler et al. (1987) discuss the glaciological features that may be studied using
satellite and airborne SAR. Scenes from SEASAT SAR (L band, single polarization HH)
and X band HH airborne SAR over Greenland are discussed and compared. Surface lakes
and stream systems are identified and the mottling of the surface on the image is thought
to be related to topography, possibly due to the wind crust.

iv) Mass balance of ice sheets.

Polarimetric SAR information may be used in conjunction with interferometric SAR for
topographic studies and velocity measurements of the ice sheets. These high resolution

data sets from active SAR are important in calculating the mass balance of the ice sheets
and for determining any changes that may be occurring.

The polarimetric data are used to determine the dielectric properties of the imaged area.
This knowledge of the mean dielectric constant of the imaged area enables the penetration
depth of the incident signal to be determined.
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The across-track interferometric data may used to calculate the topography of the imaged
area if the penetration of the radar signal into the ice sheet is also considered using
information of the dielectric constant from the coincident polarimetric data. The C band
interferometric radar (TOPSAR system) will penetrate different surfaces to different
depths, depending on the complex dielectric constant of the material. The real and
imaginary parts of the complex dielectric constant of dry snow are lower than that for ice
or water and so the radar signal will penetrate surface firn to a greater depth than if the
surface were, for example, ice or water where there is very little penetration. This
penetration factor must be taken into account for topographic studies. As an example; the
major source of the return radar signal measured at a test-site in the percolation zone of the
Greenland ice sheet is found to be from a subsurface ice layer (Jezek and Gogineni,
1992).

The information of the dielectric constant from polarimetric data may therefore be used to
determine the penetration depth of the radar signal and hence give the topography of the
ice sheet using the across-track interferometric SAR data. This information of the
topography may then be used to study changes of the profile of the ice sheet, then used
for calculations of the mass balance of the ice sheet. Typical values of the surface velocity
of the Greenland ice sheet are ~5m/a in the central region and ~100m/a towards the edge
of the ice sheet (Oerlemans and van der Veen, 1984).

Along-track interferometric data may be used to measure the velocity of the ice sheet. This
knowledge of the ice velocities over the ice sheet is useful for studies of the ablation rate
of the ice sheet. The ice moves slowly in the central part of the ice sheet and more quickly
at the edges due to conservation of mass (Oerlemans and van der Veen, 1984). Any
temporal changes in the measured velocities at any position over the ice sheet may indicate
a change in the ablation rate and hence the overall mass balance of the ice sheet.

The velocity profile at any position of the ice sheet also changes with the vertical depth as
shown in figure 1.8 below (from Oerlemans and van der Veen, 1984). It is therefore
necessary to know the penetration depth of the incident radar signal in order to determine
the origin of the return radar signal, and hence the position at which the velocity is
measured within the snowpack. This may be determined using coincident polarimetric
data.

This information of the dielectric constant of the imaged position enables any changes
noticed in the repeat measurements of the velocities at any one position to be identified as
either being due to actual differences in the measured velocity of the ice sheet at the
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measured point, or simply due to a change in the vertical structure of the ice sheet at that
particular point. If the dielectric constant of the ice sheet at the particular imaged position
has changed then the penetration depth will also have changed. The return signal may then
originate from a different position within the snowpack and hence record a different ice
velocity. The noted change in the measured velocity then indicates this change in vertical
structure of the ice sheet at that position and may not necessary be directly indicative of a
change in the overall ice velocity and ablation rate.

ice
velocity
m yr-1 A
.
0 depth m
bedrock surface

Figure 1.8: Typical velocity profile of the ice sheet with depth (from Oerlemans and van
der Veen, 1984).

1.3.2 Passive systems.

Passive microwave systems measure the emitted radiation from the imaged area.
Passive microwave radiometry is used to measure the extent, surface state and
temperature, and the snow water equivalent of snow covered surfaces. Knowledge of
these parameters is important for climate studies as the presence of even a thin layer of
snow cover changes the albedo of the surface from ~0.2 (land) to ~0.8 (snow) which
affects the local radiation balance by reducing the heat exchange between the atmosphere
and the ground (Oerlemans and van der Veen, 1984). Information on the extent and
coverage, and the melting of the snow cover is also important for hydrological studies.

The main limitation of the passive microwave systems (such as the SSM/I) compared with
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the active microwave radar systems (for example, the SAR systems, section 1.3.1) is the
large footprint size of the passive antenna, leading to low resolution of images (pixel size
25%25 km?2 for SSM/I).

1.3.2.1 Passive microwave (SSM/I).

Passive microwave data as measured by the DMSP SSM/I instrument (Defense
Meteorological Satellite Program Special Sensor Microwave Imager) for the various zones
over the Greenland ice sheet are analysed in this thesis. A diagram of the conically
scanning instrument is given in figure 1.9 below. The SSM/I has a sun-synchronous,
near-polar orbit, at altitude 883km, with a swath width of 1400km. The data as supplied
by The National Snow and Ice Data Center (NSIDC) are binned into a 25%25km? polar
grid. The resolution (pixel size) of the data is therefore ~25%25km?2, with incidence angle
~53.1 degrees on a horizontal surface depending on the frequency used, as shown in
figure 1.9 below. For the 19.2 GHz microwave channel the incidence angle is ~53.2
degrees.

The SSM/I instrument measures the passive emitted radiation at 19.2 GHz (V and H
polarizations), 22 GHz (V polarization only), 37 GHz (V and H polarizations) and 85
GHz (V and H polarizations). The 19.2 and 37 GHz values are analysed in this thesis as
the difference for the two polarizations at frequencies closest to that of the AIRSAR
instrument is of the main interest. These frequencies are still much higher than that of the
AIRSAR instrument (which operates at C, L and P band; 5.3, 1.2, 0.4 GHz) so direct
comparisons of the passive (SSM/I) and active (AIRSAR) data cannot be made.

The SSM/I instrument measures the brightness temperature Tg for parallel (H) and
perpendicular (V) polarizations, given by Tgy}, and Ty, ; where Tg =E Tg and E is
Emissivity, and T is the surface temperature, where the effects of atmospheric
attenuation are removed in the calibration of the data. The emissivity of the surface is
polarization dependent for the oblique incidence operation of this system, represented by
Eyq for horizontal polarization and Ey, for vertical polarization.

The mean daily average values of the brightness temperatures are used in the analysis as
this removes the need to include the diurnal temperature effect since the day/night
temperature difference is averaged out.

Further details on the operation of the instrument and information on the data produced
are given by Massom (1991) and the SSM/I user's guide (1992).
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Figure 1.9: Geometry of DMSP SSM/I instrument (Massom, 1991).

1.3.2.2 Use of passive microwave radiometry for polar climate studies:

i) Seasonal snow cover.

Passive microwave radiometry is used to measure the extent and the snowline of seasonal
snow, the surface state (wet or dry snow) and the water equivalent or depth of this snow
cover.

The snow boundaries may be measured by noting the sharp drop in the measured

brightness temperatures on passing over land to snow surfaces, simply from the surface
temperature difference of land and snow covered surfaces. The surface temperature of
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snow covered surfaces is lower than that for land. In order to distinguish between melting
snow and snow free surfaces, knowledge of the snow extent from visible imagery is
required as the measured temperature for these two surfaces may appear similar (Foster,
1984).

Snow water equivalent/snow depth may be estimated as the microwave attenuation
increases with snow water content/ depth. The brightness temperature decreases as snow
depth increases (from measured data with snow layer increasing up to 1m depth) as the
measured temperature is increasingly from the colder snow rather than from the
underlying ground. The empirical relationships between snow cover depth/ water
equivalent and measured brightness temperature are valid for specific test-sites and it is
not easy to extrapolate the relationship between measured brightness temperature and
snow depth/snow water equivalent for other areas (Foster in Ulaby et al., 1986, Chapter
19, p.1627).

Radiometry at 50° incidence angle is found to give lower brightness temperatures and the
best correlation between the measured brightness temperatures and snow depth as the
oblique incidence angle increases the penetration of the signal. The extent and water
equivalent/depth of dry snow may be determined using radiometry at 37GHz (Ulaby et
al. 1986).

The onset of snow melt may be measured as the emissivity of snow initially increases
with the production of liquid water in the snowpack. For increasing water content (by
volume) from 0 (dry snow) to 4%, the water coats the snow grains and increases the
internal absorption. This decreases the volume scattering and increases the emissivity,
thus causing the brightness temperature to increase. Therefore, for increasing water
content by volume (W) from 0 to 4%, the emissivity and brightness temperature increase.
The polarization difference is found to decrease on the initial production of liquid water in
the snowpack. For a further increase in water content (W > 5%) the emissivity decreases
as the dielectric constant of the snowpack increases with increasing liquid water content
(Foster, 1984). The polarization difference then increases.

The onset of snow melt may alternatively be noted by multitemporal observations of the
same test-site. Prior to melting, the surface undergoes many thawing and freezing stages
with a corresponding variation in the measured brightness temperatures. Areas that show
arapid change in the measured temperature for consecutive passes are designated melt
areas (Ulaby et al., 1986).
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ii) Ice sheet surface state.

Passive microwave radiometry may also be used to measure the surface temperature and
surface state of the ice sheets.

Swift et al. (1985) detail results from active and passive airborne measurements over the
Southern Greenland ice sheet. The passive microwave C band radiometric data show a
decrease in the measured brightness temperature on descent of the ice sheet, from the dry
zone over the percolation zone to the soaked/ablation zone, where the brightness
temperature is found to increase. This radiometer operates at nadir, with circular
polarization. The decrease of the passive emitted radiation in the percolation zone is
thought to be caused by the presence of subsurface ice lenses and ice layers increasing the
volume scattering, and hence decreasing the emissivity and the measured temperature in
this zone.

The active data from the X band scatterometer, 0 to 600 incidence angle, HH, VV and VH
polarization for the flight line are also given. The active backscattered radiation is found to
be greatest when the passive emitted radiation is at the minimum values (over the
percolation zone), and least when the passive emission is greatest. These results indicate
that the ice lenses form a strong source of backscattered radiation. There is little difference
measured between the HH and V'V signals for the active scatterometer data across the ice
sheet.

The emission behaviour of firn is described by Rott (1989) using SMMR data over
Antarctica. SMMR (Scanning Multichannel Microwave Radiometer, Nimbus-7 described
by Ulaby et al., 1986) is a five frequency (6.6, 10.7, 21, 18, 37GHz), dual polarized
(HH, VV), passive microwave remote sensing system. The data for 18 and 37GHz show
that the emissivity for vertical polarization decreases with increasing frequency, but the
data for horizontal polarization are similar for both frequencies. The polarization
difference for the passive signals (Ev - Eh) decreases with increasing frequency. This is
due to the vertically polarized emission being strongly affected by the subsurface
interfaces at higher frequencies, whereas the horizontal emission is less affected by
subsurface features. The incidence angle is ~50° for the SMMR, leading to a reflectivity
for perpendicular (VV) polarization of ~ 0.00006 for snow of dielectric constant Er ~1.2,
and a reflectivity for HH polarization of ~0.009 (using the value of the effective dielectric
constant for this polarization at this incidence angle and Fresnel reflectivity at the surface,
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see chapter 3 this thesis). The emissivity of VV polarization is therefore greater than that
for HH polarization, and the vertically polarized passive radiation may therefore originate
from greater depths within the snowpack. HH polarization emitted radiation is concerned
with the surface (lower emissivity, so less penetration) and is therefore less affected by
changing the operating frequency.

Rott (1989) states that the complex patterns of the microwave emissivities of Antarctica
with changes of polarization and frequency cannot be fully understood by presently
available emission models. More detailed measurements of the snow properties and
emission measurements at test-sites are needed to develop models to explain the emission
behaviour of snow.

1.4 The data sets used in this thesis.

In this thesis the radar response from the different areas of the Greenland ice sheet is
investigated using data from both active and passive microwave remote sensing
instruments.

Active airborne microwave radar data as measured by the NASA/JPL AIRSAR instrument
for the different zones of the Greenland ice sheet are analysed. In addition to the change in
the radar response for the different areas, the use of different polarizations and
frequencies to extract additional information about the surface and subsurface dielectric
content of the ice sheet is investigated.

The seasonal effects of the response from the different areas of the ice sheet are noted
using data from the passive microwave DMSP SSM/I instrument with particular reference
to the change in the measured signal during the spring/summer (melt) season.

1.4.1 NASA/JPL DC8 AIRSAR active airborne data.

The polarimetric radar images measured by the NASA/JPL AIRSAR instrument of four
different areas of the Greenland ice sheet are analysed, corresponding to the dry zone,
percolation zone, soaked and ablation zones as characterized by Benson (1962).

Details of the location and identification of these Greenland AIRSAR images are
summarized in table 1.3 below. Figure 1.10 shows the approximate location and heading
of these images on the Greenland ice sheet.

10th June 1991 is the date of the AIRSAR flight.
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Identification of AIRSAR images:

zone number and type:

1 2 3 4

dry percolation soaked/ ablation ablation
GISP2 Crawford Point Swiss Camp
test-site corner reflector scene

image numbers (P, L, C band):

17,18, 19 10, 111, i12 il,12,i3 i13,i14,i15
tape and flight numbers:

CM3189 CM3206 CM3137 CM3247
019-2 026-5 068-1 158-1

co-ordinates, lat., long., (degrees):
+73 20.0 +69 52.1 +69 40.9 +69 34.4
-037 28.5 -047 06.7 -048 31.1 -049 17.7

near range incidence angle (degrees):
29.5 18.0 34.8 21.9

Table 1.3: Details of Greenland AIRSAR images, measured 10 June 1991.
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Figure 1.10: Approximate location of the AIRSAR images on the Greenland ice sheet and
flight line direction (fopographic map courtesy J. Morley MSSL, UCL 1993).
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1.4.2 SSM/I passive satellite data.

Data from four areas corresponding to those covered by the AIRSAR imagery are
selected. Point 1 corresponds to the dry zone, point 2 to the percolation zone, point 3 to
the soaked/ablation zone and point 4 to the ablation zone. The coordinates of the areas
measured are given in table 1.4 below, and the approximate location shown above, in
figure 1.10.

Coordinates of Greenland ice sheet, passive microwave data points:

point number latitude (+) longitude (-)

and zone type (degrees and minutes) (degrees and minutes)
1 dry 73 20.0 037 28.5

2 percolation 69 52.1 047 06.7

3 soaked/ablation 69 40.9 048 31.1

4 ablation 69 344 049 17.7

Table 1.4: Coordinates of points measured in the different zones of the Greenland ice
sheet, corresponding to the location of the Greenland AIRSAR images measured 10 June
1991.

A complete year's worth of data of the mean daily brightness temperature for the four
areas over the Greenland ice sheet are analysed to determine the change in emitted passive
microwave radiation over the year; considering the effect of the different seasons and the
different zones of the ice sheet. The complete year of data covers the period from the
beginning of April 1990 until the end of March 1991. The data from April 1991 until the
end of June 1991 are also compared with that for the previous year; April to June 1990.

The mean daily brightness temperatures as measured by the SSM/I instrument for the
particular day of the AIRSAR overflight (10th June 1991) are used for the comparison
work with the active AIRSAR data. The pixel size for the SSM/I data is ~25%25km? and
the AIRSAR images each cover a region of ~12*8km2, pixel size ~12%Tm2, so there is a
vast difference in the areas measured by, and the resolution of, the passive SSM/I
instrument and the active AIRSAR system.

The AIRSAR images are each positioned in a different zone descending the ice sheet and
the passive SSM/I data from these points are assumed to be typical of the response from
the four different zones of the ice sheet. Details of the snowpack measured during
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concurrent field campaigns by teams at three of the four test-sites (GISP2 at point 1 in the
dry zone, K.Jezek's team at Crawford Point in the percolation zone, and the ETH field
party at the test-site in the ablation zone) confirm that the snow characteristics at the test-
sites are typical of the different zones (Jezek, personal communication). Refer to chapter 4
for details of the field campaigns.

1.5 Aims of the thesis.

The aim of this thesis is to investigate the active and passive polarimetric microwave
response of the four different zones of the Greenland ice sheet. The relationship between
scattering and emission from snowpack is analysed by the synergistic use of the active
and passive sensors. The interaction mechanism of microwaves with the layered complex
dielectric media of snowpack is studied and a greater understanding of the measured
response from each zone of the ice sheet is gained by considering the physical
characteristics of the various snow conditions at each of the imaged areas.

The work undertaken in this thesis includes the full analysis of the multi-frequency, fully
polarimetric active AIRSAR images over the four different zones of the Greenland ice
sheet. The scattering mechanism is determined from the measured polarimetric response
for each zone, and the variation of this scattering mechanism with the incidence angle and
operating frequency of the radar is determined.

The use of different polarizations and combinations of different frequencies to show
different features in each image is investigated. The location and orientation of these
features of the ice sheet observed by the airborne SAR system are discussed with
reference to details of the surface slope and direction of the ice sheet as determined using
ERS-1 radar altimeter data.

The backscattered power of the airborne (AIRSAR) data is correlated with data from the
ERS-1 SAR (satellite system) showing the change in the measured return power for the
different zones of the ice sheet. This variation in backscattered power for each of the
different zones of the ice sheet is discussed.

The data for the percolation zone are analysed in detail. The variation in the measured
backscattered power for the percolation zone with change in the incidence angle and
frequency and polarization state of the incident radar is determined. The effect of the
position and orientation of subsurface ice layers within the snowpabk of the percolation
zone on the measured polarimetric response is discussed.
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Passive microwave (SSM/I) data at positions corresponding to that of the above AIRSAR
images, over the four different zones of the Greenland ice sheet are also analysed. A
temporal study of the measured brightness temperatures for a complete year of data at the
four positions is undertaken to show the annual change in the measured passive response
for each of the four zones of the ice sheet. The variation in the measured brightness
temperature due to the location is studied and the change in the measured brightness
temperature for each position due to the seasonal variation is noted.

The effect of the polarization of the measured passive signals is determined. The
difference in the emitted signal for horizontal and vertical polarization is investigated for
each of the four zones of the ice sheet. This passive polarimetric data is used to determine
the polarization ratio of the measured signals and the mean dielectric constant of the
imaged area is then calculated. This calculated value of the dielectric constant of the
imaged area is then used to infer the wetness content of the snow. The annual variation in
moisture content of the snow at each of the four zones of the ice sheet is determined.

The passive microwave data from the SSM/I for the day of the AIRSAR overflight is
correlated with the active data from the AIRSAR instrument. The mean dielectric constant
of the imaged area is determined using the passive data and the moisture content of the
snow of the imaged area is determined. The approximate area of the test area in the
ablation zone covered by surface water in the form of melt pools is calculated using the
polarimetric signals of the remotely sensed data.

The measured passive signals from the four different zones of the ice sheet are
investigated in detail for the spring-summer season, and the apparent change of the
measured radiometric signals during melt is discussed.

The difference in the passive data measured at the different frequencies of the SSM/I
system is investigated. The data measured by the SSM/I at 19GHz and 37GHz are
analysed in detail for each of the four zones of the ice sheet. The frequency difference data
for a full year, and for the spring-summer season in particular are investigated for all four
zones.

The effect of the presence of ice layers on the measured passive response is also
discussed.
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A fully-polarimetric, multi-frequency matrix based computer model to determine the
theoretical 3D polarimetric response of any simulated geophysical surface is developed.
Snowpack, for example, is simulated by a system of layers of complex dielectric material
of different depths. This computer model is based on conservation of energy and
determines both the polarimetric content of the reflected signal (amplitude and phase
components) for active systems and that of the emitted (= absorbed) energy for passive
systems for a full range of incidence angles (0 - 90 degrees).

. Validation work is undertaken, correlating the computed response with published values.
The model is used for theoretical analysis work which investigates the effect of the
incidence angle of the radar, and the physical parameters of the imaged material (for
example the dielectric content and depth of subsurface layers) on the polarimetric
response.

A theoretical classification method is developed using the polarimetric signals to determine
the dielectric content of the imaged areas. The calculated dielectric content is then used to
indicate the type of the imaged area. This classification method may be used to identify the
melt areas of the ice sheet as illustrated using the measured polarimetric data of the
AIRSAR image of the ablation zone.

The theoretical active and passive signals are correlated and the relationship between the
active and passive response from the simulated snowpack is determined. The polarimetric
information of the emitted signal (using measured passive data) is used to give the
dielectric constant and moisture content of the snow.

Polarimetric theory and existing models are reviewed in chapter 2. The new matrix model
is developed in chapter 3. Information on the measurements, campaigns and data analysis
is given in chapter 4. The results from the measured data are given in chapter 5 and
discussed further in chapter 6, together with suggestions for future work and the
conclusions.
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2 Polarimetric theory and models -

This chapter gives an introduction to polarimetric theory and reviews existing radiation
interaction models, with specific reference to the polarimetric signals. The justification for
developing a new model is given, with the assumptions and deficiencies (and suggestions
for rectification) of this new model. The basis of the new model is outlined in this chapter
and developed further in chapter 3.

2.1 Theory of polarimetry.

The use of polarimetry is to obtain more complete information of the scattering
characteristics of the imaged terrain. This is achieved by synthesizing the different
polarization states of the incident electromagnetic field. The imaging radar polarimeter
measures the amplitude and phase components of the return signal and uses antenna
synthesis techniques to determine the response from the imaged terrain at all possible
incident polarization states (van Zyl, 1987). For the polarimetry work in this thesis the
definition of parallel and perpendicular polarization is as given in Appendix A1.1.

2.1.1 Polarization state and Poincaré sphere.

The polarization state of the incident wave may be described by the amplitude and relative
phase of the components of the electromagnetic field parallel and perpendicular to the
surface (al, a2, d). Linear, circular or any general elliptically polarized wave may be
described in this way. The full range of polarization states may be illustrated by positions
on the Poincaré sphere as shown in figure 2.1.
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Figure 2.1: Poincaré sphere representation of polarimetric states, showing co, cross and
conjugate points (P, P, P¥).

Where:

rhc = right hand circular polarization, at "north pole" of sphere;

lhc = left hand circular polarization, at “south pole";

linear polarization states around equator of sphere.

The value of longitude gives the orientation and the value of latitude gives the ellipticity.

Any point on the Poincaré sphere may be represented by considering the amplitude and
relative phase of the parallel and perpendicular components of the wave.

The general point P on the surface of the sphere is given by:

i
—|e!

a2
Equation 2.1: General point P on Poincar€ sphere.

P=j

The cross polar and conjugate points P' and P* are discussed in section 2.1.1.2 below.
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2.1.1.1 Polarization ellipse.
l |
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Figure 2.2: Polarization ellipse.

The polarization ellipse of an electromagnetic wave gives details of the parallel and

perpendicular components of the wave, as well as the orientation, 0 (tilt), and ellipticity, €
(handedness) of the wave.

The following equations relate the parallel and perpendicular amplitude components (al,
a2) and phase difference J, to the ellipticity €, and orientation 8 of the input signal
(equations 2.2). The principal semi-axes a, b of the ellipse, and the angle 0 that the major
axis makes with the horizontal are also given:

a2 + b2 =a12 +a22

tan o0 = a2/al
where o is an intermediate angle, giving expressions for orientation and ellipticity as
follows:

tan 20 = (tan 2a) cos O

sin 2¢ = (sin 2t) sin &

tan € =t b/a

Equations 2.2: Ellipticity and orientation of polarimetric signal.
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The state of polarization of any general electromagnetic wave may be represented by a
unique point on the Poincar€ sphere (figure 2.1), which gives information about the
handedness of the ellipse (handedness or ellipticity = latitude of the point on the sphere)
and the amplitude ratio of the parallel and perpendicular components (tilt or orientation =
longitude of the point on the sphere).

The value of §, the phase difference (degrees) between the parallel and perpendicular
components determines the handedness of the ellipse. If 8 is negative then the ellipse is
said to be right-handed (in that the E vector appears to rotate in a clockwise direction as
the wave progresses away from the observer) and if d is positive then the wave is left-
handed, or proceeds in an anti-clockwise direction. The limits of & are +90 (left hand
circular, represented by South pole of sphere) and -90 (right hand circular polarization
represented by North pole of sphere). If § is zero then the polarization is linear
represented by points on the equator of the sphere. The latitude of the point on the sphere
represents the ellipticity of the wave.

The amplitude ratio of the parallel and perpendicular components of the wave give the
orientation of the E vector. If the components parallel and perpendicular are equal, and 90
degrees out of phase then circular polarization is attained, given by the poles of the
sphere. If these two equal components have an intermediate value of phase difference
then an elliptical wave is produced, of orientation 45 degrees. If the phase difference is
zero then 45 degree slant linear polarization is achieved, given by the points on the
equator as shown. The longitude of the point on the sphere gives the orientation of the E
vector (rotates from vertical polarization, to 45 degree slant linear, to horizontal
polarization, and to the opposite 45 degree slant linear on travelling round the equator of
the sphere). Any intermediate value of amplitude ratio and phase difference is indicated by
a point in the upper (righthanded) and lower (lefthanded) hemispheres.
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2.1.1.2 Co and cross polar, and conjugate points.

Co polar and cross polar points on the Poincaré sphere are seen to be at positions given
by inverting the amplitude ratio and of negative phase difference.

If P is the co polar point, where:

]38
a,
(Equation 2.1)

P=j—e

then the corresponding cross polar point is given by P', where:

P
P

p= ja_zc-js
al

Equation 2.3: Cross polar point P'.

The cross polar point P* has opposite handedness, and opposite tilt, and may be found at
the opposite end of the diameter from P through the centre of the sphere.

The conjugate point P* has the same amplitude ratio but negative phase difference, and is
found by dropping a vertical line from the co polar point P to the position where it
intersects the sphere again. If P is the co polar point, where:

la,|
P = j—te®
a

2
then the corresponding conjugate point is given by P*, where:

a
—Lla

a
Equation 2.4: Conjugate point P*,

—-36

P* =]

This conjugate point is at the same longitude but opposite latitude to the co polar point
(same orientation, opposite ellipticity).

Figure 2.1 shows the relative locations of the co, cross and conjugate polarization points:
P, P' and P* respectively, on the Poincaré sphere.
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2.1.2 3D polarimetric response plots.

The 3D polarimetric response plots show the variation of the co and cross polar power of
the reflected signal from the surface as a function of the orientation and ellipticity of the
incidence wave (Zebker et al., 1987; van Zyl et al., 1987). This method of illustrating
the response on the 3D axes shows the normalized return power for all the possible
incident polarization states as given by the Poincaré sphere representation. The base grid
of the 3D plots gives the equivalent positions as an unwrapped Poincaré sphere as shown
in figure 2.3 below.

The 3D representation of the output co and cross polar power is produced by considering
the amount of power reflected co and cross polar to the incident wave for all possible
states of this incident wave. The normalized output power is plotted on the z axis, the
ellipticity € (-45 to +45 degrees) of the input wave along the y axis, and the orientation of
the input wave 0 (0 to 180 degrees) along the x axis.

All possible input wave states are represented by the 3D plot. It may be considered as an
unwrapped Poincaré sphere, where the centre line (ellipticity =0, & =0, for all
orientations) denotes the linear polarizations (= equator of Poincaré sphere).

The position given by 6 = 0, € = 0 corresponds to HH polarization (parallel polarization),
and the position 6 = 90, € = 0 corresponds to VV polarization (perpendicular
polarization). The position 0 = 180, € = 0 is also HH, with 180° phase inversion.
Circular polarizations are given by the edges (ellipticity =+ 45 for all orientations), right-
hand circular being the LH edge & = - 90, and left-hand circular being the RH edge & =+
90. The elliptical polarization states are denoted by positions within the four quadrants of
the plot, corresponding to the hemispherical sectors of the Poincaré sphere.

The 3D polarimetric plots of the normalized return power for the co and cross polar
response of scattering from dielectric material at 0° incidence are given in figure 2.4. The
terms co and cross polar power are defined in section 2.1.1.2 above and specific matrix
calculations for the model are given in chapter 3 (section 3.1.6).
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Figure 2.3: Grid of 3D polarimetric response plot.
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Figure 2.4: 3D polarimetric plot showing co and cross polar response of scattering from

dielectric material, 0° incidence.

For the above plots of single surface scattering for normal incidence, the co polar power
is zero for circular polarizations (along the left and right hand edges of the 3D plots,
where ellipticity = + 45) and the cross polar power is of unity value as the sense of the
circular polarization signals is reversed on reflection. At normal incidence there is no
difference between all the linear polarization states which is indicated by the centre linear
section of the plots (where ellipticity = 0). The response for the intermediate elliptical
polarization states is given by the corresponding values on the 3D co and cross polar

plots.
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2.1.3 Scattering .mechanisms.

The dominant scattering mechanism may be determined from the 3D polarimetric response
plots as described by Freeman and Durden (1992). The above example (figure 2.4)
shows single surface scattering from a dielectric material.

The interaction of radar with the Earth's surface occurs via three main types of scattering
mechanism; namely direct scattering, double bounce and diffuse/volume scattering. These
types of scattering are shown diagrammatically in figure 2.5(i). Typical polarimetric
response plots (co and cross polar power) for direct scattering, double bounce and
diffuse/ volume scattering are given in figure 2.5(ii).

The first plot shows the polarimetric response for direct scattering. The shape of this plot
is similar to that given above (figure 2.4) for single reflection from dielectric material. At
oblique incidence angles the co polar response may show a single dip. This shape forms
as the co polar return power for vertical polarization is less than that for horizontal
polarization.

The plot for double bounce scattering shows a distinct shape with minima (for the co
polar response) and maxima (for the cross polar response) for 45 degree slant linear
polarization states. This is due to the extra 180 degree phase difference which occurs for
the additional reflection.

The shape of the plot for diffuse/volume scattering shows a definite pedestal. This is
formed by the diffuse nature of the return signal which originates from multiple scattering
within the volume of the material with a resulting loss of coherency. This part of the
return signal remains at a constant level and is independent of the polarization state of the
incident signal and cannot therefore be removed by altering the incident polarization state.
The height of the pedestal can be used to indicate the amount of diffuse scattering that
occurs.

The three main types of scattering mechanism discussed above may occur over the ice
sheet. Direct scattering is likely to occur for the smooth surfaces of the ice sheet. The
double bounce effect may occur if there is either a sudden change in topography, for
example, at the vertical ice wall at the edge of the ice sheet, or if there are sudden changes
in the dielectric material, by, for example, a subsurface horizontal ice layer and vertical ice
pipes within the snowpack. The distance between the two points of contact in the double
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bounce mechanism should be greater than the wavelength of the incident radar signal for a
coherent return signal. The third type of scattering, diffuse scattering, occurs when the
radar signal penetrates the snow pack. This is common for low dielectric materials such as

dry snow.

The shape of the polarization response is not unique as similar forms of response may
occur for different objects or for various combinations of scattering mechanisms. Great
care must therefore be taken when interpreting measured data to determine the correct
scattering mechanism. The polarimetric responses are plotted on a normalised scale and so
the measured value of the total return power may assist in distinguishing between similar
responses for different areas of an image.

page 56



Figure 2.5: i) Physical mechanisms for 1) direct scattering (scale >X for a coherent

return), 2) double bounce and 3) diffuse/ volume scattering over ice sheets.

1)

2)

CfCSi«XBe3POMSE

Figure 2.5: ii) 3D polarization plots (co and cross polar) for 1) direct scattering, 2) double

bounce and 3) diffuse/ volume scattering.
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The typical scattering mechanisms for glaciated regions are discussed by Curlander and
McDonough (1991). Surface scattering (single bounce) occurs from the ice surface and
volume scattering (diffuse scattering) may occur within the glacier ice. A double bounce
reflection may occur, for example, from a surface layer of ice over water in a glacial lake
if there are discontinuities within the surface material to produce the return signal. Open
water would give a specular reflection of the signal away from the SAR, showing low
return power. The presence of subsurface ice lenses would give a strong directly reflected
signal (Jezek et al., 1993). Complex multiple scatter between several discontinuities
within the snowpack, however, can result in loss of coherence and give a diffuse return
signal. The physical size, spacing and orientation of the discontinuities should be
considered with reference to the operating frequency and direction of the imaging radar.
This is discussed further in section 2.2.

A diagram showing the main scattering sources for the ablation and wet snow region of
the glacier (corresponding to the area covered by the AIRSAR image 233-1) is given in
figure 2.6 below.

ice lens

saturated

N——__ p— ice layer

open water over lake

ice

Figure 2.6: Scattering mechanisms over glaciated surfaces.
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2.1.4 Interaction of electromagnetic waves with dielectric material.
2.1.4.1 Theoretical forward scattering from smooth dielectric material.

The incident radar wave is reflected at any discontinuity. A change in the dielectric
constant of the media which the wave traverses will cause a sudden change in the
impedance for the electromagnetic wave and result in a reflection at the boundary between
the two media.

The reflected power R, may be calculated using the Fresnel relationship for smooth
dielectric surfaces given below in equation 2.5, where R, the Fresnel fractional reflected
power, is calculated for normal incidence on a smooth surface of relative complex
dielectric constant (modulus Er).

Equation 2.5: Fresnel fractional reflected power, R,.

The reflected signal is dependent on the incidence angle and polarization of the incident
wave, and the complex dielectric constant of the material. The definition of parallel and
perpendicular polarization as used for this work is given in Appendix A1.1. Details of
matrix calculations of reflection and transmission at dielectric interfaces for the model are
given in chapter 3.

For a smooth surface the reflected signal for parallel and perpendicular polarization
incident waves for the range of incidence angles 0 to 90 degrees (value of incidence angle
measured from normal) is given in figure 2.7.

The Brewster effect is noted for perpendicular polarization at the angle O given by
equation 2.6 below. At this angle the reflected signal from the surface of dielectric
constant Er is of zero power for perpendicular polarization.

oy = ()

Equation 2.6: Brewster angle 0.

For dry snow (0% wetness content by volume) the dielectric constant at P band is 1.66,
giving the Brewster angle 8g = 52.18 degrees. For free water the dielectric constant is
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larger (Er = 78.694), causing a higher discontinuity (higher reflected power) and the
Brewster angle is greater (6g = 83.568 degrees). These values of dielectric constant for
dry snow and free water are typical values taken from Jezek ef al. (1993) and Ulaby et

al. (1986).
The difference between the parallel and perpendicular polarization (HH and VV)

components of the reflected wave is dependent on the dielectric constant of the material

and the incidence angle.

Fresnel reflectivity of free water and dry snow surfaces

1.0
U 08 free water
| ¢ Ppara.
CL
"S  0.6-
B perp.
C
2 0.4-
S
u
I 0.2- dry snow

para.
perp.
0.0
0 15 30 45 60 75 90

incidence angle (degrees)

Figure 2.7: P band parallel and perpendicular components of reflected signal due to
oblique incidence on smooth dielectric material (dry snow Er = 1.66; free water Er =

78.694).

The amount of energy reflected is dependent on the dielectric constant of the surface
material. A high dielectric material will cause a high discontinuity and so the reflected
signal, for normal incidence, is larger. Typical values of the dielectric constant for water,
pure ice and dry snow at P band are given in the table below (table 2.1) with the

corresponding values of Fresnel reflectivity at normal incidence.
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Dielectric constant and Fresnel reflectivity for polar materials:

free water pure ice (0%) dry snow
relative
dielectric constant (Er) 78.694 2.9 1.66
Fresnel reflectivity (0 deg.) 0.636 0.068 0.016

(fractional reflected power)

Table 2.1: Dielectric constant of free water, pure ice and dry snow (at P band) and values

of Fresnel reflectivity for normal incidence.

2.1.4.1.1 Refraction at dielectric interface.

The transmitted signal is refracted at the boundary of materials of different dielectric
constant according to Snell's Law (equation 2.7), which gives the relationship between

the refractive index n, the angle of incidence i, and the angle of refraction r.
sin(i)
sin(r)

where n = VEr

Equation 2.7: Snell's Law.

On passing from air into a more dense material (of relative dielectric constant Er) the

signal is refracted towards the normal as shown in figure 2.8 below.

Figure 2.8: Refraction at dielectric interface.
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2.1.4.1.2 Penetration and absorption.

On travelling through dielectric material the incident signal will be attenuated due to the
lossy nature of the material.

The rate of attenuation and the phase change of the electromagnetic wave is given by, Fy,
which describes the amplitude ratio and phase change of a wave, free-space wavelength
A, travelling a distance x through the dielectric material of relative complex dielectric
constant E*, where E* = Er(1 - jtand).

_j21tx@
Fb =€ A

Equation 2.8: Amplitude ratio Fy,

The skin depth, & , describes the distance at which the incident wave becomes 1/e of its
original value. This is used to compare penetration depths of incident waves of different
frequencies in different media.

The equation giving skin depth (mm) in terms of the complex dielectric constant (Er, tand)
is given by equation 2.9 below, where F (GHz) is the frequency of the incident wave
(Born and Wolf, 1980).

300
S mFEr tand
Equation 2.9: Skin depth J.

For P, L, C band (0.4, 1.2, 5.3GHz) correlating to JPL AIRSAR frequencies the skin
depths for various materials (of different dielectric constant) are given in table 2.2 below.
The values of the skin depths for each of the polar materials are seen to decrease with
increasing frequency. When operating over polar regions the multifrequency radar signals
will therefore penetrate the imaged snowpack to increasing depths on decreasing the
operating frequency of the incident signal.

page 62



Complex dielectric constant and skin depth for polar materials:

P band
material Er tand skin depth (m)
0% snow 1.66 0.00003 6176.41
6% snow 2.38 0.013 11.9036
15% snow 4.23 0.026 4.46445
pure ice 2.9 0.00038 368.917
free water 78.694 0.0201 1.33889
L band
material Er tand skin depth (m)
0% snow 1.66 0.00003 2058.803
6% snow 2.37 0.04 1.292
15% snow 4.19 0.08 0.48595
pure ice 2.95 0.00034 136.27
free water 78.674 0.0604 0.1485
C band
material Er tand skin depth (m)
0% snow 1.66 0.00006 233.072
6% snow 2.2 0.136 0.0893
15% snow 3.6 0.297 0.032
pure ice 3.15 0.0032  3.172
free water 73.457  0.2654  0.0079

Table 2.2: Table of values of complex dielectric constant of different materials for P, L, C
band with values of skin depths. Dielectric values taken from Jezek et al. (1993) and
Ulaby et al. (1986).
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2.1.4.2 Scattering from polar terrain.

The incidence angle at the near edge of AIRSAR images is approximately 20 degrees. At
this value of incidence the reflectivity of dry snow is -0.013 and -0.019, for parallel
(HH) and perpendicular (VV) polarization respectively, so much of the incident energy
(-98%) is transmitted into the snowpack. The radar wave is then further reflected by
subsurface discontinuities, such as the boundaries between the different layers of snow
and ice, and also by subsurface ice particles and ice lenses. The nature of the layered
structure of snowpack is described by Benson (1971) and, more recently, by Colbeck
(1991). Multiple reflections and absorption within the different layers of the ice sheet
cause the polarization differences and attenuation of the signal. The following diagram
shows the interaction of the incident radar wave on polar surfaces and the physical

mechanisms of the surface and volume scattering which may occur (figure 2.9).

1) For a smooth surface of high dielectric material (for example; smooth ice or free water):

2) For a smooth surface of low dielectric material (for example; dry snow or fim), there is
much penetration of the incident signal into the snowpack and multiple reflections occur
within the subsurface layers of the snowpack. A high return signal may originate from a
subsurface layer of high dielectric (for example, a subsurface ice layer within the

snowpack):

sum

Figure 2.9: Interaction of the incident radar wave on polar terrain.
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2.1.4.3 Variation of backscattered total power with incidence angle.

The variation of the backscattered power with change in the incidence angle is given by
the general characteristics plotted below in figure 2.10 (Ulaby and Dobson, 1989). This

empirical curve is plotted from published measured data.

w
Quasi-Specular" Region
Plateau" Region
Vertical Polarization
Horizontal Polarization
o
@ Cross Polarization

0 10 20 30 40 50 60 70 80 90
Angle of Incidence e (Degrees)

Figure 2.10: Backscattered power variation with angle of incidence (Ulaby and Dobson,

1989).

The backscattering coefficient for the co polar signal may be considered in three regions:
1) quasi-specular region (near normal incidence, from 0 to ~30 degrees)
2) plateau region (-30 to -60 degrees incidence)

3) shadow region (-60 to 90 degrees incidence)

The backscattered signal is found to decrease in intensity as the value of the incidence
angle is increased from normal. For the quasi-specular region (up to -30 degrees from
normal incidence) there is little difference in the backscattered signal for the different
polarization states. For both the plateau and shadow regions the backscattered power for
vertical polarization is greater than that for horizontal polarization. The cross polar signal

is notably less than the co polar signal for the complete range of incidence angles.

Measured backscatter curves for dry and wet snow at L and C band are also given (Ulaby

and Dobson, 1989). Wet snow is classified here as snow of greater than 1% moisture
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content by volume. The mean value of backscattering coefficient for C band tends to be
higher than that for L band, both for dry and wet snow, for the range of incidence angles
20 to 60 degrees, corresponding to AIRSAR values. The cross polar backscattering
coefficient is much less than that for the co polar signal. There is little difference in the
backscattering coefficient for the different polarizations HH and V'V of the co polar signal.

Table 2.3 below shows the mean measured values of backscattering coefficient for dry
and wet snow at L and C band for the range of incidence angles 20 to 60 degrees as
covered by the AIRSAR images.

Backscattering coefficient (dB) for dry and wet snow at L and C band, for
incidence angle range 20 - 60 degrees.

Angle (degrees) 20 40 60
Dry snow
L band
HH -17 -22.5 -27
HV -30 -34 -35
\'%AY -15 -22.5 -25
C band
HH -12.5 -15 -20
HV -22.5 -25 -27.5
\'A% -12.5 -17 -20
Wet snow
L band
HH -15 -22.5 -24
HV -27 -30 -32
\'A% -15 -21 -24
C band
HH -12.5 -17 -20
HV -22.5 -25 -27
\'A% -12.5 -17 -20

Table 2.3: Backscatter coefficient (dB) for dry and wet snow at L and C band, for
incidence angle range 20 - 60 degrees (approximate values from Ulaby and Dobson,
1989).
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2.2 Review of existing polarimetric models.

Present models do not adequately represent the radar response of snow surfaces.

Shi and Dozier (1992a) note that the current understanding of the radar response of snow
is limited due to few ground and airborne measurements. These cover only a small range
of the possible snow conditions, so there is a requirement for more field measurements to
assist the understanding of the radar response from snow surfaces. In addition, there is a
general lack of understanding of the importance of determining the correct scattering
mechanism from the snow surfaces.

Most importantly, there is a need for a complete polarimetric model to describe the
backscattering at different polarization and incidence angles in terms of the physical
parameters of snow.

Present polarimetric models of wet snow covered terrain are based on radiative transfer
theory. The geometry of the problem is simplified to a half space of inhomogeneous
dielectric (snow volume) and a rough air:snow interface. The radiative transfer theory
used simply involves adding the scattered power from the two sources.

Shi and Dozier (1992a) study the relationship between the scattering mechanism and
incidence angle in order to retrieve information of snow wetness from SAR
measurements. For low wetness snow, surface scattering dominates at low incidence
angles and volume scattering dominates for high incidence angles. Both terms need to be
included in backscatter calculations for the complete range of incidence angles. For high
wetness snow only the surface scattering term is of importance due to the high dielectric
discontinuity at the air:snow interface. There is little penetration and therefore little
contribution from volume scattering due to the high water content.

The inversion model of Shi and Dozier (1992a) uses the two components, surface
scattered power and volume scattered power, for both polarizations, from the first-order
radiative transfer scattering model. The power ratios for HH and VV polarizations are a
function only of incidence angle and permittivity of snow. This model is found to work
well for determining the snow wetness content from C band polarimetric SAR data and is
used to map snow covered regions using co-registered DEM (Digital Elevation Model)
data.

At microwave frequencies the radar signal penetrates the snow cover which gives details
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of the content of the snowpack. The snowpack has a layered structure due to different
snow densities which causes an impedance change for the radar at each layer interface.
Studies of the stratigraphy of snow layers at test-sites in Antarctica and Greenland are
detailed by Benson (1971). Colbeck (1991) discusses the physical properties and
characteristics of layered snow covers. The electromagnetic response of snow at
microwave frequencies depends on the value of the complex dielectric constant used to
represent each snow layer. The real part increases with the liquid and ice content; the
imaginary part is even more sensitive to water content. The grain size of particles also
affects the scattering processes. The complication of multiple scattering within the layers
adds to the problem of determining the radar backscatter. Modelling work by Tsang and
Kong (1980) begins to approach these problems by simulating a three-layer random
medium and calculating the thermal emission.

Recent work by Wen et al.(1990) uses dense medium radiative transfer theory for
modelling the radar backscatter of snow. The results from the model are compared with
active radar measurements of remote sensing of snow. It is shown that one effect of
multiple scattering is to raise the pedestal height of the co-polar response.

An investigation of the emission and backscattering properties of snow is described by
Sturm and Rott (1992). Ground measurements of snow at test-sites in the Alps and
Antarctica are made using a radiometer-scatterometer system, at C and X band.

The penetration of the radar into the surface material is found to affect the backscatter as
reflections from subsurface interfaces affect the return signal. The frozen ground beneath
the dry snow layer is found to dominate the scattered signal for the Alpine test results.
The layered structure of the Antarctic snow due to density changes of the snow pack also
affects the measurements made at the test-site there. The active and passive radar
signatures may be explained by specular and diffuse reflections at the interfaces between
layers with different densities.

The polarimetric response of snow regions is described by Rott et al.(1992) using
measurements from NASA/JPL AIRSAR over an Alpine test-site. The height of the
pedestal of the polarization response for the co-polar plots increases with decreasing
frequency. This indicates that the diffuse scattering component increases with the increase
in penetration depth corresponding to the decrease in frequency from C, L to P band data.
The effect of surface roughness is also studied. The artificial surface roughness of the
test-site was set up by making a series of ski tracks in the snow, parallel to the flight line.
This undulating surface was found to produce a greater change in the polarization
response for C band than for L and P band results. The polarimetric response for the
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undisturbed and artificially rough surfaces at C, L and P band, ~45° incidence are
compared. This work is discussed further in Appendix Al.2.

Passive signals from SMMR over Antarctica are discussed by Van der Veen and Jezek
(1993). The seasonal difference in the measured brightness temperature is investigated
and the radiative transfer equation (as developed by Zwally, described by Ulaby et al.,
1986) is modified and used to calculate the seasonal variation in brightness temperature as
shown in figure 2.11. The radiative transfer equation is multiplied by the factor (1 - Rp)
to account for the reflection of the upwelling radiation at the surface. This factor is
polarization dependent, and the reflected power for vertical polarization is near zero. As a
first approximation, the authors state that the brightness temperature for horizontal
polarization is expected to be related to the vertical brightness temperature by the
relationship:

Tgh =(1-Rp) Tgy

Equation 2.10: Relationship between horizontal and vertical polarization brightness
temperatures (Van der Veen and Jezek, 1993).

However, this model does not fit the measured data. The authors conclude that the
horizontal brightness temperature is not linked to the vertical brightness temperature by
this simple constant power reflection coefficient. A large value of reflection coefficient
(Rp ~0.176, 0.193 @ 19GHz, SSM/I data) is needed to fit the model to the maximum
and minimum values of the measured data and the model cannot explain the seasonal
variation in the measured brightness temperatures for horizontal polarization.

The power reflection coefficient may be seasonally dependent, although the authors
consider this to be unlikely (van der Veen and Jezek, 1993). The scattering and
absorption coefficients for vertical and horizontal polarization may also be different.
Jezek (personal communication) notes that much more work is needed to interpret the
information contained within the polarimetric signals from the ice sheets.
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Figure 2.11: Calculated (heavy curves) and measured (stepped curves) brightness
temperature for Vostok, East Antarctica, June '88 to October '89 from the 19GHz SSM/I
vertical (upper panel) and horizontal (lower panel) channels. The horizontal brightness
temperature is calculated from the vertical one using equation 2.10 (above) using a
constant power reflection coefficient (= 0.176, 0.193) by van der Veen and Jezek

(1993).

Additional work following the work of van der Veen and Jezek (1993) and using the

same data set is continued here, with suggestions for a refinement of this model.

The large values of the reflection coefficient (= 0.176,0.193) as calculated by van der
Veen and Jezek (1993) would correspond to a mean value of dielectric constant of -5.98
and -6.59 using Fresnel reflectivity at a smooth surface (see section 2.1.4 of this thesis
for calculations of Fresnel reflectivity). However, measured values of the dielectric
constant of snow covered surfaces range up to 3.15, the dielectric constant of pure ice

(Ulaby ef ai, 1986).

If, however, the polarization of the signal and the incidence angle are taken into account,
as described in section 3.1 of this thesis, the calculated values of effective dielectric
constant are -2.79 and 3.01 (for the max. and min. measured brightness temperatures
respectively), which are far more typical of snow covered surfaces. The corresponding
reflection coefficients for vertical polarization are then - 0.00426 and 0.00620 for the

max. and min. values of measured brightness temperature.
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A refinement of the model of van der Veen and Jezek (1993) would include the following
factors:

1) The effective dielectric constant and the change in the reflectivity for the two
polarizations at the oblique incidence angle (= 53.2° for SSM/I, 50° for SMMR) should
be taken into account when considering the measured brightness temperatures from these
instruments.

2) The radiative transfer model should be adapted to account for the effective dielectric
constant and the resulting reflections at interfaces.

3) The reflected power for perpendicular polarization, whilst small, is not zero, and
setting Rv =0 is invalid.

4) The effect of multiple reflections within the layered snowpack should be taken into
account ( the radiative transfer model does not include this effect as the emitted power
from each layer is simply added).

5) The phase of the reflected signals should also be considered (as the signals may
constructively or destructively interfere) and the effect of the complex signals (amplitude
and phase information) should be calculated.

All these conditions are achieved using the matrix method described in section 2.3 and
developed further in chapter 3 of this thesis.

The calculations using this matrix method show that a small change in the dielectric
constant of the snow (due to a slight increase in wetness content for example, or ice
formation) may cause a large apparent change in the reflectivity as calculated, explaining
the resulting change in the brightness temperature values.

The seasonal change in the dielectric content of the snowpack should therefore be taken
into account. The emitted radiation for vertical polarization originates from greater depths
within the snowpack than for horizontal polarization and may therefore be affected by
subsurface changes in dielectric, caused, for example, by the formation of depth hoar
(Seligman, 1980). Depth hoar is formed due to the changing thermal gradient which
exists in the layered snowpack. The upward movement of warm air trapped within the
subsurface snow causes large ice crystals to form at a depth within the snowpack. The
formation of this depth hoar then causes a change in the density and hence the dielectric
constant of the subsurface snowpack.

The effect of changes in the physical material, depths and structure of the subsurface
layers causes the dielectric content of the subsurface material to change. This affects the
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complex sum of the microwave signals from the snowpack, resulting in an overall change
in the reflected (and emitted) polarimetric signals for each operating frequency for active
(and passive) systems.

In summary; small changes in the dielectric constant of the imaged terrain during the year
may cause the observed seasonal differences in the measured brightness temperatures for
the two polarizations. The reflected power for horizontal polarization (parallel) is greater
and will change more rapidly than that for vertical (perpendicular) polarization during the
year due to this change in dielectric constant of the imaged terrain. The shape of the
brightness temperatures curve for horizontal polarization is not related to that of the
vertical polarization by the simple reflection coefficient as used by van der Veen and Jezek
(1993) but the effective dielectric constant at the oblique incidence angle for each
polarization should be considered and the change in emissivity (= 1 - reflected power)
should be used to calculate the difference in the signals from the two polarizations. This
may be achieved using the complex matrix model of layered media as described in section
2.3 and chapter 3 of this thesis.

2.2.1 Effect of roughness on the polarimetric response.

The effect of roughness on the scattered energy depends on the frequency and incidence
angle of the incident signal and is considered to be independent of the polarization as a
first assumption (Shi et al., 1991).

For high dielectric material with rough moving surfaces the mean expected value of the
polarization ratio for the backscattered signal is given by the relationship described by
Barrick et al. (1968) as described in section 2.2.1.1 below.

2.2.1.1 Roughness criteria.

The roughness for a particular surface is dependent on the frequency of the incident wave
and is defined by the Rayleigh or Fraunhofer criteria given by equation 2.12 below,
where h is the mean surface height variation, A the wavelength of the incident wave and
0, the angle of incidence.

i) Rayleigh: ii) Fraunhofer:
> A h > _L.
8 cos 6, 32 cos 6,

Equation 2.12: i) Rayleigh and ii) Fraunhofer criteria of roughness.

page 72



Table 2.4 below gives the mean height variation of surfaces to be considered as rough for
the two criteria, for P, L, C band radar, at 20 and 60 degrees incidence angle (the range
measured by the AIRSAR instrument):

mean height variation for rough surface (mm), h > :
Rayleigh Fraunhofer
20 60 20 60 degree incidence angle
band
P (0.4GHz) 99.77 187.50  24.94 46.88
L (1.2GHz) 33.26 62.50 8.31 15.63
C(5.3GHz) 17.53 14.15 1.88 3.54

Table 2.4: Height variation (mm) for rough surface for P, L, C band radar, for 20 and 60

degrees incidence angle.

For P band radar at the near edge of the AIRSAR image the Rayleigh criterion requires a
mean height variation of less than ~10cm for the surface to be considered smooth.

For the AIRSAR images the pixel size is ~12*7 m?2 so over this sample area the snow
surface of the ice sheet must have a mean height variation of less than 10cm for the
surface to be considered smooth. This is thought to be a reasonable assumption for the
Greenland test-sites.

2.2.1.2 Rough surface models.

Models for scattering from rough surfaces have been developed. Scattering from a rough
surface may be considered as scattering from a series of small facets (Beckmann and
Spizzichino, 1963). The actual surface is modelled as a series of small facets where each
facet is tangential to the actual surface. The length of each facet is greater than the incident
wavelength and the deviation of the facets from the real surface is much smaller than the
wavelength. The facets then behave as individual specular reflectors.

The geometry of the rough surface may alternatively be considered as a superposition of
the Fourier components which mathematically describe its shape. The combined effect of
the components may be described by the sum of the Bragg scattered waves from the
surface. Bragg models to describe the scattering behaviour of rough surfaces, and from
tilted surfaces are developed by Valenzuela et al. (in Ulaby and Elachi, 1990). Work on
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describing the scattering from ocean-like surfaces is undertaken by Durden (1986).

Models to describe the nature of surface scattering include Kirchoff methods, Physical
optics (PO) and Geometric optics (GO), and Small perturbation methods (SPM), which
are defined by Ulaby and Elachi (1990); Chen and Fung (1988). A selection of these
theoretical models and the region of validity for rough surfaces is discussed by Noll and
Borgeaud (1992).

2.2.1.3 Polarimetric signals for rough surfaces.

For rough surfaces the linear HH and VV backscattered signal may be determined using
the equations of Barrick et al.(1968) as used also in the Small Perturbation Model. The

VV/HH power ratio is given by equation 2.13 where 0 = incidence angle, and s =sin 6
and ¢ = cos O respectively.

2

(Er - 1)[(Er - 1)s’ +Er]

vV :Erc + (Er - sz):2

HH ( K
(Er - 1)

1[0 + 1/(Er - s’)]2 ;

Equation 2.13: Polarization ratio for backscatter from rough surfaces (Barrick, 1968).

For all values of incidence angle this power ratio is greater than 1 (VV/HH >1). This
equation may be applied to areas of a measured AIRSAR image where the return signal is
caused by scattering from a rough surface. The measured 3D polarimetric response would
then show greater co polar return power for vertical polarization than for horizontal
polarization i.e. VV>HH. The shape of the 3D co polar response plot would be of a
single "hump" where this occurs, as the values of VV and HH power are given at (,0)
positions (0,90) for VV, and (0,0) for HH respectively.

The above relationship for VV/HH power for rough surfaces is the mean expected value
for an area, assumed to consist of n independent samples, where the accuracy depends on
the value of n used. This relationship cannot be applied to individual pixels, unless the
number of times the particular sample is measured is significantly large (the number of
looks per sample for AIRSAR data is 4). Taking line averages for a uniform area of an
image (assuming the terrain is the same across the image) gives a large enough sample
(1023 pixels) to help avoid this problem.
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This relationship for the linear polarization return signals is used in the Small Perturbation
Model. The value of the vertically polarized signal is often found to be surprisingly high
when compared with measured results (Durden, 1986). This relationship is used to give a
mean value of the expected response from very rough, moving high dielectric surfaces
such as scattering from ocean-like surfaces.

2.2.2 Effect of inhomogenieties on the polarimetric response.

The effect of inhomogenieties within the material would be to cause further scattering and
attenuation of the microwave radar signal. The physical size of the discontinuities is an
important factor to be considered for the multifrequency radar data set. The effect of the
orientation and shape of the discontinuities may cause a change in the relative level of the
polarimetric reflected signal.

Anisotropic firn and the presence of ice lenses may affect the return polarimetric signal
from polar terrain. For the range of frequencies of the AIRSAR instrument (0.4 -
5.3GHz) the effect of anisotropic firn on the normalized polarimetric return signal is
probably minimal (the size of the ice particles within the firn fabric is small compared with
the radar wavelength) as discussed in this thesis in section 2.2.2.2. The effect of
subsurface ice lenses would, however, change the return polarimetric signal, particularly
for P band radar due to the increased penetration of the radar into the snowpack at this
frequency. The theoretical polarimetric response for dielectric cylinders, such as these
subsurface ice lenses, is given by Ulaby and Elachi (1990) as discussed in this thesis in
section 2.2.2.3. Measured data from the percolation zone of the Greenland ice sheet are
discussed in chapter 5 (section 5.1.7).

2.2.2.1 Volume scattering.

Volume scattering occurs in natural materials such as vegetation and dry snow. The
incident wave penetrates the medium and is scattered due to inhomogenieties within the
material. The dielectric discontinuities within the volume cause this scattering. Parameters
which affect the volume scattering are the density, shape and size of these scatterers and
their position within the medium. The dielectric constant of the body of the material and
the incidence angle and frequency of the incident wave determine the depth of penetration.
A review of volume scatter theories for modelling applications is detailed by Fung (1982),
including radiative transfer and iterative matrix doubling methods.
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2.2.2.2 Mie scattering.

The effect of small finite discontinuities caused by the presence of impurities within the
medium is to produce additional scattering. The polar scattering response of spherical
particles is described by the Mie effect. The intensity of the scattered energy varies with
angle (Born and Wolf, 1980). This effect is important for inhomogeneous materials (for
example, ice particles within snow layers may cause this effect).

For spherical particles there is no difference in the scattered signal for parallel and
perpendicular polarized signals. The effect of Mie scattering is not included in the
theoretical matrix model described below in section 2.3 (developed fully in chapter 3) as
the linear polarimetric results for VV and HH are used for the following classification
work, and the effect of Mie scattering from spherical particles has no discernible
difference for these two polarization states.

The presence of elliptical particles in snow firn would tend to cause a difference in the
return polarimetric signals for higher frequency work as the physical size of the particles
become more apparent at smaller operating wavelengths. It is thought that the elliptical
grains in the snow fabric may be orientated vertically, especially those in depth hoar.
Depth hoar forms within the snow layers from the redistribution of mass under certain
conditions, usually in autumn. This is due to the temperature gradient and the upwards
vapour movement (K. Jezek, J. Bolzan, personal communication). The nature and
structure of depth hoar is described by Seligman (1980).

The effect of different polarizations on various shapes of particles could be studied to
determine if the effect of the scattering results in any polarization difference in the
reflected signal. This is of particular interest for use with higher frequency systems where
the particle size becomes comparable to the operating wavelength. The physical shape and
structure of the individual grains of the snowpack is not thought to cause any difference in
the polarimetric signal at the AIRSAR frequencies, but the overall effect may simply be
represented by a change in the dielectric constant used to represent each layer within the
snowpack. The polarimetric response of subsurface ice pipes and ice lenses (of similar
size to AIRSAR wavelengths) is discussed in the following section (2.2.2.3).
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2.2.2.3 Subsurface cylindrical ice lenses.

The 3D polarimetric response may be used to detect unusual shaped objects, for example,
the presence of cylindrical ice lenses within the percolation region of the ice sheet. The
theoretical polarimetric radar response of cylindrical objects is given in figure 2.12 below
(from Ulaby and Elachi, 1990). This figure shows the form of the 3D polarimetric
response for cylindrical objects, and that the response changes with the relative orientation

of the cylindrical object to the E vector of the radar.

Measured data from the percolation zone image (ilO) are discussed in chapter 5 (section

orientation
horizontal
COPOLAESPONSe CAOSS-POL RESPONSE
45°
Qo, 0
CFOSS-POC. RESPONSE
vertical

CEOSSPOLRESPONSE
OOPCL RESPONSE

Figure 2.12: Theoretical 3D polarimetric response for cylindrical objects (from Ulaby and
Elachi, 1990).
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2.3 Justification and basis of new model.

The understanding of the information contained within the active (and passive)
polarimetric radar signals from polar surfaces is an extremely complex problem. Shi et
al. (1992a) state the urgent requirement for a polarimetric model to assist with the
analysis and understanding of the scattering from polar surfaces.

Deficiencies of existing models as discussed above (section 2.2) show that the interaction
of electromagnetic waves at oblique incidence on dielectric material may be explained by
the inclusion of effective dielectrics. The polarization state of the incident, reflected and
transmitted signals should be considered and the phase of these signals should also be
preserved to account for the effect of multiple reflections within layered medium (such as
snowpack). The complex dielectric constant of the geophysical material should also be
considered and the depths of the surface and subsurface layers should be included in the
analysis.

The polarization ratio calculated by existing rough surface models - for example, the
Small Perturbation Model, using the relationship as derived by Barrick and Peake (1968)
- has been found to be too high for rough surfaces (Durden, 1986). This relationship does
not account for the low polarization ratio of the measured AIRSAR data over snow
surfaces. These snow surfaces appear smooth for P band AIRSAR, so quasi-specular
scattering may be assumed.

All these factors are included in the new model.
2.3.1 Basis of new model.

A theoretical polarimetric model based on conservation of energy is developed to assist
with the understanding of polarimetric radar signals. The reflected, transmitted and
absorbed energies are calculated by considering the interaction of the radar with the
imaged terrain. This is simulated by considering the interaction of the incident
electromagnetic radar wave with the complex dielectric of natural materials (which is
dependent largely on the water content). The amplitude and phase components of the
electromagnetic wave are considered so phase coherency is maintained. This is achieved
using complex matrix analysis.

The new model includes the use of effective dielectrics to explain the interaction of
polarimetric electromagnetic waves at oblique incidence.
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2.3.1.1 Active signal.

The forward reflected polarimetric signal may be calculated for any incident polarization
state, for any input frequency and for the full range of incidence angles for any system of
layers of different complex dielectric material and depths. This calculated theoretical
polarimetric signal is plotted on a normalized 3D plot (normalized output power versus
change in ellipticity from -45 to +45 degrees, and orientation O to 180 degrees
corresponding to the format of the measured AIRSAR data).

2.3.1.2 Passive signal.

The absorbed component may be equated to the passive emitted energy for the system of
simulated layers as the ability to emit is directly proportional to the absorbivity of the
material. The VV and HH absorbed components are therefore directly related to the
vertical and horizontal polarization brightness temperatures Tpg,, and Tg}, as measured by

passive microwave radar systems (section 3.4.1).
2.3.1.3 Matrix analysis.

This theoretical complex matrix based program determines the polarimetric reflected signal
from a system of n layers of complex dielectric material of independent depths. The
passive emitted signal is also calculated by consideration of the absorbed energy.

A plane wave model is adopted to trace the path of the incident radar wave through the
system of layers at any incident angle and for any operating frequency. The Fresnel
reflection at dielectric interfaces is considered and the absorption within the layers of
material is calculated due to the attenuation of the radar signal in the lossy dielectric.
The complex dielectric content of the material is considered so information of both the
amplitude and phase of the wave is retained.

A full range of polarimetric incident waves is modelled ( the ellipticity and orientation of
the input wave vary from -45 to 45 degrees and 0 to 180 degrees corresponding to the
base grid positions on the 3D polarimetric plots as given by the AIRSAR data) and the
output wave is calculated. This is resolved into the co and cross polar components and the
theoretical results are plotted in the 3D format corresponding to the measured AIRSAR
data. The calculations using complex matrix analysis are detailed in chapter 3.
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2.3.2 Assumptions and deficiencies of new model.

A plane wave model is adopted to trace the path of the incident radar wave. Actual
systems may produce edge effects due to the physical size of the beam. This may be
removed using calibration data for specific systems and details of the individual antenna
characteristics.

Quasi-specular scattering is assumed, so the model is only valid for near normal incidence
for the active response. Measured data of the backscatter of snow over the full range of
incidence angles away from nadir are given in figure 2.10 (Ulaby and Dobson, 1989). To
extend the model further (for greater incidence angles for the active response) the new
model should be combined with a model of the backscatter of snow, possibly by adapting
the Small Perturbation Model and including the empirical results (section 2.1.4.3).

The model is valid for a complete range of incidence angles for passive systems for
smooth surfaces only. The effect of rough surfaces may possibly be included by
combining the quasi-specular response (as calculated using the new model) with the
response for rough surfaces using an existing rough surface model (for example, the
Small Perturbation Model).

The effect of rough surfaces is not included for the work in this thesis as the snow surface
appears smooth for P band AIRSAR (section 2.2.1).

The effect of scattering from inhomogenieties may also be included in the model (section
2.2.2). At present the model assumes homogeneous layers of dielectric material. The
effect of a gradual change in dielectric constant within a layer may be simulated by
introducing a series of matrices to describe the response. The effect of scattering from
small particles within a layer may be considered using Mie scattering (Born and Wolf,
1980).

At AIRSAR frequencies the snowpack appears homogeneous and the individual grain size
of the snow particles is much smaller than the operating wavelength so Mie scattering is
not included for the work in this thesis (section 2.2.2.2).

In addition, the polarization ratio gives indiscernible difference for Mie scattering from
spherical particles. As the polarization ratio of the linear polarization states are used in the
analysis of the polarimetric data this is assumed to be unaffected by Mie scattering from
individual particles (section 2.2.2.2).
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The polarization response from larger cylindrical ice lenses is investigated in this thesis
using existing models of the scattering characteristics of cylindrical objects (Ulaby and
Elachi, 1990). This information may be added to the model. The shape of the 3D
polarimetric response depends on the orientation of the cylinders - it is similar to the
response for direct scattering for horizontal cylinders, whereas the vertical cylinders give
an unsymmetrical polarization response plot (section 2.2.2.3).

page 81



3 Development of new matrix model -

The new matrix model is developed in detail in this chapter. The new model is based on a
series of complex matrices which mathematically describe the interaction of the
electromagnetic waves with layered geophysical material, such as snowpack. The
complex vector representation of the electromagnetic wave and the complex matrix
simulation of the reflection, transmission and absorption properties of the layered
complex dielectric material are analysed.

The detailed theory and programming methods are given in the first section, followed by
theoretical validation and correlation work. The model is then used to develop a
classification method for active polarimetric data, as measured by polarimetric systems
such as the AIRSAR instrument.

An inversion method of obtaining the dielectric constant of imaged areas and the moisture
content of snow is developed using the theoretical computed polarization ratio and
measured polarimetric data.

3.1 Detailed theory and programming methods.

This section discusses the theory used in the computer model to determine the scattering
properties of the surfaces considered. The complex reflected and transmitted signals (both
amplitude and phase information) and energy absorbed for any state of incident wave
(frequency, polarization, angle of incidence) is calculated by considering the path of this
incident wave as it impinges on the ground surface. A fraction of this incident wave is
immediately reflected (the Fresnel value) and the remainder is transmitted at the surface
interface to the subsurface layers. This part of the incident wave then undergoes further,
multiple reflections and is partly absorbed due to the layered structure of the subsurface
dielectric material, and produces additional reflections, in time, from the ground surface.
The overall sum of the multiple reflections occurring in the system of layers is determined
to give the steady state solution of the reflected signal from the ground surface. The nature
of the dielectric material is described by considering the complex dielectric constant (Er,
tand) of the various layers of different thicknesses at each particular depth, at the surface
or a subsurface layer at depth.
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Figure 3.1: Representation of electromagnetic waves in the vicinity of the ground surface.

The fields in the region of the discontinuity include:

1) incident wave (unity value power)

2) reflected wave

3) transmitted wave

4) reflected wave originating from any other further discontinuities, from subsurface
layers.

The definition of polarization used in the following analysis is given in Appendix Al.1,
with diagrams to show the sign conventions adopted, and the difference between
perpendicular and parallel polarization (with respect to the surface considered).

3.1.1 Polarization State,

The complex reflected and transmitted signals, and absorbed power are calculated by
considering the polarization state (power, phase, direction) of the incident wave. For the
programming work, the incident wave is considered as a complex vector in two mutually
perpendicular directions (chosen, for simplicity, to be perpendicular and parallel to the
material surface), where the real and imaginary parts of these vectors give both the
amplitude and phase information of the incident signal.

The input polarization is given by the normalized amplitudes (al, a2) and relative phase
() of the parallel and perpendicular E vectors, for unity power input. The values of these
input parameters corresponding to each X,y position of the 3D plot are given in figure 3.2
i, ii and iii):
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Figure 3.2: Input polarization states

i) al = parallel polarization amplitude (z axis, plot range 0 to 1)

ii) a2 = perpendicular polarization amplitude (z axis, plot range O to 1)

iii) & = phase difference between parallel and perpendicular components of input wave (z
axis, plot range -90 to +90 degrees).

The combinations of al, a2 and & for each x,y point given above (figure 3.2) give the
polarization state of the input signal of unity power. The program calculates the relative
output power for all possible input polarization states.

The co and cross polar power is calculated and plotted on the z axis for each x, y
position, corresponding to the input polarization state, to give the 3D polarization
response of any simulated geophysical surface.

The complex incident wave is of unity power and all the following calculations of

reflected and transmitted waves and absorbed energy are given as fractional powers, thus
related to the input power value.
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3.1.2 Reflection and transmission at dielectric interfaces.

The reflection and transmission of the incidence wave at any boundary between two
different dielectric materials is determined by considering the reflectivity and
transmissivity of the interface. The amount of power immediately reflected is dependent
on the size of the initial mismatch at the surface discontinuity, given by the Fresnel
Reflectivity.

The Fresnel Reflectivity gives the initial power reflected at the boundary of two different
media. The discontinuity causes an impedance change for the electromagnetic wave. The
reflected power R(0) is proportional to the magnitude of the discontinuity.

_[VEr-1T
-]

The corresponding transmitted power T(0), is 1-R(0);
2
TO)=1- VEr -1
VEr +1
from conservation of energy, as no absorption is considered to take place at the
discontinuity (by equating the fields on either side of the boundary at the instant of
incidence, time t = 0).

Equation 3.1: Fresnel reflectivity and transmissivity.

The reflection and transmission of the incidence wave at any boundary between two
different dielectric materials is determined by considering the reflection and transmission
coefficients of the interface.

When the input wave is incident on a planar boundary between two different media part of
the wave is reflected and part is transmitted by the discontinuity.

The fields in the region of the discontinuity include:

1) incident wave (unity value power)

2) reflected wave

3) transmitted wave

4) reflected wave originating from any other discontinuities to the right of this boundary
(subsurface layers).
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Figure 3.3: Electromagnetic fields at a boundary between two different media.

The interface may be expanded to show the separate reflection and transmission properties
for parallel (y) and perpendicular (x) polarization.
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—_— RXX e
Ryx
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- Txy - RYY -
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Figure 3.4: Reflection and transmission of incident wave at a boundary.
The reflection and transmission coefficients (R,T) with subscripts (i,ii) denote:

i) polarization of output wave, due to
ii) polarization of input wave at surface.
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The reflected and transmitted fields may be written in terms of the individual components:

Eyo =RyyEx1 + nyEyl + TyxExaq + TxyEy4
Ey =RyxEx1 + RyyEy1 + TyxBxa + TyyEys
Ex3 = TxxEx1 + TxyEy1 + RxxEx4 + RyyEyg
Ey3 = TyxExl + Tnyyl + RyXEX4 + Rnyy4

Equation 3.2: Reflected (Ex9, Ey2) and transmitted (Ey3, Ey3) fields.
3.1.3 Representation of dielectric material.

The complex dielectric constant used to represent the effect of the dielectric material is
symbolized by the complex value E* or by the real values Er and tand where:
E* = Ex(l - jtand)

The value of 4/E * is often needed as it occurs frequently in the equations for reflection
and transmission in dielectrics.

Writing VE * as real(g) and imaginary(h) components, where g, h are real, gives:

VE* = \[[Ex(1- jtan3)]

=g—ih
gs@andhs@

using the Binomial expansion.

Equation 3.3: Complex dielectric constant E*.
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3.1.3.1 Adaptation of effective complex dielectric constant for oblique
incidence.

The values of Er and tand for the complex dielectric material are dependent on the angle of
incidence and the polarization of the incident wave.

The effective complex dielectric constant Ereffective and tandqgrective for
perpendicular(1) and parallel(2) polarization at angle of incidence 0 are calculated from the
value of Er and tand at normal incidence using the following equations:

1) Perpendicular polarization:
E _ Er’
Teffective L = ( (Er— 1))
14—
cos“ 0
anS o (Er—2sin’6)tand
effective | = Er —sin’0
2)Parallel polarization:
Er-1)
Er . = 1 + (——
effective |l cos’ 0
Ertand
tand i =

using equations given by Cady et al., 1948, p.352.

Equation 3.4: Effective complex dielectric for parallel and perpendicular polarization at
oblique incidence.
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3.1.3.2 Reflection coefficient Tab-

The reflection coefficient r,}, for a wave incident on complex dielectric material (Er, tand)

from air (Er = 1, tand = 0) is given by:

_[VE*-1
T = % 41

_ VErq/(1-jtand) -1
"~ VErq[(1-jtand) +1

or:

_g—1-ih
g+1—ih
this gives:

_ (=1 +n?)
I, = mc

where:

o= tan‘l(.i) - tan'l(——h]
g—-1 g+1

=X-y

where:
tanx —tany
1+tanxtany

)
(il

_(-h(g+1)+h(g—1))

tan(x —y) =

L (a-1)(s+1)+0?
—2h
(g2 -1+ hz)

Ignoring terms in tan28 and above:

4 —VErtand
P ( (Br—1) )
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The reflection coefficient ry, may therefore be written:

(VEr —1) e (%525

Y AN

& (VEr +1)

or:

r,, =Mle ™™

where amplitude, M1 = (LE_r_—_l)

(VEr +1)

and phase, M2 = mnl(@)
Er-1

where the values of Er and tand are those of the effective dielectric constant for (1)

perpendicular and (2) parallel polarizations for oblique incidence as required.

Equation 3.5: Reflection coefficient r,p,
3.1.4 Layered medium.

If the surface and subsurface materials form a stratified medium further multiple
reflections occur at the many different boundaries below the surface. The initial
transmitted wave through the ground surface as calculated above undergoes many further
reflections and transmissions at the boundaries between the surface and subsurface layers,
resulting in additional reflections, in time, from the ground surface. On passing through
each layer of dielectric material the incident wave is attenuated and the overall loss may be
determined. The stratified medium is represented by distinct layers of different complex
dielectric material of finite thickness and the overall sum of the multiple reflections
occurring in this system of layers is determined to give the steady state solution (both
amplitude and phase information) of the reflected signal from the ground surface.

The behaviour of the incident wave as it passes through the layered complex dielectric
material is determined by considering the theory of multiple reflections within the layered
system and by determining the amplitude ratio (loss) of the incident wave travelling
through each of the individual layers.

page 90



3.1.4.1 Theory of multiple reflections.

The theory of multiple reflections is used to calculate the multiple reflected signal from the
layers.

incident wave
r(sum)

Ir(O) " |
// rne) ... r(n)
d |

¥

Figure 3.5: Multiple reflections within a layer of dielectric material.

Consider the path of a wave incident on a layer of dielectric material. As it travels from
left to right from region a, through region b to region c it crosses two boundaries a:b, b:c.
At the boundaries the wave is partially reflected and partially transmitted. The total
reflected wave is therefore a sum of the component reflections r, ry, ry, r3.....r; due to
multiple reflections occurring within the central region.

Let the incident wave be of unity value.

Let r,p, t,p, be the reflection and transmission amplitude components for region a to b,

where:
Tab = Tha
tab = tha

and tab =1+ I‘ab

Let Fy, represent the amplitude ratio (z = d:z = 0) of the wave travelling in region b (from

region a towards region c).

page 91



The component reflections 1, rq, rp, r3....I,; may be written as a multiplication of the
relevant reflection, transmission and amplitude coefficients (with similar sections
grouped) as follows:

0= l'ab

1, =tabFbTbc Fo tha

12 =tab FoTbc Fb  Tba FbToc Fb tha

13 =tah Fo Toc Fb  Tha Fb Tboc Fb Tba Fb e Fb tha
etc.

therefore:

Tac =Tabh + tab tha sz The (1 + sz Tha Ibc + ( Fb2 Tba rbc)2 +..)

1

_ 2

=T, +tuteFy rbc(l_F 1 ]
b Tbalhe

= sum of reflected components

Similarly, the sum of the transmitted components may be found:

t1 =tab Fp the
t2 =tab Fp I'oc Fo Tha Fb tha
etc.

therefore:

— tabetbc
1-F r, 1.,
= sum of transmitted components

From the above, the sum of the reflected components is given by rc , where:

2
_ tao o F The
rac - rab + 2
1-F 1 1y

substituting for rpg, tab, tha:
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T, (1 + szrbcrab) +(1+1,, )(1-r1, )F, .
1+F’r, r,,

T =

ac

D %
1+F r,r,,
= sum of reflected components

Also, the sum of transmitted components is given by t,c, where:

t = tabetbc

_F(1+r,,)1+r,)
1+F .1,
= sum of transmitted components

If the interface is symmetrical (material 1 the same as material 3) then:

Tac =TIca
and therefore the amplitude sum of reflected components R may be written as follows:

: rab(l - sz)
C1-r,'F}

Also:
tac =tca

and therefore the amplitude sum of transmitted components T may be written as follows:

T F(l+41,)(1-1,)
1-r,°F,?

_ Fb(l _rabz)

- 2p 2

This may be summarized by the following diagram (figure 3.6):

page 93



unity d

incident el — - T
wave > >
-
R
a b c
z=0 z=d

Figure 3.6: Multiple reflections within a layer.

Where the sum of the reflected components is given by:
F ’r
rac = rab + ltﬂbt;‘a 2b e
( — by rbarbc)
and the sum of the transmitted components is given by:
tabetbc

a (1 - szrbarbc)

The steady state solution for the reflected signal, R, from this layer is given by:

_ rab(l - sz)
~ 1-1,°F’

and the steady state transmitted signal, T, is:

F,(1-r1,°)

T=
1-r,°F,>

Equation 3.6: Steady state reflected (R) and transmitted (T) signals for multiple reflections

within a layer.
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3.1.4.2 Amplitude ratio of incident wave travelling through layer.

The amplitude ratio of the incident wave travelling through the layer of thickness d (for a

single pass only) is determined by considering the amplitude at x = 0, compared with that
_.2myE*
at x = d. The wave is attenuated by the factor e T2 on travelling through the dielectric

medium. This factor may be represented by Fy,, for the dielectric layer of thickness d,

where:
2mdE*

-3
= A
F,=e

and E* = Er(1 — jtand)

Writing VE * as g - ih where g, h are real and then substituting for these values of g, h
in the original expression for Fy, gives:

_2xd i(g~ih)
—_ A
F,=e
2rdh  2ndig

=e *e *
2ndVErtand  2nd ivEr
FYSPN A

=e
=Ae™¥

_md+Ertand
A

where A=e¢

_ 2nd+Er

d
and ¢ Y

For oblique incidence the amplitude ratio changes (Fp;j3) due to the incidence angle (6):

Fpia = Aja € “J%ia is the amplitude ratio for oblique incidence,
27d Ertan &
2A/(Er—sin? 6)

where A, =¢

2nd+(Er —sin’6)
A

and ¢, =

Equation 3.7: Amplitude ratio Fy, for normal incidence and Fy;, for oblique incidence.

The values Er, tand as given here in the equations for Fy;, are the original values to
describe the layer, and do not change with polarization or incidence angle.
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3.1.5 Matrix method.

This section describes the specific complex matrix method used for the computer model.
The dielectric layers are mathematically represented by scattering matrices. These
represent the effect of the layers on the radar signal which is determined using the theory
of reflection and transmission at the interfaces, and the theory of multiple reflections
within the layers.

The reflection, transmission and absorption properties of the dielectric material depend on
the complex relative dielectric constant for the material, the frequency, polarization state
(orientation, ellipticity) and angle of incidence of the incidence wave, and the depth of the
layers. The effect of each layer also depends on the properties of the other layers so
cascaded matrices are used to calculate the combined effect.

3.1.5.1 Matrix representation.

The multiple layers of dielectric material are represented by a series of matrices. Each
matrix relates the fields on one side of the layer to the fields on the other side of the layer.
The complex cascaded transmission matrix for each layer therefore represents the total
effect of that individual dielectric layer. Multiplication of the matrices for each layer in turn
gives the overall reflection and transmission properties of the series of layers.

The reflected and transmitted fields may be written in terms of the individual components

(from equation 3.2):

Ex2=RyxEx1+ nyEyl + TxxExq + TxyEy4
Eyp =RyxEx1 + RyyEyq + TyxBxq + Ty Eys
Ey3=TyxEx1 + TxyEy1 + RyxEx4 + nyEy4
Ey3 = TyXExl + Tnyyl + RyXEX4 + Rnyy4

Which may be written in matrix form:

XX

IEx2
E,
Ex3
Ey3

A A~

szl
E,
Ex4
E,,

A~ A~ A

X yy yx Yy
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where x,y denote perpendicular and parallel polarization respectively (in fields 1, 2, 3,
and 4), and the reflection and transmission coefficients of perpendicular(x) and
parallel(y) polarization components are denoted by R and T, giving the general form of
the transmission matrix [TM] :

Rxx ny Txx Txy
R, R, T T
_ yx yy yx yy
[TM] - Txx Txy Rxx ny
TYx TYY RYX RYY

where subscripts x and y denote perpendicular and parallel polarization respectively.

For the dielectric material, Ry, = Ryy = Txy = Tyx =0 so the transmission matrix
reduces to:
R, 0 T, O
0 R 0 T
_ ¥y vy
[T™]= T, 0 R, O
0 T)’Y O RY)'

R, 0 T, O

0 T,
[T™M] = ’

T, 0 R, O

0 T, 0 R,

where:

Ex?. Exl
E E
y2 | _ y1
Ex3 _[TM] Ex4
E Ey4

Rearranging to give the fields on one side of the boundary in terms of the fields on the
other:

[fields on RHS] = [C] [fields on LHS]
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Ex3 Exl
E E
y3 — yl
Ex4 [C] Ex2
E, E,

where [C] is the complex cascaded transmission matrix.
Solution for complex cascaded transmission matrix:

Eyo =Ry Ex1 + Ty Exy

Ey2 = R2 Eyl + T2 Ey4
Ey3=Tj Ex1 +R1 Exy

Ey3 = T2 Eyl + R2 Ey4

therefore:

Ex3 = TlExl +B-1_(Ex2 - RlExl)
Tl

2
= Tl —51— Ex1+—R_lEx2
T, T,

R

E,=T,E, +T—2(Ey2 ~R,E,,)
2
2
= (Tz - R—2)Ey, + BiEy2
TZ T2

1
E.= E(Exs - TlExl)

1

_ 2
= _LExl + L{(Tl - &')Exl + %E:d}

Rl 1{l r1-‘l 1
= i{—I-Exl + i Ex2
Tl 1
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-T 1 R,? R
=—1E,, +—{(T2 ——2)13,1 +—2Ey2}

R, R, T, T,
Rip il
T, T,
In matrix form:
) -
Tl—l,‘r—l 0 % 0
E, 1 R.2 l R —Exl
E 0 Tz——z— 0 = E
v3|_ T, T, yl
Ex4 —R, 0 i 0 E.
Ey4 Tl R T1 1 _Ey2
0 2 0 —
L T2 T2-
Exl
E
=[c] "
[C] E,
E

where [C] is the complex cascaded transmission matrix.
3.1.5.1.1 Total complex cascaded matrix.

The total complex cascaded matrix [C] describing the effect of all the dielectric layers is
calculated by multiplication of the individual matrices for each layer in turn.

[C]=3.,[CLICL.,

where [C], = I (identity matrix)
The complex cascaded transmission matrices for each of the dielectric layers are multiplied

together in turn. The method of matrix multiplication involves considering the effects of
the different layers in reverse order to that in which the incident wave passes through.
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3.1.5.1.2 Reflected and transmitted fields.

Once the total cascaded transmission matrix [C] is known (effect of all the layers of
dielectric material) the reflected and transmitted fields for particular incident fields may be
calculated:

x4 x2

y4 E

M W m
i
e}
m‘<

1) incident field

2) reflected field

3) transmitted field

4) reflected field from further discontinuities

The input signal (1) may be described by E, ; and Eyl’ the complex incident wave
vectors (components of perpendicular and parallel polarization, amplitude and phase

information: al, a2, d as given in 3.1.1).

The reflected field (4) may be assumed to be zero for the overall system (for free space
operation, neglecting passive microwave effects from deeper layers). The reflected
field(2) and transmitted field(3) may therefore be found in terms of the incident field(1).

Writing Ey 1 =X, and Ey1 =Y, where X and Y are complex vectors, and setting E, 4 and

Ey4 to zero, gives:

Ex3 X
E Y
y3
=|[C
o |=[C] E,
0 E,,

The reflected field(2) and transmitted field(3) components may therefore be found in
terms of the incident field components X, Y.
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The above matrix may be solved for Exy and Ey2v the reflected components:

3) 0= XC31 + YC32 +Ex2C33 +Ey2C34
4) 0=XCyg1 +YCyp + ExpCy3 +EyCq4

3)*C43 - 4)*C33 giVCS:

0=XC31C43 + YC33C43 + EyrC34Ca3
- (XC41C33 + YCypC33 + EypCyyC33)

- X(C31C43 — C41C33) + Y(C32C43 — C42C33)

E
v C44C33 - C34C43

where Eyo is the parallel component of the reflected wave.
Similarly:
3)*Cyq-49*C3q gives:

- X(C31C44 - C41C34) + Y(C32C44 - C42C34)

EX
2 C43C34 - C33C44

where Ey5 is the perpendicular component of the reflected wave.
The transmitted components Ex3, Ey3 may then be found:

EX3 = C11X + Cle + C13Ex2 + C14Ey2
where Ey3 is the perpendicular component of the transmitted wave.
Ey3 =C91X + CyoY + Cp3Exy + C24Ey2

where Ey3 is the parallel component of the transmitted wave.
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3.1.5.1.3 Total reflected and transmitted power, and energy absorbed.

The total reflected power is given by:

reflectvoltsq = ((Exp)? + (Eyﬁz)

The total transmitted power is given by:

transvoltsq = ((Ex3)2 + (Ey3)2)

The absorbed energy is 1 - ( reflectvoltsq + transvoltsq)

Equation 3.8: Reflected and transmitted power and absorbed energy.
3.1.6 Calculation of co and cross polar power.

The co and cross polar output power for all possible input polarization states is calculated
to produce the 3D polarization response plots. The input polarization states are given in
section 3.1.1.

The co and cross polar power is determined by analyzing the content of the output signal.
For maximum power transfer the receiver is set to be the complex conjugate of the
transmitted signal. The co polar power (coposq) may therefore be found by multiplying
the received signal by the complex conjugate of the incident transmitted signal. The cross
polar power (crposq) is then given by the remainder when the co polar power is
subtracted from the total reflected power (reflectvoltsq).

If the incident wave is given by al, a2 e+id ( representing the perpendicular and parallel
components of incident signal), the necessary receiver to calculate the co polar power is
given by al, a2 ¢ .. same orientation but opposite hand (ellipticity).

The output vector must therefore be multiplied by the conjugate of the input signal to get
the co polar power.

if the complex input vector (real, imag.) is given by:

ypolarc = (al, 0),
xpolarc = (a2.cos(8), a2.sin(d)) for the two polarizations

page 102



receiver (rx) complex vector is given by:
rxy = ypolarc,
rxx = (a2.cos(d), -a2.sin(3))

if the output reflected components are ric, r2c

then the two components of the co polar power col and co2 are:
col =rlc * rxy,

co2 =r2c * rxx

taking the absolute value of these complex field vectors, and squaring to get the power
gives:

colpo = (abs(col))2 ’

c02po = (abs(co2))2

and adding these two components gives the total co polar power output (coposq):

coposq = colpo + co2po

The cross polar power output (crposq) is given by:
crposq = reflectvoltsq - coposq

Equation 3.9: Co polar and cross polar power.
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3.2 Theoretical validation and correlation work.

Confidence in the computer model is gained by correlating the computed values of output
power and phase with theoretical design curves, published theoretical values, and
published measured results over geophysical surfaces. The reflected signal from various
terrestrial surfaces is computed and the theoretical results are compared with published
values.

Validation and correlation work using this theoretical program is given in Appendix A1.2.

As an example, the theoretical emissivity of a layer of sea ice over sea water is computed.
The plot giving the variation of the theoretical calculated emissivity of the ice layer with
changing depth is given in figure 3.7. This correlates well with the plot given by Ulaby
et al. (1986). These data are related to the brightness temperatures which would be
measured by a passive microwave remote sensing system (sections 2.3.1.2, 3.4.1).
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Figure 3.7: Crosscheck of model:- i) Theoretical computed emissivity of sea ice layer of
depth 0-1m over sea water, ii) published data from Ulaby et al. (1986), chapter 18,

p.1483.
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Theoretical investigations using the model are detailed in Appendix A1.3. These
investigations assist with the theoretical development and validation of the computer
model.

The importance of including the effect of multiple reflections in surface and subsurface
layers is analysed, showing that the initial Fresnel reflection from the surface and the
transient signals may be vastly different to the steady state value of the multiple reflected
signal. An example is given in which the contribution of multiple reflections occurring in
a layer results in the received power being increased by three times the Fresnel value.
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3.3 Classification methods using active polarimetric data.
3.3.1 Total power values.

Different areas of the images may be classified into the terrain type by considering the
return power of the radar signal. This method of classification of images into terrain type
is useful, for example, in determining the area of the ice sheet in the ablation zone which
is covered by surface water (melt pools) or by snow. This ablation area may be monitored
over the melt season to give information on the extent of surface melting of the ice sheet.
This is important for mass balance work over the Greenland ice sheet for studies of
climate change. Previous work on the C band AIRSAR 233-1 image in SouthWestern
Greenland (measured Aug.1989, located at 64 30.7 N, 48 48.7 W, further down the ice
sheet in the ablation zone) clearly shows the melt pools as dark areas and the snow
covered areas as lighter areas (Jezek et al., 1993). The melt pools show up as dark areas
(low backscatter) due to the water surface acting as a specular reflector, scattering the
incident radar signal forwards, away from the direction of the receive antenna. The snow
covered areas appear lighter (brighter) due to higher backscatter (discussed in this thesis
in section 1.3.1.2 and shown in figure 5.11 Total power image of 233-1 AIRSAR scene).

3.3.2 Linear polarization signals.

Further analysis of the measured return polarimetric radar signal may be used to infer
more detailed information of the complex dielectric constant (and hence the material) of
the imaged area.

The power ratio versus phase difference method using the relative power and phase
information from two linear co polarized signals (VV/HH power and VV-HH phase) may
in future be able to be used to classify the imaged area into more specific areas. The
polarimetric content of the reflected signal is used to calculate the power ratio of the
perpendicular and parallel polarized signals (VV/HH power), and the phase difference
between them (VV-HH phase). If this co polar power ratio is plotted against the co polar
phase difference the theoretical values for different surfaces are seen to occupy different
areas on the plot. The comparison of these points for different surfaces at the same
incidence angle, and operating frequency, can potentially provide a method of
classification of the imaged terrain.

Figure 3.8 shows the theoretical power ratio versus phase difference between

page 107



polarizations plots for typical polar surfaces ( dry snow, pure ice and free water, for depth
change to 3*skin depth) for C band at 20° incidence angle. A uniform homogeneous layer
of the material is simulated, of depth increasing to ~3* skin depth. The complex dielectric
constant (Er, tand) to represent the materials and the skin depth at C band (5.3GHz) are:
(73.457, 0.2654) and 7.92mm for free water, (3.15, 0.0032) and 3.172m for pure ice
and (1.66, 0.00006) and 233m for dry snow. These values are taken from table 2.2. The
depth change intervals for figure 3.8 are 0.5 to 20mm, 0.5mm increment for free water;
0.25 to 10m, increment 0.25m for pure ice; and for dry snow: 25 to 700m, increment
25m.

The data points for the different materials occupy different, distinct regions on the plot.
The data points for free water occupy the highest area on the plot, with those for pure ice
in the central region, and those for dry snow in the lowest region of the plot. The
response for each of the polar materials shows that free water has the highest power ratio,
then pure ice, then dry snow has the lowest values. The response for each of the layers of
changing depth spiral in towards the Fresnel value (for very deep layers) as the multiple
reflections occurring within the layers change the reflected signal as the depth changes.

The position of each data point on power ratio vs phase difference plots depends on the
value of the complex dielectric constant of the material, the depth of the layer, the
incidence angle and the operating frequency. The effect of these variables on the
polarimetric signal is investigated in detail in Appendix A1.4.
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This classification method of determining the dielectric constant of the surface and
(possibly) the subsurface material using the complex components (amplitude and phase
information) of the polarimetric active radar data is valid for the forward reflected signal,
and should ideally be used for a bistatic system. In such a system the receive and transmit
antennas are separate and symmetrically positioned about the imaged point. The receive
antenna measures the active forward scattered signal from the imaged point. In a
monostatic system a single antenna is used to both receive and transmit. In such a system
the backscattered signal is measured by the receive antenna. In the AIRSAR system the
active polarimetric antennas are used to measure the polarimetric content of the
backscattered signal from the imaged surface.

Using the program, the theoretical value of the power ratio of the two linear polarization
signals (VV/HH power) and the phase difference of these two signals (VV-HH phase)
may be calculated for any incidence angle, from any system of dielectric materials of
various complex dielectric constant and depths, for any frequency. These theoretical
values for forward scatter are compared with the measured values of VV and HH power
and phase at a particular incidence angle to determine the dielectric constant of the imaged
area. For the analysis work in this thesis the coherent part of the backscattered signal
received by the AIRSAR instrument is considered, and data from the near region of the
image is used (@ ~20 degrees incidence) to try to maximize the relationship between the
measured and the calculated signal. The measured data from the C band 233-1 AIRSAR
image of the ablation zone are analysed in chapter 5.
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3.3.3 Variation of dielectric constant of snow with frequency and water
content.

The dielectric constant of snow depends largely on the water content, the frequency of the
incident radiation, and the physical properties of the snow, including the density, grain
size, impurities, temperature etc. (Glen and Paren, 1975; Paren and Glen, 1978).

The greater the water content the higher the dielectric constant of the snow. Table 3.1
shows the variation of dielectric constant of snow due to the change in water content
(measured as % volume), and also the variation with frequency (values from Jezek et al.,
1993). The greater the frequency (for AIRSAR values, from P, L to C band) the lower
the real part of the dielectric constant, but the greater the loss tangent (imaginary part of
the dielectric constant). This is shown in table 3.1 below (repeated from table 2.2 earlier):

i) Er:

% wetness P band L band C band
0 1.66 1.66 1.66

6 2.38 2.37 2.2

15 423 4.19 3.6

ii) tand:

% wetness P band L band C band
0 0.00003 0.00003 0.00006
6 0.013 0.040 0.136
15 0.026 0.080 0.297

Table 3.1 i) and ii): Variation of dielectric constant of snow with change in water content
(measured as % volume), and frequency; i) real part Er, ii) imaginary part tand
(from Jezek et al., 1993).

The water content by volume (% wetness of the snow) may be inferred using the power
ratio vs phase difference method of analyzing the measured data, as the dielectric constant
of snow is strongly dependent on its water content. Multifrequency data sets give
additional results for the same area which help to determine the % wetness of the snow.
These results may be correlated to give a more accurate value of the predicted dielectric
constant of the surface (and hence the water content of the snow) as the dielectric constant
of water is frequency dependent (Debye equation).
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E,, =E'-jE”
where:

gop, BB
" (1+ o)

and:
otlE, -E_
E” = ( s ) )
il—m T )
where E_ and E_ are the static and high frequency permittivities

and T the dipole relaxation time.
This simplifies to:
74.1

f
1+j—
()

where f_ =18.64 GHz, relaxation frequency of water molecules,

E, =49+

and f is the operating frequency of the radar.

Equation 3.10: Debye equation for the dielectric constant of water.

The Miitzler mixing formula may be used to determine the dielectric constant of snow of
different water content (Métzler, 1987). This formula gives the dielectric constant of the
wet snow as a function of the wetness content and the dielectric constant of dry snow.

Erwet snow = Erdry SNOw + _ﬂ
( ! f )
1-i—
where W is the wetness content by volume,
and f_, the relaxation frequency of wet snow,
is taken to be 10 GHz.

Equation 3.11: Mitzler mixing formula for the dielectric constant of wet snow (1987).
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3.3.4 Theoretical dependence of polarimetric response on radar and
surface parameters.

The shape of the polarimetric response depends on the dominant type of scattering
mechanism as discussed in section 2.1.3 (figure 2.5). The theoretical response for direct
scattering depends on the incidence angle of the radar on the surface, the operating
frequency of the radar, the dielectric constant of the surface (and subsurface layers) and
the depth of the surface (and subsurface) layers.

Previous theoretical modelling work using field data from the Simpson Desert shows that
the return signal is mainly dependent on the complex dielectric constant of the surface
material and the depth of this surface layer, but a subsurface layer of relatively high
dielectric constant will dominate the response; all other layers also affect the response but
to a lesser extent.

The structure of the subsurface material of polar regions also consists of horizontal layers
of different dielectric constants and different depths representing the variation of the
different snowfall events. For example, a subsurface ice layer may be found where the
melt water has percolated through the snowpack and refrozen at depth. The formation of
depth hoar also produces a distinct layer within the snowpack, causing a dielectric
discontinuity. The variation of the snowpack material with depth should therefore be
considered in the interpretation of the radar response of the area.

Ground radar measurements (at C and Ku band) made by Jezek et al. during a field
campaign (Summer 1992) on the Greenland ice sheet show that the return signal from
subsurface ice layers dominate the measured radar signal at the test site in the percolation
zone (Jezek and Gogineni, 1992; Jezek et al. 1994).

3.3.4.1 Theoretical variation of polarimetric response due to change in
incidence angle.

The change in the shape of the polarimetric response (for direct scattering) due to the
change in incidence angle of the radar is investigated. The theoretical response is
computed for dry snow (0% snow, percentage water content, by volume) for P band
radar, for forward scatter at 20, 40 and 60 degree incidence angles. These values of
incidence angles are chosen to correspond with the range measured by the NASA/JPL
AIRSAR. The theoretical plots and the measured data at these incidence angles from the
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AIRSAR images are given together in chapter 5 (figure 5.10).

The shape of the co polar power plots show an increase in the central dip as the incidence
angle increases. This is due to the ratio of the co polar return power for the two linear
polarizations (VV/HH) decreasing as the incidence angle increases, computed using the
Fresnel reflectivity of the surface.

The theoretical values are calculated for a uniform deep homogeneous layer of dry snow.
Changes in the dielectric constant of the imaged material or the presence of any subsurface
discontinuities would change the polarimetric response. This is investigated in the
following sections which consider the effect of the dielectric of the surface and also the
effect of a subsurface ice layer and the depth of the surface firn layer (sections 3.3.4.2,
3.3.4.3).

3.3.4.2 Theoretical variation of polarimetric response due to change in
dielectric constant.

The change in the shape of the forward scattered polarimetric response due to the different
dielectric constant of natural terrain, for example, dry snow, pure ice and water for polar
surfaces, is shown in figure 3.9 below. The relative dielectric constant of these materials
is the lowest for dry snow, higher for pure ice and the largest for free water (refer to table
2.2).

The theoretical polarization response for P band radar at 20 degree incidence on dry snow
(0% moisture content by volume), pure ice and free water surfaces show that the lower
the dielectric contrast at the air:surface interface, the lower the "dip" in the co polar 3D
response plot. The relative difference in return power for the two linear polarizations (HH
and VV) causing this dip is greater for a low dielectric constant than for a high value. The
relative difference in the HH and VV polarization return signals for the low dielectric
snow surface is therefore greater than that for the higher dielectric pure ice surface. Free
water is of the highest dielectric constant and so the response shows the least relative
difference in the HH and V'V polarization return signals for this incidence angle. These
differences in the values of the linear polarimetric return signal (HH and VV) are related to
the Fresnel reflectivity of the surface material.
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Figure 3.9: Theoretical 3D polarimetric response for different dielectrics (0% snow, pure
ice, free water) for P band radar at 20 degree incidence (forward scatter).
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3.3.4.3 Theoretical variation of polarimetric response due to change in
position of subsurface layer.

The position of an ice layer beneath a surface layer of firn is found to affect the
polarization response. The theoretical forward scatter P band 3D polarization response at
20 degree incidence, for the snow and ice layers is analysed. The depth of the surface firn
layer above the ice layer is varied from 20 to 300mm and the resulting change in the
theoretical response is noted. The HH and VYV polarization signals are analysed and the
VV/HH power ratio vs. VV-HH phase difference plot (figure 3.10) shows that the depth
of firn above the ice layer determines the position of the polarimetric return signal on this
plot. The results from the theoretical analysis indicate that the position of an ice layer
within snowpack may be inferred from measured polarimetric signals, and the
accumulation rate of firn may be monitored using polarimetric data from remote sensing
systems.

On increasing the depth of firn (d) further , the power ratio: phase difference plot is of the
form of close overlapping spirals. This plot is given in chapter 5 (figure 5.11 i and ii),
together with the measured data from the AIRSAR image over the percolation zone. The
computed data spirals for every ~300mm depth of firn which corresponds to the depth
equal to the half the wavelength of the operating frequency. In dielectric material the
effective wavelength is reduced as given in equation 3.11 below.

_ A
effective \/E

Equation 3.11: Effective wavelength ( Aeffective )-

A

At P band, the wavelength A is given by:
300

=—=750mm
0.4
In the firn (dielectric Er = 1.66) the effective wavelength is reduced
A
A i = —— =582
effective (Er mm

A

) % =291mm

The total power return will also change as d increases, so the value of the depth of firn
may be identified from the polarimetric data and the total power information.
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The results from the theoretical polarimetric computer model suggest that the position of
an ice layer beneath a layer of surface snow, for example, in the percolation region of the
ice sheet, may be determined by polarimetric analysis of the measured return radar signal.
The theoretical polarimetric signal is found to be dependent on the depth of the layer of
snow above the ice layer. The results from the computer model indicate that the depth of
the firn and the accumulation rate may be measured and monitored over each season by
analyzing measured polarimetric SAR data. The typical accumulation of snow is of the
order of 1m per year for this area of the Greenland ice sheet and this depth is comparable
to the wavelength of P band radar. Measurements of the accumulation rate are important
for mass balance studies of the ice sheet (Kuhn, 1989) as discussed previously in section
1.1.2.2.
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3.4 Inversion of passive polarimetric data to give values of dielectric
constant of imaged area and moisture content of snow.

3.4.1 Brightness temperatures (passive data).

The brightness temperature T as measured by the SSM/I instrument is given by Tg =E
Ty , where for a smooth surface, E, the emissivity, is proportional to (1 - R ), where R is
the Fresnel reflectivity, and Tg is the physical temperature of the surface.

i.e.

Ty =ET,

and

E e (1-R)

Equation 3.13: Brightness temperature Ty.

The reflectivity (R) of a smooth surface is a function of the polarization of the incidence
wave, the angle of incidence () , and the complex dielectric constant (Er) of the surface.
The reflectivity (R) at 53.2 degrees incidence (correlating to the incidence angle of the
SSM/I instrument) is calculated for different dielectrics for perpendicular (v) and parallel
(h) polarization respectively (where Ry, > R,, for smooth surfaces).

The value of the effective dielectric constant (Ereffective) for the surface for incidence

angle (0) and polarization (v or h) is used for the calculation, where:

_ I(V EX frective — 1)|2
I(V ET reeive + l)l

Equation 3.14: Fresnel fractional reflected power for oblique incidence.

R(polarization, 0, dielectric)

The reflectivity increases with increasing Er, the value of the dielectric constant describing
the electrical properties of the imaged area. The emissivity therefore decreases with

increasing Er.

The effective values of the dielectric constant (Ereffective) are calculated using the
equations of Cady et al. (1948) as given in section 3.1.3.1.

The emissivity for parallel polarization (E},) is smaller than that for perpendicular
polarization (E,)) for smooth surfaces giving Ej, <E, , and hence the measured brightness
temperatures for the two polarizations are of the form Tgy, < Tg,, .
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The ratio of the brightness temperatures for the two polarizations, Tgy, / Tg,,, may be
written as a function of the dielectric constant of the imaged material as follows:

TBh =E, T,

Ty, =E, T,

SO

I
i |

Ty =
TBV
where

I{h.v = f (Ereffoctive)
Equation 3.15: Polarization ratio of brightness temperatures.

)~
(oY
|
o
=
N—

The difference in the brightness temperature values for the two polarizations may then be
inverted to give the mean value of the dielectric constant Er. The computed polarization-
ratio TRy, / Ty, for a range of dielectrics at 53.2 degrees incidence angle (corresponding
to SSM/I) is given in figure 3.11 below.

)

Polarization ratio (@53.2deg.) for a range of dielectrics Er (1 - 3)
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ii)

Polarization ratio (@53.2deg.) for a range of dielectrics Er (2 - 80)
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Figure 3.11: Theoretical polarization ratio Tgy, / T, @53.2 degrees (corresponding to
incidence angle of SSM/I instrument) for range of dielectrics i) 1 - 3, ii) 2 - 80.

3.4.2 Polarization ratios (passive data).

The ratio of the brightness temperatures for the two polarizations is investigated using
both the standard polarization ratio and the simple polarization ratio (x) given by equation
3.16 below.
) (TBv ~ TBh) ii) _T&

(TBV + TBh) TBv
Equation 3.16: i) Standard, and ii) Simple polarization ratios.

The standard polarization ratio is equivalent to (1-x)/(1+x) where x is the ratio of the
brightness temperatures for the two polarizations. This value x is the most important
factor to consider when considering the difference between the two polarizations as it is a
direct measure of the relative difference between the emitted radiation for the two linear
polarization states. Taking the ratio of the brightness temperatures for the two
polarizations is useful as it removes the need to know the surface temperature, TS.
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The standard polarization ratio is the normalized form, and has bounds + 1. Emission
from smooth surfaces gives a positive value of standard polarization ratio, whereas that
from a rough or highly vegetated surface gives a negative value.

The simple polarization ratio x will always be positive and of a value < 1 for smooth
surfaces and >1 for rough or vegetated areas.

The polarization ratio x of the measured emitted radiation may be inverted to predict the
dielectric constant of the imaged material using the theoretical values of the emitted
radiation for the two polarization states. The theoretical values are computed using the
Fresnel reflection formula for smooth dielectric surfaces and are plotted in figure 3.11
above.

3.4.3 Inversion of passive data to give dielectric constant and % wetness
of snow.

The predicted value of the dielectric constant (Er) from the measured passive data may be
used to indicate the % wetness by volume (W) of the snow from the snow mixing
formula of Métzler (1987);

Erwct Snow = Erdry SNOW + 23W
. f
1-i—
where Ery_ ... at 19 GHz is taken to be ~1.2,

and f , the relaxation frequency of wet snow,
is taken to be 10 GHz,
s0 % wetness (W) of the snow is given by:

2
ll +(é) ] [Ermixture - Erd,ymow]

23

W =

or
W =0.2038[Er s vatre = 1-2]
Equation 3.17: % wetness (W) of snow inferred from Mitzler mixing formula (1987).

The predicted value of the dielectric constant at other frequencies may also be estimated
once the % wetness (W) of the snow is determined.
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3.4.4 Frequency difference (19-37)Tg (passive data).

The difference in the brightness temperatures for same polarization for the two
frequencies 19 and 37GHz are plotted as (19-37)Tg,, and (19-37)Tgp,.

The difference in the value of the measured brightness temperature at the two frequencies
is due to the different depths of penetration at the two frequencies, and to the frequency
dependence of the emission of the snowpack due to the change in dielectric constant with
frequency.

The 19GHz data will include emission from subsurface layers whereas the 37GHz data is
from the near surface material. The typical penetration depth of 19GHz and 37GHz radar
into snowpack is given by Ulaby et al. (1986), and is of the approximate order of metres
(m) for 19GHz and centimetres (cm) for 37GHz; with the actual values depending on
various factors including the wetness of the snow and ice particle size, together with the
layering details of the snowpack, the presence of inhomogenieties and impurities, and the
temperature etc.

The emissivity of the snowpack layers is also frequency dependent as the dielectric
constant of snow is largely dependent on the water content, and the dielectric constant of
water is frequency dependent. The values of the dielectric constant of water may be
calculated from the Debye equation (Equation 3.10) as follows:

dielectric of water at 19.2 Ghz and 37 Ghz from Debye equation:
74.1

f
1+ j—
(o5t

where f =18.64 GHz, relaxation frequency of water molecules,

E, =49+

and f is the operating frequency of the radar, giving:
Erf,q02 =20, tandy o, = 15 for 19.2 GHz, and
Ery, s, =8, tandy, sy, = 2.5 for 37 GHz

3.5 Error analysis.
The passive microwave brightness temperature data as measured by the SSM/I are

accurate to within 1K (CIRES, 1992) from measurement (averaging) errors and
instrument noise etc.
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The measurements from the AIRSAR system are accurate to ~1dB for total power values
from the JPL internal calibration for each campaign. The polarization stability is better
than this (A. Freeman, personal communication). Using the power ratio classification
method, taking the ratio for the return power of the two linear co polar signals (VV/HH
power) and the relative phase difference for these two polarization states (VV-HH phase)
therefore gives a greater accuracy.

The effect of the variation in the value of the local incidence angle due to the change of
slope of the ice sheet should be taken into account. Details of the local surface slope of the
ice sheet (mean slope, and estimated direction of the slope) may be gained using the
slopes database derived from ERS-1 radar altimeter data for areas ~25%25km? (J. Morley,
personal communication). For the dry zone of the ice sheet the mean slope is negligible
(~0°) but for the ablation zone at the edge of the ice sheet the surface slope may be as
much as 8°. The particular geometry for the system and the imaged area should be
considered. The local incidence angle may be calculated from the values of the flight
direction of the imaging system and the viewing angle, together with the relative direction

and value of the surface slope.
aeroplane

—_—

flight

direction

-~ azimuth

direction
near and ideal direction
range of surface slope
far
range

Figure 3.12: Geometry of AIRSAR system showing effect of surface slope on calculation
of local incidence angle, where Ro = slant range to near edge of image, R = slant range to

imaged point P, 6 = incidence angle at point P and h = altitude.
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Note that for the AIRSAR system, flying up or down the ice sheet in the direction of the
main surface slope would keep the local incidence angle constant as the direction of the
wave incident on the surface from the imaging radar (viewing to one side of the plane) is
perpendicular to, and therefore unaffected by, the surface slope. Details of the AIRSAR
flight direction and surface slope values for the images of each zone of the ice sheet are
discussed in chapter 5.

The passive data as measured by the SSM/I are average values, taken over a large area
(~25*25km2), and processed into the gridded data. The relative direction of the flight
direction and that of the surface slope should be considered.

For the work undertaken in this thesis, the mean daily brightness temperature for each
area is considered. This mean signal is taken from the average value of the 6 daily passes
of the satellite, 3 day and 3 night (3 ascending and 3 descending passes). The effect of the
surface slope is reduced by considering the mean value of these different passes. The
local incidence angle for the ascending passes due to the surface slope is different to that
of the descending passes, and the effect of the surface slope is masked by taking the
average daily value of the data.

If data from a single pass are used, then, when using the inversion technique, the surface
slope of the ice sheet should be taken into account. The change in surface slope is greatest
for the ablation zone (8°), resulting in a potential change in local incidence angle of +8°.
For the SSM/I system the local incidence angle may change from 53.2° by +8° , giving a
range of possible local incidence angles from 45.2° to 61.20. If the local incidence angle
is known, then the theoretical polarization ratio for a range of dielectrics may be computed
for this specific value of incidence angle and the dielectric constant of the imaged surface
may be inferred from the measured polarization ratio data. The % wetness content can
then be calculated without introducing any additional errors from the surface slope.

If data of the surface slope are not available, the error in predicting the dielectric value of
the surface will result in errors in the calculation of the % wetness content. The theoretical
polarization ratio for the two extreme values of local incidence angles (45.2° and 61.2°),
for the complete range of dielectrics Er = 1 to 3, and Er = 2 to 80 is computed (Appendix
ALl.5). The error in predicting the dielectric constant of the imaged surface using the
measured polarization ratio due to a possible change in surface slope may then be
estimated for each data point as required. Any errors in predicting the dielectric value will
affect the calculation of the water content of the imaged surface. The error in predicting
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the water content may then be determined for each calculation as necessary.

Using information of the value and direction of the surface slope from the slopes database
derived from altimeter data to determine the local incidence angle, and then computing the
theoretical polarization ratio for the amended incidence angle avoids these errors for the
inversion technique. This combines data from active radar and the passive system to
produce information on % wetness content of a particular area of the ice sheet.
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4 Measurements, campaigns and data analysis -

Active polarimetric microwave radar data from the three frequency NASA/JPL AIRSAR
system and satellite data from the passive microwave DMSP SSM/I are analysed for the
four zones of the ice sheet. A map showing the positions of the four sites of interest in the
dry zone, percolation, and soaked and ablation zones is given in chapter 1 (figure 1.10)
with details of the coordinates of the various test-sites (table 1.3). K.Jezek's field party
undertook simultaneous measurements at the test-site in the percolation zone (Crawford
point) providing surface observations. These concurrent airborne, spaceborne and surface
measurements are analysed to investigate the radar response of the ice sheet.

4.1 Greenland AIRSAR campaign, June 1991.

The NASA DC-8 aircraft with the JPL AIRSAR system flew over the Greenland ice sheet
on June 10, 1991, taking images at each of the test-site areas in the four zones.

The DC-8 aeroplane travelled up the ice sheet on a flight path originating from
Southwestern Greenland to the test-site at Crawford point, then continued on to the
"Swiss camp" in the ablation zone (the test-site occupied by the Swiss Technological
Institute (ETH) field party) then flew back over the Crawford point test-site in an Easterly
direction before continuing up to the GISP2 test-site in the dry zone (U.S.National
Science Foundation Deep Drilling Project).

4.1.1 Field campaign.

Prior to the AIRSAR overflight K.Jezek's field party deployed a series of corner
reflectors at the test-site in the percolation zone (Crawford point). These are used for
calibration and location purposes. The six corner reflectors are positioned approximately
1km apart along a Skm line, subsequently located to within S0m using handheld GPS
units, and levelled using conventional surveying techniques (K.Jezek, 1992).

The field party undertook snow characterization studies. Several snow pits were dug and
the physical parameters of density, temperature, grain size and orientation, and the
stratigraphy of the snow were measured. The location of the snow pits may be found
using the positions of the corner reflectors (site map given in figure 4.1). The stratigraphy
of the snow and the content of the snowpack are given in figure 4.2. These sample pits
show a surface layer of fine grained winter snow covering a subsurface layer of depth
hoar at approximately 1.4m below the surface. The surface snow has some horizontal
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layering as shown in the diagrams (figure 4.2). Large ice particles were found deeper
within the snowpack, above large ice bodies at depths of approximately 1.8m. The
roughness of each interface was measured using a simple comb gauge. Some of the large
subsurface ice bodies were found to have very rough surfaces. These subsurface ice
layers are formed by the refreezing of melt water at depth within the snowpack. The snow
pits show the position of the previous year's ice layer, and the beginning of the annual
melt cycle is noted in the last snowpit dug at the base camp, where the melt water has
percolated through the surface snow layer and frozen at a horizontal discontinuity within
the snowpack.

page 128



CRAWFORD POINT

SITE MAP

SAR

3KMW SAR
TCP.
E.GJ.G. /
1KME
(4]
1
| Nasa ZKME 116-
CAMP
1 km
/ SKIWAY

Figure 4.1 ; Comer reflector positions for percolation zone scene (zone 2) and direction of

AIRSAR overflight (from K.Jezek, Feb. 1993).
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Figure 4.2: Snowpit data for percolation zone (zone 2) (from K.Jezek, Feb. 1993).
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4.2 Active microwave data analysis.

Data of the four different test-sites on the Greenland ice sheet as measured by the
NASA/JPL active microwave AIRSAR remote sensing system are analysed. Details of
this multifrequency fully polarimetric airborne imaging radar system are given previously
in chapters 1 and 2.

4.2.1 Multifrequency fully polarimetric imagery.

For each location on the Greenland ice sheet full polarimetric images at the three operating
frequencies: P, L and C band are available. These images may be displayed as total power
images (TP), or any polarization combination for the receive and transmit antennas can be
simulated and the resulting polarimetric image is synthesized and displayed (for example:
HH, VV, HV, VH, RR, LL or any other combination of polarimetric states). A review of
the use of polarimetry and polarimetric theory may be found in chapters 1 and 2.

The polarimetric AIRSAR image data are displayed using the NASA/JPL MacMultiview
and MacSigma0_11 software (Norikane, 1990, 1992).

The total power images for P, L and C bands for all four zones, and the P band images
for the linear polarizations VV and HH for each location are given in chapter 5.

These images are checked by eye to detect any unusual features: For example; the
different frequency images (P, L and C band) of the same area may show different
features, and so may the polarimetric images for each scene.

4.2.2 Radar response from measured data.

4.2.2.1 Numerical data.

The numerical data of the Greenland images are analysed using MacMultiview and
MacSigma0_11 software.

The MacMultiview program allows the 3D polarimetric response of a particular area of
any displayed image to be determined and the response of the sampled area is plotted. The
3D response curves show the normalized co and cross polar power return as a function of
the ellipticity and orientation of the incident wave (figure 2.4).
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The MacSigma0_11 program allows a statistical analysis of the data. Values of TP, HH,
HYV, VV power and HHVV* phase for any sampled area of any displayed image are
calculated. Details of the necessary calculations to determine these values from the Stokes
matrices of the measured data sets are given by Norikane (1990, 1992).

4.2.2.2 Power values.

The return power for each image is determined using MacSigmaQ_11. This program is
used to calculate the power values for line averages at the near and far edge of the image
and for intermediate positions to determine the variation of the return power with the
incidence angle for each scene.

The difference in the return power for each image, for the three frequencies and the
various polarization states, is analysed for each zone of the ice sheet.

The noise floor of the AIRSAR system is ~-40dB. Low power data can produce a
misleading shape of polarimetric response as the output response is plotted on a
normalized scale. A small change in power for low power signals then causes a relatively
large change in the shape of the response. In order to approach this problem of accurate
representation of the measured data a minimum of 15dB difference signal:noise is
required to ensure the signal strength, and a significant sample size is required. The
accuracy of the results is proportional to 1/Nn from Noise theory, where n is the number
of data takes, or number of individual elements in a sample. Taking a line average sample
of data helps to overcome this problem for uniform, high power images.

The data sets analysed in this work are as supplied by JPL using the standard calibration
for the campaign. Additional calibration work using data from the corner reflector array
has not been included in this thesis as the results and data are not available. These data
would, however, be useful for determining any polarization imbalance and for calculating
the absolute value of return power.

The approach to the analysis work in this thesis involves considering the power ratio for
the two linear polarization signals, and therefore tends to remove the need to know the
absolute power level. The consideration of the relative power level between scenes
measured on the same day gives the relative difference in the return power for the
different zones of the ice sheet.
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The polarimetric nature of the return signal from each of the four zones is investigated.
The measured polarization response is given as a normalized signal for each plot so the
difference in the polarimetric content of each of the return signals for each zone may each
be determined independent of the absolute power value.

4.2.2.3 Polarization response 3D plots.

The type of scattering behaviour of the different zones of the ice sheet is investigated
using the 3D polarimetric response plots for each image. The information contained
within these polarimetric response plots gives details of the dominant scattering
mechanism (Freeman and Durden, 1992) as discussed in chapter 2. The physical
mechanism for these types of scattering behaviour is shown in figure 2.5(i) and the
typical polarimetric response plots (co and cross polar power) for direct scattering, double
bounce and diffuse/ volume scattering are given in figure 2.5(i).

The polarization response for each zone of the ice sheet is investigated and the variation of
the measured polarization response with incidence angle, and with frequency is analysed
for each scene. The measured polarization response is compared with theoretical values to
explain the variation of the shape of the response with the change in the incidence angle of
the radar.

4.2.2.4 Theoretical classification method.

The theoretical classification method using the polarimetric content of the return signal as
described in chapter 3 (section 3.3) is applied to the measured data of the C233-1
AIRSAR image over the ablation zone. This image was measured by the active
polarimetric airborne imaging radar system during a previous campaign further down the
Greenland ice sheet (August 1989). A copy of the total power image is given in chapter 5.
This image shows distinct light and dark regions, with the dark regions indicating the
position of melt pools on the surface of the ice sheet, and is therefore used in the
application of the classification method. The classification method is used to distinguish
the different dielectric material of the ice sheet as imaged by the radar.

4.2.2.5 Position of subsurface ice layer.

The measured polarimetric P band AIRSAR data of the percolation zone is analysed and
compared with the theoretical signal to infer the depth of a subsurface ice layer using the
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method described in chapter 3 (section 3.3.4.3). The position of the subsurface layer
predicted by the theoretical analysis of the measured polarimetric signal is compared with
the actual values of the snowpack layers at the test site as measured by K.Jezek's field

party (figure 4.2).

A line average of data from the measured image is taken from the line corresponding to
that containing the 6th corner reflector marked 2KmeE in the site map (figure 4.1) which
contains the position of the snow pit marked 2KmeE (figure 4.2). Information on the
actual position along the line of the image of the snow pit as dug by the field party is not
available, so the line average (of the same incidence angle) is used. The measured values
of HH and VV polarization return power and VV-HH phase of the return polarimetric
signal are used to give the measured data point on the power ratio vs. phase difference
plot in chapter 5 (figure 5.11). This measured data point is then compared with the
theoretical values for the simulated system of snow and ice layers to predict the depth of
the surface layer of firn and hence the position of the subsurface ice layer. This is then
compared with the measured snowpit data.

The standard deviation of the measured data point is calculated from the relative standard
deviation of the data as given by the NASA/JPL MacSigma(_11 software (Norikane,
1992). The relative standard deviation is a term used by JPL and equation 4.1 below
shows the relationship with the more usual value of standard deviation.

4.2.2.6 Statistical analysis.

The relative standard deviation, Gpe[a¢iver 1S £iven by equation 4.1, where o is the
standard deviation and m is the mean value (fractional value, not dBs).

_(m+o
0.relxativt: - m

Equation 4.1: Standard deviation relationship (Norikane, JPL, 1992).

Error bars are plotted on the figures to show the 68.3% confidence interval (1 standard
deviation). Further work on the statistical analysis of the measured data is given with the
results in chapter 5 and in Appendix A1.6.
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4.3 Passive microwave data analysis.

Data from the passive microwave SSM/I satellite remote sensing system of the four
different zones of the ice sheet are analysed. Details of the DMSP SSM/I system are given
previously (chapters 1 and 2).

4.3.1 Brightness temperatures.

The mean daily vertical and horizontal polarization brightness temperatures (K) for each
of the four zones are analysed using both the 19 and 37 GHz signals. A complete year of
data (April 1990 - March 1991) is plotted to show the temporal change, and the data for
the same time as the AIRSAR overflight are also analysed (June 1991). The data are
shown as moving averages (taking a simple average for every 7 days) with the unaltered
data for each day also plotted on each plot. This assists with the comparison of the annual
cycle for each zone of the ice sheet.

4.3.2 Polarization ratio of the emitted signal and determination of snow
moisture content.

The standard polarization ratio (Tg, - Tgp) / (Tgy + Tgy) and the simple ratio Tg,, /
Tgy, are investigated. The measured values are compared with the theoretical computed
values for the incidence angle 53.2 degrees (as for the SSM/I instrument) and the
dielectric constant of the imaged area is inferred as described in chapter 3 (section 3.4).
This value of dielectric constant is then used to calculate the wetness content of the snow.
The mixing formula of Mitzler (1987) is used to calculate the mean % wetness by volume
of the snow.

4.3.3 Melt season.

The change in the passive emitted signal during the spring - summer melt season (April -
June 1991) is investigated using data from all four of the different zones of the ice sheet.
The difference in the return signal due to the two frequencies is plotted for the complete
year of data (March 1990 - April 1991) for the two linear polarizations (19-37)Tg}, and
(19-37)Tgy.- Data from the four different areas of the ice sheet are investigated. This
frequency difference signal during the spring - summer seasons is analysed in detail to
show the change in the emitted signal during melt.
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5 Results -

5.1 Results from active microwave data.

5.1.1 Total power images.

Copies of the total power AIRSAR images for each of the scenes measured over the
Greenland ice sheet in June 1991, and for each frequency for each scene in order P, L, C
band, are given in figure 5.1 i-xii.

Figure 5.1 1) - iii): P, L, C band images (i7, i8, i9) of the dry zone (zone 1)
iv) - vi): P, L, C band images (i10, i11, i12) of the percolation zone (zone 2)
vi) - ix): P, L, C band images (i1, i2, i3) of the soaked/ablation zone (zone 3)
x) - xii): P, L, C band images (i13, 114, 115) of the ablation zone (zone 4).

The colour images have the ROGIBIV colour scale, where red denotes high return power

and violet low return power, with bright white for saturation.

The orientation and location of the images is given by considering the heading of the DC8
plane, the flight line details and target coordinates. The heading changes for the different
AIRSAR images (refer to chapter 1, figure 1.10, for the approximate location of the
AIRSAR images on the Greenland ice sheet and the flight line direction). The direction of
the aeroplane travel is from right to left across the top of the AIRSAR image, and the
image is measured by antennas on the left-hand-side of the aeroplane.

The P band, HH polarization AIRSAR images for:

i) percolation zone (zone 2),

ii) soaked/ ablation zone (zone 3), and

iii) ablation zone (zone 4),

showing the approximate orientation of features, and estimated direction and inclination of
downwards slope, are given in figure 5.2. The image of the dry zone (zone 1) is not
included here as it is featureless.
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Figure 5.1 1): Total power P band AIRSAR image (i7) of the dry zone of the Greenland

ice sheet, measured 10 June 1991.
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Figure 5.1 ii): Total power L band AIRSAR image (i8) of the dry zone of the Greenland
ice sheet, measured 10 June 1991.
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Figure 5.1 iii): Total power C band AIRSAR image (i9) of the dry zone of the
Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 iv): Total power P band AIRSAR image (ilO) of the percolation zone of the
Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 v): Total power L band AIRSAR image (il 1) of the percolation zone of the
Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 vi): Total power C band AIRSAR image (il2) of the percolation zone of the

Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 vii): Total power P band AIRSAR image (il) of the soaked/ablation zone of

the Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 viii): Total power L band AIRSAR image (i2) of the soaked/ablation zone of

the Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 ix): Total power C band AIRSAR image (i3) of the soaked/ablation zone of
the Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 x): Total power P band AIRSAR image (il 3) of the ablation zone of the

Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 xi): Total power L band AIRSAR image (i14) of the ablation zone of the
Greenland ice sheet, measured 10 June 1991.
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Figure 5.1 xii): Total power C band AIRSAR image (i15) of the ablation zone of the

Greenland ice sheet, measured 10 June 1991.
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The images of the dry region of the ice sheet (zone 1) are taken at the GISP2 test-site.
The P, L, and C band images of this area (i7, i8, i9 as given in figure 5.1 i) - iii)) are all
uniform images, showing a decrease in intensity of the return radar signal on descent of
the image as the incidence angle is increased. The scattering characteristics of dry snow
with respect to frequency and change in incidence a.ngle. are investigated from the
numerical data of these images. This area is reasonably flat (surface slope < 0.1 degrees)
with no apparent discontinuities.

The second area considered is in the percolation zone of the ice sheet (zone 2). This
scene is of the Crawford Point test site and shows the corner reflectors as deployed by
K.Jezek's field party. The corner reflectors are positioned at intervals approximately a
kilometre apart down the images, and show up as bright points on the total power images
due to the high return of these antennas.

All the three frequency images (i10, i11, i12 for P, L, C band respectively) show a
decrease in the return power for the imaged area as the incidence angle is increased. The P
band image (110) shows some interesting features which are not visible on either the L
(i11) or C band (i12) images. The frequency dependence of these features suggest that
the discontinuity causing the change in return power is a subsurface effect. The P band
radar penetrates further than either the L band, or C band radar, and will therefore be
more sensitive to subsurface discontinuities. It is suggested that the dark patches of the P
band image may indicate the presence of smooth subsurface higher dielectric ice (or
increase in water content) as this would cause specular reflection of the incident radar
away from the receive direction, causing a decrease in the return power measured.

Smooth subsurface ice layers are produced in the percolation zone by the localized
collection of melt water, which refreezes at depth within the snowpack. The location of
these discontinuities may be indicative of the bedrock topography as the collection of melt
water occurs in the depressions of the ice sheet which are generally related to the bedrock

topography.
Multitemporal radar imagery might possibly be used to show the rate and direction of
flow of the ice sheet by measuring the position and location of these features over a series

of time. The motion of a particular dark area, if measured from season to season, could be
used to indicate the flow of the ice sheet and permit the estimation of the ice velocity.

The flight line direction for this image is 24.4 degrees (from North). The dark circular
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areas in the middle of the image seem to be aligned in an approximate N/S direction (~174
degrees), and those at the far edge of the image lie in an approximate NE direction (~40
degrees) as shown in figure 5.2 i). Information on the surface topography from radar
altimeter data (J. Morley, personal communication) indicates that the surface slope in this
area is ~ 0.36 degrees, with the downslope direction being 16.5 degrees (from North) or
~NNE. This information is obtained from the ERS-1 radar altimeter FD data, with
resolution 25*25km?,

The two series of dark circular areas noted in the AIRSAR image do not seem to lie in a
direction related to that of the estimated slope from the altimeter data. The local direction
of the slope of this fairly flat area as covered by the AIRSAR image may, however, differ
from the mean slope as estimated by the radar altimeter data.

The third scene is of the soaked/ablation zone (zone 3). The AIRSAR image of this
area is fairly uniform and the image gets increasingly darker (lower return power) on
descending the image from the near to far edges. This is due to the decrease in value of
total power returned as the incidence angle increases. The P band image (i1) shows some
interesting features which increase in clarity towards the far edge of the image. These dark
patches are not visible on the L band image (i2), or on the C band image (i3). The
frequency dependence of measuring these features again suggests that a subsurface
discontinuity causes this effect. The dark areas may indicate the possible location of
subsurface ice streams and the shape of the dark patches seen on the P band image may
indicate the flow of the ice sheet.

The heading for the soaked/ablation (i1) image is 68.1 degrees (i.e. plane travelling in
~NE direction). The dark central line of this image is orientated in an approximate SE
direction (~160 degrees) and the dark areas at the far edge of the image are orientated in an
approximate NE direction (~30 degrees) as shown in figure 5.2 ii). The surface slope is
estimated to be 0.68 degrees, and the direction of this slope, -51.1 degrees, ~NW (from
radar altimeter data). The dark areas at the far edge of the AIRSAR image therefore appear
to lie in a direction approximately perpendicular to that of the estimated slope.

The fourth area measured by the AIRSAR is of the ablation zone (zone 4), at a site
occupied by the Swiss Camp. The three frequency images P, L and C band (113, i14,
i15) show some interesting features. The features are most detailed on the P band image,
and similar features are shown in the L band image, but not as clearly. The C band image
just shows the location of the central linear feature. The circular bright areas of the P and
L band images are thought to be subsurface discontinuities, strongly reflecting towards
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the receive antenna. These are barely visible with the C band radar. The flight heading of
this scene is 159.1 degrees so the central feature is orientated in an approximate NE
direction (~45 degrees) as shown in figure 5.2 iii). The surface slope of this ablation area
is estimated to be 6.47 degrees, with downwards direction 49 degrees, ~NE. The
magnitude of the estimated slope here is rather greater than the slope of the other areas
further up the ice sheet. The central linear feature of the AIRSAR image of this area is
orientated in approximately the same direction as the estimated downwards slope.

The location and direction of the features of these images are discussed further in chapter

6, with reference to the typical snowpack characteristics of the different zones of the ice
sheet.
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Figure 5.2 il) soaked/ ablation zone
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Figure 5.2 iii) ablation zone $
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5.1.2 Polarimetric images.

The total power images of the areas of the ice sheet as discussed above are given by the
total return power measured by the radar for each frequency, which consists of the sum of
all the polarized signals. The total power (TP) is given by the following relationship:

TP = 0.25(HH + 2HV + VV)
Equation 5.1: Total power calculation for AIRSAR images.

The individual polarimetric images may be calculated from the measured Stokes data sets.
The linear polarimetric images for each scene are displayed to see if any of the features
noted in the total power images are polarization dependent. The linear co polar horizontal,
HH, and vertical, V'V, polarization images for the P band images of the percolation (i10),
soaked (il), and ablation (i13) scenes (zones 2, 3 and 4) are given in figure 5.3 i) - iii).
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Figure 5.3 1): Linear co polar horizontal, HH, and vertical, VV, polarization images for

the P band image (i 10) of the percolation scene (zone 2).
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the P band image (il) of the soaked/ablation scene (zone 3).
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Figure 5.3 iii): Linear co polai* horizontal, HH, and vertical, VV, polarization images for

the P band image (i 13) of the ablation scene (zone 4).
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The features noted in the percolation (i10) and soaked (i1) P band images (zones 2 and 3)
are found to be present in the HH images of these areas and not for the VV image. The
polarization dependence of these features may be related to the orientation of the
discontinuity and that of the direction of the E vector of the incident radar wave. The
features are apparent for horizontal polarization and not for vertical polarization which
suggests that the discontinuities are orientated horizontally. These discontinuities would
then resonate with the incident radar wave causing a change in the level of return power.
The presence of subsurface ice lenses orientated horizontally, and of a size comparable to
the incident radar wavelength (~750mm for P band) would act as strong scatterers for HH
polarization at this frequency.

The features noted in the ablation zone image (i13, i14, 115) (zone 4) are present to some
extent (decreasing clarity with increasing frequency) for all three frequencies. The
polarimetric images for the P band image (i13) are investigated to check for any
polarization dependence of the features. The features noted in this ablation scene are
present for both HH and V'V polarization (and for HV) showing that there is no apparent
polarization dependence for the features of this scene.

5.1.3 Total power values for different zones.

The total power returned for each of the scenes depends on the type of scattering that
occurs from the ice sheet and is dependent on the zone that is measured. The return power
is also dependent on the frequency of the incident radar signal and the incidence angle.
The multifrequency AIRSAR data sets over the different zones of the ice sheet show the
change of return power with frequency for the different zones and the effect of the
incidence angle on the return power is also noted as each AIRSAR scene covers a range
of incidence angles from ~20 to ~60 degrees.

The measured return power (VV polarization only) for the AIRSAR images over the
different zones of the Greenland ice sheet is shown in figure 5.4. The line average value
of the return power for C, L, P band radar taken at the near edge (200 lines in) of the
AIRSAR images (and so at approximately the same incidence angle) is plotted. High
return power is measured over the percolation region (zone 2) and the soaked/ablation
zone (zone 3) for all three frequencies. The dry zone (zone 1) and the ablation zone (zone
4) scene give a much lower return power.

The return power for each scene is dependent on the frequency of the radar. Generally,
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the higher the frequency, the greater the return power. There is more power returned for
C band, than for L, or P band signals for all the scenes. The only anomaly to this general
frequency dependence of return power is for the L band ablation region image (i14) which
for some reason appears brighter at the near edge than for either the P (i13) or C (i15)
band images.

The return power of the radar signal also depends on the incidence angle of the radar. The
return power tends to decrease as the incidence angle increases (where the value of
incidence angle is measured away from normal, i.e. nadir = Q degrees). This dependence
of return power on the value of the incidence angle is seen in most of the AIRSAR images
as the images tend to become darker on descent of each image (over an incidence range of
~20 to 60 degrees). The values of the measured return power for the percolation zone
scene with change in incidence angle (or y position of line average value) is plotted in
figure 5.5.
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Measured VV return power, near edge of image, ice sheet zones 1 - 4.
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Figure 5.4: Measured AIRSAR return power (VV polarization) for P, L, C band radar for
near edge of image (~same incidence angle) for the different zones of the Greenland ice

sheet.
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Figure 5.5: Measured AIRSAR return power (VV, HH polarizations) for P (i10), L (i11),
C (i12) band radar with change in incidence angle over percolation zone of Greenland ice
sheet (~20 to ~60 degrees).
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5.1.4 Correlation with ERS-1 SAR data.

The values of the power returned for the AIRSAR measurements (C band, VV
polarization) over particular zones of the ice sheet may be correlated with that measured
by the ERS-1 SAR, thus combining airborne and spaceborne radar measurements over
the same area. The satellite SAR data is measured for an incidence angle of 23 degrees,
for C band and VYV polarization only.

A printout of the ERS-1 SAR images and location over the Greenland ice sheet, with a
plot of the mean backscatter for ERS-1 track 186-1 (March 3 1992) (as calculated using
the formulae given by Laur, 1992) is given in figures 5.6, 5.7 and 5.8 (data supplied by
K.Jezek, Byrd Polar Research Lab. Ohio).

The ERS-1 track covers all zones of the ice sheet as it tracks diagonally over an entire
section of the Greenland ice sheet in an approximate NE direction. The highest radar
return signal (the brightest area of the image) is over the percolation zone corresponding
to the area of strongest backscatter. The value of the return signal then falls by
approximately -20dB on entering the dry zone of the ice sheet, and this value then
increases for some (at present) unknown reason on continuing to even higher latitudes.
This may be due to the local topography of the surface or, more likely, to be due to the
increasing presence of ice causing a stronger return.

The values of the return power (VV polarization, C band) for the AIRSAR data over the
percolation (112) and dry zones (i9) (taken for line averages, at a position within 2km of
the near edge of image) are ~= 0dB for the percolation zone and ~= -18dB for the dry
zone showing a drop of ~ -18dB which correlates well with the measured ERS-1 values.
The above measured AIRSAR data values of return power are the approximate values for
a line average of each image taken within 2km of the near edge of each image. The
incidence angle is not exactly the same for each image so direct comparison of the results
for different zones is not possible, and also the different localized features in the sample
lines for each image lead to specific results for these images. The AIRSAR data from
these line averages may therefore not be directly compatible with the larger sample areas
from ERS-1 imagery, but can be used to give an approximate correlation. The date of
acquisition of the AIRSAR data does not correspond with that of the satellite data so direct
comparison of the actual values of return power measured by the two systems is not
possible, but the relative difference in the return power for the different zones may be
compared.
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Figure 5.6: Mosaic of ERS-1 SAR images over Greenland ice sheet (~NE direction),
tracks measured March 3,1992 (186-1) and October 2, 1991 Qocation given by figure

5.7).
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Figure 5.7: Location of ERS-1 SAR images over Greenland ice sheet (~NE direction),
tracks measured March 3,1992 (186-1) and October 2, 1991.
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Figure 5.8: Mean backscatter values for ERS-1 track 186-1, March 3, 1992 (as calculated
using the formulae given by Laur, 1992).
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5.1.5 Polarization response for different zones.

The polarimetric response for each of the images is described below (table 5.1 and figure
5.9). The variation of the shape of the response with frequency, and also with the
incidence angle for each scene is noted. The shape of the response indicates the dominant
type of scattering which occurs for each zone of the ice sheet.

Shape of measured 3D polarimetric response for each zone.

zone 1: dry zone

i7 P reflector like for the near edge, with single dip. The height of the centre of the plot
increases after line y = 100, giving ~single hump shape at the far edge of the image.

i8 L unsymmetrical response for the near edge, reflector like, then double dip shape
appears and pedestal height increases as the image is descended.

i9 C double dip, pedestal high. Centre increases and pedestal height increases as the
image is descended.

zone 2: percolation zone

il0 P direct scattering throughout image? reflector like with single dip, remaining with
same shape as the image is descended, with pedestal height increasing.

ill1 L slight single dip, with a higher pedestal than for P band. Height of pedestal
increases as the image is descended.

i12 C much higher pedestal which increases slightly as the image is descended. Very flat
response, single dip then ~double dip as the image is descended.

zone 3: soaked/ablation zone

il P direct scattering. Reflector like plots with single dip, pedestal height increases
from near to far edge of image.

i2 L slight dip, pedestal height greater than for P band, increasing slightly as the image
is descended.

i3 C slight dip then centre hump appears, pedestal height large and increases as the
image is descended.

zone 4: ablation zone

i13 P reflector like single dip for near edge. Pedestal height increases as the image is
descended and centre hump increases.

il4 L flatter response, higher pedestal, single dip then double dip as the image is
descended (only slight dips noted).

i15 C reflector like for near edge of image, centre hump increases as the image is
descended, pedestal height also increases.

Table 5.1: Polarization response for ice sheet data, AIRSAR images, zones 1 to 4.
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Figure 5.9: Summary of the change of the measured co polar response with incidence
angle and frequency for the different zones of the ice sheet. The normalized return power
for the linear polarization states are shown, corresponding to the centre line (ellipticity =
0) of the 3D polarimetric response as measured by the AIRSAR system. The pedestal
height, shown as a dotted line, tends to increase with frequency and incidence angle for
each scene. Comments on the general shape of the response are also included.
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5.1.5.1 Direct scattering in near region of images.

A trihedral reflector like response is noted for a distinct region at the near edge of the
image for all the scenes and for all frequencies. This type of response, measured over a
range of incidence angles adjoining the near edge of the image (up to ~200 lines in)
indicates that direct scattering occurs. It is not thought to be just an edge effect (from poor
calibration of instrument) as it occurs over a sizeable part of each image (equivalent to an
area ~2km wide on the ground). This reflector like response at the near edge of the
majority of the images suggests that direct scattering is the dominant mechanism for most
of the images for a region at the near edge of the image. This occurs for images of the dry
zone, the percolation zone and the soaked and ablation zones of the Greenland ice sheet,
for all frequencies. The only exception to this is the C band, dry zone (i9) image, which
shows a double dip probably due to low return power in this case (the measured value is -
22 dB total power at the near edge of 19).

A reflector like response is noted throughout the i10,11,12 (P, L, C) images of the
percolation zone indicating that direct scattering is the main scattering mechanism,
independent of the incident angle. Direct scattering tends to be more noticeable for lower
frequencies, and for a distinct region at the near edge of the images for all the other
scenes.

The single dip shape of the co polar 3D response plot for direct scattering may be
explained by considering the power ratio (VV/HH) on reflection from smooth dielectric
surfaces. This is less than unity for near normal incidence when specular direct scattering
occurs. The centre position of the normalized return power plot (corresponding to VV
polarization; orientation 90, ellipticity 0) is lower than the central part of the near and far
edges (HH polarization; orientation 0 (or 180), ellipticity 0) and hence the single dip
shape occurs.

The change in the shape of the 3D polarimetric response for direct scattering when the
incidence angle is increased is illustrated by the measured and theoretical data for dry
snow at 20, 40 and 60 degrees incidence, corresponding to the range measured by the
NASA/JPL AIRSAR (figure 5.10).

The line averages from the measured P band AIRSAR image, taken at the near, mid and

far edges of the image (at positions down the image approximately corresponding to the
above values of incidence angles) are shown in figure 5.10 i). These measured values of
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the polarimetric response of the ice sheet are of the backscattered signal from the imaged

terrain.

The theoretical response is shown in figure 5.10 ii). This is computed for a uniform deep
homogeneous layer of dry snow (0% snow, percentage water content by volume) for P
band radar, for forward scatter at the above values of incidence angles.

The theoretical and measured values show good comparison particularly for 20 degree
incidence. The theoretical and measured response show similar changes in the shape of
the 3D polarimetric return signal as the incidence angle increases. The shape of the co
polar power plots show an increase in the central dip as the incidence angle increases.
These plots, however, show the normalized power, and the decrease in return power with
increase in incidence angle means that a small change in return power at high incidence
angles results in a comparatively larger change in the general shape of the normalized
response.
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ii) computed forward scattered polarimetric response:
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Figure 5.10 i) and ii): 3D polarimetric response for i) measured P3206 (ilO0) AIRSAR
image PERCOLATION ZONE (for line averages at -20, 40, 60 degree incidence) and ii)

theoretical values for dry snow at P band at these incidence angles.
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5.1.5.2 Diffuse, double bounce and rough surface scattering.

The measured polarimetric response of each of the AIRSAR images show that, in general,
the pedestal height of the response increases with frequency, and with incidence angle
(i.e. as the image is descended). This indicates that the diffuse scattering component of
the return signal becomes more dominant for higher frequencies, and for larger incidence
angles for all the scenes.

A double dip response is sometimes noted to occur for high frequencies and for large
incidence angles. This is probably due to the low return power for these occasions. The
measured polarization response is plotted on a normalized scale and small changes in the
return signal power can result in large changes in the shape of the response for low power
signals as explained in chapter 2.

If a strong return signal is of this form then the dominant scattering mechanism is termed
"double bounce", commonly found in the double reflection from a dihedral corner
reflector. This effect is usually found on reflection from buildings in urban areas, or from
the trunk: ground interaction in forested areas. For the ice sheet areas a dielectric
discontinuity in the vertical direction together with another dielectric discontinuity in the
horizontal direction (simulating a dihedral corner reflector) would cause a double bounce
effect. This is possible in areas where there are distinct layers with vertical discontinuities,
for example horizontal ice layers and vertical ice walls in the percolation zone. It could
also occur for sudden changes in topography, for example at the ice wall at the edge of the
ice sheets, or for crevassed areas where the separation of the return signal is greater than
the wavelength of the operating radar (figure 2.5, chapter 2).

This effect is not found, however, for the strong return signal of the measured AIRSAR
data over the percolation zone (June 1991), although horizontal ice layers and vertical ice
pipes were found at the test-site there by the field party (K.Jezek, personal
communication). The data for this scene are analysed further in sections 5.1.7 and 5.1.8.

A centre hump response is noted for the co polar response for some of the scenes, with
the height of the central hump (i.e. VV polarization) increasing with increasing incidence
angle, and for higher frequencies. For rough surfaces the power ratio (VV/HH) becomes
greater than unity, showing that rough surface scattering appears to be more dominant
when the incidence angle is greater, at the far edge of the images. The value of incidence

angle, 0, is measured away from the normal, so a large incidence angle means a shallow
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approach to the ground and normal incidence is given by 6 = 0. The same surface also
appears to be rougher for higher frequencies. This is due to the height of surface
irregularities being greater relative to the incident wavelength for the higher frequencies.

5.1.6 Application of theoretical classification method to measured
AIRSAR data.

The data of the C band 233-1 AIRSAR image of the ablation zone further down the ice
sheet measured on a previous campaign (August 1989) are used in the application of the
theoretical classification method as described in chapter 3 (section 3.3.2). This image
shows distinct areas of different intensity. Figure 5.11 shows the total power AIRSAR
image, with the ROGIBIV colour table as before (refer to figures 5.1 and 5.2; red areas
represent high return power, violet for low return power, with bright white for
saturation). The particular line of data used for the analysis is also shown.
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Figure 5.11: Total power AIRSAR C band 233-1 image over the ablation zone in South

Western Greenland, coordinates 64° 30.7' N, 48° 48.7' W, flight direction 229.1
degrees, date August 31,1989.  Position of dataline shown.
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The measured data points corresponding to dark and light areas of this image, for 20°
incidence angle, are given in figures 5.12 (i) and (ii). This data line is marked on the
image (figure 5.11). The complete line of data is divided into 25 pixel samples, and these
samples are further grouped into adjacent dark and light areas, with equal weighting for
each data point. Figure 5.12 (i) gives the power ratio plot (VV/HH power) and figure
5.12 (ii) gives the total power plot (shown as relative power for each sample). The
absolute power for this data set is not available and so no statistical analysis is
undertaken. The measured data is of very low power (van Zyl, personal communication).
The total power returned should be ~ -17 dB for snow at 209 incidence, for C band radar
(table 2.6).

The measured data points shown in figure 5.12 i) are compared with the theoretical power
ratio values given in chapter 3 (figure 3.8).
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C 233-1 power ratio (VV/HH), 25 pixel samples from 12 areas (~20deg.)
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Figure 5.12: i) and ii); fractional power (VV/HH) ratio plot (i) and total power (TP) plot
(ii) for measured data from C band 233-1 AIRSAR image over the ablation zone.
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The points correspond to 25 pixel samples taken from 20° incidence angle line divided
into 12 bright and dark areas.

Areas 3, 5 and 11 are the brightest areas with the highest values of return power.
Areas 1 and 12 could give misleading data as they include the first and last 25 pixels of
the line, taken from the edge of the image.

The points corresponding to the dark areas (low return power) occupy the highest regions
of the power ratio plot, and those of the brighter areas (higher return power) tend to be
positioned lower on the power ratio plot. The dark areas are therefore of a higher
dielectric constant than the bright areas, as a high dielectric constant has a higher
polarization ratio (VV/HH power) than a lower dielectric constant. The relative positions
occupied by the measured data on the power ratio plot therefore indicate that the light
areas are of drier snow (of low dielectric constant and low moisture content) than the dark
areas (of greater dielectric constant and higher moisture content). This result is consistent
with Jezek et al. (1993) who describe the dark areas of the image as seasonal melt pools
and the surrounding brighter areas as drier snow, as discussed earlier in chapter 1 (section
1.3.1.2).

It should be noted that, for the 233-1 image, the backscattered signal is of very low power
and hence a misleading shzipe of the polarimetric response may be measured due to the
weak return signal. This may explain why the values of VV/HH power also seem to be
rather low compared with the theoretical data. The light and dark areas of the image do,
however, show a relatively low and high VV/HH power ratio, indicating low and higher
values of dielectric constant respectively.

These results indicate that the VV/HH ratio from measured polarimetric data may therefore
be used (as in this classification method) to indicate the different types of surface cover of
the imaged area, and hence classify the imaged terrain.

Further analysis of the measured polarization response of the 233-1 image is given in
Appendix A1.7, which also details the format of the polarimetric data. The apparent
scattering mechanism is determined from the polarimetric response and found to be of
double bounce form throughout the image. The possible causes of this form of scattering
from the ice sheet is discussed with reference to the physical characteristics of the
soaked/ablation zone.
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5.1.7 Subsurface ice lenses.

The measured 3D polarimetric response may be used to detect unusual shaped objects, for
example, the presence of cylindrical ice lenses within the percolation region of the ice
sheet. The theoretical polarimetric radar response of cylindrical objects is given by Ulaby
and Elachi (1990) as discussed previously in chapter 2 (section 2.2.2.3). The form of the
3D polarimetric response for cylindrical objects is plotted, and the change in the response
due to the relative orientation of the cylindrical object to the E vector of the radar is shown

(figure 2.12, i ii and iii).

The dark areas of the (ilO) percolation zone image are thought to be caused by subsurface
discontinuities (as discussed earlier in section 5.1) and may possibly indicate the presence
of subsurface ice lenses. The measured AIRSAR 3D polarimetric response for these
particular areas tend to be of the first form (3D plot of co polar response shows HH>VYV),
which may indicate the location and horizontal orientation of the buried cylindrical ice
lenses. Some of the measured response plots from this image seem to show slight
asymmetry, which may be indicative of vertical discontinuities, such as the cylindrical

vertical ice pipes found in this percolation region.

Greenland026-5 2/9/93
90 90
orientation orientation
180 -45 180 -45
ellipticity ellipticity
CO-POLARIZED SIGNATURE CROSS-POIARIZED SIGNATURE

Figure 5.13: Measured 3D polarimetric response for percolation zone P band image (zone

2).
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5.1.8 Subsurface position of ice layer.

The position of a subsurface ice layer beneath a surface layer of firn is found to affect the
polarization response as discussed in chapter 3 (section 3.3.4.3). A system of snow and
ice layers is simulated and the polarimetric content of the computed return signal is shown
on a power ratio vs. phase difference plot. The theoretical analysis suggests that the
position of an ice layer within the snowpack may be inferred from measured polarimetric
signals, by comparing the measured polarimetric signal with the theoretical data. The
polarimetric content of the measured backscattered signal is compared with that of the
theoretical computed values for forward scattered signals from a simulated system of
snow and subsurface ice layers, where the depth of the surface firn layer is increased. The
measured data from the P band AIRSAR image of the percolation zone are used in this
analysis as ice layers were found in this region by the field party (Jezek, 1992). Details of
this field campaign are given in chapter 4.

Actual values for the different components of the measured return signal are given in table
5.2 below. These values are for the line average of data of the same incidence angle of the
P band AIRSAR image.

Measured AIRSAR data of the percolation zone:
measured value relative standard deviation

TP -15.39dB 1.276
HH -11.44 dB 1.299
HV -28.50 dB 1.339
Vv -13.88 dB 1.292
phase HHVV* -17.51 degrees 8.30 degrees (standard deviation)

Table 5.2: Measured values of line average data (y = 33) for AIRSAR P3206 image,
using MacSigma0-11 software (Norikane, JPL, 1992). Note HHVV* phase is equivalent
to (HH-VV) phase difference(mod.90) from Stokes matrix (from MacSigma(-11
document, Norikane, 1992).

The relative standard deviation, Gpe14tjves 1S given by equation 4.1, chapter 4, and used to
calculate the standard deviation (0) using the mean value (m). The measured fractional
values and the standard deviation of the HH and VV return power are calculated and given
in table 5.3 below. The fractional value is obtained by converting from power in dBs to

2

volts“, using volts? = -10 log1( dBs.
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Measured AIRSAR data of the percolation zone:
measured fractional value standard deviation
HH 0.0718 0.02146
\'A% 0.0409 0.01195

Table 5.3: Measured fractional values and standard deviation of line average data (y=33)
for AIRSAR P3206 image.

This gives the value of the measured linear polarization ratio VV/HH as 0.57, by dividing
the mean fractional line average VV value by the corresponding HH value.

The standard deviation of the ratio VV/HH for the line average value is not calculated
using the JPL software statistics package. This standard deviation may be calculated by
considering the values of VV/HH for each of the pixels in turn and determining each
individual deviation for each value of VV/HH for each pixel from the mean value of
VV/HH for the line average. The standard deviation for the ratio VV/HH is not equal to
the standard deviation of the VV values divided by that for the HH values, but these
figures are given in table 5.3 for comparison. Further work on the statistics of the
measured data is given in Appendix A1.6.

Figure 5.14 shows the theoretical power ratio vs. phase difference plot for P band radar at
20° incidence for a change in position of ice layer from 50 to 800mm depth, in 50mm
steps, together with the measured data point from the P3206 AIRSAR image over the
percolation zone (symbol X). The measured data point, X, represents a line average of
data, at the same incidence angle. This line average of data is taken from the line
corresponding to that containing the 6th corner reflector (marked 2KmE in the site map,
figure 4.1) which is almost hidden in the bright return signal at the top of the AIRSAR
image. The snow pit data as measured by the field party (K.Jezek et al.) are given in
figure 4.2.
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Figure 5.14 i) and, expanded scale ii): Theoretical power ratio versus phase difference
plot for VV and HH polarization (P band, 20 degree incidence angle, forward scatter) for
change in position of ice layer (depth of fim) to 800mm (S0mm steps), and position of

measured data point from AIRSAR P3206 image given by X (backscattered data).
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The measured point (VV/HH power 0.57, VW-HH phase -17 degrees) may correspond to
an ice layer at depth 450mm. This is a possibility as ice layers were discovered by the
field party in this region and the measured data from the snow pit (labelled 2KmE) show a
distinct layer at approximately this depth (figure 4.2).
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5.2 Results from passive microwave data.

5.2.1 Measured brightness temperature.

Plots of the measured brightness temperatures for the four zones of the Greenland ice
sheet, for a complete year (April 1990 - March 1991), are shown below in figure 5.15.

The mean daily values of the passive signal for the 19Ghz and 37GHz data are plotted for
both vertical and horizontal polarization.
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Figure 5.15 i): Annual change in measured brightness temperature Tg for the four
different zones of the Greenland ice sheet using 19GHz SSM/I data for both vertical and
horizontal polarization signals, April 1990 - March 1991, for the test areas of the dry
zone, percolation zone, soaked/ablation zone and the ablation zone respectively. The

points are daily averages and the lines are 7-day running means.
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Figure 5.15 ii): Annual change in measured brightness temperature Tg for the four
different zones of the Greenland ice sheet using 37GHz SSM/I data for both vertical and
horizontal polarization signals, April 1990 - March 1991, for the test areas of the dry
zone, percolation zone, soaked/ablation zone and the ablation zone respectively. The

points are daily averages and the lines are 7-day running means.
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The annual cycle of the measured brightness temperatures is noted for each of the four
zones of the Greenland ice sheet. The brightness temperatures for horizontal polarization
tend to be less than that for vertical polarization as predicted in section 3.4.1.

The measured values of brightness temperatures are seasonal and depend on the surface
temperature changes. The values of the brightness temperatures are highest in summer
when the surface temperatures are highest, and decrease during winter on an annual
cycle.

The data for the dry zone show the greatest annual change in brightness temperature, with
the highest values of brightness temperature (Tg ~= 280K ) during the summer for both
vertical (V) and horizontal (H) polarization, at both 19 and 37 GHz, then decreasing in
winter to ~220K and ~180K for the 19 and 37GHz data respectively.

The brightness temperature values decrease for the different zones of the ice sheet, with
the highest values for the dry zone, then decrease on descent of the ice sheet, through the
percolation zone to the soaked and ablation zones at the edge of the ice sheet. This
reduction in the measured brightness temperature values across the zones of the ice sheet
is due to the change in emissivity of the different zones. The emissivity of wet snow (of
high dielectric constant) is less than that for drier snow (and hence lower dielectric
constant), so the measured brightness temperatures are lower for wetter areas.

The data for the dry snow region are compact and show a smooth annual change,

whereas the data for the wetter areas show more day to day variation. The measured
brightness temperature for the dry region follows the smooth cyclical pattern due to the
annual temperature change over the uniform area. The data for the wetter regions are more
diffusely scattered due to the partial melting and refreezing of a portion of the imaged

area. This results in variable emissivity of the wetter areas as recorded by the changes in
the measured brightness temperatures.

For the dry zone the lowest values recorded by the 19 and 37GHz channels are ~220K
and ~180K respectively, during the winter. This is due to the physical temperatures being
very low in this region, the cold, dry interior of the ice sheet. The difference in the values
for the two frequencies is due to the increased penetration of the 19GHz signal. In winter
the dry cold snow is of very low reflectivity (of low dielectric constant) and hence greater
penetration occurs. The 19GHz data originate from subsurface layers of the snowpack
which are warmer than the surface during winter due to the thermal capacitative effect of
the snowpack. The 37GHz data are from the colder surface material. The 19GHz
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brightness temperature is therefore greater than that for the 37GHz signal for this same
area at the same time. A diagram showing the penetration of the 19GHz signal into the
snowpack, and the typical temperature change of the snowpack with depth is given in
figure 5.16 below.

-T +T
- - surface

|
37GHz

typical

temperature

profiles

19GHz
typical
penetration
depths
into 10m
cold, dry
snowpack
snowpack depth

Figure 5.16: Typical thermal gradient of snowpack with depth, in winter and summer,
together with typical penetration depths of 19 and 37GHz signals into cold, dry
snowpack.

The temperature profile of the snowpack oscillates from season to season as the surface
air temperatures cause the surface snow temperature to change. This change in surface
temperature is transmitted into the subsurface snowpack layers causing a temperature
gradient within the snow layers. The resulting heat flux with depth lags behind the
changing surface temperatures due to the capacitative effect of the snow. The heat transfer
within the snow layers causes the profile to change from season to season as shown
above in figure 5.16 (K.Jezek, personal communication).

5.2.2 Measured Polarization ratio, and inversion to give dielectric values
(wetness content of snow).

The annual change in the measured polarization ratio, Tph/TRy- for 19GHz and 37GHz
data for each of the four zones is given in figure 5.17. Individual plots of the measured
polarization ratio for each of the four zones of the ice sheet, for both 19 and 37Ghz data,
for the full year April 1990 - March 1991, are given. The values are taken from SSM/I
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data using the measured mean daily brightne:ss temperature values Ty for each of the four
locations on the ice sheet. The simple polarization ratio is highest for zone 1 (dry snow)
and decreases on descent of the ice sheet (with increasing water content of the snow). The
value of the polarization ratio is higher for 37GHz than for 19GHz data.

The difference between the emitted radiation for the two polarizations (Apol.= Tg,, -
Tgy,) is most noticeable for the soaked and ablation zones (zones 3 and 4, the wet areas)
for 19GHz data (refer to figure 5.15 i) ). There is only a slight difference in the values of
Apol. for the two frequencies 19 and 37 GHz. The values of Apol. for 19GHz tend to be
slightly greater than that for the corresponding 37GHz data. This difference in values for
the two polarizations Apol. is most noticeable for the time of year January -March,
(winter - spring).

The values of (Apol.) for the dry zone are greatest during winter. This is due to the

increased depth of penetration of the 19GHz signal into the cold dry snowpack of low
dielectric material and interaction with subsurface discontinuities.
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Figure 5.17: Measured polarization ratio /Tg” (SSM/I data, for 19GHz and

37GHz) for zones 1 to 4 of the Greenland ice sheet for the period April 1990 - March

1991. The points are daily averages and the lines are 7-day running means.
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5.2.2.1 Measured Polarization ratio from SSM/I data.

The approximate range of the simple polarization ratio, Tg/Tg,, for 19GHz data for
each of the four zones of the ice sheet is:

(1) dry zone, highest T ratio ~0.94 - ~0.99

(2), (3) percolation zone, soaked/ablation zone, Tg ratio ~0.9 - ~0.95

(4) ablation zone, lowest Tp ratio ~0.8 - ~0.9

The lowest values of the brightness temperatures Tg (H and V) are found in winter, and
the highest values of Tg occur in summer due to the quasi-sinusoidal annual temperature
cycle (figure 5.15). Taking the ratio of the brightness temperatures for the two
polarizations tends to reduce the dependence on the surface temperature.

The values of the polarization ratio Tg},/Tg,y, for 19 GHz for all the zones are also found
to show this sinusoidal annual effect, with the lowest ratio in winter and the highest in
summer. It is most noticeable for the dry zone (figure 5.17).

A low ratio Ey, / E,, (=Tpgp/Tgy ) indicates a higher value of dielectric constant,
indicating greater moisture content, The highest ratio appears for the dry zone at the
beginning of the summer, and then decreases as summer progresses with the minimum
value in mid winter. The ratio then increases again during spring indicating drier snow
(less moisture content and hence lower dielectric constant, resulting in a higher
polarization ratio (Ey, / E,))). The ratio for the other zones also follows this trend, with the
numerical value of the ratio decreasing with the location of the zone dowri the ice sheet,
due to the higher moisture content of the snow in the percolation, soaked and ablation
zones.

A similar trend is found for the 37GHz data, except that the data for zones (2) and (3) are
more compactly distributed, and the data for zone (4) are possibly slightly more dispersed
than for the 19GHz data set.

The polarization ratio is generally higher for 37GHz than for 19GHz. There are two
factors which may explain this: the difference in penetration for these signals of different
frequencies, and the difference in the apparent value of the dielectric constant for the two
frequencies.

The 19GHz signal has a greater penetration depth than the higher frequency (37GHz).
The greater penetration depth causes greater difference between the polarizations for
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19GHz, and a lower polarization ratio. Also, scattering within the snowpack caused by
the physical size of the ice particles becomes more important for higher frequency
emission data, and becomes the dominant form of emission (rather than from the
absorption/ emission properties of the bulk of the material) for 37GHz data. The
scattering coefficient is independent of the polarization for spherical ice particles (equal
for parallel and perpendicular polarization states). There is therefore less difference
between the two polarizations for 37GHz resulting in a higher polarization ratio than for
the 19GHz data.

The value of the dielectric constant for snow of the same moisture content is smaller for
higher frequencies due to the frequency dependence of the dielectric constant of water.
This results in a higher polarization ratio (E;, /E,, ) for the higher frequency data of the

same arca.

5.2.2.2 Inversion of passive microwave (SSM/I) data using theoretical
polarization ratio.

The theoretical reflection coefficient for different dielectrics is used to compute the
theoretical polarization ratio for the emitted radiation at 19.2GHz, 53.2 degrees incidence
corresponding to that of the SSM/I instrument (refer to chapter 3, section 3.4.1). The
variation of the theoretical polarization ratio of the emitted radiation with increasing
dielectric constant is given in figure 3.11. The polarization ratio is found to decrease
steadily from: i) ~1.0 to ~0.8 and ii) ~0.9 to ~0.45 on increasing the value of the dielectric
constant (Er) of the imaged area from: i) 1 - 3.15 and ii) 2 - 80.

The theoretical computed reflection coefficient data gives the value of the emitted
polarization ratio Eh/Ev as 0.930 for Er = 1.7, 0.954 for Er = 1.5, 0.966 for Er= 1.4

1-R
and 0.978 for Er = 1.3 using the relationship E, = u
‘ E, (1-R,)
Changing the value of tand, the loss tangent, does not change the power of the reflection
coefficient (just the value of the reflected phase) for a uniform deep homogeneous layer of

snow (Appendix Al.3.4).

The value of the dielectric constant may be determined from the polarization ratio of the
measured passive SSM/I data. The polarization ratio of the measured emitted radiation for
the dry zone (SSM/I data, point 1) gives a mean value of Eh / Ev = ~0.97. Using this
value of the measured passive polarization ratio to determine the dielectric constant gives
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Er ~= 1.4 for the dry snow area. This equates well with field measurements of the
dielectric constant of snow at a test site in Antarctica @ 13.8GHz as measured in early
1992. The values of dielectric constant are ~1.4 for dry snow, rising to ~1.6 with ice
crust, due to the higher density causing the higher value of dielectric constant (J. Ridley,
personal communication).

The measured polarization ratio data for the dry zone show that the polarization ratio is
highest in spring, decreases during the summer and is the lowest in autumn, before
increasing again during the winter and spring (figure 5.17). A high polarization ratio
indicates a low dielectric constant, and the lower polarization ratio indicates a higher
dielectric constant. The high values of dielectric constant may be caused by increasing
wetness content of the snow, or by the formation of ice. The low polarization ratio
measured for the dry zone in winter is thought to be caused by the formation of a wind
crust of ice on the surface. The dielectric constant of the ice is higher than that of snow,
and hence the measured polarization ratio is lower. The higher polarization ratio noted
during spring indicates a lower dielectric constant which represents the cold dry snow at
the surface.

Thin layers of ice indicating surface crust formed by localized wind events are found in
the snowpits at the GISP2 test-site in the dry zone (K.Jezek, personal communication).
The presence of these thin layers of ice on the surface and also within the snowpack will
reduce the level of the emitted signal. Formation of ice at the surface would tend to have
the greatest effect on the received signal, although subsurface layers will also affect the
signal. Ice has a higher dielectric constant than snow, a higher reflectivity and hence a
lower emissivity, which therefore causes a reduction in the power of the measured
passive microwave signal, and a decrease in the polarization ratio of this signal.

5.2.2.3 Inversion of passive microwave data (SSM/I) for Greenland ice
sheet zones 1 - 4 for complete year.

The polarization ratio of the measured mean daily brightness temperature data from SSM/I
(for the period April 1990 to March 1991; 19GHz data) is used to determine the change in
dielectric constant (Er), and hence to infer the variation of the water content of the imaged
zones over the year. The calculated values of dielectric constant are for a uniform deep
layer of this material (using Fresnel reflectivity values at 53.2° corresponding to the
incidence angle of the SSM/I).

The results are summarized in table 5.4 below:
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Greenland ice sheet data:

zone pol.ratio 19Ty, / T, Er ' % wetness
(measured sequence) (calculated values) (inferred values)

1 Dry ~0.94 - 0.99 - 0.94 ~16-12-16 ~8-0-8

2 Percolation ~0.92-095-09 ~18-15-2 ~12-6-12

3 Soaked/ablation ~0.92- 0.96- 0.9 ~18-145-2 ~12-5-16

4 Ablation ~09-0.8-0.9 (diffuse) ~2-3-2 ~16-36-16

Table 5.4: Measured annual sequence of polarization ratios for zones 1-4 of the
Greenland ice sheet; calculated values of dielectric constant and inferred mean % wetness
content.

The mean % wetness for each of the zones increases during the summer months (from
June onwards). The predicted values of the dielectric constant are inversely related to the
polarization ratio of the measured brightness temperatures (T}, / Ty, ), and the
emissivity ratio for the two polarizations (Epara./Eperp.) from the relationship given in
equation 3.15. This shows that with decreasing measured polarization ratio, the mean
dielectric constant of the imaged snow surface increases. The mean dielectric constant of
this imaged area increases with the % wetness content of the snow (as given by equation
3.17). The % wetness content of the snow of each of the zones is shown to increase
during the summer months (from June onwards) and decreases during winter and the
spring months. A summary plot showing the yearly change in % wetness of the snow for
each zone is given in figure 5.18 below.

The % wetness content is calculated from the value of the dielectric constant retrieved
from the measured passive microwave data. The presence of ice would increase the
predicted value of the dielectric constant and may account for the high values of wetness
content in the dry zone.
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Figure 5.18: Annual variation of fractional wetness content of the snow for each zone,
using 19GHz SSM/I data for the full year (April 1990 - March 1991). The points are
daily averages and the lines are 7-day running means.

Wetness is a parameter derived from the calculated dielectric constant.
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On increasing the water content of snow, the water first coats the surface of the ice
particles within the snow, then occupies the air spaces between these particles. The mean
% wetness content of snow may increase up to ~50% volume. During this time the
physical nature of the snow becomes increasingly wetter and is seen to turn to slush.

The data for the ablation zone show a rapidly varying mean dielectric constant (and hence
mean water content of the imaged snow) indicating that this area is undergoing several
freeze/thaw cycles during this time. The data may be analysed further to determine the
extent of surface water in the form of melt pools that would give similar emissivity values
for the two polarizations as measured. The imaged area may be considered to consist of a
mixture of both water covered surfaces of the melt pools and that of the surrounding wet
snow. If the extent of the imaged area covered by surface water is represented by the
fraction x, and the remaining area (1 - x) is considered to be of snow of water content
16% (typical value for ablation zone, Jezek et al., 1993), then the measured brightness
temperatures (and emissivity) of the imaged area may be represented by the following
relationships:

for horizontal polarization:
X TBh water + (1 - x) TBh snow TBh mix

similarly for vertical polarization:

X TBv water + (1 - X) TBV snow TBV mix
giving:
TBh mix X TBh water + (1 - X) TBh snow
TBv mix X TBV water + (l - X) TBv snow

If the surface temperature of the melting snow is considered to be the same as that of the
surface water of the melt pools, the expression may be written in terms of emissivities E,
rather than the brightness temperatures Tg, for each polarization

(h = parallel, v= perpendicular polarization):

E _xE,, +A=-x)E,,
E xE,, +01-x)E,,
where w = water, s = snow.

h mix

v mix

This expression may be re-written to give x as subject:
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1
(Ev wEh mix Evmithw) +1
(Eh sEv mix Ev sEh mix)

or in terms of polarization ratios:
1

E Ehmix_E_h\L
vw E . E
+1

X =
v mx vw

E h_Ehmix
Vs E E .

Vs vV mix

The relative dielectric constant (Er) of snow of 16% wetness content at 19.2GHz is

(using Mitzler mixing formula, equation 3.17):

r, = 0.16 +1.2=1.986

* 7 0.2036

The effective dielectric constant (at 53.2° to correspond to SSM/I incidence angle) is:

Er snow 1
effective snow || =1- '(__2—__)' =3.7474

COosS

Er

0

Er SﬂOWz
Er, = 210524

ffective snow L —
Ereffective snow ||

(using equation 3.4)

The Fresnel reflectivity at incidence angle 53.2° for snow of 16% wetness content is:
0.1016 for parallel polarization, and

0.000163 for perpendicular polarization,

giving an emissivity (E) of 0.8984 and 0.9998 for parallel and perpendicular polarization

respectively.
The polarization ratio for the snow emissivities is given by:
E
snow || = 0.8984 = 0.8985
E_... 0.9998

Similarly for water (w), dielectric constant Er~20 (at 19.2GHz):
The effective dielectric constant (at 53.2° to correspond to SSM/I incidence angle) is:

Er —1+M=53.95

effective water || — co SZ e
o
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Er cffective water ||

Er

effective water L

The Fresnel reflectivity at incidence angle 53.2° for water is:
0.5781 for parallel polarization, and
0.2142 for perpendicular polarization,
giving an emissivity (E) of 0.4219 and 0.7858 for parallel and perpendicular polarization
respectively. -
The polarization ratio for the water emissivities is given by:
E uery _ 0.4219
E,. ., 0.7858

=0.5369

The fraction x (area covered by water) may now be calculated from:
1

E Ehmix _ Ehw
Y Evmix va
+1

E ﬂs__Ehmix
vs E E .

vs v mux

using the measured value of Eh./Ev.mix of ~0.8 from the SSM/I data for zone 4 during
melt, which gives:

X =

1

" lo.7858(08-0.5369)] _
[0.9998(0.8985 - 0.8)]

=0.3226

These calculations show that area covered by water is approximately 32% for this point in
the ablation zone (using single pixel of SSM/I passive microwave data). The mean daily
average value for the measured data is used in the above analysis.

The extent of water is calculated to be ~32% of the surface of the imaged area and that of
the surrounding snow (taken to be of 16% wetness) is the remaining 68% of the area for
the day when the polarization ration is 0.8. The mean value of polarization ratio over the
year is 0.88 giving a mean wetness content of ~6%.

The formation of ice during the freeze/thaw routine would be an intermediate stage. The
dielectric constant (Er) of ice is less than that for water, but greater than that for snow:
Er_. ., <Er, <Er_..

and therefore the emissivity (E) of ice is between that of water and snow also:
E_.>E.>E

Snow water
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The measured brightness temperatures (and emissivity values) for the intermediate ice
stage lie between the minimum values of emissivity (corresponding to maximum melt)
and the maximum values (driest snow). The measured brightness temperature fluctuates
rapidly during the freeze/thaw cycles in the ablation zone during summer as the emissivity
of water is greatly different to that of snow. These diffusely scattered points for the
measured brightness temperature data of the ablation zone are shown above in figure
5.17.

5.2.3 Correlation with AIRSAR overflight.

10th June 1991 is the date of the AIRSAR flight. The mean daily brightness temperatures
for the four different areas as measured by the SSM/I instrument for this particular day
are given in table 5.5 below and used for the comparison work with the active AIRSAR

data.

Polarization ratio for Greenland ice sheet zones:

zone: [¢)) ) 3) 4)
Tpy/Tpy: 0.989 0.950 0.953 0.881
Er: 1.20 1.53 1.51 2.16
W: 0% 6.7% 6.3% 19.6%
Cband

Er: 1.66 2.86 2.79 5.17
P band

Er: 1.66 3.20 3.11 6.16

Table 5.5: Measured mean daily polarization ratio (19 Tg/Tg,, ) for points 1-4 on
10.6.91; with the calculated mean values of dielectric constant (Er) and the corresponding
% wetness content (W).

Values of the real part of the dielectric constant for snow of 6% wetness (by volume)
given by Rott et al. (1992) and Jezek et al. (1993) are given in table 5.6:
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Dielectric constant of snow:

C band P band
Jezek (6%) 2.08 2.26
Rott (6%) 2.95 3.25
calc.value (for 6.3%) 2.79 3.11

Table 5.6: Values of the real part of the dielectric constant for snow of 6% wetness (by
volume) given by Rott et al. (1992) and Jezek et al. (1993) and calculated values from
table 5.5.

These values of calculated dielectric constant Er (at C and P band) lie between the values
given by Rott et al. (1992) and Jezek et al. (1993) for approximately the same water
content (6%) and are therefore assumed to give a typical representation of the electrical
properties of the snow.

5.2.4 Signal during Spring - Summer seasons.

The passive microwave mean daily brightness temperature data for the period April - June
1991 for the four zones are plotted in figure 5.19, giving the change of the mean daily
brightness temperatures for the four different zones of the ice sheet with the progression
from spring into summer at the start of the melt season (for both horizontal and vertical
polarization, 19 and 37GHz SSM/I data).
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Figure 5.19 i): Mean daily brightness temperature (Tg”, Tg” , 19GHz SSM/I data) for
the four zones of the Greenland ice sheet (April - June 1991). The points are daily

averages and the lines are 7-day running means.
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Figure 5.19 ii): Mean daily brightness temperature (Tg”, Tg”* , 37GHz SSM/I data) for
the four zones of the Greenland ice sheet (April - June 1991). The points are daily

averages and the lines are 7-day running means.
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In general the values of the mean daily brightness temperatures for horizontal polarization
are less than that for vertical polarization; and those for 199GHz data are greater than for
37GHz. For both the 19GHz and 37GHz data, the values increase with the progression
of date into summer (during the period April to June 1991) corresponding to the increase
in temperature during this time.

The above plot (19GHz data, figure 5.19 i)) shows that the dry zone shows the greatest
change of values (~linear rise). The data for the percolation and soaked/ablation zones
show similar values, but are more scattered than those for the dry zone and also show
less change with date. The data for the ablation zone have the lowest and most scattered
values of brightness temperatures. A similar pattern is found for the 37GHz data, but
with the values less for 37GHz than for 19GHz data.

There is more variation (spread of data) in the measured brightness temperature values
with the increase in % wetness of the snow (corresponding to the position down the ice
sheet). The wetter areas also show a more gradual change with date.

The data for the previous year (April - June 1990) are also analysed and found to be
similar to the 1991 data.

5.2.5 SSM/I data, difference with frequency, (19-37)Tgp and (19-
37)TRy-

The differences in the mean daily brightness temperatures for the SSM/I data at the two
frequencies 19 and 37 GHz, for both horizontal and vertical polarization, are plotted as
(19-37)Tgy, and (19-37)Tg,, in figure 5.20 below. Data for the four zones of the
Greenland ice sheet are given for the complete year covering the period April 1990 -
March 1991.

The full year data set shows that the difference with frequency decreases for the wetter
regions of the ice sheet, and also shows a drop in the level during summer. This is due to
the 19 and 37 Ghz channels recording similar values of brightness temperatures for the
wetter areas as the penetration is minimal if free water is present. Both the 19 and 37GHz
signals then record the similar surface values.

The data for the dry zone also shows a vast drop in level (19-37)Tg,,, Tg}, during
summer. This seems to suggest that the dry zone experiences some change of state also.
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Figure 5.20: Brightness temperature differences with frequency for both horizontal and
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5.2.5.1 Signal at start of melt season (April - June 1991 data).

The measured brightness temperature data for the four zones of the Greenland ice sheet
are also investigated in detail for the period April - June 1991. The difference in the mean
daily brightness temperatures for the SSM/I data at the two frequencies for both
horizontal and vertical polarizations for this period is plotted in figure 5.21 below.

The value of the difference in the brightness temperatures at these two frequencies is
greatest for the dry zone and decreases for the other zones with increasing snow wetness
content (and with the position down the ice sheet). The start of the melt season appears as
a sudden change in level for the dry zone (sudden decrease), and is noted by peaks and
gradual fall in the frequency difference data for the other three zones, both for vertical and
horizontal polarization.
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Plots of the individual brightness temperatures for vertical and horizontal polarizations at
19 and 37 GHz for this period for each of the zones are given previously in figure 5.19.

The dry zone clearly shows the difference in the brightness temperatures for the two
frequencies during April (19GHz data from warmer subsurface snow, 37GHz data from
colder surface material) and then shows the change in levels as the snow becomes warmer
during May, and the two frequencies record similar values by June.

The data for the percolation, soaked and ablation zones respectively show peaks in the
difference with frequency during this period.

The individual brightness temperatures for the two frequencies show a steady increase in
values for 19GHz data due to the increase in physical temperature, and the 37GHz data
show a brief fall in values, therefore producing the peaks in the Tg(19-37) data.

A decrease in the 37GHz Tpg data may be due to the top surface snow beginning to melt
(emissivity decreases with increase in moisture content) in part of the imaged area. The
37GHz radar is more susceptible to changes in the surface dielectric than the 19GHz radar
(due to the difference in penetration depth) and so the 37GHz data shows a more marked
change than the 19GHz data. As the days proceed the areal extent of this partial localized
increase in moisture content due to surface melting from changes in the daily physical
temperatures at the surface varies (from the freeze/thaw cycle due to local temperature
changes) until the physical temperature increases sufficiently to cause a uniform surface
moisture content. At this point the data for the two frequencies becomes more similar and
the value of Tg(19-37) decreases.

Similar results are found for the data for the previous year (April - June 1990), except that
the data for the dry zone shows larger peaks than for the 1991 data.

The results indicate that probably this effect happens every year, during spring, at the
onset of melt and it occurs for both polarizations. The dry zone shows a greater drop in
Tg(19-37) data than for the other zones, and the wetter regions show large peaks in the

data which are most noticeable for zone 3 (soaked/ablation zone).
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5.2.6 Effect of ice layers on passive signal.

The effect of ice layers on the passive response from the imaged surface would be to
reduce the received power of the emitted signal. Ice is of a higher dielectric constant than
snow and so the reflectivity of ice is greater than that of snow, and hence the emissivity
of ice is less than that of snow.

This effect is noted for the passive microwave SSM/I data of the dry zone during the
winter season as discussed in section 5.2.2.2. The seasonal formation of a surface crust
of ice due to localized wind conditions causes the emission from this zone to decrease.

The measured brightness temperatures for the percolation zone are less than that for the
dry zone throughout the year (figure 5.15, section 5.2.1), and the measured polarization
ratio for the percolation zone is also less than that for the dry zone. This data indicates
higher dielectric material in the percolation zone than in the dry zone. This higher value of
dielectric is caused by the % wetness content of the snow being greater in the percolation
zone than in the dry zone, and also may indicate the presence of higher dielectric ice. The
presence of subsurface ice layers in the percolation zone - caused by the melting of snow
and subsequent percolation of this melt water through the snowpack then refreezing at
depth, or alternatively from the production of large ice crystals at depth in the formation
of depth hoar -will act to decrease the emissivity of the snowpack of the percolation zone
and therefore decrease the value of the measured passive signal. The formation of the
subsurface ice layers occurs during late summer/ autumn when the summer melt water
refreezes at depth. This corresponds to a decrease in the measured polarization ratio for
the percolation zone during this season.

The radiometric data as measured by Swift et al. (1985) as discussed in chapter 1,
section 1.3.2.2, using an airborne system flying across Southern Greenland (Oct.1979),
show that the measured passive signal is less over the percolation zone than over the dry
zone due to the presence of ice in the percolation zone. This is consistent with the effect
noted using the SSM/I data set as discussed above (section 5.2.1).

It is important to note that the effect of the presence of ice layers acts to increase the level
of the backscattered signal for active microwave radar. This is the opposite effect to that
shown by data from the passive systems, where the presence of ice acts to decrease the
measured signal. This may be explained by considering the increase in dielectric constant
due to the presence of ice; the increase in reflectivity and the corresponding decrease in
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emissivity of the snowpack, resulting in an increase in the level of the backscattered active
radar signal and a decrease in the measured passive emitted microwave signal. Volume
scattering within the snowpack also increases with the presence of the ice layers which
further acts to increase the active signal and reduce the emitted signal from the snowpack.
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6 Discussion and Conclusions -
6.1 Active microwave data results.
6.1.1 Polarimetric imagery.

It is well known that multifrequency radar imagery exhibits return power dependence on
the operating frequency of the radar. The total power images of the ice sheet as measured
by the multifrequency AIRSAR instrument show that the return power from each zone is
dependent on the operating frequency. In general, it is found that the higher the
frequency, the greater the return signal for all the imaged areas of the ice sheet (return
power for C band > L band > P band). The value of the return power for each image is
also found to vary with the incidence angle. The return power tends to decrease as the
incidence angle increases from nadir. These results are consistent with published data on
the return signal from snow by Ulaby and Dobson (1989).

Some of the highest measured values of return signal are found to occur for the
percolation zone and the lowest for the dry zone of the ice sheet. The AIRSAR values
show ~-18dB difference between the measured (VV polarization) return signal (C band) at
~20 degree incidence for these two zones. The values of the return power measured by
the AIRSAR instrument are found to compare well with that of the ERS-1 SAR over the
same area, showing the correlation between airborne and satellite data over the ice sheet.
These results are noted by Jezek (1992).

Investigation of the use of polarimetry shows that some features of the ice sheet are
apparent only for a particular combination of incident and receive polarization states. The
polarimetric images as measured by the multifrequency AIRSAR show that the dry zone
images are fairly uniform and featureless for all three frequencies. The images of the
percolation and the soaked/ablation zones, however, show features which are both
frequency and polarization dependent (apparent for HH polarization and P band radar
only). The images of the ablation zone show features which appear to be mainly
independent of polarization, but decrease in clarity with increase in the operating
frequency of the imaging radar.

The features of the multifrequency radar images are thought to indicate the presence of

subsurface ice layers in the percolation zone, and ice streams in the soaked and ablation
zones. The low frequency (P band) radar identifies these subsurface discontinuities more
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clearly due to the greater penetration depth at this frequency (compared with L and C
band).

The polarization dependence of the subsurface discontinuities of the P band percolation
and soaked/ablation zone AIRSAR images may be related to the orientation of the
scatterers. Horizontal ice lenses could cause the measured change in the return radar
signal. Alternatively, as the value of the transmitted signal into the snowpack is greater for
vertical than horizontal polarization (for active signals) the value of the transmitted
horizontally polarized signal will decrease more rapidly than the vertically polarized
signal. However, displaying the polarimetric images with the same scale factor still does
not show the features for VV polarization although they remain apparent for HH
polarization.

The presence of the discontinuities may be related to the bedrock topography as melt is
likely to occur in localized depressions of the ice sheet which can correspond to
undulations in the bedrock. Similarly, surface and subsurface ice streams will form in
depressions of the ice sheet and at localized discontinuities within the snowpack. The
direction of flow of these streams as they travel through the low density ice and wet snow
may possibly be related to the surface slope of the ice sheet. An estimation of the ice
velocity and flow rate of the ice sheet could be made by considering the movement of the
discontinuities within an imaged area over a period of time using multitemporal data of the
same area.

The orientation of the AIRSAR images and the location of the various features within the
HH polarization P band images are given in chapter 5 (figure 5.2). The surface slope is
estimated using the slopes database from ERS-1 radar altimeter data with a resolution of
25%25km? (J. Morley, personal communication). It should be noted that this is the mean
value for a larger area than that covered by the airborne SAR images (12*8km?2), and so
the local value of the slope and the downslope direction of the area covered by the
AIRSAR images may be rather different to the estimated value using the radar altimeter
data. The value of the estimated slope at the position of the images for each zone increases
on descent of the ice sheet, from the dry central zone (< 0.1° slope) to the ablation zone
(6.47° slope) at the edge of the ice sheet.

The estimated slope of the percolation zone image is small (0.36°) and the imaged
features (two series of dark circular patches) are orientated in the direction 40° and -6°
from North. The orientation of these features - thought to be subsurface effects, possibly
smooth subsurface ice layers from the localized collection of melt water - does not seem to
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be related to that of the surface slope (direction 16.5° from North). The direction and
value of the local surface slope for the high resolution AIRSAR imaged area, however,
may be different to the mean value given by the lower resolution radar altimeter data.

The features of the soaked/ablation zone image are thought to indicate the position of
subsurface ice streams. The dark patches may indicate the presence of smooth subsurface
ice of higher dielectric constant (or increase in water content of the snow) which causes
specular reflection away from the receive direction, causing a decrease in the measured
return power. The dark central line lies in a direction approximately parallel to that of the
mean surface slope (value 0.68°, in direction -51.1° from North), whereas the dark areas
at the far edge of the image seem to lie in a direction approximately perpendicular to that
of the estimated slope. This dark central line appears to be an icestream following the local
gradient of the ice sheet. The other dark areas may indicate the location of the subsurface
collection of melt water.

The features of the ablation zone image include the bright circular areas (visible for P and
L band, but not for C band) and the central linear feature (apparent for all frequencies).
The circular bright areas may indicate subsurface discontinuities, strongly reflecting
towards the receive antenna. The central linear feature is visible for all three frequencies
(increasingly apparent using lower frequencies) showing the presence of a near surface
discontinuity, possibly a melt stream. The orientation of this central linear feature is in
approximately the same direction (45°) as the estimated surface slope (value 6.47°,
direction 499). The flow of the stream is therefore seen to be in the same direction as the
surface slope.

An estimation of the ice velocity and flow rate of the ice sheet may be made by
considering the movement of the discontinuities within an imaged area over a period of
time using multitemporal data of the same area when available. This information of the
surface state of the ice sheet in the different zones, and the ice velocities, is important in
studies of the temporal changes of the ice sheet which may be found to indicate climate
change. Knowledge of the surface velocities of the ice sheet is important for calculating
the dynamics of the ice sheet, and for determining the ablation rate which is useful for
mass balance studies.
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6.1.2 Polarization response and scattering mechanism.

The basic shape of the 3D polarimetric radar response gives information on the dominant
scattering mechanism. For each of the snow surfaces studied over the Greenland ice sheet
the dominant scattering mechanism as measured by the AIRSAR instrument is found to be
direct scattering for the near regions of the images. Much of the incident wave penetrates
the snowpack and is attenuated within the layers and scattered further at boundaries and
by discontinuities.

The shape of the measured 3D polarimetric response for the AIRSAR images of the
different zones of the ice sheet are found to vary with the incidence angle and with the
operating frequency of the radar. A summary of the different 3D polarimetric plots for the
measured AIRSAR data for the different zones of the ice sheet is given in figure 5.9.

For a distinct region at the near edge of the majority of the images, direct scattering is the
main mechanism. Direct scattering is also found to be the dominant form of the radar
response for the percolation zone, for all the different frequency images of the region,
independent of the incidence angle. The polarimetric response for the far edge of some of
the images for the other zones show the return to be of the form associated with that from
a rough surface. This tends to occur only for higher frequencies and for high incidence
angles, and are for low power signals. The level of the pedestal (amount of diffuse
scattering) is found to increase with frequency and with the value of incidence angle.

The diagram given in figure 2.5 shows the typical scattering mechanisms for glaciated
surfaces. The types of scattering mechanisms as illustrated in this figure may be referred
to the different zones of the ice sheet as previously described in section 2.1.3.

For the dry snow of zone 1 diffuse volume scattering from within the low permittivity
snow is the expected scattering mechanism. This is apparent in the measured data as the
pedestal height (which indicates diffuse scattering) of the polarimetric response increases
for the higher frequency data and for high values of incidence angle (at the far edge of the
image). The double-dip response noted for the dry zone (for C band and high incidence
angles) is thought to be caused by the low power of the return signal for this zone.

For the percolation zone, the presence of ice lenses causes a high power return signal.
The form of the measured polarimetric response for all frequencies and all incidence
angles is that of a single dip which indicates direct scattering. The presence of cylindrical
ice lenses within the snowpack can also cause this shape of polarimetric response (see
figure 2.12 for the theoretical response for cylindrical objects and figure 5.13 for
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measured data from P band image of percolation zone).

The wet snow of the soaked/ablation zone is of higher reflectivity than the dry snow of
zone 1, so surface scattering becomes more dominant and the received power of the return
signal is greater than that for the dry zone as shown in figure 5.4. The value of the return
power is greater for the wetter snow (of zone 3) than for the dry snow (of zone 1) and the
shape of the response is generally that of a single dip, showing that the main scattering
mechanism is direct scattering. The normalized plots of the polarimetric response show
that the height of the pedestal increases with frequency and with incidence angle indicating
the increase in the diffuse scattering component with increasing frequency and incidence
angle. A slight hump is noted for the 3D plot for C band at the far edge of the image. This
indicates that the relatively low power return signal for the C band radar at this higher
incidence angle is jointly from rough surface scattering and the high pedestal indicates the
contribution from volume scattering within the snowpack.

The data for the ablation zone image show that the polarimetric response indicates direct
scattering for the near edge of the image, then rough surface scattering as the incidence
angle is increased. The pedestal height (diffuse scattering component) increases with
frequency and incidence angle.

The polarimetric response for the 233-1 image in the ablation zone is of the same form as
that for double bounce scattering. The shape of the response is probably due to the low
return power of the signal. However, a distinct surface layer with vertical discontinuities
could cause this effect. This may be caused by a thin layer of saturated snow above the
ice, a thin layer of ice over the melt pools or on the snow surface, or a distinct surface
frost layer. The seasonal melt pools give surface water which causes direct scattering of
the incident wave in the specular forward direction away from the receive direction of the
radar, and therefore a low power return signal is received. As this shape of response is
noted for very low power signals (using theoretical computed values), care must be taken
to determine the correct scattering mechanism.

The polarimetric response for the dry zone for high incidence angles shows rough surface
scattering for P band and double bounce for both L and C band for data at the far edge of
the image. This effect could be caused by the presence of a wind roughened surface. The
local wind conditions cause ridges (sastrugi) to form on the snow surface and these are of
increasing amplitude and smaller distance apart with increasing wind speeds. Typical
sizes of the height and distance apart of these ridges are 200mm, 1m for strong wind and
50mm, 10m for less wind. For C, L and P band radar the operating wavelengths are
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56mm, 250mm and 750mm respectively. For the surface to appear rough the Rayleigh
criterion (equation 2.12) requires the mean surface heights of the surface to be greater
than 7.52, 33.24, 99.76mm for C, L and P band respectively for 209 incidence (i.e. at
the near edge of the image) and 14.16, 62.52, 187.52mm for the far edge of the image.
Sastrugi with amplitudes of 200mm (strong wind) would appear rough for P band, and
may be rough enough to cause double bounce scattering for both L and C band. The
distance between the ridges (~1m for strong winds) is also great enough (>A radar) for a
coherent signal to be retained for L and C band radar. The P band polarimetric response
then shows the single "hump" for rough scattering and the L and C band response would
show the double dip form, indicating double bounce scattering. This is found for the data
at the far edge of the dry zone image. However the same effect should also be found at the
near region of the image which is not the case for this data set. It is thought that the shape
of the double dip measured co polar response for the dry zone is simply due to the low
power of the received signal as discussed above.

The potential of using the multifrequency polarimetric data to indicate the presence of
sastrugi on the surface of the ice sheet is, however, illustrated by this analysis.

The polarimetric data of the different zones of the ice sheet as measured by the AIRSAR
enable the different scattering mechanisms to be determined for the various types of snow
and ice surface encountered in the different zones of the ice sheet. The variation in the
scattering mechanisms for the different zones with both frequency and incidence angle is
investigated. This knowledge of the type of scattering and the relative importance of each
mechanism increases the understanding of the radar response of the polar surfaces.

6.1.3 Polarimetric response and snowpack characteristics, including
subsurface ice layers.

The theoretical 3D polarimetric response plots show that the shape of the polarimetric
response depends on the dielectric constant of the surface and subsurface material and that
they change with the value of incidence angle and operating frequency of the radar. The
response is dependent on the depths of the various surface and subsurface layers, so the
position of, for example, a subsurface ice layer beneath a surface layer of dry snow is
found to affect the response. The theoretical response for snow surfaces is found to
correlate well with measured data of the percolation zone (figure 5.14).

A possible new method of determining the dielectric constant and potentially the depth of

page 211



layers from the polarimetric signal is investigated. This polarimetry work involves
comparing the power ratio and phase difference of the HH and VV components of the
measured return signal. The theoretical polarimetric response of different dielectric
materials to represent the various types of polar terrain (for example: water, pure ice and
snow of different wetness content) is analysed and the results indicate that the polarimetric
content of the coherent part of the received signal may be used to indicate the dielectric
constant and hence type of surface of the imaged terrain. High dielectrics have a high
polarization ratio, VV/HH (for active radar signals), and low dielectrics have a lower
polarization ratio.

This classification method is applied to the measured AIRSAR polarimetric data over the
ablation zone (233-1 image). This image shows distinct dark regions which are thought to
indicate the location of melt pools on the surface of the ice sheet. Smooth water specularly
reflects the incident radar away from the receive direction and so low power is returned,
causing a dark area on the image which represents the location of the melt pools. The
surrounding snow scatters the incident wave and the return signal is therefore greater than
that for the melt pools, and so the snow surface shows as brighter areas on the AIRSAR
image. The high dielectric constant of the water causes a high polarization ratio for the
active signal, and the lower dielectric constant of the snow gives a lower polarization
ratio. By comparing the measured polarization ratio for the different areas of the image
with the theoretical values for different dielectrics for the particular incidence and
operating frequency, the dielectric constant of the imaged terrain may be inferred from the
measured polarimetric signal. The imaged area may then be classified into the typical type
of terrain. This classification method successfully distinguishes between the different
areas of the 233-1 ablation zone image, indicating the high dielectric melt pool areas and
the lower dielectric saturated snow areas. This method of classification requires no initial
knowledge of the type of terrain.

In this way the surface state of the ice sheet may be determined; for example, the presence
of melt pools and the extent of snow covered areas may be measured over the ice sheet,
giving information on the ablation rate. It may also be possible to infer the depth of the
surface layer and the position of subsurface discontinuities; for example, the position of a
subsurface ice layer beneath the surface layer of fim (dry snow) in the percolation zone of
the ice sheet may be measured as discussed below. This method may be useful in
monitoring the accumulation rate of the ice sheet by indicating the different layers in the
snowpack corresponding to the variation in snowfall and different localized conditions.

The radar signal from the different zones depends on the state of the snowpack within the
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imaged region. In the cold, dry zone the snow is of low dielectric constant and therefore
much of the incident radar signal is transmitted into the snowpack where diffuse volume
scattering occurs. In the percolation zone the radar signal penetrates through the surface
layer of firn (snow of a low dielectric constant) and a strong reflected signal is recorded
from the snow to ice discontinuity at the most recent subsurface ice layer (of higher
dielectric constant). For both the soaked and ablation zones the wetter snow is of higher
dielectric constant and the radar signal is strongly attenuated.

The strong reflected signal from the subsurface ice layer in the percolation zone may be
explained by the coherent backscatter effect (Hapke, 1990; Hapke and Blewett, 1991).
Coherent backscattering can produce a strong radar signal when the scattering
inhomogenieties are of a size comparable to (or larger than) the operating wavelength of
the radar (Peters, 1992), and the refractive index of the scatterers is less than 1.6 (or the
dielectric constant Er < 2.56) (Mishchenko, 1992). Rignot et al. (1993) suggest that this
coherent backscatter effect may explain the strong radar signal recorded by the AIRSAR
over the percolation zone of the Greenland ice sheet for a range of incidence angles up to
400,

The effect of a strong subsurface scatterer on the return radar signal may dominate the
radar response. Ground radar measurements at the test-site in the percolation zone by
Jezek and Gogineni (1992) show that subsurface ice layers are the major source of the
reflected radar signal, for both C and Ku band.

The position of a subsurface layer within the snowpack is found to affect the polarimetric
signal received. The theoretical variation of the polarimetric signal is computed by
modelling the effect of changing the position of a subsurface ice layer within snowpack.
The results from the comparison of measured AIRSAR data with the theoretical signals
show that it may be possible to determine the position of ice layers within snowpack from
the polarimetric content of the measured return signal. As an example, the measured
AIRSAR data of the percolation zone for a line average of data (@~20° incidence angle)
are used to compare with the theoretical computed response. The VV/HH power ratio and
VV-HH phase values of the measured data are found to correspond to a subsurface layer
of ice at a depth of 450mm within the snowpack by comparison with the theoretical data
(figure 5.14). The snowpit data from the test-site show that there is a distinct ice layer at
this depth (figure 4.2). The theoretical computed signal for a subsurface ice layer is seen
to correlate with the measured AIRSAR data and also agrees with the ground truth
information as measured by the field party at the test-site. The potential of using the
polarimetric data as measured by the AIRSAR to indicate the existence and position of ice
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layers within the snowpack is therefore shown. This correlation of the remotely sensed
airborne data with the theoretical computer model and ground truth information of the
surface and subsurface snowpack material show that the polarimetric AIRSAR data may
be used to indicate the dielectric constant of the imaged terrain and also, potentially, the
position and content of subsurface layers.

This use of the AIRSAR system can assist with terrain classification and mapping
purposes. This information gained from the various zones of the ice sheet, particularly
from temporal studies over the ice sheet to show changes in the seasonal extent of each
zone, and any changes from year to year, is important for climate related studies.

6.2 Passive microwave data results.
6.2.1 Brightness temperatures.

The passive emitted radiation from each of the four zones of the ice sheet is determined
for a complete year of data, showing the effect of seasonal changes on the passive
microwave response for each location. The measured values of brightness temperatures
depend on the emissivity and the temperature of the snowpack and follow the quasi-
sinusoidal annual cycle of the surface temperature changes, with the highest values of
brightness temperature being recorded in the summer, and the lowest in the colder winter
months (section 5.2.1).

The brightness temperature values decrease for the different zones of the ice sheet, with
the highest values for the dry zone and the lowest values for the wetter zones on
descending the ice sheet. This decrease in the measured brightness temperature with
descending location on the ice sheet is due to the emissivity changes with increasing
moisture content of the snow. The dielectric constant for wet snow is higher than that for
dry snow, and hence wet snow has a lower emissivity, and therefore a lower brightness
temperature.

The measured brightness temperature data for the dry zone are more compact and show a
smooth annual change, whereas that for the wetter areas of the ablation zone are more
diffusely distributed. This is due to the lower emissivity of the wetter areas and the partial
melting and refreezing of the imaged area causing a variation in the measured brightness
temperatures for the wetter areas.
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The difference in the measured brightness temperatures for 19 and 37GHz for the dry
zone are greatest in winter, when Tg19 > Tg37 due to the thermal capacitive effect of the
snowpack. This difference in the values for the two frequencies is due to the increased
penetration of the 19GHz signal into the deeper warmer snowpack layers during the
winter months as the dry snow is of low dielectric constant. The 37GHz data
simultaneously records the colder surface values (section 5.2.1).

6.2.2 Passive polarimetric signals, dielectric constant and wetness content
of snow.

The difference in the measured data for the two polarizations is greatest for the wetter
areas (zones 3 and 4, the soaked and ablation zones) as the mean dielectric constant to
represent the wetter snow of these areas is greater than that for drier snow. The measured
polarization ratio from the brightness temperature data for the two linear polarizations
(Th/TRy) may be used to predict the mean dielectric constant of the imaged surface. An
inversion technique is developed to infer the mean % wetness content of the snow (W)
directly from the polarization ratio (Tgy, / Tg,,) of the measured passive microwave
signals (section 3.4).

The highest values of polarization ratio are noted for the dry zone during spring. This
indicates the very low dielectric constant of the cold dry snow imaged over this area
during these months. The lowest values of polarization ratio are noted for the wetter areas
during the summer months due to the increasing water content causing the dielectric
constant to increase and the measured polarization ratio of the passive signals to decrease.
The annual change in polarization ratio and the mean % wetness content of the snow is
analysed for each of the zones of the ice sheet using a complete year of data (figures 5.17
polarization ratio, and 5.18 mean % wetness content).

For each of the zones the mean % wetness increases during the summer months due to an
increase in the dielectric constant of the snow. It then decreases during the winter and
spring months. The data for the ablation zone show a rapidly varying mean dielectric
constant (and hence mean % water content) of the snow, indicating that it is experiencing
melt conditions (rapid freezing and thawing of the surface). The data are analysed further
to calculate the extent of the surface water in the form of melt pools by considering the
measured SSM/I data of emissivity for the two polarizations. The area covered by surface
water for this data set is calculated to be ~32%, and the remaining area (~68%), snow of
16% wetness content (section 5.2.2.3).
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The SSM/I passive microwave data for the date of the AIRSAR overflight (10th June
1991) are used to predict the mean dielectric constant and % wetness content of the snow
of the imaged surface for each of the zones. The polarization ratio from the passive data
(@19GHz) gives the mean value of dielectric constant as 1.2, 1.53, 1.51 and 2.16 for
zones 1 to 4 respectively, which indicates a mean % water content of 0%, 6.7%, 6.3%
and 19.6% for each of the zones in turn. The dielectric constant of the imaged surface and
the water content of the snow surface increases on descending the ice sheet.The high
dielectric constant of the percolation zone is thought to be due to the presence of ice in this
region (of a higher dielectric constant than snow). The dielectric constant at C and P band
for snow of 6.3% water content (corresponding to that of the ablation zone as imaged) is
calculated to be 2.79 and 3.11 respectively. These values lie between the values given by
Rott et al. (1992) and Jezek et al.(1993) for snow of approximately the same water
content (6%) and are therefore considered to be a typical representation of the electrical
properties of the snow. The dielectric constant of the snow at the AIRSAR frequencies
may therefore be determined from the polarimetric passive data from SSM/I (19GHz) of
the same surface. This correlation work, using data from both the active and passive
systems assists with the understanding of the response of the imaged snow surfaces of
each of the zones of the ice sheet.

6.2.3 Emitted signals during melt season.

The passive signal for the spring-summer season (April-June 1991) is analysed in detail
for each of the four zones. The mean daily brightness temperatures are found to rise
gradually during this time indicating the increase in surface temperatures (figure 5.19).
The data for the dry zone shows the greatest rise (approximately linear) and the data for
the other zones show a less steep rise and have increasingly scattered values due to the
increasing wetness content of the snow in these zones. The vastly scattered values of data
for the ablation zone indicate the partial melting and refreezing of the surface during this
time, as discussed above. The emissivity of water is less than that of snow and hence the
brightness temperature values are lower for the ablation zone data.

The 37GHz data show similar patterns, but with lower values. This is due to the dielectric
constant of water being less at 37GHz than for 19GHz. The emissivity of wet snow is
therefore lower at 37GHz than for 19GHz, which is shown by the lower values of the
measured brightness temperatures for 37GHz compared with the 19GHz data. The
greatest change in the data for the two frequencies is noted for zone 1 (dry zone) in April
1991. The data for the previous year (April-June 1990) are also analysed and are found to
show the same effects.
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The effect of the two frequencies is analysed by considering the variation of the measured
brightness temperature values (19-37)Tgy, and (19-37)Tg,, for each of the zones for the
complete year of data, and also particularly during the spring-summer seasons (figures
5.20, 5.21). The full year data set shows that the difference with frequency decreases for
the wetter zones of the ice sheet and shows a drop in the level during the summer months.
This is due to the 19 and 37GHz signals recording similar values of brightness
temperatures for the wetter areas as penetration is minimal if free water is present. Both
frequencies then record the similar surface values. The frequency difference data for the
dry zone show a simple drop in level during spring-summer.

The signal at the start of the melt season is considered in detail. It is found that the
frequency difference data show that the difference in the brightness temperature values for
the two frequencies is greatest for the dry zone and decreases for the other zones with the
position down the ice sheet. This is due to the difference in penetration depth of the
signals. For low dielectric (dry snow) the penetration of 19GHz signal is greater than that
of the 37GHz signal and hence the two frequency signals record different temperatures.
For wetter areas the difference in penetration of the two frequency signals is not so large
and the values recorded are more similar.

At the start of the melt season the frequency difference data for the dry zone shows a large
decrease in values, whereas that for the other three zones show peaks and a more gradual
fall in values. The fall in the values for the dry zone is due to the 19GHz data measuring
the warmer subsurface snow in April with the 37GHz signal from the colder surface
material. As the snow then becomes warmer during May the difference between the
brightness temperatures measured by the two frequencies decreases and the two
frequencies record similar values by June.

The peaks recorded in the frequency difference data for the wetter regions arise from the
difference in the individual brightness temperatures for the two frequencies. The data for
19GHz show a simple rise in values during this time (recording the physical temperature
rise of the snow) whereas the 37GHz data show a brief fall. This causes the peaks in the
frequency difference data. This is due to the top snow surface beginning to melt, causing
a reduction in emissivity. The 37GHz data is more susceptible to changes at the surface
(due to the difference in penetration depth) and therefore shows a more marked change
than the 19GHz data. The extent of this localized increase in surface moisture content
from surface melting varies (due to thawing/refreezing caused by changes in the physical
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temperature) until the physical temperature increases sufficiently to cause a uniform
surface moisture content. At this stage the data for the two frequencies become more
similar. This effect is also noted for data for the previous year (1990). These results
indicate that this effect probably happens every year at the beginning of melt; it occurs for
both polarizations, and is shown by a drop in the frequency difference data for the dry
zone, and by peaks and a more gradual decrease in values for the wetter zones.

6.2.4 Effect of ice layers.

The effect of ice layers on the passive signal is also investigated. The presence of ice
tends to reduce the passive emitted signal as the emissivity of ice is less than that for
snow. This effect is noted for the passive microwave SSM/I data for the dry zone during
winter as a surface wind crust ice layer forms, decreasing the emission from the surface
(section 5.2.2.2).

The annual brightness temperature data for the percolation zone are less than those for the
dry zone throughout the year due to the presence of subsurface ice layers. These ice layers
- caused either by the refreezing of melt water at depth, or alternatively by production of
large ice crystals in the formation of depth hoar - act to decrease the emissivity of the
snowpack of the percolation zone and decrease the value of the measured brightness
temperature data. These ice layers form during late summer/autumn, and a corresponding
decrease in the measured brightness temperatures and polarization ratio of the passive
emitted signals is noted during this season.

The effect of the ice layers is to decrease the measured brightness temperatures for passive
systems, whereas the presence of ice tends to increase the level of the backscattered signal
for active radar systems. This may be explained by considering the increase in dielectric
constant due to the presence of ice within the snow and the resulting increase in
reflectivity and corresponding decrease in emissivity. This results in an increase in the
level of the active signal and a decrease in the measured passive emitted microwave

signal. Volume scattering within the snowpack also increases with the presence of the ice
layers which further acts to increase the level of the active signal and reduce the passive
emitted signal from the snowpack.
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6.3 Future work, synergistic applications and future directions in
polarimetric remote sensing.

6.3.1 Future work.
6.3.1.1 Continuation of work using data over the Greenland ice sheet.

The Greenland ice sheet should be monitored over a series of time to map the different
zones and to note the seasonal changes and the duration and extent of the melt season.
This information on the surface state of the ice sheet is important for mass balance work
and for detecting climate change. It is suggested that future work could include the use of
both active and passive microwave data to map the different zones of the ice sheet, and the
seasonal changes within the zones. The response from particular areas representing the
different zones of the ice sheet is discussed in this thesis (chapter 5).

The seasonal differences of the ice sheet may be monitored by the change in the return
signal due to, for example, the variation in depth of surface firn, the presence of ice
layers, the moisture content of the snow, and the occurrence of melt pools as investigated
in chapters 3 and 5. Multitemporal data may be used to indicate the surface state of the ice
sheet, the duration of the melt season and the extent of the ablation area.

High resolution active microwave images for the same region over a series of time may be
used to track the movement of discontinuities and irregularities of the ice sheet as
indicated in chapter 5. This information may be used to infer ice velocities and the flow of
the ice sheet, thus indicating the ablation rate. It may be possible to correlate the location
of the discontinuities with the underlying bedrock topography.

This work over the Greenland ice sheet adds to studies of mass balance and surface state
which are particularly important for the detection of climate change.

6.3.1.2 Continuation of theoretical work.

The understanding of the response from the different zones of the ice sheet is of particular
interest, including the effect of the polarization of the return signals, and the effect of the
surface and subsurface content of the imaged area (for example, the effect of ice layers in
the percolation zone of the Greenland ice sheet). To further the understanding of the
measured signals from the imaged areas and to increase the information obtained on the
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behaviour of the ice sheet, it is necessary to continue the theoretical work on the active/
passive balance of radar signals, including the effect of rough surfaces and
inhomogenieties, thus leading to the overall total energy balance.

The radar response for typical areas of the ice sheet are discussed in chapter 5. The
scattering mechanism is determined and the change with incidence angle is investigated.
To increase the understanding of the response further, the relative importance of the
surface scatter and volume scatter components must be determined, with reference to the
scattering mechanisms for the different zones of the ice sheet.

The origin of the coherent and diffuse scattering components is not a simple problem and
needs further investigation. A usual assumption is that the surface scatter is coherent and
the volume scatter is diffuse, and the coherent and diffuse components of the return signal
are used to indicate the relative importance of the surface and volume scatter. The surface
scatter is mainly coherent for smooth surfaces, but may also have a diffuse component. In
particular, the scattering from rough surfaces will show some depolarization. The
scattering that occurs within the volume of the snowpack material also has both a coherent
and a diffuse component. The coherent part is due to the distinct layering of the material
and the diffuse part originates from the scattering between the individual snow and ice
particles within the snowpack.

The polarimetric AIRSAR data may be used for this investigation. The height of the
pedestal is commonly used to indicate the diffuse component. This is, however, due to
the diffuse scattering components from both the surface and volume of the imaged
material. However, the pedestal height is not necessarily due to just diffuse scattering. An
apparent pedestal appears for the coherent signal as the incidence angle is increased away
from nadir. The change in the apparent pedestal height as a result of changing the
incidence angle for the coherent component (from the theoretical response) has been
studied in this thesis (chapters 3 and 5). The measured data over the percolation zone
show a similar response, and indicate the importance of determining the source of this
effect.

The investigation of the active and passive balance should be continued. Changing
particular parameters (for example, the snow moisture content, or the presence of a
subsurface ice layer) has a resulting effect on both the active and passive microwave
signals, including the polarimetric content of the return signal. A greater understanding of
the relationship between the active and passive response leads to a more complete
understanding of the return signals and the measured behaviour of the imaged area.
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The effect of the position of ice layers on the received signal should be investigated
further, using both theoretical calculations and actual measurements. The variation of the
theoretical (coherent) return signal from a snow surface with a subsurface ice layer at
different depths is investigated in chapters 3 and 5. The results indicate that the complex
coherent return signal may be used to infer the position of the ice layer within the
snowpack. The resulting effect on the measured passive and active microwave signals
should be determined.

6.3.1.3 Continuation of correlation work.

An increased understanding of the response from the imaged surfaces may be made by
correlation work. The measurements made by active radar from airborne systems (as
studied here) correlate with that from satellite systems, which enable greater coverage,
both in extent and time.

Data from active airborne radar systems (e.g. AIRSAR) and satellite systems (e.g. ERS-1
SAR), and from passive systems (e.g. SSM/I), together with ground radar measurements
and field measurements (e.g. snow density and depths of layers), may be linked with
theoretical models to provide a greater understanding of the response from the ice sheet. It
is suggested that the ERS-1 SAR radar backscatter measurements (VV) should be used to
map the different zones for the entire ice sheet, and to show any changes in the extent of
each zone with time. The passive microwave data from SSM/I imagery over the
Greenland ice sheet may also be used to correlate with active measurements.

6.3.1.4 Coincident polarimetric and interferometric data (topography).

Interferometric data are used for topographic mapping. The NASA/JPL TOPSAR
instrument (Airborne interferometer) is described by Zebker and Goldstein (1986) and
Zebker et al.(1992), with a brief description in chapter 1. Future work may include
coincident polarimetric and interferometric data sets (JPL are constructing a new
processor for coincident polarimetric and interferometric data sets).

It is necessary to have both polarimetric and interferometric data over the same area as the
multifrequency polarimetric data give information on the method and type of scattering,
allowing the dielectric constant of the surface (and subsurface) material to be inferred.
These characteristics are necessary to be known for the particular area to ensure that the
interferometric information gives an accurate topographic map of the area.
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It has been shown that the C band TOPSAR interferometer records the height of the tops
of trees in a forested area, and that of the forest floor in clearings (Zebker et al., 1992).
The multifrequency polarimetric data would show the type of scattering that occurs for the
different frequencies (lower frequencies (P band) would penetrate the canopy and show
diffuse scattering, high frequencies (C band) would show direct scattering off the top of
the canopy). The transition from the wooded area to the clearing may be shown in the
polarimetric data by double bounce scattering occurring off the tree trucks and ground
surface.

For polar surfaces the amount of penetration of the radar signal at different frequencies
should be considered when interferometric data sets are used to produce topographic
maps of the area. The lower frequency radar will penetrate the low dielectric snow to quite
some distance (typical skin depth of firn is 6176m @Pband, 2058m @Lband and 233m
@Cband; and for pure ice is 370m @Pband, 136m @Lband and 3m @Cband ).

The position at which the main return signal is coming from within the snow and ice is
important. A subsurface ice layer may reflect more energy than the initial surface air:snow
interface. This effect is measured by Jezek and Gogineni (1992) during their field
campaign on the Greenland ice sheet. Ground radar measurements at the test-site in the
percolation zone show that the major source of the radar return is from a subsurface ice
layer for both C and Ku band (SAR and altimeter frequencies).

The topographic information derived from the interferometric data over polar surfaces
should take this penetration factor into account. This is a major factor to be considered for
mass balance and volume change work over ice sheets (section 1.3.1.2).

6.3.2 Synergistic Applications.

6.3.2.1 Multifrequency polarimetric SAR studies of different areas (e.g.
deserts, sea ice).

The understanding of polarimetric data is useful for studies over many different surfaces.
The general understanding of the polarimetric signals over the Greenland ice sheet as
investigated here may be applied to studies of other relatively smooth surfaces, for

example; desert areas such as the Simpson desert in central Australia.

Polarimetric data from desert areas may be analysed to determine the moisture content.
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The radar response from the desert surface will depend on the dielectric mismatch at the
air to sand interface, and also on the subsurface values of dielectric constant. The value of
the dielectric constant depends mainly on the water content of the sand, which may
therefore be determined from the return radar signal. The moisture content of desert areas
and the extent of desertification are important factors in studies of hydrology for climate
research. Variation in the desert surface and subsurface layers and changes in the extent of
the desert are indicative of climate change. Understanding the radar response from our
desert surfaces may also assist with understanding the radar response of other planetary
surfaces.

Sea ice may also be measured with SAR. The extent of sea ice and the ice type and
movement may be monitored. The dielectric constant, and hence the salinity and age/type
of the sea ice may be determined from the return radar signal. The high contrast in the
dielectric constant of sea ice and that of open water allows the coverage of sea ice to be
tracked. It may also be possible to determine the thickness of sea ice layers using
multifrequency SAR. Changes in the dielectric constant causes radar reflections and
details of the component reflections and the depth at which they occur may be extracted
from the total received signal. The classification and monitoring of sea ice is important
due to the effect of sea ice in the heat exchange between the atmosphere and the ocean,
and the role this plays in regional and global climate.

6.3.2.2 Use of energy balance model for active:passive correlation.

The theoretical work described here is based on conservation of energy and uses a matrix
model of polarimetric scattering from a system of layered material to calculate the
reflected, transmitted and absorbed energies. The amplitude and phase components are
considered so that phase coherency is maintained. The imaged surface is represented by
the complex dielectric constant of natural materials (which, for the snow surfaces
considered in this thesis, is dependent largely on the water content).

This theoretical work is relevant for both active and passive microwave radar as used in
this thesis, and also may be used for radiometry (e.g. using ATSR - Along Track
Scanning Radiometer; this instrument is described by Ulaby et al., 1986). The theoretical
analysis work is applicable for various remote sensing instruments, at all frequencies, and
any combination of incidence angles, polarizations; for both active and passive systems.
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6.3.3 Future directions in polarimetric remote sensing and applications for
other instruments and systems.

Future advances include the operation of new satellite and spaceborne systems which will
offer additional coverage of the ice sheet.

The airborne, multifrequency, fully polarimetric, AIRSAR system was built to precede
the SIR-C/X-SAR system (Shuttle imaging radar). The AIRSAR system was used as a
flying test bed for the shuttle system allowing initial investigations of the various
applications to be undertaken, providing the opportunity to determine the required modes
of operation for the different studies. SIR-C is the first spaceborne radar system with a
multifrequency fully polarimetric SAR (launched April 1994). SIR-C collects
multipolarization data at C and L band, and single polarization (VV) data at X band
(~10GHz) (Curlander and McDonough, 1991). The latitude, coverage and time of flight
are, however, limited.

Present satellite data from the ERS-1 SAR is of single frequency and one polarization
only (C band, VV polarization). ENVISAT is the proposed European satellite system due
for launch at the end of the decade, presently planned to have dual polarized antennas to
provide linear polarization images (HH and VV). RADARSAT is a Canadian Earth
Observation satellite due for launch in 1995 and is of single frequency and polarization
only (C band, HH polarization) (Langham, 1993).

Future passive remote sensing systems include the multichannel radiometer planned for
the polar platform (Pampaloni, 1989). This system is designed to have greatly improved
spatial resolution.

The future satellite radar and space systems will offer a multi-temporal, uniform and
reliable source of data. This is an increasingly important method of data collection over
remote regions such as the Greenland ice sheet.

A general understanding of the polarimetric radar response is useful for future planetary
studies. The polarimetric model may be applied to future planetary data. The current
Magellan space probe using a SAR antenna to collect data of Venus is of single

polarization only and operates at S band, 2.4GHz (Saunders et al., 1992).

Studies of the radar response from the percolation zone of the Greenland ice sheet may
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assist with the understanding of the response from the icy surfaces of other planets.
Rignot et al. (1993) report similarities in the radar response of the percolation zone with
that from Jupiter's icy Galilean satellites (Europa, Ganymede and Callisto). Strong radar
return signals and high polarization ratios are measured from both the icy planetary
surfaces and from the percolation zone of the Greenland ice sheet. The strong radar return
signal of the percolation zone of the Greenland ice sheet is due to the increased signal
from the subsurface ice lenses which form during seasonal melting and refreezing. The
subsurface heterogeneities from meteoroid bombardment of the Galilean satellites are,
however, not likely to resemble the subsurface discontinuities of the Greenland
percolation zone, but the analysis of the source and cause of the radar return from the
percolation zone of the Greenland ice sheet is used to assist with the understanding of the
response from the icy satellites. High radar reflectivity is also noted for other planetary
surfaces: The South polar ice cap of Mars, parts of Titan, and from the ice in craters at the
poles of Mercury (Muhleman et al., 1990, 1991; Slade et al., 1992; Harmon and Slade,
1992, 1994).

Understanding the climate system of other planets, particularly near neighbours (Mars and
Venus), may assist with the understanding of the Earth's climatic system. Taylor (1994)
reviews the current knowledge of the atmospheres of these planets, and states that the
overall problem is to understand the origin and evolution of the planets, and their
atmospheric stability and surface environment or climate, to assist with predictions for the
future evolvement. Studies of the volcanic surface of Venus are underway with the
Magellan orbiter, and research of the atmosphere of Mars is continuing with future Mars
missions.

Studies of the polarimetric response from geophysical surfaces have many different
possible uses in future climate related research. The theoretical computer model may be
used for this future research and applied to the data from the systems described above.
Analysis of the measured data and future theoretical investigations of the response from
different terrains will enable a greater understanding of remotely sensed data and the

implications of the results of climate studies.
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6.4 Conclusions.

The aim of the thesis is to investigate the active and passive polarimetric microwave
response of the four different zones of the Greenland ice sheet. This is achieved by the
above analysis of the multifrequency polarimetric microwave data of the Greenland ice
sheet, giving a greater understanding of both the active and the passive response of the
different zones as summarized below.

The use of the multifrequency polarimetric radar for detecting features and changes in the
different zones of the ice sheet is discussed in the thesis. Details of ice sheet dynamics
may be made by measuring the rate and direction of ice flow by temporal studies of the
movement of the imaged discontinuities within the ice sheet. The location and extent of
melt areas may also be determined. The ability to map the different zones of the ice sheet
and potentially to indicate the location of surface and subsurface discontinuities such as
sastrugi, ice layers from refrozen melt water and depth hoar is investigated. This
information may then be used in studies of the ablation and accumulation rate and the
overall mass balance of the ice sheet.

The active multifrequency polarimetric AIRSAR system gives high resolution imagery
and the data for sample areas of the ice sheet are analysed to determine the active
polarimetric radar response at P, L and C band for the different snow conditions of each
zone. The passive SSM/I data covering a larger area at each of the sample points are
analysed to correlate with the active data and also to show the annual change in the emitted
radiation from each of the four zones of the ice sheet. The active and passive response of
each zone is investigated and this information may be used in future studies of the ice
sheet.

The multifrequency fully polarimetric imagery from the AIRSAR system show that P
band and HH polarization are the optimum operating frequency and polarization state of
the active radar for detecting the features shown in the percolation and soaked/ablation
zones of the ice sheet. These features - thought to indicate the presence of subsurface ice
streams - are apparent only for this particular combination of polarization and frequency.

The polarimetric response of this multifrequency data set is analysed to show the
dominant scattering mechanism for each of the four zones of the ice sheet. The theoretical
and measured polarimetric response is found to be dependent on the operating frequency
and incidence angle of the radar, and the dielectric constant of the imaged terrain (the
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surface and subsurface content).

A theoretical computer model is developed and used to provide a classification method of
the imaged terrain. This model is applied to the 233-1 AIRSAR image of the ablation zone
and successfully distinguishes between the melt pools and the surrounding snow areas.
This classification method does not require any prior knowledge of the surface.

The potential of using the polarimetric data as measured by the AIRSAR to indicate the
existence and position of ice layers within the snowpack is demonstrated. The measured
AIRSAR data for the percolation zone image are correlated with theoretical data to infer
the depth of a subsurface ice layer. The results are found to correlate with the snowpit
measurements as made by the field party at the test-site.

The passive microwave SSM/I data for each of the four zones of the ice sheet are analysed
to show the seasonal change in the measured emitted radiation. The data show the quasi-
sinusoidal annual temperature cycle and the decrease in emissivity for the wetter areas on
descent of the ice sheet. An inversion technique to calculate the mean % wetness content
of the snow directly from the measured polarimetric passive microwave data is
demonstrated. The measured polarization ratio is inverted to indicate the dielectric constant
of the imaged terrain and the mean % wetness content of the snow is inferred. The annual
change in moisture content of each of the four zones is determined and the mean areal
extent of water covered surface (in the form of melt pools) for the summer ablation zone
data is calculated. The ability of using the SSM/I data to map the different zones of the
complete ice sheet and to determine the mean % wetness of the snow and the approximate
area of melt pools is illustrated.

The passive SSM/I data for the date of the active microwave AIRSAR overflight are used
to predict the mean dielectric constant and % wetness content of the imaged surface for
each of the zones. The dielectric constant of the mean surface of the snow at the AIRSAR
frequencies is successfully derived from the measured passive microwave data.

The change of the measured passive microwave signal during the spring-summer melt
season is investigated in detail for each zone of the ice sheet. The measured brightness
temperatures for the dry zone show an approximately linear rise, whereas the data for the
wetter areas have a less steep rise and have more scattered values due to the increased
moisture content of the snow. The data for the ablation zone show the most scattered
values indicating the changing emissivity from the partial thawing and refreezing of the

melt areas.
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The difference in the measured brightness temperature values for the two frequencies (19
and 37GHz) are analysed and effect of the difference in penetration depths for the two
frequencies and the thermal capacitive effect of the snowpack is noted. The full year data
set shows that the difference with frequency decreases for the wetter areas of the ice sheet
and shows that the level decreases during summer, due to the two frequency channels
recording similar surface data due to the presence of free water.

The frequency difference data for each of the zones are analysed in detail for the
beginning of the melt season and show distinct effects - a greater drop for the dry zone
data and peaks and fall for the wetter areas. This effect is noted at the beginning of the
melt season for the previous year of data also, and is found to occur for both
polarizations.

The effect of ice layers on the passive response is to lower the measured brightness
temperatures. This is due to the decrease in emissivity of the ice compared with snow. It
is important to note that the passive signal is reduced by the presence of ice, whereas the
active signal is increased.

Remote sensing techniques are becoming an increasingly important method in data
collection over the polar regions. The multifrequency polarimetric data of the Greenland
ice sheet as analysed above may be used to determine the surface state of the ice sheet.
Temporal studies of the extent of the different zones are necessary to determine the
dynamics of the ice sheet. Any changes in the accumulation and ablation affect the overall
mass balance of the ice sheet and may be linked to climate change.
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Appendix 1 Theory -

Al.1 Definition of parallel and perpendicular polarization as used for all the
work in this thesis.

The sign convention and definition of parallel and perpendicular polarization are as shown
in figure A1.1.

The parallel component is that part of the incident E field which lies parallel to the surface,
and the perpendicular component is the part of the incident E field which is normal to the
parallel component, and also to the direction of propagation of the wave as shown above.
Any incident E field may be described by these two mutually perpendicular complex
components, E parallel and E perpendicular, both normal to the direction of propagation
of the electromagnetic wave.

For the case of normal incidence, E parallel = E perpendicular, and there is therefore no
difference between horizontal and vertical polarization. For oblique incidence the
definition of parallel and perpendicular polarization must be strictly followed.

The definition of polarization is dependent on the orientation of the surface. For the
horizontal ground surface as seen by radar remote sensing systems, vertical polarization
is perpendicular to the surface and horizontal polarization is parallel to the surface.

If the surface is orientated vertically, then vertical polarization becomes parallel
polarization and horizontal becomes perpendicular polarization. It is therefore important to
consider the orientation of the surface and the components of the incident E field parallel
and perpendicular to the surface when determining the polarization of the signal.
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Figure Al.1: Polarization convention for horizontal and vertical surfaces.

page 238



Al.2 Validation and correlation of model.

Confidence in the computer model is gained by correlating the computed values of output
power and phase with theoretical design curves, published theoretical values, and
published measured results over geophysical surfaces.

Al1.2.1 Theoretical design curves.

The output power and phase from single and multiple layered complex dielectric material,
for both parallel and perpendicular polarization, at normal and oblique incidence is
computed. These computed results compare well with theoretical design curves as given
by Skolnik (1990).

Al.2.2 Theoretical data.

The reflected signal from various terrestrial surfaces is computed and the theoretical
results are compared with published values.

The plot giving the variation of the theoretical calculated emissivity of an ice layer with
changing depth is given in figure 3.7 in this thesis (refer to chapter 3). This correlates
well with the plot given by Ulaby et al., 1986, chapter 18, p.1483.

As an additional example the emissivity and brightness temperatures for: soils of different
moisture content for a range of incidence angles are calculated. The computed emissivity
of soil of various moisture contents is plotted below (refer to figure A1.2). This also
correlates well with the calculated brightness temperature given by Ulaby et al., 1986,
chapter 19, p.1523.
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Theoretical computed emissivity of dry, moist and wet soils.
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Figure A 1.2: i) Theoretical computed emissivity of dry, moist and wet soils, over a range

of incidence angles 0-90®:
ii) published data from Ulaby et al., 1986, chapter 19, p. 1523.
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Al.2.3 Measured data.

Published measured results from field campaigns in Antarctica and the Alps (Sturm and
Rott, 1992; Rott et ai 1992) are used as input data for the computer model. The
theoretical computed reflected signal is compared with the field measurements of
brightness temperature and polarimetric data of the test-sites as measured by the
NASA/JPL DCS AIRSAR.

Al.2.3.1 Antarctica field data.

Field measurements (Feb.1992) from the Ronne Ice Shelf, Antarctica are used as inputs
to the model (Sturm and Rott, 1992). A Sm deep snow pit is sampled and measurements
of snow density and temperature are made for the snow layers at S0mm intervals. The
presence of an ice layer is also noted (layer 39). The measured data are given in figure

A 1.3 below.

dAOBCY  Wmpcraturft  gn,in harinee
k&m' " * nun
2 20 <10 0 12 345 12345

100
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Figure A 1.3: Antarctic snow layers data.
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The values of snow density and temperature are used to infer the dielectric constant of
each of the snow layers.

The real part of the dielectric constant, Er, is calculated from the snow density using the
relationship:

Er = (1+0.51py)3
from Glen and Paren, 1975; Ulaby et al., 1986, Appendix E, p.2061, 2080.

The imaginary part of the dielectric constant is dependent on the temperature (and density,
and frequency), Ulaby et al., 1986, Appendix E, p.2066.

The values of Er, tand for the 100 layers of snow as measured are used as input for the
program. The theoretical emissivity (c/(1-reflected power)) for a range of incidence angles
is computed and plotted for both C and X band data sets. The average values of
emissivity for each set of data is also computed and plotted.

The computed theoretical emissivity is found to correlate well with the field measurements
of brightness temperature.

Figure Al.4 gives 1) the computed emissivity of Antarctic snow layers, average value, C
band data and ii) the measured brightness temperature.
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Theoretical computed C band emissivity for Antarctic snow layers.
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Figure Al.4: i) Computed emissivity of Antarctic snow layers, average value, C band
data, and ii) the mean measured brightness temperature for perpendicular and parallel
polarizations, dark and light data points (dotted lines indicating the range of measured
values).
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Al.2.3.2 Alps field data.

The dielectric content of a wet snow covered test-site in the Alps is determined by field
measurements (Summer 1991) prior to an overflight by the NASA/JPL. AIRSAR (Rott et
al., 1992). This information about the snow cover is used as data input for the computer
model. The top layer of the snow cover is wet snow (6% water content) and extends to a
depth of 1.5m. The underlying layer of drier snow (2% wetness) extends a further depth
of 0.5m, and a lossy layer to simulate the ice is added below (of depth equal to the skin
depth of ice at the operating frequency). The values of dielectric constant to describe these
layers (from Rott et al., 1992) are given in table Al.1 with a diagram showing the
modelled snow and ice layers (figure A1.5).

The theoretical polarization response for 45 degreés incidence angle is computed. The co
and cross polar C band response is given in figure A1.6, together with the C band
AIRSAR polarimetric response for this test-site.

The C band response as measured by the AIRSAR over an artificially rough surface is
also given.

Using the Barrick (1968) formula for rough surfaces, the co polar response HH, VV
values are calculated.
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Dielectric values and skin depths (m)

C band
material Er tand skin depth (m)
6% snow 2.95 0.1936 0.054
2% snow 2.32 0.0819 0.144
pure ice 3.15 0.0032 3.172

L band
6% snow 3.23 0.05263 0.841
2% snow 2.41 0.02365 2.167
pure ice 2.95 0.00034 137

P band
6% snow 3.25 0.01877 7.055
2% snow 2.42 0.00826 18.579
pure ice 2.90 0.00038 370

Table Al.1: Dielectric values for 6%, 2% snow and pure ice (from Rott ez al., 1992).

1.5m | 6% wet
* snow
0.5m + 2% drier
* snow
ice

|
I
v (one skin depth)

Figure A1.5: Diagram of snow/ice layers for Alpine test-site.
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ii)

iii) iv)
C-bauid
V) Vi)
Apand HH 0.4326
VV 1.0
HV 0.6584

Figure A1.6: i + ii) computed co and cross polar response for C band data,
iii + iv) AIRSAR co and cross polar response for test-site, also
v) measured co polar response for roughened test-site, and

vi) computed co polar response (linear polarizations HH, HV, VV values only) for rough

surface.
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The figures A1.6 i) to vi) given above show that the basic shape of the computed C band
response for cross polar (ii) is comparable to that of the measured AIRSAR data (iv), but
the co polar response as computed (i) is more similar to the measured response from the
roughened test-site (v) than that of (iii).

Note that the measured P band polarimetric response from previous campaigns over the
same region (1989) shows much higher HH value than V'V, but this is not seen in the
1991 results.

The rough response (vi) as computed is similar to the measured co polar response (iii) for
the test-site. The normalized fractional values HH, VV and the pedestal height of the
computed and measured data are given in table A1.2 below.

normalized fractional (co polar) return power

HH \'AY% pedestal height
data
computed 1) 1.0 0 0.0982 (apparent)
measured iii) ~0.6 1.0 ~0.2
measured v) 1.0 ~0.3 ~0.1
computed vi) 0.4326 1.0 0

Table A1.2: Measured and computed co polar return power.

Note that the apparent pedestal height (= 0.0982) of the co polar response as calculated (i)
for the smooth surface is of the same fractional value (~0.1) as the pedestal height of the
measured response for the rough surface at the test-site (v).

The relative HH and VV values of the measured co polar response for the test-site surface
(iii) gives HH/VV ~=0.5 if the pedestal height is ignored. The HH/VV ratio as calculated
for the rough response is 0.4326 using the Barrick equations.
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A1.3 Theoretical investigations.
Al1.3.1 Theory of Brewster work.

The Brewster angle is given by 6, = tan‘(\ﬁi_f ) At this incidence angle the reflected
signal for perpendicular polarization is of zero power and undergoes a rapid phase change
of 180°.

For an example dielectric (Er = 4.2) the reflected signal from both a loss-less (tand = 0)
and lossy (tand = 0.014) material is considered. The discontinuity at the Brewster angle
(= 63.999) is found to give a sudden discontinuous phase change of 180° for the loss-
less material, and undergoes a sudden, but continuous, phase change of 180° for the
lossy material. This behaviour of the reflected signal is as according to theory given by
Hecht and Zajac (1974).

Figure A1.7 gives the sudden continuous 180° phase change of the computed reflected
signal (perpendicular polarization) at the Brewster angle for the lossy dielectric material

(Er = 4.2, tand = 0.014).

Phase change at Brewster angle (perpendicular polarization).
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Figure A1.7: Continuous reflected phase change of 180° at Brewster angle for lossy
dielectric (Er = 4.2, tand = 0.014), perpendicular polarization.
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Al.3.2 Depth work.

The penetration depth of radar signals is given by the value of skin depth (refer to chapter
2, section 2.1.4.1.2).

The change in the reflected signal (amplitude and phase data) is investigated for normal
incidence on a layer of variable depth. Increasing the depth of the single layer of complex
dielectric material and considering the reflected power and phase shows that the reflected
power and phase tends to converge to a constant value. The oscillatory nature of the
return signal before this depth is reached is due to multiple reflections taking place within
the layer. Multiple reflections do not take place when the depth of the material is such that
very little power reaches the bottom surface of the material and an approximately constant
value for the return signal is then achieved (equal to the Fresnel value for the material at
the operating frequency). The depth at which this occurs may usually be taken to be
around 2.5*skin depth of the material, where the skin depth, 85 (mm), is given by:

300
n FvEr tand
The skin depth for the material considered ( Er = 4.2, tand = 0.014, at 2GHz) is 1.664m.
The Fresnel value of reflectivity is 0.118 (power).
An approximately constant value of reflected power (0.118) is reached by a depth of 4m.
Variation of reflected signal with increasing depth of layer.

83-_—
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@ 45 g
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g0 = phase
% - 0.6 g
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Figure A1.8: Variation in reflected power and phase due to increase in depth of layer for
normal incidence (Er = 4.2, tand = 0.014).

page 249



This effect may be seen in the plots for terrestrial surfaces used for the validation analysis
work. Refer to figure 3.7, chapter 3, in this thesis for depth change plots of an ice layer
over sea water.

Al.3.3 Time work (transients).

The variation of the reflected signal with time is calculated as multiple reflections take
place within a layer of finite thickness. For this theoretical work a layer of lossy dielectric
(Er = 4.2, tand = 0.014) of thickness 15mm, operating frequency 2GHz, O degrees
incidence is used. The variation of the output signal with time is investigated. The initial
response is given by the Fresnel reflectivity of the surface, then a transient signal is
obtained before the steady-state signal is reached.

This effect may be noted for natural surfaces where a distinct surface layer occurs, for
example, as discussed in chapter 2 and above, for a layer of sea ice over sea water, or a
layer of ice over a lake.

For the polar surfaces a distinct surface layer may also occur where a distinct saturated
snow layer occurs over the surface of a glacier, or where a thin layer of surface water
exists. The presence of a surface crust (from an icy frost layer for example) could also
produce a distinct surface layer causing this effect.

A subsurface discontinuity could also produce a distinct layer, for example the ice layers
produced at depth due to the compaction of snow and depth hoar formation and unique
frost or wind events.

The signal received by remote sensing instruments is time dependent. The actual received
signal (power and phase information) depends on how the instrument measures the data,
and how this data is processed.

The Fresnel value (initial signal) is usually used in interpreting the data, but this may not
be accurate enough as the steady state response may be rather different as shown in figure
A1.10 below.
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Figure A1.9: Transient signal from single layer due to multiple reflections.

Transient reflected signal from layer of dielectric material.
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Figure A1.10: Plot of the transient signal attained from a single layer of dielectric material
(Er = 4.2, tand = 0.014).

The transient signal (r(t)) may be greatly different to the initial Fresnel value (r(0)) , and
may differ from the steady-state signal (r(sum)).
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In the above example the reflected power and phase varies as shown in figure A1.10 with
the values tabulated below (table A1.3):

signal time(ns) reflected phase(deg.) reflected power(fractional)
r(0) 0 -0.5 0.1184

Fresnel
r(0)+r(1) 0.204 14.57 0.3800

Transient, sumtot=1

r(sum) ~4 12.40 0.3539
Steady-state

Table A1.3: Components of reflected signal.

The relative values of output power are given by:

101og,, (i(%lf;—()l)—)] = +0.3dB

10log,, r(rs(‘:)';‘) ] = +4.75dB

10log,, (r(O:(—(i;)r ®)

] =+5.06dB

The power received is therefore dependent on the part of the reflected signal received. The
actual values depend on the surface variables.

The value of the Fresnel reflection coefficient is compared with the multiple reflected
signal (steady state value). For the above case there is ~5dB difference. This is equivalent
to ~3 times the received power.

Al1.3.4 Reflected signal variation with dielectric constant, and angle of
incidence.

A theoretical investigation of the variation of the reflected signal (amplitude and phase)
with change in dielectric constant (Er, tand) and incidence angle is undertaken.

The reflection coefficient r,}, (at boundary between materials a:b) may be written as :
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r, =Mle™™
where amplitude, M1 = @
’ (VEr +1)

@tan&)

and phase, M2 = tan’
Er-1

The reflected power is independent of tand, but dependent on Er. An increase in the real
part of the dielectric constant, Er, causes more reflected power (due to the greater
discontinuity).

The reflected phase is dependent on both Er and tand. Increasing tand increases the phase
change of the reflected signal. Increasing Er is seen to decrease the phase change for the

same tand.
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Al.4 Method of classification of imaged terrain - the effect of frequency,
dielectric constant, incidence angle and depths of layers.

The polarimetric content of the return signal varies with the operating frequency of the
radar, the complex dielectric constant of the imaged terrain, the angle of incidence of the
radar and the position and depths of layers. The change in the position of the theoretical
polarimetric signal on the power ratio vs. phase difference plots for each of these
variables is investigated below.

Al1.4.1 Theoretical power ratio versus phase difference plots for polar
surfaces.

The theoretical power ratio versus phase difference plots for various types of polar
surfaces are plotted for C, L, and P band, for a range of incidence angles. The
polarimetric reflected signal for snow of different moisture content (0, 6, 15% water
content by volume) and for pure ice and free water is analysed to produce the power ratio
vs. phase difference plots for these surfaces.

C, L and P band reflection coefficent data for 20degrees incidence.
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Figure A1.11: Theoretical power ratio vs. phase difference plot for various polar surfaces
for C, L and P band, reflection coefficient for 20 degree incidence angle.
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Theoretical C band data is found to give more distinct classification for the types of polar
surfaces considered. L and P band give less distinct areas for the different surfaces on the
power ratio versus phase difference plots, but the multifrequency data may be used to
confirm the prediction gained from C band data.

As an example the theoretical C band power ratio versus phase difference plot for dry
snow and free water is given in figure A1.12. The values for 20 to 60° incidence angle

are given to correlate with the typical range of incidence angles covered by the NASA/JPL
AIRSAR.

Using these plots the content of the surface material may be inferred from the polarimetric
reflected signals and the terrain may be classified. The power ratio versus phase
difference method of analyzing the polarimetric reflected signal gives a method of
classification of polar terrain without any prior knowledge of the surface or ground data.
This method is applied to airborne SAR measurements of the Greenland ice sheet in
chapter 5, section 5.1.6.

Theoretical Cband plot for free.wqter and dry snow surface
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Figure A1.12: Theoretical C band power ratio versus phase difference plot for reflection
coefficients of free water and dry snow surfaces for 20 - 60° incidence angles.
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Al1.4.2 Theoretical analysis of the variation in position of points on the
power ratio versus phase difference plots.

In order to investigate the sensitivity of the position of points on the power ratio versus
phase difference plots, the dependence on the dielectric constant is studied. Both the real
and imaginary parts of the dielectric constant are changed and the resulting change in
position of the point on the power ratio versus phase difference plot is noted. Figure
A1.13 shows the change in position on the plot due to the change in the real and
imaginary components of the complex dielectric constant.

Theoretical plot for dielectric change at 20 degree incidence.
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Figure A1.13: Movement of point position on theoretical power ratio versus phase
difference plot due to change in values of the complex dielectric constant; Er (2 to 4.2)

and tand (0.01 to 0.25), reflection coefficient for 20° incidence angle.

A1.4.3 Theoretical change with layer depth and incidence angles for polar
surfaces.

The theoretical C band power ratio vs. phase difference plot for a layer of dry snow of
changing depth (to 3*skin depth) is given for a range of incidence angles (figure A1.14).
The values of the depth change of the layer of dry snow are from 25 to 700m, in 25m
increments (skin depth of dry snow is 233m at C band).
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The response for 20 to 60° incidence angles is given to correlate with typical NASA/JPL
AIRSAR values.

Similar plots from measured data over polar surfaces may be compared with these
theoretical plots to infer the likely content. If the incidence angle is known, the position of
the measured data point on the power ratio vs. phase difference plot for co polar signals
will indicate the likely surface material. '
Information from multifrequency data sets may be used to confirm the prediction from C
band data.

The terrain may therefore be classified into dielectric content, and hence the material type
(e.g. dry snow, free water, pure ice for the polar surfaces) and the measured data may
also possibly be used to infer the depth of layers of material. This method of terrain
classification does not require any prior knowledge of the surface.
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Figure A 1.14: Theoretical C band power ratio vs. phase difference plot for a layer of 0%
snow of changing depth to ~3*skin depth (from 25 to 700m, in 25m steps) for a range of
incidence angles (20 to 60®).
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Al.5 Theoretical polarization ratio.

The theoretical polarization ratio of emitted radiation (Epara/Eperp) is plotted for a range
of dielectrics i) Er =1 - 3, and ii) Er = 2 - 80, for values of local incidence angle 45.2°,
53.20 and 61.20 (figure A1.15).

These theoretical values may be used in the inversion technique (section 3.4.3) to give the
dielectric and % wetness of the surface from measured passive microwave data.
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HEr=1-3

Theoretical polarization ratio, Er = 1 - 3,
incidence angle 45.2, 53.2, 61.2 degrees.
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Figure A1.15 i and ii): Theoretical polarization ratios Epara/Eperp for range of dielectrics

i) Er=1- 3 and ii) 2-80 for incidence angles 45.2<\ 53.2” and 61.20.
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Al.6 Statistical analysis.

Al.6.1 Mean power ratios and phase differences for the two
polarizations.

A line average of data is used in the analysis of the P3206 image (110). The average value
of the complete line of data is taken to maximize the sample size at the particular incidence
angle. The complete line of data consists of 1023 pixels.

The standard software package (MacSigma0-II) as supplied by JPL (Norikane, 1992)
calculates the mean value of the co polar return power for each of the two polarizations
HH and VV. These values are then used to calculate the "mean" value of the return power
ratio VV/HH for the line. This value is, however, not equal to the mean of the sum of the
individual ratios VV/HH calculated for each pixel of the sample.

1.e.

 [R—
;ZMVVi I¢n VV,

F2=)
1 n HH. n i=l Il['ll
i=1 1

n

where HHj and VV; are the return power values for horizontal and vertical polarization
respectively for each pixel, and n = 1023, the number of individual pixels in the line, for
a line average.

The individual power ratios for each of the pixels could be determined by further analysis
of the image, but this would need changes to the JPL software.

However the mean phase difference between the two polarizations (VV-HH) for the
complete line of data as calculated by the standard software is equal to that of the average
for each of the pixels.

i.e. average phase difference is given by:

¥ (0VV, - 6HH)

where the values of the return phase for the two polarizations are given here by ¢VV and
¢HH.

The precise location of the snowpits are not given [(i, j) coordinates within the image].
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The line of the image containing each snowpit is determined from the site map given in
figure 4.1, chapter 4. The "j" value of the position of the snowpit is determined by
correlating to the j value of the location of the relevant corner reflector which is identified
by the very bright (high power) return in the Total Power image. The snowpit of interest
for the ice layer work in chapter 5 is positioned in line number 33 from the top of the
image. The average of this line of data is therefore used for the analysis work.

This assumes that the physical properties of the imaged terrain are similar across the
image, which is not necessarily true. For more accurate results the precise location of the

snowpit is needed.

Al.6.2 Standard deviation.

The relative standard deviation (Gpe),4ive) Of the mean values (m) of the return signals for
the two polarizations are given by the standard software. For the line average of data the
relative standard deviation of the mean HH and VV return power, and the standard
deviation of the mean (VV-HH) phase are given in table 5.2, chapter 5. The standard

deviation (o) of the mean HH and VV return power are calculated and given in table 5.3,
chapter 5, where:

_(m+o
Gnlative - m

The standard deviation of the phase signal is 8.31 degrees, and this value is used to give

the error bars (* 1s.d) for the measured data point on the x axis of the power ratio vs.
phase difference plot (figure 5.14, chapter 5). This range gives the 68.3% confidence
interval, assuming the data are of a Gaussian (normal) distribution.

The relative standard deviation for the mean power ratio VV/HH cannot be determined
from the relative standard deviations of the mean VV and HH values. To determine the
standard deviation of the mean VV/HH for the data, the individual values of the VV/HH
ratio must be calculated for each pixel, and the mean (m) determined. The standard
deviation (c) may then be calculated by the difference of each VV/HH value (x;) from the

mean (m) as follows:

1xn VV,

n <“='HH,
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The standard deviation of the mean power ratio for the image cannot be determined with
the present version of the JPL software. There are therefore no error bars plotted for the
measured data point on the vertical (y) axis of the power ratio vs. phase difference plot
(figure 5.14, chapter 5).
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Al1.7 NASA/JPL AIRSAR measured polarization response (233-1 image).
Al1.7.1 Variation of polarization response with incidence angle.

The polarization response plots for line averages of the C band 233-1 image at 209, 400,
and 609 incidence angles shown in figure A1.16 are all of double bounce form, which
indicates that this is the dominant scattering mechanism. The pedestal height of the plots
increases on increasing the incidence angle from 20 to 40°, and then remains at a constant
level (~0.8 of normalized plot) for further increases in incidence angle up to ~60°. This
shows that the contribution from diffuse scattering increases with incidence angle up to
400 incidence and then remains at a constant value for further increases in incidence
angle. The polarization responses for single pixels taken from positions down the centre
line of the image are of the same form as the mean value for the corresponding line
average. The co polar response for 20° incidence shows a tilt (LHS < RHS) but the cross
polar response has a small even pedestal. On increasing the incidence angle (above 30°)
the pedestal for co polar plots becomes level.

The basic shape (double bounce) of the polarization response does not change throughout
the image. This is rather unexpected as the incidence angle varies from 20° to 60° down
the image, and these results would suggest that the scattering mechanism is independent
of incidence angle. Alternatively, if the signal to noise ratio is small for the C band
measurements (as suggested by van Zyl, personal communication, June 1992) the results
from detailed analysis of the signal may be misleading. The actual return power for this
data set is low and the absolute power value is not given. The relative difference in the
power values for each polarization and for each area of different intensity is therefore
studied.

A1.7.2 Variation of polarization response with intensity.

The data for each line is divided into adjacent 25 pixel samples to utilize all the
information for a particular incidence angle, enabling the line to be divided up into light
and dark areas with equal weighting for each point. The 25 pixel samples are grouped into
bright and dark areas for this line of data. The 25 pixel samples are investigated to see if
there is any difference in the shape of the polarization plots for areas of different intensity.
The results for 60° incidence show that the response for areas of different intensity are
slightly different (figure A1.17). The response for the 3rd sample (denoting area 2 (light))
is of slightly different form to the first two samples (denoting area 1 (dark)), and also
different to the 4th and Sth samples (denoting area 3 (dark)).
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Figure A 1.16: Co and cross polar response for line averages of AIRSAR C band 233-1
image i) 20® , ii) 40® , iii) 60® incidence angle.
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Figure A 1.17: Polarimetric response for areas of different intensity C233-1 AIRSAR

image, 60" incidence angle, first five samples (of 25 pixels).
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A1.7.3 Physical explanation of polarimetric response.

The double bounce effect may be found in SAR images over glaciers where a distinct
surface layer exists causing the reflected signal to undergo two sudden reflections as
shown in figure A1.18. This could occur where an ice layer exists over a lake or where a
distinct saturated snow layer occurs over the surface of the glacier, if there are
discontinuities within the surface material to produce the return signal. The presence of a
surface crust (from an icy frost layer for example) could also produce a distinct surface
layer causing this effect. For the 233-1 image a distinct layer of saturated snow over the
surface could cause the double bounce effect noted in the measured polarization response
plots.

oy : , Ssurface
ooty ' 1 layer !

subsurface
material

Figure A1.18: Distinct surface layer causing double bounce effect.

The thickness of the surface layer would need to be less than the skin depth for the
material at the operating frequency for this effect to occur. Table A1.4 gives the values of
the skin depths of typical polar materials at P, L, and C band, relating to AIRSAR
frequencies.

skin depths (m) for

P L C band
material
6% snow 11.9036 1.292 0.0893
pure ice 368.917 136.27 3.172

‘Table A1.4: Skin depths (m) of typical polar surfaces at P, L, C band.
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The typical scattering mechanisms for glaciated regions is discussed in chapter 2 of this
thesis (section 2.1.3). A diagram showing the main scattering sources for the ablation and
wet snow region of the glacier corresponding to the area covered by the AIRSAR image
233-1 is given in figure 2.6.

The measured AIRSAR data (233-1) show that the level of the diffuse scattering
component (indicated by the pedestal height of the 3D plot) increases with increasing
incidence angle showing that the contribution from volume scattering increases with
incidence angle. This is because the specular component from surface scattering is
directed further away from the receive antenna on increasing the incidence angle and the
received signal is then therefore mainly composed of the volume scattering component
from diffuse scattering within the ice medium.

The tilt of the pedestal noticed for 20° incidence shows that there is a greater response for
one sense of circular polarization than the other. The theoretical response for a helix gives
a tilt in the co polar response but it is uncertain how this would relate to a natural surface.
There may be some specific detail of the topography or content of the surface which may

cause this difference in the response for the two different senses of polarization.

The slight change in form of the polarization response for areas of different intensity
noted for 60° incidence indicates some change in the contribution from different scattering
processes. The lighter area gives a flatter pedestal for co and cross polar response
compared with the pedestal for the response of neighbouring darker areas (at the same
incidence angle). The diffuse scattering component of the light area is uniform (more
independent of polarization) than that for the dark areas. The light areas denote snow
covered surfaces which gives a constant value of volume scattering given by the flatter
response. The response from the darker areas of the seasonal melt pools are possibly
slightly more polarization dependent.
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"Rumpantur libros nec corda cestra rumpitur"
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"Ride, ride and hurry across the sand !

The sun is sinking behind Eagle Peak

Many unclean spirits are on the move

Now that shadows start falling on the glacier.
God guide my horse !

The last stage of the journey will be hard"

- Icelandic poem
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