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Abstract

This paper describes the C- and L-band backscattering variations and the
development of a numerical model of backscatter from lake ice growing on shallow
tundra lakes in northern Alaska. This research was prompted by earlier observations of
unusual X— and L-band backscatter variations in side-looking airborne radar (SLAR)
data, and the recent availability of a well-calibrated time—series of SAR data and
concurrent ground observations and measurements.

The North Slope of Alaska is a large expanse of low-lying tundra with many
shallow lakes which comprise more than 40 % of the surface area. During the 1970s, in
late winter, SLAR images of these lakes showed interesting variations in backscatter
intensity: areas of low backscatter at lake margins were believed to represent ice that
was frozen to the lake bed while areas of high backscatter represented floating ice that
contained tubular bubbles which acted as forward scatterers.

From September 1991 to April 1993, backscatter intensity variations from
shallow tundra lakes near Barrow, NW Alaska, were studied using C- and L-band SAR
data from the ESA Remote-Sensing Satellite-1 (ERS-1) and Japanese Earth Resource
Satellite-1 (JERS-1). The SAR data were processed at the Alaska SAR Facility (ASF)
and Earth Observation Center (EOC), and the backscattering coefficient was derived for
a number of lakes. Field measurements in April 1992 confirmed that the highest values
were associated with floating ice containing tubular bubbles, while the lowest backscatter
values were associated with ice frozen to the lake bed. The ice frozen to the bottom of
the lakes also contained tubular bubbles.

Ice core measurements indicated that the lake ice comprised three layers: 1) a
surface layer of granular ice with roughly spherical bubbles with radii smaller than a
wavelength; 2) a layer of clear bubble-free ice, and; 3) a bottom layer containing
tubular bubbles resembling thin cylinders with lengths ranging from 15 mm and 91 mm

and a radius much smaller than a wavelength. The number of tubular bubbles per square
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meter, i.e. bubble density or ice porosity, was quite variable.

The backscatter model that has been developed comprises the following elements:
1) an ice layer of variable thickness; 2) ice sub—layers with air inclusions of variable
density, size and shape, including cylinders of finite length, prolate spheroids and
spheres; 3) air-ice boundary is a specular surface, while ice—water and ice—frozen soil
boundaries are specular or slightly rough.

The model results confirm that backscatter is a sensitive function of the presence
of an ice-water interface, with a roughly 30-times greater backscatter intensity than
from an ice—frozen soil interface. The model also shows that backscatter increases as
the ice grows. The model has also been tested using bubble data derived from ice cores
in April 1992. The modelled backscatter are compared with backscatter derived from
ERS-1 SAR images obtained at the same time as the fieldwork. It has been found that

the modelled and actual backscatter have high correlation.
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CHAPTER 1. INTRODUCTION

During the spring of 1974 a cooperative sea ice research program of the U.S.
Geological Survey and the Cold Regions Research and Engineering Laboratory obtained
X-band Side Looking Airborne Radar (SLAR) coverage of a portion of the coastal
region of the North Slope of Alaska. This part of Alaska is very flat and is composed
of tundra and a series of shallow lakes which comprise more than 40% of the surface
area in many locations. During the winter, in areas where the snow pack is thin, as is
commonly the case, lake ice thicknesses may exceed 2 meters, causing the shallower
lakes to freeze completely to the bottom with the larger lakes remaining unfrozen

only in their deeper parts.

An examination of the radar images of the lakes showed striking variations
with the strengths of the microwave returns displaying two quite different primary
modes: regions of very strong returns and regions of very low returns. When the
images were shown to Paul Sellmann, an individual who had considerable experience
in limnological studies of the lakes, he immediately suggested the possibility that the
weak returns came from areas where the lakes were frozen to their beds while the

strong returns indicated areas where water still remained beneath the ice. In two

subsequent papers, Sellmann and coauthors [Sellmann et al., 1975; Weeks et al.,
1977] described these observations and qualitatively explored possible explanations
for the effect including surface roughness variations, thermal contrasts, ice thickness
differences, and variations in ice/bottom interface conditions. They ruled out the first
three explanations as improbable and suggested that the differences in return were in
some way related to differences associated with the presence of an ice/water interface
as contrasted with an ice/frozen soil interface. In the second of these papers they also

examined the potential criticism that at X-band frequencies penetration would be

insufficient to sense the conditions at the base of the ice. They concluded that for




fresh water ice attenuation distances were sufficiently large that this did not appear to

be a limitation. Further observations [Elachi et al., 1976] at L-band frequencies,
obtained from large lakes in the vicinity of the Kuskokwim Delta near Bethel, Alaska,
showed similar backscatter patterns. These results also indicated that the differences

in returns were also obvious at the L-band wave lengths.

The first opportunity to obtain ground truth came in 1976 as a subsidiary
project completed during research flights into the Beaufort Sea included as a part of
the AIDJEX Project. The region imaged was located south of Lonely, Alaska and the
coverage was more restricted than that obtained during the earlier flights. Both X- and

L-band frequencies were used. The patterns of the returns were similar. The field

checks [Weeks et al., 1978] showed that, at all the sites where ice conditions were
measured, strong returns were observed at locations where the lake ice was found not
to be frozen to the bottom. Observations of the ice showed numerous, highly elongated
air bubbles of sizes sufficient to cause scattering at either X- or L-band frequencies.
In that the elongation of these bubbles was almost exactly orthogonal to the air-ice
and ice-water interfaces, it was suggested that any forward scattering that occurred
within the ice would result in the return of a significant portion of the electromagnetic

energy at essentially the same angle as it was initially transmitted.

The final paper of this series [Weeks et al., 1981] further expanded the
ground-truth base for the interpretation of these radar patterns from 6 to 17 sites. The
ubiquitous presence of elongated air bubbles was again noted and a clearer statement
was given of the role of these bubbles as forward scatterers that ensure that a portion
of the emitted radar pulse is returned to the receiver on the aircraft. It was suggested
that the next step in the study of this general problem should be the mathematical

modeling of the interactions between the radar pulse, the upper and lower ice surfaces,

and the elongated bubbles enclosed in the ice. With the exception of an unpublished




Ph.D. thesis [Mellor, 1982], which utilized SLAR imagery to study North Slope lakes
located somewhat to the south of the earlier sites and whose results were generally
similar to the earlier studies, little work appears to have been on this phenomenon
during the last 10 years. In particular no attempt has been made to develop a suitable
simulation model to test the relative importance of the different hypothesized
mechanisms. Presumably much of this neglect was associated with the very real lack

of radar imagery during this period.

This situation is now drastically changed as the result of the launches of
ERS-1 in July, 1991 and JERS-1 in February, 1992. The ERS-1, ESA (European
Space Agency) satellite, has a C-band SAR system on board, while JERS-1, NASDA
(National Space Develop Agency of Japan) satellite, has the L-band SAR system.

Radiometric calibration of satellite-borne SAR data has been making good progress

[Fatland and Freeman, 1992; Shimada, 1994], and geometric accuracy of SAR data

has also been improved to achieve the same level as the high resolution optical sensor

[Fujimoto et al., 1989]. Both radiometrically and geometrically calibrated data, which
are easy to use for general users, are now available and widely distributed. The SAR
data from ERS-1 and JERS-1 satellites are acquired and processed at ASF (Alaska
SAR Facility / University of Alaska Fairbanks ) and EOC ( Earth Observation Center
/ NASDA ), and to date both stations have produced extensive coverage of the North

Slope of Alaska including excellent sequential images of numerous ice covered lakes.

This paper presents field and laboratory measurement of lake ice, SAR data
analysis, and the derivation of the first numerical model for lake ice. In CHAPTER 2,
the result of field measurement and ice core measurement are described and lake ice
characterization is discussed. Then ERS-1’s and JERS-1’s SAR data for lake ice are

analyzed in CHAPTER 3. The numerical model for the lake ice is introduced and

explained in CHAPTER 4. In CHAPTER 5, some simulations using this model are




demonstrated, and the modeled backscatter is compared with backscatter derived
from C- band SAR images obtained at the same time as the field work. Finally, the

conclusion is given in CHAPTER 6.




CHAPTER 2. LAKE ICE MEASUREMENT AND CHARACTERISTICS

In order to understand the lake ice characteristics and to make a numerical model for
the lake ice, field measurements for the specific lakes are necessary. In April 1992, at the

time lake ice had been grown, the field measurements of the lakes near Barrow, North West

Alaska, were made [Wakabayashi et al., 1992; Jeffries et al., 1993, 1994]. This was the first
field measurement for lake ice in northern Alaska done during almost simultaneous observation
by a space borne SAR. During this field observation, ice cores were obtained and taken to the
laboratory for detailed ice core analysis.

In this chapter, the results of field measurements are described, such as snow depth on
ice, 1ce thickness, ice bottom interface and so on, then the results of the ice core analysis such
as layer characteristics, ice thickness of each layer, porosity, and bubble shape are shown.

Finally, lake ice characterization is discussed.

2-1. TEST SITE

The lakes chosen for the field observation were located in the vicinity of Barrow, the
northernmost community in Alaska. This site was selected for the reasons which follow:

(1) It is easy to access from Fairbanks by airplane.

(2) Previous studies [Sellman et al., 1975; Weeks et al., 1977] indicated that the lakes near
Barrow showed large variations in radar backscatter.

(3) The ERS-1 took a three days cycle orbit in the first stage after its launch, during the period
from July 1991 to March 1992. In this period, Barrow data could be acquired every three
days.

(4) We have a person who knows about the Barrow area a lot. Since the area around Barrow is
very flat and covered with snow in winter time, the site becomes fairly featureless. In
order to find the specific lakes, a knowledgeable person is necessary. Also we used GPS

receivers to check the locations as a double check.
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During April 1992, 11 locations for field observation were picked up on the ERS-1’s
SAR imagery to cover various backscatters; some of which showed strong backscatter, some

low ones. The locations of 11 sites on the map are shown in Fig. 2-1.
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Fig. 2-1 Map of the region around Barrow including field observation locations. The numbers

on the map stand for the sampling points of field measurement.




2-2. FIELD MEASURED DATA

Field work was undertaken near Barrow in late April 1992. Ice core samples were

obtained from sites 1-8 (Fig. 2-1) on April 19-20 concurrent with an ERS—1 overpass on April

20. A few days later, April 28-29, three additional sites (9-11) were sampled. Changes in the
ice cover during this period are believed to have been negligible. The purpose of the fieldwork
was to locate the floating and grounded portions of selected lakes and to obtain ice cores for

analysis of ice crystalline structure and air inclusion variations in the floating and grounded

ice. These observations and measurements were subsequently correlated with backscatter

variations in the ERS—1 scene obtained on April 20.

We measured the locations using GPS receivers to confirm the sample points and the

depth of snow cover on the ice. The summary of snow and ice characteristics at each sample
site is given in Table 2-1. Then ice cores with a diameter of 100 mm were obtained and taken
to the cold room in Fairbanks for analysis of crystalline structure, stratigraphic logging of

clear and bubbly layers, and measurement of the dimensions and numbers of the inclusions.

Table 2-1 Summary of snow and ice characteristics at each sampling site.

Sampling site  Sampling date Snow depth (mm) Ice thickness (m)  Floating or grounded

1 April 19, 1992 30 .93 Floating
2 April 19, 1992 60-80 1.59 Floating
3 April 19, 1992 30 0.53 Grounded
4 April 19, 1992 26 0.24 Grounded
2 April 20, 1992 0-50 2.10 Floating
6 April 20, 1992 80 1.18 Grounded
7 April 20, 1992 20 0.52 Grounded
8 April 20, 1992 50 2.01 Floating
9 April 28, 1992 Vi 2.16 Floating
10 April 29, 1992 60 2.04 Floating
11 April 29, 1992 30 0.77 Grounded




As shown in Table 2-1, ice thickness varied between 0.24 m and 2.16 m. The ice was
floating at six sampling sites and was frozen to the lake bottom at five others. The snow cover

was dry and packed hard in most cases, probably by wind action. Occasionally, the wind had

blown the snow completely away, exposing patches of bare ice.

2-3. ICE CORE MEASUREMENT

Ice cores were obtained from 10 sites and carried to the cold room in the Geophysical
Institute / University of Alaska Fairbanks. First each ice core was divided into horizontal
layers having the same bubble densities and bubble shapes, then thickness of layer and
inclusion characteristics were measured. The summary of ice core measurement is given in
Table 2-2. As the consequence of this measure, it was found that ice cores contained three
particular types of ice:

(1) granular ice containing roughly spherical bubbles;

(2) inclusion—free ice, some with the columnar texture indicating crystals with horizontal
c-axes, and some with the massive, single crystal structure typical of ice with
vertically—oriented c—axes;

(3) columnar and massive single ice crystals containing tubular (cylindrical) bubbles oriented
roughly perpendicular to the ice surface, i.e. parallel to the ice growth direction.

The granular ice occurred at the top of cores from six locations (sites 2, 3, 5, 6, 7 and
IT). The clear ice occurred at all sites, either as the uppermost layer or directly below the
granular ice . Ice with tubular bubbles occurred as the lowermost layer at all locations.

The thickness of the granular layers varied between 0.01 m and 0.22 m. The
inclusion—free layer thicknesses ranged from 0.14 m to 1.18 m. The depth below the surface at
which tubular bubbles appeared varied from 0.26 m to 1.18 m. Tubular bubbles appeared
carliest at the shallowest lake sites where the ice was frozen to the bottom when the samples
were obtained. The thickness of the ice layers with tubular bubbles ranged from 0.27 m to

1.32 m. The illustrated structure and ice type distribution for each ice core is shown schematically

in Fig. 2-2 and sample photographs for sub-layers are shown in Fig. 2-3.




Table 2-2 Summary of ice core measurement (1/3).

Site  Characteristics Depth ~ Thickness  Number of Bubble  Porosity Mean

bubbles diameter bubble
length
(m) (cm) (count/cm? (mm) (%) (cm)
1 Clear 0.00 62.0 0.0 1.2 0.0
Tubular 0.62 9.0 0.4 0.8 i 3.89
0.71 10.0 7.0 0.6 2.0
0.81 7.0 10.0 0.7 3.8
0.88 15.0 9.0 0.7 3.5
1.03 74.5 34.0 04 4.3
1.78 7.0 7.0 0.8 3.5
1.85 10.0 3.0 0.8 1.8
2 Granular 0.00 1.0 1.0 0.7 0.0 0.07
Clear 0.01 30.0 0.0 0.9 0.0
Tubular 0.31 10.0 0.0 0.0 0.0 9.10
041 12.0 1.0 1.8 25
0.53 16.0 0.0 1.8 0.0
0.69 130 0.0 24 0.0
0.82 7.0 2.0 9 4.5
0.90 9.0 2.0 1.4 3.1
0.99 22.0 2.0 1.5 3.5
Yol 16.0 1.0 K4 23
1.37 8.0 1.0 1.9 2.8
1.45 9.0 1.0 1.9 2.8
1.54 5.0 0.0 0.0 0.0
3 Granular 0.00 12.0 3.0 4.6 4.3 0.46
Clear 0.12 14.0 0.0 0.0 0.0
Tubular 0.26 4.0 12.0 14l 11.4 2.90
0.30 2.0 5.0 0.5 1.0
0.32 7.0 14.0 0.5 ol

0.39 14.0 14.0 0.3 1.0




Table 2-2 Summary of ice core measurement (2/3).

Site  Characteristics Depth  Thickness  Number of Bubble  Porosity Mean

bubbles diameter bubble
length
(m) (cm) (count/cm?) (mm) (%) (cm)
5 Granular 0.00 22.0 4.0 2.9 3.1 0.29
Clear 0.22 74.0 0.0 0.0 0.0
Tubular 0.96 13,5 [ O 0.7 0.4 4.77
110 8.5 20 0.6 0.6
1.18 7.0 2.0 0.9 s
1.25 9.5 2.0 0.7 0.8
B 4.5 3.0 0.6 0.8
1.39 6.5 4.0 0.4 0.5
1.46 6.5 14.0 0.7 5.4
1.52 25.0 3.0 0.5 0.6
1.77 8.0 26.0 0.5 5.1
1.85 15.0 5.0 0.8 e
2.00 10.0 5.0 1.2 Bed
6 Granular 0.00 3.0 1.0 3.0 1.6 0.30
Clear 0.03 41.0 0.0 0.0 0.0
Tubular 0.44 13.0 0.0 1.0 0.0 4.44
0.57 6.0 1.0 0.8 0.5
0.63 15.0 3.0 0.6 0.8
0.78 14.0 8.0 0.3 0.6
0.92 7.0 15.0 0.5 2.9
0.99 19.0 15.0 0.6 4.2
7 Granular 0.00 6.0 3.0 2:9 0.6 0.25
Clear 0.06 25.0 0.0 0.0 0.0
Tubular 0.31 8.0 16.0 04 2.0 2.90
0.39 2.0 13.0 0.3 0.9
0.41 11.0 11.0 0.5 2.2
8 Clear 0.00 82.0 0.0 0.0 0.0 ’
Tubular 0.82 32.0 2.0 0.5 0.4 2.0
1.14 4.0 4.0 0.8 2.0
1.18 23.0 1.0 0.6 5
1.41 9.0 3.0 0.5 0.6
1.50 4.0 2.0 0.5 0.4
1.54 29.0 1.0 0.6 0.3
1.83 12.0 4.0 0.6 1.1
1.95 55 1.0 0.8 0.5
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Table 2-2 Summary of ice core measurement (3/3).

Site Characteristics Depth  Thickness Number of Bubble  Porosity Mean

bubbles diameter bubble
length
(m) (cm) (count/cm? (mm) (%) (cm)
9 Clear 0.00 118.0 0.0 0.0 0.0
Tubular 1.18 2.0 11.0 0.5 2.2 2.88
1.20 20.0 10.0 0.6 2.5
1.40 14.0 9.0 0.5 1.8
1.54 18.0 13.0 0.4 1.6
1.72 15.0 15.0 0.5 2.9
1.87 12.0 10.0 0.6 2.8
1.99 16.0 2.0 1.0 1.6
10 Clear 0.00 98.0 0.0 0.0 0.0
Tubular 0.98 3.5 4.0 0.7 1.5 5.31
1.02 19.0 3.0 0.6 0.8
bedh 5.0 3.0 0.7 )
1.26 19.5 3.0 0.6 0.8
1.45 16.0 20.0 0.5 20
1.61 17.5 14.0 0.8 7.0
119 9.0 5.0 e 5.7
1.88 16.5 5.0 0.9 3.2
11 Granular 0.00 5.0 1.0 2.5 0.1 0.25
Clear 0.05 33.0 0.0 0.0 0.0

Tubular 0.38 5.0 6.0 0.6 g 1.48




In the surface granular layers, the mean bubble diameter ranged from 0.7 mm at

site-2 to 4.6 mm at site-3, and the number of bubbles varied between 10.8 x 10° /m® to 2471 %

10’ /m®. The density of tubular bubbles at the base of the ice varied between 0.4 x 10° /m® to

411 x 10’ /m®. The radius of the cross section of the tubular bubbles ranged from 0.15 mm to

1.2 mm. The largest diameter bubbles were found only at site-2; otherwise, the majority of
tubular bubbles had a small radius averaging 0.4 mm at the other sites. The mean length of

tubular bubbles ranged from 1.4 cm at Site-11 to 9.1 cm at Site-2. The shortest and longest

bubbles had lengths of 0.7 cm and 17.8 cm respectively. At any given sampling site, the

density and mean diameter of the tubular bubbles varied with depth. Consequently, the ice

with tubular bubbles comprised a number of sub-layers illustrated in Fig. 2-2. The porosity

(volume inclusion factor) profile for each test site is shown in Fig. 2-4. The porosity n, is

determined according to the simple relation as follows,

where p, and p, are the densities of pure bubble-free ice and of the ice sample. Only one case

for the porosity over 10 % was found at site-3 with mean bubble diameter 1.1 mm and mean

bubble length 2.9 cm. For most case, the porosity was found within 6 %.
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2-4. ICE CHARACTERIZATION

The columnar texture of many vertically oriented ice crystals and the massive, single

crystalline texture are typical of congelation ice [Gow and Langston, 1977]. Congelation ice
crystals grow downward into the water as heat is conducted through the ice from the water to
the atmosphere.

The origin of the granular, bubbly ice observed at the top of six cores is less certain
than that of the congelation ice. The fine—grained texture of the ice resembles that of frazil ice,
which can form during the earliest stages of ice growth when the water surface is turbulent

and newly—formed ice crystals are broken into small pieces before consolidating into a solid

ice sheet. On the other hand, the granular texture and high porosity suggest that it is probably

snow—ice. This type of ice forms when the snow cover is soaked with water, often due to

water seeping up to the surface through the fractures formed by thermal stresses in the ice

[(Gow and Langston, 1977; Mellor,1982]

The clear, inclusion—free ice and the ice with the tubular bubbles are characteristic of

congelation lake ice [Gow and Langston, 1977]. Congelation ice growth is a distillation

process in which impurities dissolved in the water, including gases, are rejected back into the
water from the growing ice. The gases remain in solution and are not included in the ice

unless the rate of gas rejection, which is proportional to the ice growth rate, is rapid enough to

cause the water’s gas content at the growing interface to exceed its nucleation level [Gow and

Langston, 1977] and/or the water becomes supersaturated in gases for reasons that are

independent of the ice growth rate [Bari and Hallett, 1974].

The clear ice observed in the Barrow cores represents the earlier stages of congelation
ice development when all gases were rejected back into the water. Later in the ice growth
season on these shallow lakes, it is likely that the water becomes supersaturated with gases
and the tubular bubbles are the characteristic means by which gases are subsequently included
in the ice. As the shallower lakes are a smaller reservoir for the gases rejected during ice
growth, they commonly become supersaturated with gas earlier than the deeper lakes; hence

the observation that the top of the tubular bubble layer is at a different level at each site, with
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the tubular bubbles appearing first in the shallower lakes with the thinner, grounded ice
covers. Once tubular bubble development is underway, the variations in bubble density,

length and radius may be affected by variations in the ice growth rate and the gas concentration

in the water [Bari and Hallett, 1974; Gow and Langston, 1977].
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CHAPTER 3. SAR DATA FOR LAKE ICE

In August 1991, the ASF 1n Fairbanks began to receive and process data from
C-band SAR aboard the ERS-1. After a calibration and validation campaign during the
summer and autumn in 1991, the radiometrically calibrated SAR data were released to
the scientific community. From September 1991 to April 1992, a time-series of scenes of
the Barrow region ( Fig. 2-1 ) were acquired and processed.

The ASF also started receiving L-band SAR data around Alaska from JERS-1 in
mid 1992. The acquired raw data were transported to the EOC every two weeks and
processed to make radiometrically calibrated images. We obtained 7 JERS-1/SAR images
for Barrow area from July 1992 to April 1993.

In this chapter, spatial and temporal variations in backscatter from ice growing
on a number of lakes are derived from the ERS-1 and the JERS-1 SAR scenes which are
radiometrically calibrated. Then the variation of SAR data for the specific lakes are
extracted and the relation between backscatter and ice-bottom interface is investigated.
Using the radiometrically calibrated SAR data, the change of backscattering coefficient

assoclated with ice-bottom interface and growing ice is confirmed for the first time.

3-1. SAR DATA

The SAR 1s an active microwave sensor and can acquire images on the earth in

most weather conditions. The resolution of SAR data is much higher than the other

microwave sensors such as a microwave radiometer [Maeda et al., 1987; Cho et al.,
1989]. Although the resolution of the current space borne SAR is the order of 10 meter,

the high resolution data are suffering from a nuisance factor which is called speckle

noise. In order to get the calibrated backscattering coefficient (¢”) from lake ice imagery,
it is necessary to apply the speckle noise reduction technique. Several speckle reduction

techniques have been proposed, which can effectively reduce noise as well as preserve
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structured targets using local statistics [Wakabayashi and Arai, 1995a, 1996a, 1996b].
However, since the target lakes are much larger than the resolution of SAR data, simple

averaging 1s enough to get accurate backscattering coefficient.

3-1.1..C-BAND SAR DATA

In order to use SAR imagery to observe changes in backscatter including the
time change, the total of 12 scenes of ERS-1 low-resolution scenes (100 m pixel size

which 1s made by averaging 8 x 8 pixels of full resolution data) were obtained and

processed at the ASF station during the winter of 1991-92 [Wakabayashi et al., 1992].
Table 3-1 shows the list of images, including date of acquisition, image ID, and acquisition
mode (ascending or descending). The first scene was taken in late September 1991 when
the lake ice cover was first established, and the last scene was obtained in late April 1992
when the lake ice had grown over 2 m.

As shown in Table 3-1, the ERS-1 SAR data were taken in different acquisition
modes, some of them were acquired in an ascending mode and the others were in a
descending mode. First, these data should be registered to the reference coordinate and
then compared with each other. The extracted image from the image ID 8989200 was
chosen as a reference coordinate, which has a size 512 pixels by 512 lines, and the other
Il images were registered to this reference using first order transformation with at least 8
control points. Since the geometric distortion caused by terrain effect is considered to be
very small because of the flatness of the chosen area, the first order transformation is
considered enough for this registration. The Digital Number (DN) value in the registered
images were converted into ¢° related value according to the calibration equation [Bicknell,

1992]. The time-series images which are registered and calibrated are given in Fig. 3-1.
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Table 3-1 List of C-band images used for this analysis.

No Image ID Acquisition Julian Day Ascending/
Date Descending

1 8989200 9/29/91 27291 A

2 4884200 10/17/91 290/91 A

3 1068200 10/26/91 29901 A

4 6145200 12/01/91 335/91 A

5 8913200 12/30/91 364/91 D

6 9548200 1/14/92 014/92 D

7 11596200 1/29/92 029/92 D

8 10304200 2/10/92 041/92 D

9 11083200 2/25/92 056/92 D

10 15026200 3/11/92 071/92 D

11 16248200 3/29/92 089/92 D

12 18465200 4/20/92 JEL92 D
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Fig. 3-1 Time series of C-Band radar images for lakes near Barrow(3/6).
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Fig. 3-1 Time series of C-Band radar images for lakes near Barrow(4/6).
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26




=

3()/‘(;3,

48200 ( 3/

L) ID: 162

(

92)

20/

465200 (4/

JID: LS

(il

Fig. 3-1 Time series of C-Band radar images for lakes near Barrow(6/6).

21




3-1.2. L-BAND SAR DATA

The JERS-1 was launched from Tanegashima island on 11 February 1992, and

its L-Band SAR has taken a lot of images worldwide using many ground stations and its

on-board recorder (MDR). Because of mission planning constraints and the orbit recurrent

setting, which 1s a 44 days cycle, we had a few opportunities to acquire data from the

area of interest. From July 1992 to April 1993, there were several opportunities to take

images near Barrow area by using the on-board recorder or real time receiving of the

| ASF. After transporting data from the ASF to the EOC, the data (Image location ID Path:

645 / Row: 180) were processed at EOC station in a standard processing mode. The list

of the acquired data is shown in Table. 3-2.

Table 3-2. List of L-band images used for this analysis.

No Image ID Acquisition Julian Day Ascending/
Path / Row Date Descending

1 645/ 180 7/12/92 194/92

% 645/ 180 8/25/92 238/92

3 645/ 180 10/08/92 282/92

4 645/ 180 11/22/92 326/92

5 645/ 180 1/04/93 4/93

6 645/ 180 2/18/93 49/93

7 645/ 180 4/02/93 92/93

Because the EOC’s standard products have full resolution (12.5 m pixel size, 20

m resolution), the speckle noise on the images is apparent. The low resolution images
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(100 m pixel size) were generated by block averaging of 8 x 8 pixels in order to reduce
the speckle noise, then each pixel value was converted to o°related value according to the
calibration equation given by the EOC calibration team [Shimada, 1995]. The target area
near Barrow was extracted from the first image taken on July 12, 1992. The other 6

images were overlaid on the reference image coordinate using more than 8 control points.

The processed images are shown in Fig. 3-2.
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(1) ID: Path 645 | Row 180 (7/12/92)

(2) ID: Path 645 | Row 180 (8/25/92)

Fig. 3-2 Time series of L-Band radar images for lakes near Barrow(1/4).




(4) ID: Path 645 | Row 180 (11/22/92)

Fig. 3-2 Time series of L-Band radar images for lakes near Barrow(2/4).




(6) ID: Path 645 | Row 180 (2/18/93)

Fig. 3-2 Time series of L-Band radar images for lakes near Barrow(3/4).




(7) ID: Path 645 | Row 180 (4/102/93)

Fig. 3-2 Time series of L-Band radar images for lakes near Barrow(4/4).
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3-2. TEMPORAL CHANGES IN BACKSCATTER

3-2.1. TIME CHANGES FOR FIELD OBSERVATION SITES IN C-BAND

To understand the time-changes of backscatter for lakes near Barrow, the
backscattering coefficient for each site was extracted from SAR data. The coordinates of
the field observation points on the registered image are given in Table 3-3. The changes in
backscattering coefficient as a function of time are shown in Fig. 3-3.

[n late September when the ice began to grow on the lakes, ¢° values were in the
range —21.8 to —=16.0 dB. By mid to late October, values at all sites had increased to —16.0

to-11.8 dB.

From late October onward, ¢” values at site 7 decreased further before leveling off
in late December at -18 dB, where they remained throughout the winter. At sites 3,4 and
[ 1, maximum ¢° value of —12.6 to -11.4 dB was reached in early December, then decreased
during December and remained constant at -16.5 to -14.2 dB from early January to late
April.

The o’ at site 6 reached a maximum of -8.0 dB in early January, but by early
February had decreased to —15.8 dB where it remained quite constant through late April. At
sites 1, 2, 5, 8, 9, and 10, ¢ values had increased to -8.4 to —5.4 dB by late January and
remained quite constant at those values for the rest of the winter until the spring thaw

period ( mid May ).
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Table 3-3 The coordinates for sampling points on registered C-band
image for each field observation point.

No. Start Size of
pixel / line averaging area

| 220/ 143 4x4
2 223/ 150 4x4

3 241/ 159 2%2

4 239/ 168 2x1

5 176 /139 3x3

6 142 /203 2x2

7 196/ 145 2x2

8 2517052 3x3

Y 248 / 058 3x3
10 17771124 3x3
11 328 4 197 3x3
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Fig. 3-3 C-band backscatter changes as a function of time for a selection of lakes during

the period from 29 September 1991 to 20 April 1992.




3-2.2. SPATIAL AND TEMPORAL BACKSCATTER CHANGE AT LAKE SUKOK IN

C-BAND

The o” profiles across Sukok Lake which is located in the South West portion of

Fig. 2-1 were extracted from all scenes during the period from September 1991 to April

1992. The time sequence of spatial changes in ¢° values shown in Fig. 3-4 provides a

semi—quantitative illustration of a number of the items noted in the previous section. In late

September the ¢° values are very low (minimum -21.5 dB) across most of the lake, but as
the autumn progresses they rise and by 1 December have increased to -11.5 dB to -10.5 dB
across most of the lake (Fig. 3-4 a).

Between the beginning and the end of December there is a significant increase in

o’ values, from -11.5 dB to -6.0 dB, but at the same time ¢” values at the lake margins drop

to -15.5 dB to -11.5 dB (Fig. 3-4 b). From late December to late January there is a steady
increase in ¢° values to as much as -5.5 dB to -4.5 dB across the lake, with a strong
discontinuity at the margins where the ¢” values remain at -15.5 dB to -11.5 dB (Fig. 3-4
b).

From the end of January to late April there are significant changes in the ¢” values
(Fig. 3-4 ¢, d). The marginal area of low ¢° values increases as the ¢ values fall to as low

as -17.5 dB, while the central area of high ¢” values shrinks as the o° values decrease to

-8.0 dB.
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3-2.3. TIME CHANGES FOR FIELD OBSERVATION SITES IN L-BAND

The same compilation as done with C-band data was applied to L-band data.
Although there was no ground truth data during the winter from 1992 to 1993, we assumed
that the condition of each test site was almost the same as in the previous winter. The

backscattering coefficient for each site was extracted and compiled to understand the time-

changes of L-band backscattering coefficients during the ice growing season. The coordinates

of the field observation points on the registered image are given in Table 3-4. The changes

in backscatter intensity as a function of time are shown in Fig. 3-5.

In the beginning of October when ice began to grow on the lakes, ¢° values were in

the range —19.0 to —17.7 dB. In general, the range of backscatter variation around this

season 1s 1.3 dB and 1t is smaller than the variation in C-band, which is about 5 to 6 dB.

By mid November, values at most sites had slightly increased from —18.1 to —17.3

dB. Then until mid February, the backscattering coefficients for most sites had increased

and the range of variation had also increased to 2.1 dB.

Finally in the beginning of April, the season in which the ice had finally grown up,

the range of backscatter variation became more than 4 dB. At Sites 1, 2, 5, 8, 9 and 10,

which were confirmed to have floating ice in the previous winter, the backscatter value
varied from -17.1 to -15.0 dB. In the case of grounded ice, Site 3, 4, 6, 7, and 11, the range
of coefficient was from -19.0 to -17.0 dB.

When comparing the C-band backscattering coefficient, the difference between
floating ice and grounded ice was not apparent and the backscattering increase for growing

ice was 4 dB and much smaller than that in C-band.




Table 3-4 The coordinates for sampling points on registered L-band

image for each field observation point.

No. Start Size of
pixel / line averaging area
1 145/ 363 4x4
2 152 /369 4x4
3 170/ 365 2x2
4 72 303 2x]
S5 104 / 382 X3
6 1157456 2x2
7 126 / 376 2R
8 120/ 275 &3
9 120/ 270 %3
10 099 / 369 3x3
11 265/ 349 3%
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Fig. 3-5 L-band backscatter changes as a function of time for a selection of lakes.




——

3-3. ICE GROWTH, STRUCTURE AND BACKSCATTER VARIATIONS

3-3. 1. C-BAND BACKSCATTER

At each site that was sampled in April 1992, ice that was frozen to the lake bed

corresponded to areas of low backscatter in the C-band SAR scenes, and ice that was

floating corresponded to areas of high backscatter. These observations add to the evidence

that the low backscatter 1s due to the low dielectric contrast of the ice—soil interface,

resulting in strong attenuation of the radar signal and minimal returns to the radar antenna

[Sellmann et al., 1975; Elachi et al., 1976; Weeks et al., 1977, 1978, 1981; Mellor, 1982].

Backscatter from the ice was also low at the beginning of the growth season (Figs.

3-3 and 3-4). This can be attributed to specular reflection away from the radar antenna off

the smooth horizontal surfaces (upper and lower) of the thin ice. As the ice thickened,

backscatter values rose steadily, except for those lakes that were subsequently found to be

frozen to the bottom. Backscatter from those lakes fell at different times during the winter

(Fig. 3-3) when, it can be safely assumed, the ice first froze to the bottom. The changing

backscatter profiles across Sukok Lake (Fig. 3-4) can be interpreted as a record of the

progressive freezing of the ice to the lake bottom.

The steady rise in backscatter values after the initiation of growth on all lakes was
interrupted in mid to late October by a fall in backscatter (Fig. 3-3). The precise cause of
this drop in backscatter is unknown, but it might be related to the weather, which was
characterized by snowfall and temperatures only just below freezing. If the snow was wet it

would have reduced the backscatter from the lakes, as it does from other ice surfaces such

as glaciers [Rott and Mitzler, 1987].

At all sites where the ice was frozen to the lake bed, tubular bubbles were observed
in the ice. This indicates that the tubular bubbles serve largely as forward scatterers as the
radar signal passes through to the base of the ice. Since there is a minimal return to the

radar once the ice is frozen to the bottom, the strong backscatter that is observed in the ice
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prior to freezing to the bottom (grounding) and in the ice that remains afloat all winter

must require the presence of both an ice—water interface and the tubular bubbles.

An ice-water interface has a strong dielectric contrast that will give rise to specular
reflection away from the radar [Weeks et al., 1978]. However, at the time the lakes were
sampled, there was strong backscatter at those sites where the ice was still floating. The
only explanation for the strong backscatter is the presence of the tubular bubbles, which

would cause volume scattering of the radar signal once it had been reflected off the

ice—water interface [ Weeks et al., 1978].

The significant role of the tubular bubbles is illustrated by the backscatter differences
between the ice that remained afloat and that which was frozen to the lake bed at the end of
April. With ¢” values of —6 to -5 dB, backscatter from the floating ice is significantly
greater than the backscatter from the grounded ice (18 to —15 dB). A similar large difference
exists between the backscatter from ice that remained afloat in April and backscatter from
the same ice at the beginning of the growth season (Sites 1 and 2, Fig. 3-3). It is also worth
noting that the backscatter from the grounded ice is similar to the backscatter from the new
ice that began to grow in September (Fig. 3-3). This similarity in backscatter provides an
indication of the effectiveness of the new ice as a specular reflector prior to tubular bubble

development.

Earlier studies of the SAR signatures of ice on shallow Arctic lakes have emphasized
the importance of the tubular bubbles [Sellmann et al., 1975; Elachi et al., 1976; Weeks et
al., 19717, 1978, 1981; Mellor, 1982]. No previous mention has been made of the possible
impact on backscatter variability of the bubbly snow-ice layer at the surface (Fig. 2-2).
Some indication of the relative importance of the bubbly surface layer can be gained from a
comparison of backscatter at Sites 1 and 2. Both sites were on the same lake (Fig. 2-1), but

only Site 2 had a bubbly surface layer. Despite the physical difference between each site,

there is a negligible difference in backscatter at each site. Thus, it appears that the effects of




the tubular bubbles far exceed any effects due to the presence of bubbly snow-ice layers.

3-3.2. L-BAND BACKSCATTER

Although there was no ground truth data to be compared with L-band SAR data,
we considered that the condition of ice at each test site was almost the same as that in the

previous year, and compiled a time variation of backscattering coefficient for each test site.

In the beginning of October 1992, the backscattering coefficients for all sites were
low because of specular reflection from thin ice on the lake (Fig. 3-5). From October 1992
to February 1993, the backscattering coefficient had increased 2 to 3 dB at most of the sites
(Fig. 3-5). It was considered that this phenomenon was caused by the increase in thickness
of the tubular bubbles layer as the ice grew. The increase of backscatter as the ice grew was

very small compared with the backscatter increase of that in the C-band.

Assuming that the ice condition was the same as that in the previous year, April
1992, we divided the test sites into two groups which have floating ice (Sites 1, 2, 5, 8, 9
and, 10) and have grounded ice (Sites 3, 4, 6, 7 and, 11). The backscatter difference
between the two groups in April 1993 was approximately 2 dB and much smaller than that

in the C-band. The smaller difference of backscatter between the two groups is probably
because a noise equivalent backscattering coefficient (NEc”) of JERS-1 SAR is relatively

high. The specification of JERS-1's NEc® shows -20.5 dB, however at this time the SAR

1s operating on reduced transmitter power because of the failure of its equipments.




CHAPTER 4. LAKE ICE BACKSCATTER MODEL

Based on the field observation and ice core analysis described in chapter 2, a
multi-layer backscatter model comprised of the following elements was developed: (1)
specular air-ice boundary; (2) specular or slightly rough ice-water and ice-frozen soil
boundaries; (3) an ice layer of variable thickness; (4) ice sub-layers with air inclusions of
variable density, size and shape, including spheres, prolate spheroids, and cylinders of
finite length.

This chapter reports on the development of the numerical model of microwave

backscatter from ice covered, shallow tundra lakes.

4-1. LAKE ICE FEATURES CONSIDERED IN MODELING

When considering microwave scattering models for sea ice, the scattering from

the ice surface is dominant scattering in most cases [ Wakabayashi et al. 1994b, 1995b].
When comparing scattering from lake ice with that from sea ice, because the dielectric
loss factor for lake ice is generally very low, we should consider an ice volume scattering
as well as an ice bottom scattering .

The result of field observations and ice core measurements indicated the presence
of three ice types: (1) granular ice containing roughly spherical bubbles, with radii much
smaller than a wavelength ; (2) clear bubble-free ice; and, (3) ice containing tubular
bubbles resembling thin cylinders. The latter, oriented vertically to the ice surface, also
had radii much smaller than a wavelength, but with lengths ranging from 1.5 ¢m to 9.1
cm. The number of tubular bubbles per square meter, i.e. bubble density or ice porosity,
was quite variable [Jeffries et al., 1993, 1994; Wakabayashi et al., 1992].

The typical stratigraphy of the lake ice is shown in Fig. 4-1. The clear ice layer
and one or more tubular bubble layers were found at all sites, while the granular ice

layers were found at 6 of the 10 sites. Each layer had a different thickness, bubble density
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and bubble size, especially in the tubular bubble layer where the bubble density and
bubble size varied considerably with depth. The snow cover on the ice had variable depth
(0-80 mm) and was dry.
Considering the features described above, the basic lake ice model is comprised
of the following elements [ Wakabayashi et al., 1993] :
(1) three main layers (either air-ice-water or air-ice-frozen soil);
(2) sub-layers in the ice layer with each sub-layer having a different bubble density
and bubble size (a bubble density of zero corresponds to clear ice);
(3) the upper boundary of the ice is considered to be specular and the bottom boundary
to be specular or slightly rough;
(4) reflections occur at each boundary and at the air bubbles; and,
(5) dielectric parameters of the ice layers change with the bulk ice density, i.e., with

the density of bubbles present in the ice.

Since the surface roughness of the ice cover on these lakes was confirmed to be
small by field observations, a surface scattering from the ice can be neglected. The dry
snow cover can also be neglected by the following reasons. Since for a dry snow the
dielectric mismatch at the air/snow boundary is very small, the reflection at the air-snow
boundary can be ignored. In addition, since the snow cover was thin (less than 8 cm for
all sites 1n the field observation) and snow particles were very small, the contribution of
the snow cover to the backscattering coefficient may be neglected at both L- and C-band
frequencies [Ulaby et al., 1986]. It should be noted that reflections are added incoherently
in the model, because the length of each path is widely distributed. Calculations are made

on the basis of power, because each scattering has a different scattering path.




- Granular with spherical bubbles

Clear

Water or Frozen-soil

Fig. 4-1 Typical structure of lake ice as observed in Northern Alaska.

4-2. AVERAGE DIELECTRIC CONSTANT FOR ICE

The lake ice on the North Slope is taken to be a mixture consisting only of pure
ice and air bubbles. Individual bubbles in the tubular bubbles layer are assumed to be
strongly elongated in the z-direction which is perpendicular to the air/ice interface. The
bubble shapes are approximated as spheres in the granular layer and narrow cylinders in
the tubular bubbles layer. Under these assumptions, the average dielectric constant for
the ice and air mixture can be obtained.

The average dielectric constant of a heterogeneous mixture consisting of two or
more than two substances is related to the dielectric constants of the individual substances,
their volume fractions, their spatial distributions, and their orientations relative to the
direction of the incident electric-field vector. Usually the substance with the highest
volume fraction is regarded as the "host" material and the other substance or substances
are regarded as "inclusions". Several comprehensive studies of dielectric mixing models
have been published in available literature [de Loor, 1968]. Most of the available theoretical
models have been developed for media that contain only particles of some special shape

such as spheres, ellipsoids, needles, and disks .
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4-2.1. TWO-PHASE MIXTURE CONTAINING ELLIPSOIDAL INCLUSIONS

First consider a "two-phase mixture" in which the host is ice and the inclusions
are ellipsoidal particles of identical shape, size, and orientation relative to the direction of
the electric field of the incident wave. The orientation of the inclusions is chosen such
that their semi-axes a, b and c are along the x-, y- and z- axes of a rectangular coordinate

system. This configuration is shown in Fig. 4-2.

Host Material g,

Fig. 4-2 Configuration of two-phase mixture model.

The volume inclusion factor v, is defined as
4
¥, 52 a—mzch : (4.1)

where N is the number of ellipsoids per unit volume of the mixture. The volume fraction

of the host material v, is
AR S (4.2)
Although the dielectric constants for host and inclusions are taken to be isotropic,
the average dielectric constant of the mixture is generally anisotropic because the
polarizability of the ellipsoidal particles are governed by the direction of the applied
electric field E relative to the orientation of the ellipsoid. Therefore the dielectric constants

of the mixture model should be calculated in the x, y and z directions, and then be
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derived in the desired direction. De Loor [1968] derived the following expression for the

average dielectric constant of a two-phase mixture €, :

V(€ — &, )

1+ A (2 -1)
&

=g +

e

(4.3)

where €, and €, are the relative dielectric constants for the host and inclusion respectively,
e’ 1s an effective dielectric constant for the region immediately surrounding an included
particle, A, 1s the depolarization factor of the ellipsoid along u-axis (u=a, borc). Ifv, is
smaller than 0.1, the value of €" is taken as equal to that of the host material. As this
factor usually appears to be smaller than 0.1 for North Slope lake ice, € is taken to have

the same value of that of pure ice. The depolarization factor A, of an ellipsoid along the

u-axis is given by

oo

__abc J- \/(a2 +5)(b* +5)(c +5) I
u D) L

A - . 4.4
Pt (u +5s) T

where u=a, b or ¢, and
Au + Ab e A(: i l . (45)

4-2.2. MIXTURE MODEL FOR LAKE ICE

The lake ice in North Slope area can be considered as a special case of a two
phase mixture with the volume inclusion less than 10 %. The host material is considered
as pure ice containing inclusions of air in the shape of spheres for the granular ice, or
long and narrow cylinders for the tubular bubbles layer.

In case of the granular layer, the average dielectric constant is given by

- Y o B
A:Ab:Ac:—i’8;1128;1128171:8;11’5]'“(1

£, =611+ 3v,.£"—~8—"— . (4.6)
B 28,




For the tubular bubbles layer, the bubbles are oriented along z-axis and dispersed

in the host material, equation (4.3) becomes:

A =A=05 A =0

, & 8
" A) el | ; i h
8m o 8/;1 e 8/1 l it 2"1'

E +E,

, and
£ =€ +v(g —¢g,). (4.7)

n

4-3. REFLECTIVITY OF BOUNDARY

As the snow covers on North Slope lakes are thin, of a low density, and (during
the winter) dry, they will be neglected. The ice surface is considered to be flat. In
addition, ice thickness on a given lake is considered to be constant which implies that the
ice and water boundary is also flat. To make the initial lake ice model as simple as
possible, both the air-ice and ice-water / ice-soil boundaries will be considered as specular
surfaces. Also the boundaries between ice sub-layers can be treated as a specular surface
with small error, because the dielectric mismatch at the sub-layer boundary is considered
to be very small. According to the calculation of an average dielectric constant based on
two-phase mixture model, the power reflectivity at the ice sub-layers boundary is much
smaller than 0.001 at incidence angle of 0-40 deg., even if the difference of air inclusion

factor is 10 % between two sub-layers.

For these assumptions Fresnel's law gives the reflection and transmission at the

boundaries for H- and V-polarization as follows:

For H-polarization

&cosé)l _\//1252 —sin’ 6,
R = n,cosB, —n,cos6, K, T

(4.8)

B222 _gin® 6,

{5 (R i y
,cosB, +n, cosB ﬁ E.
m L 3 ps c0591+\/y- 2
HE

Hy




21,
| P n, cos 6, (4.9)
1, cosB, +1m, cosb,
For V-polarization
iCOSQI _\//1282 —sin’ 6,
Rjss COS? ;’72 Cofgz Ly HE, | (4.10)
SR B ((“—ZC(>391+\/'L1382 —sin’ 6,
81 'Ll'lgl
2v e te
iy anenclBEORE (4.11)

vV = .
n,cosO, +n, cosb,

Each term is described in Fig. 4-3.

€1,€2 :relative permittivity of each layer
H1,H2 :relative permiability of each layer

Ni:M2 :intrinsic impedance of each layer

Fig. 4-3 Reflection and transmission at a specular boundary.

Ry, T, and Ry, Ty are the reflection and transmission coefficients for H- and
V-polarization when the incidence angle is 6,. In order to make a model for lake ice, the

power reflectivity (I'y, I'y) and power transmissivity (y,,Y,) values are also required.
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These are calculated from equations (4.12) - (4.15):

e (4.12)
P (4.13)
Yu=1-|R,[ , and (4.14)
¥y =1-|R,[ (4.15)

4-4. POWER LOSS FACTOR OF ICE

Fresh-water ice is only a slightly lossy material in that the imaginary part of the
dielectric constant 1s very small for the frequencies in L- and C- band. By comparison,
the imaginary part of the dielectric constant for first-year sea ice is more than 100 times
larger than that of fresh water ice. Therefore an absorption loss of freshwater ice is
constdered to be very small. Another important parameter for loss factor is a scattering

loss due to air bubbles.

For the case of the ice thickness d and the transmission angle 6, an one-way

power loss factor L 1s calculated as follows:

K,d

1 =exn ¥ (4.16)

cosf
where «x, 1s the volume extinction coefficient which 1s the sum of volume absorption
coefficient k', and volume scattering coefficient k. given by
K=K +K, (4.17)

The volume absorption coefficient x, 1s calculated as

K Zk{%(—g' +\/(.e')2 + (g”)2 ﬂ_ (4.18)

where k, is the wave number in free space, €' and €" are real and imaginary parts of the

average dielectric constant.




Considering the lake ice as a homogeneous medium (fresh water ice) randomly
embedded with small particles (air bubbles), each particle is characterized by a bistatic
radar cross section ¢, due to a p-polarized ( p = H or V) incident wave. The scattering
cross-section of the particle @, is defined as the cross section which produces the total
scattered power surrounding the particle due to a unit incident Poyinting vector of
polarization p:

1
0,(0.0)=7-1,,9,9 (4.19)

where 6 and ¢ are the direction of incident wave and this integration is done over the

scattered solid angle. The volume scattering coefficient for the inhomogeneous medium

and polarization 1s calculated as

K, =0, XN, (4.20)

where N is the number of particles within unit volume [Ishimaru, 1978].

As shown above, the power loss factor L is calculated by (4.16) - (4.20). The
larger the incident angle is, the bigger is the power loss factor, because the length of the

path in the ice is proportional to sec(6).

4-5. BUBBLE SCATTERING

According to the results of ice core measurements, we have to make three types
of bubble models. In the tubular bubble ice layer, the air bubbles are modeled as either
prolate spheroids or cylinders of finite length according to the length of bubbles. The air
bubbles in the granular ice layer are ‘modcled as spheres with a size much smaller than a
wavelength. Because the radii of the bubbles are much smaller than a wavelength for all
cases, low frequency approximation is applied to obtain the bistatic cross section. The
scattering formulation used in this model is that given by Ruck et al. (1970). The geometry

of the problem is shown in Fig. 4-4. Let a plane wave whose propagating direction lies in
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' x-z plane be incident upon a bubble whose axis coincides with z axis. The direction of

propagation of the incident wave makes an angle y, in x-z plane. The interesting
scattered field from the bubble propagates in a direction which makes an angle v in a

plane rotated with the angle ¢ around the z axis.

_a

BT
-
-

II :incident wave

IS :scattered wave
a : bubble radius
h : half length of bubble

Fig. 4-4 Geometry of bubbles considered in the lake ice model.

4-5.1 TUBULAR BUBBLES WITH LENGTH GREATER THAN WAVE LENGTH

In the case that the bubble length is greater than wave length, the elongated air
bubbles are modeled as identical , of finite length , vertically oriented , homogeneous

dielectric cylinders. Scattering by bubbles is computed according to the formulation for
a finite-length dielectric cylinder given by Ruck et al. (1970). The bistatic scattering
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cross section of the cylinder is as follows:

9

A4kh> sin{k(sin Y, +sin t//j)lz} 2

k(siny, +siny, )h

O™ (W0 ) = ——cos’ Y,0" (¥, 9) gt

where k is the wave number , h is the half length of cylinder , o (y,,9) is the scattering

width for an infinitely long cylinder at oblique incidence.
The scattering width for an infinitely long cylinder is calculated by (4.22) -

(4.24) according to the polarization for incident and scattered waves:

i 2 ' " 2 2w ' _ ey 2
o (w..9) ——”—fl—(kaf{(e—l)coswxfr i l)w‘“’ﬂ, (4.22)

2 4cos” y, E+1
. n’a [ 2(e=1)cosop T |
galvidienms (ks , and 423
HH(V/, (/)) 4cos’ v (ka) [ P ] ( )
Ou(vi.¢) =0 (v,.0)= 4r’a (ka)® geribak sin ¢ 2 (4.24)
vi\Wi @)= O yy\ Y, Q) = o " 2(8+ 1)‘ V, . T2

where a is the radius of the cylinder, and € is the relative permittivity. Reasonably good

results can be obtained with the equation (4.21) even for cylinders as short as a wave

length [Ruck et al., 1970].

The refraction angle within the ice is given by Snell's law when the appropriate
incident angle and the dielectric constants for the two layers are used. The transmitted
wave first propagates downward, then is reflected at the ice-water boundary and propagates
upward. If there is a bubble in the propagation path, a part of the intensity would be
reflected by the bubble. Although the scattering intensity has power in all directions

according to the equation (4.21), the dominant part of the scattering intensity exists in the

following conditions: ¢=0 or 7 , and y, is near —y,. when the length of bubble is




much larger than the wavelength. Therefore the bubbles are regarded as cylinders which
can only generate upward-going (downward-going) reflections when they are illuminated
by an upward-going (downward-going) wave. Based on the above assumption, two types
of scattering within the ice layer are considered. One is forward scattering and another is
specular scattering. The forward scattering causes extinction of the forward propagating
intensity and the specular scattering gives the backscattering intensity. The one way
forward propagating loss 1s calculated by using the equations (4.16) - (4.20) in the

previous section. The one way specular scattering reflectivity I, is given by

r Nd

= ™ =y, 0) 4.25
¢ 47rcosy/i6 (W, Vi ) ( )

When the bubble length becomes shorter, a direct scattering from the bubble
into the backscattering direction should be considered, in addition to the specular scattering

and the forward scattering from . The one way direct scattering reflectivity T, (¢) is

calculated by setting y, =y, and given by

No™(w,y.¢)( |
L,(¢)= i (l_zfj' (4.26)

4-5.2 TUBULAR BUBBLES WITH LENGTH SMALLER THAN WAVE LENGTH

When the bubble length 1s smaller than wavelength, all dimensions of bubbles
are small compared with the wavelength. Since the target features which affect the
scattering characteristics are its volume and the frequency in the low frequency region,
the shape of the object is not important for calculating scattering from the object. When
the bubble length is greater than its diameter, in case of the tubular bubbles layer, the
bubble can be modeled by a prolate spheroid with small error [Ruck et al.,, 1970]. When

the coordinate system is taken the same as that in Fig. 4-4, the bistatic scattering cross

sections for a prolate spheroid are given (4.27) - (4.30):

56




=5 167
&l‘[’ (V/t’ S,¢)_T/\
(e-1) cos <z>2cos W, CoSY/ i siny, siny,
[(8—1) S ]\/l—sinz(pcos2 v, ((e—l)lb s ]\/l—sm ¢cos’ y,
(4.27)
e 16 J1—sin® pcos’ v,
Oun (WY, 0)= 9 y Lfotel) 5 ; (4.28)
(Eedll +——
elp 167
o (U/,aWA,fp)"Tk
(e—1) Sin @ cosy, siny, cosy, - cossingsiny, cos’ v, f
2 2 2 2 > 5
E-1) +——= |\/1—sin"¢cos” vy -1, +—— Wl —sin" ¢cos W,
(( ) a aebe_ J\/ ¢ W; E( ) b aebe_ ]\/ qDL( W;
(4.29)
o (Woy,,0)=0 (4.30)

where a, and b, are the semi-axes of the equivalent spheroid, I, and I, are elliptic

functions, and the other parameters are given as follows:

1 1
3\3 3
a, =('—j3/z) b, :(E)Ba ;
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4-5.3 SPHERE BUBBLES

In order to consider a spherical bubble model, we should set a=h for the bubble
geometry in Fig. 4-4. The backscattering model for a sphere much smaller than the

wavelength is also given by Ruck er al. (1970):

)

i J o) g i ) )
o (WL W0 =0 (W, p,,¢) = 47&1*(/\’0)4[8—:;} cos (Y, —y,)cos” ¢, (4.31)

Ov WV, 0) =05y (W w,.0) = 47&12(/«1)4[5—9} sin” ¢ 5

4-6. MULTI-LAYER CONSIDERATION

The scattering coefficient of an extended target in a given direction is the ratio of
the total scattered power from an equivalent isotropic scatterer which generates the same
scattered power density in the direction as the total power of the illumination area.

Mathematically, the bistatic scattering coefficient is defined as

Eif)
B (4.33)
.

o

47[1‘2<
0 _

rPq

A

( . . . 3 S0 b o { s 5 .
where Glfq 1s the bistatic scattering coefficient corresponding to a g-polarized incident
plane wave that gives rise to a p-polarized spherical wave, r is the distance between the

center of a distributed target and the observation point, A is the illuminated area, F’! 1S

the incident g-polarized field, £, is the scattered p-polarized field, and ( ) is the ensemble
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average.
[f the incident and scattering intensities ( power density ) are given, the

backscattering coefficient would be as follows:

5
0

g1 47rcos€07".’—, (4.34)

Pq
4

where 6, is the incident and scattered angle, [, is the scattered p-polarized intensity, and

1{; 1s the incident g-polarized intensity. When reflections from bubbles in the ice occur,

the scattered power is propagated toward the backscattered direction, as shown
schematically in Fig. 4-5. In the general case, the bubble density and bubble size vary
according to the depth of ice. Thus, it is assumed that the ice is composed of n-layers and
each layer has a different bubble density and bubble size. The downward and the upward

intensities

(E,U) at the boundaries of layer i are defined as shown in Fig. 4-6. The relation of these

intensities is given by

D,
Loy (4.35)
U

Here t indicates transpose, and M, M,, M, and M, are 2 x 2 matrices, of which the

elements are given by the calculation for the first order scattering. M, M,,M_and M,

are given as follows:




where

[, and T; are the power reflectivity for the boundary i-1 and i respectively, L, is the one

i

way power loss factor for layer i, T is the one way power reflectivity in the specular

direction caused by bubbles in layer i, I',(¢) is the one way power reflectivity caused by

direct scattering from bubbles in ¢ direction in layer i.

For convenience in the multi-layer treatment, the following matrix for each layer

1s calculated

=1

M —M'M D
a a b :”i i (436)

MM M -M MM, | O,

=

In order to obtain the relation between the incident and scattering intensities at
the air-ice boundary, this matrix for each layer is derived and multiplied, and finally, the

matrix for entire ice layer K derived according to

F“J = K[D} =ik ][DJ : (4.37)
UO Un Un

where k,, is the element of the matrix in row 1 and column m. Because there is no
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upward intensity from the bottom layer (water or frozen soil ) and no left downward
intensity in the upper layer (air), the following conditions must be satisfied:
NS W P R (4.38)

Using the above conditions, the ratio of backscattering intensity to the incident

intensity 1s given by

Kok,
s = k4l e
— =(1 r)-—Uiz(l b Ky (4.39)
T 3 K, K, -
g kn . k.

Substituting the equation (4.39) to (4.34), finally we obtain the backscattering

coefficient as follows [Wakabayashi et al. , 1993]:

o’ =4rcosh,-(1-T.): kay ' (4.40)
(0] 0 2
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Sl o i s i s i

water or soil

0 :incidence and scattered angle
d :1ice thickness

[' :incident wave

I3 :scattered wave

Fig. 4-5 Schematic figure of lake ice reflection including direct backscattering and forward
scattering from bubbles. The upper and bottom boundaries of the ice are considered

to be specular surfaces.
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Fig. 4-6 Multi-layer ice structure. The ice is composed of n sub-layers with each

sub-layer having a different bubble density, bubble shape and bubble size.




4-7. SURFACE SCATTERING FROM ICE-BOTTOM BOUNDARY

[n the pervious section, the ice-bottom boundary was considered to be a specular
surface and the ice model was made based on this assumption. Since there is no observation
data available for the ice-bottom surface roughness now, we need to make a measurement
for it during the next field observation experiment. In order to prepare for the time when

the surface roughness data are acquired, the model which has incorporated surface roughness

consideration for ice-bottom surface should be developed [Wakabayashi et al., 1993].

In this section, a scattering from the ice-bottom surface into the backscattering
direction is added to the model which has been derived in the previous section. The
schematic figure for the ice-bottom backscattering is shown in Fig. 4-7. The surface

roughness is characterized by two parameters, one is the standard deviation of surface

height o,, and another is the surface correlation length ¢ [Ulaby et al., 1982]. We

assume that both ¢, and ¢ are much smaller than the wavelength in the case of the ice

bottom surface on the lakes. For a slightly rough surface, a standard approach for scatter
modeling is the small-perturbation model, which requires the surface standard deviation
to be less than about 5 percent of the wavelength and the average slope of the surface to
be of the same order as the wave number times the surface standard deviation. The above

conditions are mathematically given by

ko, <0.3, (4.41)
J%?‘<(13. (4.42)

The backscattering coefficient of the small perturbation model o

pom_pg SHOWN 1D

Fig. 4-7, which corresponds to a g-polarized incident wave that gives rise to a p-polarized

wave 1s given as follows [Ulaby et al., 1982]:

0 = e S
O-.ypm‘pq e 8k G[ COs Qlap(/

IZWKkanQJD, (4.43)
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where,, = R, for HH polarization, which is the Fresnel reflection coefficient for H

polarization,

L :
sin” @ — (1 +sin” 0)
£ \ "
a, =(—=-1) ’ = for VV polarization,
81

10 | —

€ g .
"L o080+ (—=2 ~3in"0)
£, £,

o, =a, =0 for HV and VH polarization,

and W(2ksin6,0) is the Fourier transformation of the surface correlation coefficient,

which is called the normalized roughness spectrum. When a Gaussian correlation coefficient

of the form exp(=£*//¢°) is assumed, which corresponds to an 1sotropic roughness
spectrum, its Fourier transformation of the surface correlation coefficient is given as

follows [Ulaby et al., 1982],
W(2ksin8) = %1!2 exp[~(k/,’sin 6)2] : (4.44)

[n order to incorporate ice-bottom surface scattering into the lake ice model, the

reflectivity of the ice-bottom surface is derived as

I 0

spm _pq?

(4.45)

M 0)= ——
aon_pa (V) 4mcosB

and added to the matrix in Equation (4.35) for sub-layer n (the bottom layer in the ice).
Strictly speaking, the effect of surface roughness on the specular reflected component
should be considered by multiplying the Fresnel reflection coefficient by a factor that

depends on the surface roughness parameters, but the effect of this component is considered

to be very small, so this effect will not be included in the proposed model.




[ce-bottom boundary

water or soil

Fig. 4-7 Backscattering from rough ice-bottom boundary.




CHAPTER 5. BACKSCATTER SIMULATION

In this chapter, some simulations using the backscatter model developed in
the last chapter are made in order to get better understandings for the relation between
lake 1ce characteristics and SAR backscatter. All simulations are executed in C-band.
Because the ERS-1 C-band SAR data were acquired at the same time when the field
measurement was carried out, a set of SAR data and ground truth data may be helpful
to understand the relation between backscatter and ice physical parameters. In the
final part of this chapter, the simulated backscatter is compared with backscatter

derived from ERS-1 SAR images obtained at the same time as the fieldwork.

5-1. MODEL COMPONENT

5-1.1. AVERAGE DIELECTRIC CONSTANT

In the case of the surface granular ice layer, the average dielectric constant is
independent of the incidence angle because of its isotropic structure, while the average
dielectric constant varies with the angle of incidence for the tubular bubbles layer. The
average dielectric constant for the tubular bubbles layer, of which bubbles are considered
to be long and narrow cylinders, is calculated based on a two-phase mixture model
given by Equation (4.3). In this calculation, the relative dielectric constant for host

material and inclusion material were as follows: Host material (Fresh-water ice) 3.15 -
j 9.00E-4 ; Inclusion material (Air) 1.00 - j O . The volume inclusion factor v, was set
in four cases, such as 0, 0.01, 0.05, and 0.1. Calculated real and imaginary dielectric
constants versus incidence angle are plotted in Fig. 5-1. Since the change of the

dielectric constants with the volume inclusion factor is found to be very small, the

reflection from the boundary between ice sub-layers can be considered to be very

small according to Fresnel’s law.
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Fig. 5-1 Average dielectric constant versus incidence angle calculated by two-phase
mixture model: (a) Real part of dielectric constant; (b) Imaginary part of
dielectric constant.

68




5-1.2. REFLECTIVITY AT ICE-BOTTOM BOUNDARY

In order to understand the electro-magnetic difference of the ice-bottom
interface, the power reflectivity of ice-bottom boundary are simulated using Fresnel’s
law. The ice-bottom interface is ice - water for the floating ice, while ice - frozen soil
1s used for the grounded ice. The C-band dielectric constants for these materials are

taken as follows: Ice 3.15, j9.00E-4; Water 65.00, j35.00; Soil 5.00, j0.50.

The calculated reflectivity versus incidence angle is shown in Fig. 5-2 which
clearly shows the large difference in reflectivity between floating and grounded ice.
At the ERS-1 incidence angle ( about 13 degrees at the ice-bottom boundary ) with
polarization, the reflectivity for floating ice, 0.44, is roughly 30 times bigger than that
for grounded ice, at 0.013. Since penetration depth for freshwater is about 18 meters
in C-band, the difference of reflectivity at the ice-bottom boundary strongly contributes

to the backscatter from the lake ice.
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Fig. 5-2 Power reflectivity at ice-bottom boundary versus incidence angle calculated

by Fresnel’s law: (a) Floating ice; (b) Grounded ice.




5-1.3. BUBBLY ICE LAYER

The backscatter from simple one layer ice which has various bubble
characteristics is simulated in order to understand the contribution of bubbles to the
backscatter. Considering the three main layers configuration ( air / ice / water ), the
backscattering coefficient is calculated at the incidence angle of 23 degrees using the
prolate spheroid bubble model for simulating the ice layer. To make a model as
simple as possible, the ice-bottom boundary is modeled as a specular surface. The
used real and imaginary dielectric constants are as follows; Air 1.00, jO; Ice 3.15,

19.00E-4; Water 65.00, j35.00.

The calculated results are plotted in Fig. 5-3. Four parameters representing
the ice layer and bubble characteristics, such as ice thickness d, volume inclusion ratio
v,, bubble radius a, and half length of bubbles h, are changed in each calculation. Note
that the increase in backscatter with ice thickness is similar to that observed in Figs.
3-3 and 3-4, which means the developed model can simulate the growth of ice. The

other results of simulation indicate that the backscatter from the ice is sensitive to the

bubble characteristics such as v,, aand 4.
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For each case, the other conditions are as indicated in the figures.
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5-1.4. SURFACE ROUGHNESS AT ICE-BOTTOM BOUNDARY

The contribution of surface roughness at the ice-bottom boundary to the
backscattering coefficient 1s simulated in this section. Using the small perturbation
model given by the equation (4.43), the backscattering coefficient from ice-bottom
boundary for both floating and grounded ices is calculated. The real and imaginary
parts of C-band dielectric constants for materials are taken as follows: Ice 3.15,
19.00E-4; Water 65.00, j35.00; Soil 5.00, j0.50.

The backscattering coefficient at boundary versus incident angle is shown in
Fig. 5-4 in which the calculation 1s carried out in three cases of roughness parameters.
As the standard deviation of surface height o, and the surface correlation length /¢
become larger, the backscattering coefficient at the ERS-1 incidence angle ( about 13
degree at ice-bottom boundary ) is significantly increased. As shown in Fig. 5-4, the
difference of backscattering coefficient between the grounded ice and the floating ice
1s about 15 dB at 13 degree of angle of incidence, which is comparable with the
difference of Fresnel’s reflectivity at the same angle of incidence. When the surface

roughness parameters are less than k¢ =1.0 and ko, = 0.1, the surface roughness

contribution to backscatter is within 10 % of the total backscatter and can be negligible.
However, 1f the surface roughness becomes larger, the backscatter from the ice-bottom

boundary cannot be ignored, especially in the lower incidence angle, and should be

included.
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Fig. 5-4 Backscattering coefficient at the ice-bottom boundary versus incidence angle

calculated by using the small perturbation model: (a) Floating ice in polarization

VV; (b) Grounded ice in polarization VV.
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5-2. MULTI-LAYER SIMULATION

Considering the typical structure of lake ice as observed in Northern Alaska
shown in Fig. 4-1, the backscatter from an ice which has three layers such as a

granular layer, a clear layer, and a tubular bubbles layer is simulated.

5-2.1. FLOATING AND GROUNDED ICE

Backscatters from both floating ice and grounded ice are calculated using this
model. For the simulation, the following ice thickness and stratigraphic characteristics
are used. The grounded ice consists of a 10 cm thick granular layer, a 15 cm thick
clear layer and a 30 cm thick tubular bubble layer. The floating ice consists of a 10
cm thick granular layer, a 60 cm thick clear layer and a 140 cm thick tubular bubble
layer. In the granular layer the volume inclusion is 1% and the bubble diameter is 2
mm, while in the tubular layer the volume inclusion is 3% and the bubbles are | mm
in diameter and 3 c¢m long. The ice-bottom boundary is considered to be a specular
surface and the bubbles in the tubular bubbles layer are modeled as prorate spheroids.
In these simulations the C-band relative dielectric constants for the different materials

are as follows: Air 1.0, jO; Ice 3.15, j9.00E-4; Water 65.00, j35.00; Soil 5.00, j0.50.

The results of the simulations are plotted in Fig. 5-5 which clearly shows the
large difference in backscatter intensity between floating and grounded ice. At the
ERS-1 incidence angle (23°) the backscatter difference is about 8 dB, which is comparable
with the difference between floating and grounded ice observed by ERS-1 SAR
[Jeffries et al., 1993]. Since the power reflectivity for an ice/water interface is
approximately 30 times that of an ice/soil interface, the simulation confirms that

backscatter 1s significantly changed by the presence or absence of a specular ice/water

interface.
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5-2.2. GROWING ICE

A backscatter change for the floating ice as a function of ice thickness in the
tubular bubbles layer i1s shown in Fig. 5-6. This calculation is done only at the angle
of incidence of 23 degrees which is for the ERS-1. In the simulation, the ice has a 10
cm thick granular layer, a 60 cm thick clear layer and a 20-200 c¢m thick tubular
bubbles layer. In the granular layer the volume inclusion is 1% and the bubble diameter
1s 2 mm, while in the tubular layer the volume inclusion is 3% and the bubbles are 1
mm in diameter and 3 cm long. The ice-bottom boundary is considered to be a
specular surface and the bubbles in the tubular bubbles layer are modeled as prorate
spheroids. The C-band relative dielectric constants for the materials are as follows:

Air 1.0, jO: Ice 3.15, j9.00E-4; Water 65.00, j35.00.

The increase in backscatter with increasing ice thickness, which is ranging

from -16 dB to -7.5 dB, is comparable with that observed by SAR during the period

from October 1991 to April 1992 shown in Fig. 3-3.
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Fig. 5-6 Backscattering coefficient at C-band (VV) versus the thickness of an ice

layer with tubular bubbles.




5-3. COMPARISON BETWEEN ERS-1 SAR AND MODELED BACKSCATTER

The final part of this chapter compares the simulated and the observed
backscatters. For this simulation, the ice is divided into sub-layers, and the measured
values of the porosity, mean bubble radius and mean bubble length in each sub-layer
for ice cores obtained in April 1992 are used as model input. The input data to the
backscatter model are the same as given in Table 2-2. The C-band relative dielectric
constants for the materials are as follows: Air 1.0, jO; Ice 3.15, j9.00E-4; Water 65.00,
135.00. For the observed SAR data, the backscattering coefficients extracted from the

ERS-1 image acquired on 20 April 1992 are used.

5-3.1. SPECULAR ICE-BOTTOM BOUNDARY

At first, the backscattering coefficients are calculated using the model having
a specular 1ce-bottom boundary and compared with the backscatter derived from the
actual SAR data. The result of the comparison between SAR-derived backscatter and
the model output is shown in Fig. 5-7. At most sites, the model underestimates the
backscatter, particularly at sites 7, 8 and 11. The correlation coefficient for a linear

regression of the two data sets is 0.73 and the model has -5.5 dB offset relative to the

SAR data.
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Fig. 5-7 The backscattering coefficient observed by ERS-1 SAR versus the
backscattering coefficient estimated by lake ice model with a specular ice-

bottom boundary. Numbers displayed on the figure indicate the site number.

The linear dotted line is the result of linear curve fitting.




5-3.2. ROUGH ICE-BOTTOM BOUNDARY

The model which has the rough ice-bottom boundary is used to simulate
backscatter from lake ice. The surface roughness parameters had to be estimated
because there 1s no measured data. The used roughness parameters for the ice/water

boundary are as follows: the surface correlation length ¢ 10 mm; the standard deviation

of surface-height o, 1 mm, while these parameters for the ice/soil are as follows: ¢
15 mm.; o, 1.5 mm. These roughness parameters correspond to k7 =2.0/ ko, = 0.2 for

ice/water and k¢ =3.0/ ko, =0.3 for 1ce/soll.

The result of the comparison between SAR-derived backscatter and the model
output 1s shown in Fig. 5-8. When comparing with the result in the 5-3.1 (Fig. 5-7),
the correlation coefficient for a linear regression of the two data sets is improved to
0.97. Although the roughness parameters used in this calculation are not a measured
value, by adding consideration for the surface roughness at the ice-bottom boundary,
the model backscatter remarkably approaches the observed SAR backscatter. In other

words, for the backscattering model of lake ice in northern Alaska, the surface roughness

of ice-bottom boundary should be included.
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CHAPTER 6. CONCLUSIONS

This research leads to the following summarized conclusions.

(1) From the results of field measurement, the ice core measurement, and the C-band
SAR data taken at almost the same time as when the field measurement was

carried out, the following have been confirmed:

a) The lakes in low backscatter had the grounded ice, while the lakes in high

backscatter had the floating ice;

b) The contribution of snow to backscatter may be negligible especially in the low
frequency such as C- and L- band, because the thickness of the snow cover on
the 1ce was equal to or less than 80 mm at the all sites and the snow itself was

very dry;

¢) No difference was found in the roughness for both snow surface and ice surface

at all of the 11 sites;

d) The typical lake ice observed in the measured area was composed of three kinds
of layers, which were the granular layer with spherical bubbles, the clear and
bubble-free layer, and the tubular bubbles layer. The clear layer and the tubular
bubbles layer were found at all of the sites, but the granular layer was found at 6
out of 11 sites. The bubble density and bubble size varied with their depth in the

tubular bubbles layer.

(2) The time-series of radiometrically calibrated ERS-1's C-band data of the Barrow,
Alaska region acquired and processed at ASF have been analyzed. The results of

analyses are as follows;

a) As the ice grows, the backscatter increased from -22 dB (Minimum value in
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September) to -6 dB (Maximum value in January) as long as the ice was floating

on the water. The increase of backscatter was found about 10 dB at most sites .

b) When the ice was finally grounded, the backscattering coefficient decreased
below -15 dB. The backscatter difference between floating ice and grounded ice

was & dB to 10 dB.

¢) Assuming that the ice growing speed is the same in all the lakes, the time series
of C-band backscatter from lakes may be helpful for lake batymetry. The change
of the backscatter profile proved that the boundary between high backscatter and
low backscatter ( the boundary point of floating and grounded ice) moved to the

center of the lake during the winter time.

(3) The JERS-1's L-band SAR data for the Barrow area have been analyzed. Although
there was no field measurement data available, the followings were confirmed by

using only radiometrically calibrated SAR data:

a) The backscatter difference between floating and grounded ice was about 2 dB

which was much smaller than that in C-band.

b) The increase of backscattering coefficient for growing ice was a maximum of 4

dB approximately.

¢) The higher JERS-1's NEc"is assumed to cause the smaller backscatter difference
between the floating ice and the grounded ice in addition to the smaller backscatter

increase of growing ice.

(4) Based on the 1ce characteristics obtained from ice core measurements, a numerical
model for backscatter from ice growing on shallow tundra lakes has been developed.
First the ice 1s divided into sub-layers which have different bubble characteristics,
and then the first order scattering 1s calculated in each sub-layer. After scatterers in

sub-layers are combined, the relation of incidence and scattering intensities at the
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top surface of the ice is calculated and converted into a backscattering coefficient.

(5) Using the developed model, each part which affects the backscattering coefficient
was calculated and evaluated. This backscatter model could explain the backscatter
difference between grounded ice and floating ice, and also the observed increase in

backscatter as the ice grows thicker during the winter.

(6) Backscattering coefficients derived from ERS-1's SAR data and the model output
were compared. The model which has a specular ice-bottom boundary under-
estimated backscatter, but after considering the rough ice-bottom boundary a good
agreement between the model output and SAR data was obtained. Conversely
speaking, the roughness parameter ko, for the ice-bottom boundary is estimated to

be 0.2 to 0.3.

This research mainly concentrated on the relation between the SAR observation
data and the theoretical model output for the backscatter from lake ice. Even though
the target of interest in this paper is on the lake ice in Northern Alaska, the methodology
of this research can be used for more general targets, such as vegetation and sea ice.

This research will contribute to the progress of understanding for microwave

backscattering mechanisms.
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Source codes for the lake ice backscattering model

Main program 93-111

Subroutine program 112-123




final_model_srm.c
-1st. order sphere model
-1st. order elipsoid model
-1st. order cylinder model
Bubble is modeled as a sphere , a prolate spheroid or a cylinder
-Bottom boundary is modelled as a small- perturbation

Simulating Lake Ice (First order scattering)
Calculating Backscatter coefficient of Lake Ice

1) created by Hiro WAKABAYASHI on Nov.6,1992

2) modified on Apr.25,1993
-incorporate 3 models into one program

3) modified on May.12,1993
-fixed bug in ellipsoid model

4) modified on Aug.31,1993
-add surface roughness on the bottom boundary

oy

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include "nr.h"
#include "hiro_util.h"
#include "uni_nrutil.h"
#include "dcomplex.h"
#include "lakeice.h"

#define Pai 3.1415926 [Z P/

#define Degrad 0.0174533 /* Conversion coefficient degree to radian */
#define Raddeg 57.29578 /* Conversion coefficient radian to degree */
#define Clv 299792458.0 /* Light Speed (m/sec) */

static int nl; /* No. of layers in ice */

static dcomplex ptb,pab,pt[16],pa[16],pta[16];
/* permittivity and permeability */

static float freq,vi[16],a0[16],h0[16],d[16],ang[16],ka[16];
static int bs[16];
/* input parameter for each layer B

static float gm_bnd_h[16],gm_bub_h[16],kO_h[16],kp_h[16],

los_h[16],kOb_h[16],kpb_h[16],gm_bub_hd0[16],gm_bub_hdp[16];
static float gm_bnd_v[16],gm_bub_v[16],k0_v[16],kp_v[16],

los_v[16],kOb_v[16],kpb_v[16],gm_bub_vd0[16],gm_bub_vdp[16];
/* calculated parameters for each layer */

static float keO;
static dcomplex cea,ceb;

static float kl kc,kf,t1,t2 kfO;
static dcomplex cvv1,cvv2,chh1,chh2,chvi;

static float scl,shs; /* Surface correlation length and height std. of bottom */

/ *

kkhkhk kit rthkhkhk kA hkhkrrthhhhkhkhhkhkihthhhkhkhhkkhkdhx

* Initialize input parameters i
EERRTEREEXNEREX AT ER AR EEEXETT X XX

i

void initParameter()

int i;

ptb=Complex(1.

pab=Complex(1.

for (i=0;i<16;i+
{

0,0.0);
0,0.0);
+)




pt[i]l=Complex(1.0,0.0);

pali]l=Complex(1.0,0. ),

ptali]=Complex(1. 0,0 0);

vi[E]]=0.0; a0[i]=0.0; hO[i]=0.0 ; d[i]=0.0; ang[i]=0.0; ka[i]=0.0;

bs[i]=1

gm_bnd_h[i]=0.0; gm_bub_h[i]=0.0; kO_h[i]=0.0; kp_h[i]=0.0; los_h[i]= OO
gm_bnd_v[i]= OO gm_bub_v[i]=0.0; kO v[:]= O kp_v[i]=0.0; Ios v[|]=

kOb_h[i]=0.0; gm_bub_hd0[i]=0.0 kOb _Vv[i]=0 gm_bub de[]
kpb_h[i]=0.0; gm_bub_hdp[i]=0.0 ;kpb~v[|] gm_bub_vdp[ 1=0. O
scl=shs=0.0;
}
}
/ *
r o A A S R e L B R T B R T R S R O
* Input parameter routine il
o A R R A e R e e e i G R R R R D e A
L

void inputParameter()

float pr,pi,tv,ta,th,td;
int in;ib;

printf("\nFrequency for calculation (MHz) > ");
scanf("%f",&freq);

printf("\nPermittivity of upper media (air) (Real,lmage) > " );
scanf("%f,%f" &pr,&pi);
pt[O]=Complex(pr,pi);

printf("\nPermittivity of bottom media (water or soil) (Real,Image) > " );
scanf("%f,%f" &pr,&pi);

ptb= Complex(pr pi);

pab=Complex(1.0,0.0);

printf("\nNumber of Layer in ice ( nl<=15) > " );
scanf("%d",&nl);

for (i=1;i<=nli++)

printf("\nPermittivity of ice layer %d (Real,Image) > ",i);

scanf("%f,%f",&pr,&pi);

pt[i]=Complex(pr,pi);

printf("***************** Layer %d
***'k***********************”,i);

printf("\n* vi:volume inc(percent) aO:rad.of bubble(mm) *");

printf("\n* hO:bubble length(cm) d :ice thickness(cm) *");

printf("\n*  bs:bubble shape(0:sphere/1:ellipsoid/2:cylinder) *");

printf("\n******************************************************").

printf("\n Layer parameter (vi,a0,h0,d,bs) > "); ’
scanf("%f,%f,%f, %f, %d" &tv,&ta,&th,&td,&ib);

vi[i]=tv*0.01; a0[i]=ta*0.001; hO[i]=th/2*0.01 ; d[i]=td*0.01; bs[i]=ib;

}

printf("\n*****  Bottom boundary surface roughness *****" ).
printf("\nSurface cor. length(cm) & height std.(mm) (scl,shs) > " );
scanf("%f,%f" &scl,&shs);

scl=scl*0.01;

shs=shs*0.001;

}

*
4***********************************************************
* Calculate Dielectric constant %

" for 2 phase-mixture modelin the specific incident *
¥ -spheres or needles in host material ¥
N -needles are parallel to z-axis %
RAEREEREREEEEEEEREREREEEETEEREREREAN AR AR AT AR R R AN * K
(1)Title :MixDE(p1t,pl1a,p2th,p2ti,p2a,vif,th1,ibs)
(2)Input parameter

plt (complex) . permittivity of upper medium

pla (complex) . permeability of upper medium
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p2th(complex) : permittivity of host
p2ti(complex) : permittivity of inclusion

p2a (complex) : permeability for host and inclusion

vif (float) : volume inclusion factor

th1 (float) : incident angle to the medium (degree)

ibs (int) : bubble shape ( O:sphere / 1:ellipsoid / 2:cylinder )
(3)Output parameter : none
(4)Return

MixDE (complex) : permittivity of 2 phase-material
R

dcomplex MixDE(p1t,pla,p2th,p2ti,p2a,vif,th1,ibs)
dcomplex p1t,pla,p2th,p2ti,p2a;

float vif,th1;

int ibs;

{
float a[3],b[2],btemp;
dcomplex c[3],z;
if (ibs==0) a{0}=al 1 )=a[2]=1:0/3.0;
else { a[0]=a[1]=0.5; a[2]=0.0; }
b[0]=0.0;
b[1]=RefractAngle(p1t,p2th,pl1a,p2a,th1);
z=Mixture(p2th,p2ti,vif,a,b,c);
btemp=RefractAngle(p1t,z,p1a,p2a,th1);
while ( abs(btemp-b[1])>0.00001) /* derive refraction angle nE
{ A
iteration (threshold=0.00001) */
b[1]=btemp;
z=Mixture(p2th,p2ti,vif,a,b,c);
btemp=RefractAngle(p1t,z,pla,p2a,th1);

}
z=Mixture(p2th,p2ti,vif,a,b,c);
return(z);

x
i********************************
* Calculation for ¥
» -average permittivity ¥
- -refract angle i
% -power reflectivity %

i -absorption coefficient e

Rl A A A A A A A A A A A A A A A A A A A A

(1)Title . cal_para_ice

(p1t,pla,p2th,p2ti,p2a,freq,vif,th1,ibs,th2,p2t_av,gam,ka)

(2)Input parameter
plt (complex) . permittivity of upper medium
pla (complex) : permeability of upper medium
p2th(complex) : permittivity of host
p2ta(complex) : permittivity of inclusion

p2a (complex) : permeability for host and inclusion
freq(float) . frequency (MHz)
vif (float) : volume inclusion factor
th1 (float) : incident angle to the medium (degree)
ibs (int) : bubble shape ( O:sphere / 1:ellipsoid / 2:cylinder )
(2)Output parameter
th2 (float) . refract angle in the medium (degree)
p2t_av(complex) : average permittivity of the medium
gam (float) : power reflectivity of boundary
gam([O] : for VV-Pol gam[1] :
for HH-pol
ka(float) . volume absorption coefficient of the medium
*
/
void cal_para_ice(p1t,pla,p2th,p2ti,p2a,freq,vif,th1,ibs,th2,p2t_av,gam,ka)
dcomplex plt,pla,p2th,p2ti,p2a,*p2t_ayv;
float freq,vif,th1;
int ibs;
float *th2,gam[2],*ka;

{
dcomplex g1,g2,kai,z1;
*p2t_av=MixDE(p1t,pla,p2th,p2ti,p2a,vif,th1,ibs);
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z1=*p2t_ay;
*th2=RefractAngle(p1t,z1,pl1a,p2a,thl);
gl=ReflectVpol(p1t,z1,pla,p2a,thl);
gam[0]=Cabs(g1)*Cabs(g1);
g2=ReflectHpol(p1t,z1,pl1a,p2a,th1);
gam[1]=Cabs(g2)*Cabs(g2);
kai=AttPha(freq,z1);

Ahas2 ikl
/*
Lk A A A S AR S A S R A A i A A R
*  spm_btm_h *

i i i i i S U O A A A A A S S

Calculate
backscattering coefficient
of small perturbation model in H-polaritzation
Surface is modeled as Gaussian correlation

(1)Title :spm_btm_h

(2)Input parameter
prmt1 (complex) :Relative permittivity for layer 1
prmt2 (complex) :Relative permittivity for layer 2

prmal (complex) :Relative permeability for layer 1

prma2 (complex) :Relative permeability for layer 2

theta (int) :Incident angle (degree)

S (float):Standard deviation of surface height

I (float):Surface correlation length (meter)

freq (float) :Frequency (MHz)
(3)Output parameter

gamO (float) :Reflectivity in backscattering direction

gamp (float) :Reflectivity in forwardscattering direction
(4)Return (float) :None

bt
void spm_btm_h(prmt1,prmt2,prmal,prma2,theta,s,|,freq,gam0,gamp)
dcomplex prmtl,prmt2,prmal,prmaz;
float theta,s,l,freq;
float *gamO,*gamp;
dcomplex c1;
float z1,22,k,w;

c1=ReflectHpol(prmt1,prmt2,prmal,prma2,theta);

z1=Cabs(c1)*Cabs(c1);

k=2*Pai/(Clv/(freq*1.0e6))*sqrt(prmt1.r);

v P il i

w=exp((-1.0)*sqr((k*I*sin(Degrad*theta))));

*gam0=8.0*pow(k,4.0)*(s*s)*pow(cos(Degrad*theta),4.0)*z1*z2*w/
(4.0*Pai*cos(Degrad*theta));

*gamp=8.0*pow(k,4.0)*(s*s)*pow(cos(Degrad*theta),4.0)*z1*z2/
(4.0*Pai*cos(Degrad*theta));

}

/ o
LA b b b b b b b 2 b B b b 2 b S A S
*  spm_btm_v *
kbR ERRPERETYR X

Calculate

backscattering coefficient
of small perturbation model in V-polaritzation
Surface is modeled as Gaussian correlation

(1)Title ;spm_btm_v

(2)Input parameter
prmt1 (complex) :Relative permittivity for layer 1
prmt2 (complex) :Relative permittivity for layer 2

prmal (complex) :Relative permeability for layer 1
prma2 (complex) :Relative permeability for layer 2
theta (int) :Incident angle (degree)
S (float):Standard deviation of surface height
I (float):Surface correlation length (meter)
freq (float) :Frequency (MHz)

(3)Output parameter
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gamO (float) :Reflectivity in backscattering direction
gamp (float) :Reflectivity in forwardscattering direction

(4)Return (float) :None

)

void spm_btm_v(prmt1,prmt2,prmal,prma2,theta,s,l,freq,gam0,gamp)
dcomplex prmtl,prmt2,prmal,prmaz;
float theta,s,|,freq;
float *gamO,*gamp;

{

dcomplex c¢1,c2,c3,c4,c5,c6,c7,c8,c9;

float z1,22 ,k,w,sin2;

sin2=sin(Degrad*theta)*sin(Degrad*theta);

c1=Cdiv(prmt2,prmt1);

c2.rscl.r-1.0;

(o s O

c3=RCmul((1+sin2),c1);

¢3.r=5in2=c3.1;

CRilst=1:0)10 3.0

c4=Cmul(c2,c3);

c¢5=RCmul(cos(Degrad*theta),c1);

co.r=clir-sin2;

chii=e i

c7=Cadd(c5,Csqrt(c6));

cB8=Cmullc? c7);

c9=Cdiv(c4,c8);

z1=Cabs(c9)*Cabs(c9);

k=2*Pai/(Clv/(freq*1.0e6))*sqrt(prmt1.r);

22 =0 S5

w=exp((-1.0)*sqr((k*I*sin(Degrad*theta))));

*gamO0=8.0*pow(k,4.0)*(s*s)*pow(cos(Degrad*theta),4.0)*z1*z2*w/
(4.0*Pai*cos(Degrad*theta));

*gamp=8.0*pow(k,4.0)*(s*s)*pow(cos(Degrad*theta),4.0)*z1*z2/
(4.0*Pai*cos(Degrad*theta));

}
/ *
kXTI TEEEEXEE I T RPN AA AT AR AR E TR A
% Calculate Bubble Scatter *
% - Volume scattering coefficient %
% - Volume scattering loss .
iy consider bubble as "sphere" %

kXX EREEAEEEERERTRPEELEEXETEEZET TR AR FREER LR LT TR TR X

Calculate volume scattering coefficent for bubble
(1) Title :cal_bubble_sph (er,mr,a0,h0,vi,freq,in_ang,ks)
(2) Input Parameter

er (dcomplex) :relative permittivity of host to bubble

mr (dcomplex) :relative parmiability of host to bubble

a0 (float) :radius of bubble (meter)
hO (float) :half length of bubble (meter)
vi (float) :volume inclusion factor

freq (float) :frequency (MHz)
in_ang(float) :incident angle (degree)
(3) Output Parametar

ks[] (float) :volume scattering coefficient
ks[0] :0 degree vv  (specular scattering)
ks[1] :180 degree vv (scattering extinction)
ks[2] :0 degree hh  (specular scattering)
ks[3] :180 degree hh (scattering extinction)
ks[4] :0 degree vv  (direct backscattering)
ks[5] :180 degree vv (direct backscattering)
ks[6] :0 degree hh  (direct backscattering)
ks[7] :180 degree hh (direct backscattering)

(4) Return :none

* 7

void cal_bubble_sph(er,mr,a0,h0,vi,freq,in_ang,ks)

dcomplex er,mr;

float a0,h0,vi,freq,in_ang;

float ks[8];

{

dcomplex fer,fmr,cal,ca2,cb1,cb2,cr,ci,ctmpl,ctmp2,m1;
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float kO,k1,k1a,sig_ex,ftmp,clab,c2ab,nn;
float pusi;
int i

cr=Complex(1.0,0.0);

ci=Complex(0.0,1.0);

fer=Cdiv(cr,er);

fmr=Cdiv(cr,mr);

m1=fer;

kO=2.0*Pai/(Clv/(freq*1.0e6));

k1=kO*sqrt(er.r);

kTa=k1*a0:

cal=Cmul(ci,RCmul(pow(k1a,5.0)/45.0,Csub(m1,cr)));

ca2=Complex(0.0,0.0);

ctmp1=RCmul(pow(k1a,3.0),Cdiv(Csub(m1,cr),Cadd(m1,RCmul(2.0,cr))));

ctmp2=Cmul(Csub(m1,cr),Csub(m1,RCmul(2.0,cr)));

ctmp2=Cdiv(ctmp2,Cmul(Cadd(m1,RCmul(2.0,cr)),Cadd(m1,RCmul(2.0,cr))));

ctmp2=RCmul(3.0/5.0*pow(k1a,5.0),ctmp2);

ctmp1=Cadd(ctmp1,ctmp2);

cb1=Cmul(RCmul((-2.0)/3.0,ci),ctmp1);

ctmp1=Cdiv(Csub(m1,cr),Cadd(RCmul(2.0,m1),RCmul(3.0,cr)));

cb2=Cmul(RCmul((-1.0)*pow(k1a,5.0)/15.0,ci),ctmp1);

clab=Cabs(Cmul(cal,cal))+Cabs(Cmul(cb1,cb1));

c2ab=Cabs(Cmul(ca2,ca2))+Cabs(Cmul(cb2,cb?));

sig_ex=2.0*Pai/pow(k1,2.0)*(3.0*c1ab+5.0*c2ab);

ftmp=4.0*Pai*a0*a0*pow(k1a,4.0)*
pow(Cabs(Cdiv(Csub(m1,cr),Cadd(m1,RCmul(2.0,cr)))),2.0);

pusi=Degrad*(90-in_ang);
ks[O]=ks[2]=ftmp*cos(2.0*pusi)*cos(2.0*pusi)/(4.0*Pai);
ks[4]=ks[6]=ftmp/(4.0*Pai);
ks[S]=ks[7]=ftmp*cos(2.0*(Pai/2.0-pusi))*cos(2.0*(Pai/2.0-pusi))/(4.0*Pai);
ks[1]=sig_ex;

ks[3]=sig_ex;

nn=vi/(4.0/3.0*Pai*a0*a0*h0);
for (i=0;i<=7:i++)
ks[i]=nn*ks[i];

/ *

LA A A A 2 S 2 b Ih A A A I A A A I A A I I A O R S S I
* Calculate Bubble Scatter g

A - Volume scattering coefficient i

- - Volume scattering loss &

! consider bubble as "prolate ellipsoid"*

LR A A 2 2 S A A A A A A A S A A A A S I A A S S A

Calculate volume scattering coefficent for bubble
(1) Title :cal_bubble_elp (er,mr,a0,h0,vi,freq,in_ang,ks)
(2) Input Parameter

er (dcomplex) :relative permittivity of host to bubble

mr (dcomplex) :relative parmiability of host to bubble

a0 (float) :radius of bubble (meter)
hO (float) :half length of bubble (meter)
vi (float) :volume inclusion factor

freq (float) .frequency (MHz)
in_ang(float) :incident angle (degree)
(3) Output Parametar

ks[] (float) :volume scattering coefficient
ks[0] :0 degree vv  (specular scattering)
ks[1] :180 degree vv (scattering extinction)
ks[2] :0 degree hh  (specular scattering)
ks[3] :180 degree hh (scattering extinction)
ks[4] :0 degree vv  (direct backscattering)
ks[5] :180 degree vv (direct backscattering)
ks[6] :0 degree hh  (direct backscattering)
ks[7] :180 degree hh (direct backscattering)

(4) Return :none

&7

float ke1(er,freq) £ {Fs ® Pal 7 9% kAg) */

dcomplex er;
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float freq;
{
float kO,c;
kO=2.0*Pai/(Clv/(freq*1.0e6));
c=kO*sqrt(er.r);
c=16.0*Pai/9.0*pow(c,4.0);
return c;

}

float eesa(x) /* equivalent ellipsoid semi-axis a & b */
float x;

{

float c;

c=pow(3./2.,1./3.);

ek g

return c;

}

float iae(ae,be) /* la (elliptic integral a ) */
float ae,be;

fidaticel c2c3:

cl=ae/be;

C2=¢1*cl-1.0;

c3=ae*be*be;
c=(2.0/¢3)*(1.0/c2)*(c1/(2.0*sqrt(c2))*log((c1+sqrt(c2))/(c1-sqrt(c2)))-1.0);
return c;

}

float ibe(ae,be) /* Ib (elliptic integral b) */
float ae,be;
{
float ol c2.03
cl=ae/be;
c2=c1%c1-1.0;
c3=ae*be*be;
c=(2.0/c3)*(c1/(2.0*c2))*(c1-1./(2.0*sqgrt(c2))*log((c1+sqrt(c2))/(c1-sqrt(c2))));
return c;

}

dcomplex fia(er,a0,h0) /* (er-1)/((er-1)*la+2./(a*bA2)) */
dcomplex er;
float aOihO;
dcomplex z,z1;
float al,bl,ia,c:
z1=Csub(er,Complex(1.0,0.0));
al=eesa(h0); b1=eesa(al);
ia=iae(al,b1);
c=2.0/ YV b1Yb1);
z=Cdiv(z1,Cadd(RCmul(ia,z1),Complex(c,0.0)));
return z;

}

dcomplex fib(er,a0,h0) /* (er-1)/((er-1)*Ib+2./(a*bAr2)) */
dcomplex er;
float a0,h0;
{
dcomplex z,z1;
float al,b1,ib,c;
z1=Csub(er,Complex(1.0,0.0));
al=eesa(h0); b1=eesa(al);
ib=ibe(al,b1);
c=2.0/(a1*b1*b1);
z=Cdiv(z1,Cadd(RCmul(ib,z1),Complex(c,0.0)));
return z;

}

float fuu(x,y) /* 1.0-sin(x)A2*cos(y)A2 ® 7
float x,y;
{

float c;
c=1.0-sin(x)*sin(x)*cos(y)*cos(y);
return c;

}




float cs_pe_hh(phi,pui,pus) /* Radar cross section for hh-pol ( one particle ) */

float phi,pui,pus; /* pui : dummy parameter */
float c;
c=keO*Cabs(Cmul(ceb,ceb))*fuu(phi,pus);
return c;
}
float cs_pe_vv(phi,pui,pus) /* Radar cross section for vv-pol ( one particle ) */

float phi,pui,pus;
{

dcomplex z1,z2,z3;

tioateo ho2.cde:
c1=(cos(pui)*cos(pus)*cos(phi))*(cos(pui)*cos(pus)*cos(phi))/fuu(phi,pus);
z1=RCmul(c1,Cmul(cea,cea));
c2=(sin(pui)*sin(pus))*(sin(pui)*sin(pus))/fuu(phi,pus);
z2=RCmul(c2,Cmul(ceb,ceb));
c3=2.0*(cos(pui)*cos(pus)*cos(phi))*(sin(pui)*sin(pus))/fuu(phi,pus);
z3=RCmul(c3,Cmul(cea,ceb));

c=ke0*Cabs(Cadd(Cadd(z1,z2),z3));

return c;

}

float cs_pe_hv(phi,pui,pus) /* Radar cross section for hv-pol ( one particle ) */
float phi,pui,pus;
{

dcomplex z1,z2,z3;

floatscl,c2.£3,c;

c1=(cos(phi)*sin(phi)*sin(pui)*cos(pus)*cos(pus))*
(cos(phi)*sin(phi)*sin(pui)*cos(pus)*cos(pus))/fuu(phi,pus);

z1=RCmul(c1,Cmul(ceb,ceb));

c2=(sin(phi)*cos(pui)*sin(pus)*cos(pus))*
(sin(phi)*cos(pui)*sin(pus)*cos(pus))/fuu(phi,pus);

z2=RCmul(c2,Cmul(cea,cea));

c3=(-2.0)*(cos(phi)*sin(phi)*sin(pui)*cos(pus)*cos(pus))*
(sin(phi)*cos(pui)*sin(pus)*cos(pus))/fuu(phi,pus);

z3=RCmul(c3,Cmul(cea,ceb));

c=keO*Cabs(Cadd(Cadd(z1,z2),z3));

return c;

}

void cal_para_elp(a0,hO,er,mr,freq)
float a0,h0,freq;
dcomplex er,mr;

dcomplex fer,fmr;
fer=Cdiv(Complex(1.0,0.0),er);
fmr=Cdiv(Complex(1.0,0.0),mr);
keO=ke1(er,freq);
cea=fia(fer,a0,h0);
ceb=fib(fer,a0,h0);

}

void cal_bubble_elp(er,mr,a0,h0,vi,freq,in_ang,ks)

dcomplex er,mr;
float a0,h0,vi,freq,in_ang;
float ks[8];

{

float pusi;

float qvv,ghh,ghv,qvh,qfc,nn,c;

dcomplex z1,z2;

int ®

pusi=Degrad*(90-in_ang);
cal_para_elp(a0,h0,er,mr,freq);
ks[O]=cs_pe_vv(0.0,pusi,-1.*pusi)/(4.0*Pai);
ks[2]=cs_pe_hh(0.0,pusi,-1.*pusi)/(4.0*Pai);
ks[4]=cs_pe_vv(0.0,pusi,pusi)/(4.0*Pai);
ks[6]=cs_pe_hh(0.0,pusi,pusi)/(4.0*Pai);
ks[5]=cs_pe_vv(Pai,pusi,pusi)/(4.0*Pai);
ks[7]=cs_pe_hh(Pai,pusi,pusi)/(4.0*Pai);
ghh=keO*Cabs(Cmul(ceb,ceb))*8.37758;
gvv=ke0*Cabs(Cmul(cea,cea))*cos(pusi)*cos(pusi)*12.625;
ghv=0.0;
z1=RCmul(sin(pusi)*sin(pusi)*8.375,Cmul(ceb,ceb)),
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z2=RCmul((-2.0)*cos(pusi)*sin(pusi)*(-4.25),Cmul(ceb,cea));
c=Cabs(Cadd(z1,z2));
qvh=keO*c;
ks[1]=(qvv+qvh)/(4.0*Pai);
ks[3]=(ghh+qghv)/(4.0*Pai);
nn=vi/(Pai*a0*a0*h0*2.0);
for (i=0;i<=7;i++)
ks[i]J=nn*ks[i];
}

/ *
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5 Calculate Bubble Scatter =

g - Volume scattering coefficient :kais_0 *

% - Volume scattering loss kais_p *

% consider bubble as finite cylinder *

i R A i e e S A e el B A A R e R R T S A S e

Calculate volume scattering coefficent for bubble
(1) Title :cal_bubble_cyl (er,mr,a0,h0,vi,freq,in_ang,ks)
(2) Input Parameter

er (dcomplex) :relative permittivity of host to bubble

mr (dcomplex) :relative parmiability of host to bubble

a0 (float) :radius of bubble (meter)
hO (float) :length of bubble (meter)
vi (float) :volume inclusion factor

freq (float) :frequency (MHz)
in_ang(float) :incident angle (degree)
(3) Output Parametar

ks[] (float) :volume scattering coefficient
ks[O] :0 degree vv  (specular scattering)
ks[1] :180 degree vv (scattering extinction)
ks[2] :0 degree hh  (specular scattering)
ks[3] :180 degree hh (scattering extinction)
ks[4] :0 degree vv  (direct backscattering)
ks[5] :180 degree vv (direct backscattering)
ks[6] :0 degree hh  (direct backscattering)
ks[7] :180 degree hh (direct backscattering)

(4) Return :none

e

double ke(er,freq) /* wave number in host material */

dcomplex er;

float freq;

{

double kO,c;
kO=2.0*Pai/(Clv/(freq*1.0e6));
c=kO*sqgrt(er.r);

return c;

}

double c1(a0,er,pusaii,freq) /* Pair2*a0/(4.0*cos(pi)A2)*(k*a0)A3 */
dcomplex er;
float  a0,pusaii,freq;

double c1,c;
c1=Pai*Pai*a0/(4.0*cos(pusaii)*cos(pusaii));
c=c1*power2((ke(er,freq)*a0),3);

return c;

}

dcomplex c2(er,pusaii) /* (er-1)*cos(pi)r2 */
dcomplex er;
float  pusaii;

dcomplex z1,z;
z1=Csub(er,Complex(1.0,0.0));
z=RCmul((cos(pusaii)*cos(pusaii)),z1);
return z;

}

dcomplex c3(er,mr,pusaii) /* 2.0*((er+1)*(mr-1)+sin(pi)A2*(er-
D*(mr+1))/((er+1)*(mr+1)) */
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dcomplex er,mr;

float  pusaii;
{
dcomplex z1,z2,z3,z;
z1=Cmul(Cadd(er,Complex(1.0,0.0)),Csub(mr,Complex(1.0,0.0))):
z2=Cmul(Csub(er,Complex(1.0,0.0)),Cadd(mr,Complex(1.0,0.0)));
z3=Cmul(Cadd(er,Complex(1.0,0.0)),Cadd(mr,Complex(1.0,0.0)))
Zo= RCmuI((sm(pusan)*sm(pusan)) zZ2);
21=Cadd{z1.z2);
z1=Cdiv(z1 ,23);
z=RCmul(2.0,z21);
return z;

}

dcomplex c4(mr,pusaii) /* (mr-1)*cos(pi)r2 */
dcomplex mr;
float pusaii;

) 5 b}

dcomplex z1,z;
z1=Csub(mr,Complex(1.0,0.0));
z=RCmul((cos(pusaii)*cos(pusaii)),z1);
return: Z;

}

dcomplex c5(er,mr,pusaii) /* 2.0%((er-1)*(mr+1)+sin(pi)A2*(er+1)*(mr-
1) /((er+1)*(mr+1)) */
dcomplex er,mr;
float  pusaii;
{
dcomplex z1,z2,z3,z;
z1=Cmul(Csub(er,Complex(1.0,0.0)),Cadd(mr,Complex(1.
z2=Cmul(Cadd(er,Complex(1.0,0.0)),Csub(mr,Complex(1.
z3=Cmul(Cadd(er,Complex(1.0,0.0)),Cadd(mr,Complex(1.
Zi= RCmuI((sm(pusau)*sm(pusan)),z );
2l=Candlz¥,z2);
21=Cdiv(z1,z3):
z=RCmul(2.0,z1);
return z;

}

o)
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double c6(a0,er,pusaii,freq) /* 4.0*Pair2*a0/(cos(pi)A2)*(k*a0)A3 */
dcomplex er;
float  a0,pusaii,freq;

float c1,c;
c1=4.0"Pai*Pai*a0/(cos(pusaii)*cos(pusaii));
c=c1*power2((ke(er,freq)*a0),3);

return c;

}

dcomplex c7(er,mr,pusaii) /* (mr*er-1)/((er+1)*(mr+1))*sin(pi) */
dcomplex er,mr;
float  pusaii;

dcomplex z1,z2,z;

z1=Csub(Cmul(er,mr),Complex(1.0,0.0));
z2=Cmul(Cadd(er,Complex(1.0,0.0)),Cadd(mr,Complex(1.0,0.0)));
z1=RCmul(sin(pusaii),z1);

z=Cdiv(z1,z2);

return z;
}
double c8(h0,er,freq) /* 4.0*k*hA2/Pai  */
dcomplex er;
float hO,freq;
{
float «c;
c=4.0*ke(er,freq)*h0*h0/Pai;
return c;
f
float cs_ic_vv(x) /* Cross section for infinite cylinder-vv */
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float x;

dcomplex z1;

float c;
z1=Csub(cvv1,RCmul(cos(x),cvv?2));
c=kl*Cabs(z1)*Cabs(z1);

return c;

}

float cs_ic_hh(x) /* Cross section for infinite cylinder-hh */
float x;{

dcomplex z1;

float c;

z1=Csub(chh1,RCmul(cos(x),chh2));

c=kl*Cabs(z1)*Cabs(z1);

return c;

}

float cs_ic_hv(x) /* Cross section for infinite cylinder-hv,vh */
float x;

{

dcomplex z1;

float c;

z1=RCmul(sin(x),chv1);

c=kc*Cabs(z1)*Cabs(z1);

return c;

}

float cs_fc(x) /* Cross section for finite cylinder */
float x;

float c1,c2,c;
c1=cos(x)*cos(x)*kf;
c2=t1*(t2+sin(x));
c=c1*power2(sin(c2)/c2,2);
return c;

}

float cs_fc_i(x) /* Cross section for finite cylinder for integration */
float x;{

float c1,c2,c;

¢1=cos5(x ) cos(x)y*kf:

c2=t1*(t2+sin(x));

c=c1*power2(sin(c2)/c2,2)*cos(x);

return c;

}

void cal_para_cyl(a0,h0,pusi,er,mr,freq)
float a0,h0,pusi,freq;
dcomplex er,mr;

dcomplex fer,fmr;
kl=c1(a0,er,pusi,freq);
fer=Cdiv(Complex(1.0,0.0),er);
fmr=Cdiv(Complex(1.0,0.0),mr);
cvvl=c2(fer,pusi);
cvv2=c3(fer,fmr,pusi);
chh1=c4(fmr,pusi);
chh2=c5(fer,fmr,pusi);
kc=c6(a0,er,pusi,freq);
chvl=c7(fer,fmr,pusi);
kf=c8(h0,er,freq);
t1=ke(er,freq)*hO;
t2=sin(pusi);
kfO=kf*power2(cos(pusi),2);

}

void cal_bubble_cyl(er,mr,a0,h0,vi,freq,in_ang,ks)
dcomplex er,mr;

float a0,h0,vi,freq,in_ang;

float ks[8];




{
float pusi;
float qvv,qhh,ghv,qgfc,nn;
int i
pusi=Degrad*(90-in_ang);
cal_para_cyl(a0,h0,pusi,er,mr,freq);
ks[O]=cs_ic_vv(0.0)*kf0/(4.0*Pai);
ks[2]=cs_ic_hh(0.0)*kf0/(4.0*Pai);
ks[4]=cs_ic_vv(0.0)*cs_fc(pusi)/(4.0*Pai);
ks[S]=cs_ic_vv(Pai)*cs_fc(pusi)/(4.0*Pai);
ks[6]=cs_ic_hh(0.0)*cs_fc(pusi)/(4.0*Pai);
ks[7]=cs_ic_hh(Pai)*cs_fc(pusi)/(4.0*Pai);
qvv=qromb(cs_ic_vv,0.0,2.0*Pai); /* qromb : cal romberg integration */
ghh=gromb(cs_ic_hh,0.0,2.0*Pai);
ghv=qromb(cs_ic_hv,0.0,2.0*Pai);
qfc=qromb(cs_fc_i,(-0.5*Pai),0.5*Pai);
qvv=qvv*qfc/(4.0*Pai);
ghh=ghh*qfc/(4.0*Pai);
ghv=ghv*qfc/(4.0*Pai);
ks[1]=qvv+qghv;
ks[3]=ghh+ghv;
nn=vi/(Pai*a0*a0*h0*2.0);
for (i=0;i<=7;i++)

ks[i]=nn*ks[i];
}

*
{******************************************
Calculation of
-refraction angle
-average permittivity
-volume absorption coefficient
-volume scattering coefficient
-power loss factor
-power reflectivity

for each ice layer

LA S S 2 I A S A S A A A R I S I S S S e

(1)Title :cal_layer(theta)
(2)Input parameter
theta(float) : incident angle to ice (degree)

(3)Output parameter : none
(4)Return : none
4
void cal_layer(th1)
float th1{;

int i;

dcomplex pt_bub,pt_av,gamma;
float th,gam[2] kai,ks[8],zc;
pt_bub=Complex(1.0,0.0);
ang[0]=th1;

for (i=1;i<=nli++)

cal_para_ice(pt[i-1],pali-1],pt[i]l,pt_bub,pal[i],
freq,vi[i],ang[i-1],bs[i],&th,&pt_av,gam,&kai);

ang[i]=th;

ptali]=pt_av;

ka[i]=kai;

gm_bnd_v[i-1]=gam[0];

gm_bnd_h[i-1]=gam[1];

if (bs[i]==0)
cal_bubble_sph(pt[i],pa[i],a0[i],h0O[i],vi[i],freq,ang[i],ks);

else if (bs[i]==1)
cal_bubble_elp(pt[i],pali],a0[i],hO[i],vi[i],freq,ang[i],ks);

else if (bs[i]==2)
cal_bubble_cyl(pt[i],pali],a0[i],hO[i],vi[i],freq,ang[i],ks);

kO_v[i]=ks[0]; kO_h[i]l=ks[2]; kOb_v[i]=ks[4]; kOb_h[i]=ks[6];
kp_vlil=ks[1]; kp_h[i]=ks[3]; kpb_v[i]=ks[5]; kpb_h[i]=ks[7];
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los_v[i]=exp((kp_v[i]+ka[i])*d[i]/cos(Degrad*ang[i]));
los_h[i]=exp((kp_h[i]+ka[i])*d[i]/cos(Degrad*ang[i]));
gm_bub_v[i]=kO_v[i]*d[i]/cos(Degrad*ang[i]);
gm_bub_h[i]=kO_h[i]*d[i]/cos(Degrad*ang[i]);
gm_bub_vdO[i]=kOb_v[i]/(2*(kp_v[i]+ka[i]))*(1.0- 1/(Ios v[i]*los_v[i]));
gm_bub_hdO[i]=kOb_h[i]/(2*(kp_h[i]+ka[i]))*(1.0-1/(los_h[i]*los_h[i])):
gm_bub_vdp[i]=kpb_v[i]/(2*(kp_v[i]+ka[i]))*(1.0- 1/(!05 v[i]*los_v[i]));
gm_bub_hdp[i]=kpb_h[i]/(2*(kp_h[il+ka[i]))*(1.0-1/(los_h[i]*los_h[i])):

}
cal_para_ice(pt[nl],pa[nl],ptb,pt_bub,pab,
freq,0.0,ang[nl],1,&th,&pt_av,gam,&kai);
gm_bnd_v[nl]=gam[0];
g};m_bnd_h[nl]=gam[1 i

/*

LR g o 2 b I I A JE S I A S R R R S S i
calculate
cascade matrix of v-pol

for layer |

Lk A 2 A 2 2 A b A A R A A R R R I R R S I R A 2

(1)Title :cas_v(l)
(2)Input parameter
I(int) :layer no
(3)Output parameter : none
£4/)Return : cascade matrix ( 4 x 4 )

float **cas_v(l)
int I
{

fHogt **ma > mb > me, Y imd, Y rmt, Yt mai:
float **cma,det;

int i,j;

ma=matrix(1,2,1,2); mb=matrix(1,2,1,2);
me=matrix(1,2,1,2); md=matrix(1,2,1,2);
mai=matrix(1,2 1.2 ) nitsmatrix(l,2,Y,2);

cma=matrix(1,4 1,4);
ma[1][1]=ma[2][2]=(1.-gm_bnd_v[I-1])/los_v[l];
ma[1][2]=ma[2][1]=(1.-gm_bnd_v[I-1])*gm_bub_v[I]/los_v[I];

P2 )=, gm bnd_v[I])*gm_bnd_v[I-1]/(los_v[I]*los_v[I])+

(1.-gm_bnd_v[I])*gm_bub_vdp[I];
mb[1][2]=mb[2][1]=2.*(1.-gm_bnd_v[I])*gm_bnd_v([I-
11*gm_bub_v[l]/(los_v[I]*los_v[I])+

mbﬁ%ﬂ]=mbﬁ]
]

(1.-.gm_bnd_v[l])*gm_bub_vdO[l];
mc[1][1]=mc[2][2]=(1.-gm_bnd_v[I-1])*gm_bnd_v[l]/(los_v[I]*los_v[I])+
(1.-gm_bnd_v[I-1])*gm_bub_vdp[l];
mc[1][2]=mc[2][1]=2.*(1.-gm_bnd_v]I-
1D*gm_bnd_v[I]*gm_bub_ v[I]/(Ios v[I1*los_v[I])+
(1.-gm_bnd_v[I-1])*gm_bub_vdO[!];
md[1][1]=md[2][2]=(1.-gm_bnd_v[I])/los_v[l];
md[1][2]=md[2][1]=(1.-gm_bnd_v[I])*gm_bub_v[I]/los_v[I];
det=ma[1][1]*ma[2][2]-ma[1][2]*ma[2][1];
mai[1][1]=ma[2][2]/det;
mai[1][2]=-1.*ma[1][2]/det;
mai[2][1]=-1.*ma[2][1]/det;
mai[2][2]=ma[1][1]/det;
for (i=1;i<=2;i++)
for (j=1;j<=2;j++)
~cmali][jl=maili][j];
mt=mul_matrices(mai,mb,2);
for (i=1;i<=2;i++)
for (j=3;j<=4;j++)
- cmali][jl=-1.*mt[i][j-2];
mt=mul_matrices(mc,mai,2);
for (i=3;i<=4;i++)
for (j=1;j<=2;j++)
~cmali][jl=mt[i-2][j];
ma=mul_matrices(mc,mai,2);
mc=mul_matrices(ma,mb,2);
mt=sub_matrices(md,mc,2);
for (i=3;i<=4;i++)
for (j=3;j<=4;j++)
cmali][jl=mt[i-2][j-2];
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return cma;
free_matrix(ma,1
free_matrix(mb,1
free_matrix(mc, 1
free_matrix(md,1
free_matrix(mai,1,2,1
free_matrix(mt,1 ,2
free_matrix(cma,1,

}

gl
2,1,
syl
2,1

nia

/*
R A A BRI R A A A R I O R I I A e R R R
calculate
cascade matrix of v-pol
for layer |

incorporate small purtubation model
into the bottom boundary

L A S S I A I R I S S T O T S U VR TR S T S

(1)Title :cas_v_srm(l)
(2)Input parameter
I(int) :layer no
(3)Output parameter : none
(4)Return : cascade matrix ( 4 x 4)
A |
float **cas_v_srm(l)
int I;
{
float = **ma,tmb, ¥ tme, Y md . F mt, ¥ mai
float **cma,det;
float gm_btm_0,gm_btm_p;
int i,j;
ma=matrix(1,2,1,2); mb=matrix(1,2,1,2);
mc=matrix(1,2,1,2); md=matrix(1 2 1.2

mai=matrix(1,2,1,2);

mt=matrix(1 2,1,2),

cma=matrix(1,4,1,4);

spm_btm_v(pta[nl],ptb,pa[nl],pab,ang[nl],shs,scl,freq,&gm_btm_0,&gm_btm_p):

ma[1][1]=ma[2][2]=(1.-gm_bnd_v[I-1])/los_v[I];
mal1][2]=ma[2][1]=(1.-gm_bnd_v[I-1])*gm_bub_v[l]/los_v[I];
mb[1][1]=mb[2][2]=(1.-gm_bnd_v[I])*gm_bnd_v[I-1]/(los_v[I]*los_v[I])+
(1.-gm_bnd_v[l])*gm_bub_vdp[l];
mb[1][2]=mb[2][1]=2.*(1.-gm_bnd_v[I])*gm_bnd_v][I-

1]*gm_bub_v[I]/(los_v[I]*los_v[I])+
(1.-gm_bnd_v[I])*gm_bub_vdO[l];
mc[1][1]=mc[2][2]=(1.-gm_bnd_v[l-1])*gm_bnd_v[l]/(los_v[I]*los_ v[I])+
(1.-gm_bnd_v[I-1])*gm_bub_vdp[l];
mc[1][2]=mc[2][1]=2.*(1.-gm_bnd_v[I-
1]1)*gm_bnd_v[I]*gm_bub_ v[l]/(los v[I]*los_v[I])+
(1.-gm_bnd_v[I-1])*gm_bub_vdO[I1]+
(1.-gm_bnd_v[I-
11D*gm_btm_0/(los_v[I]*los_v[I]);
md[1][1]=md[2][2]=(1.-gm_bnd_v[I])/los_v[I];
md[1][2]=md[2][1]=(1.-gm_bnd_v[I])*gm_bub_v[l]/los_v[I];
det=ma[1][1]*ma[2][2]-ma[1][2]*ma[2][1];
mai[1][1]=ma[2][2]/det;
mai[1][2]=-1.*ma[1][2]/det;
mai[2][1]=-1.*ma[2][1]/det;
mai[2][2]=ma[1][1]/det;
for (i=1;i<=2;i++)
for (j=1;j<=2;j++) _
cmal(i]{j]l=maili][j];
mt=mul_matrices(mai,mb,2);
for (i=1;i<=2;i++)
for (j=3;j<=4;j++)
cmali][jl=-1.*mt[i][j-2];

mt=mul_matrices(mc,mai,2);
for (i=3;i<=4;i++)
for (j=1;j<=2;j++)
cmali][jl=mt[i-2][j];
ma=mul_matrices(mc,mai,2);




mc=mul_matrices(ma,mb,2);
mt=sub_matrices(md,mc,2);
for (i=3;i<=4;i++)
for (j=3;j<=4;j++)

cmali][j]l=mt[i-2]1[j-2];
return cma;
free matrnx(ma,] 2 :
free matnx(mb,],z, :
free_matrix(mc,1,2, ¢
free matnx(md,1,2, 2T
free_matrix(mai,1,2,1,2);
free_matrix(mt,1 2, 2
free_matrix(cma,1,4,1,

}

1,2);
1,2);
1,2);
1525

)

);
4%

/*
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calculate
cascade matrix of h-pol
for layer |

LA e 2 A A A A A R I S O I R T R S SR S 3

(1)Title :cas_h(l)
(2)Input parameter

I(int) :layer no
(3)Output parameter : none

(4)Return : cascade matrix ( 4 x 4 )
i
float **cas_h(l)
int [;
{
float  "**ma?*mb, **mc,**md,**mt,. **mai:
float **cma,x,det;
int i,j;
ma=matrix(1,2,1,2); mb=matrix(1,2,1,2);
mc=matrix(1,2,1,2); md=matrix(1,2,1,2);
mai=matrix(1,2,1,2) mt=matrix(1,2,1,2);
cma=matrix(1,4,1,4);
x=gm_bnd_h[l-1]*gm_bnd_h[l]/(los_h[I]*los_h[I]);
ma[1][1]=ma[2][2]=(1.-gm_bnd_h[I-1])/los_h[l];
ma[1][ J=ma[2][1]=(1.-gm_bnd_h[I-1])*gm_bub_h[l]/los_h[I];
mb[1][1]=mb[2][2]=(1.-gm_bnd h[l])*gm bnd_h[l-1]/(los_h[I1*los_h[I])+
(1.-gm_bnd_h[I])*gm_bub_hdp[!];
mb[1][2]=mb[2][1]=2.*(1.-gm_bnd_h[I])*gm_bnd_h[l-
1]1*gm_bub_h[I]/(los_h[I1*los_h[I])+
(1.-gm_bnd_h[I1)*gm_bub_hdO[l]; :
mc[1][1]=mc[2][2]=(1.-gm_bnd_h[I-1])*gm_bnd_h[1]/(los_ h[]*los h{l])+ lf

(1.-gm_bnd_h[I-1])*gm_bub_hdp[!];
mc[1][2]=mc[2][1]=2.*(1.-gm_bnd_h[I-
1D*gm_bnd_h[I]*gm_bub_h[1]/(los_h[1]*los_h[I])+
(1.-gm_bnd_h[l-1])*gm_bub_hdO[I];

md[1][1]=md[2][2]=(1.-gm_bnd_h[I])/(los_h[I]);
md[1][2]=md[2][1]=(1.-gm_bnd_h[1])*gm_bub_h[l]/los_h[l];
det=ma[1][1]*ma[2][2]-ma[1][2]*ma[2][1];
mai[1][1]=ma[2][2]/det;
mai[1][2]=-1.*ma[1][2]/det;
mai[2][1]=-1.*ma[2][1]/det;
mai[2][2]=ma[1][1]/det;
for (i=1;i<=2;i++)

for (j=1;j<=2;j++)

_cmali][jl=maili][j];

mt=mul_matrices(mai,mb,2);
for (i=1;i<=2;i++)

for (j=3;j<=4;j++) ‘

cmali][j]=-1.*mt[i][j-2];

mt=mul_matrices(mc,mai,2);
for (i=3;i<=4;i++)

for (j=1;j<=2;j++)

~cmali]l[jl=mt[i-2][j];

ma=mul_matrices(mc,mai,2);
mc=mul_matrices(ma,mb,2);
mt=sub_matrices(md,mc,?2);
for (i=3;i<=4;i++)

for (j=3;j<=4;j++)




cmali][j]=mt[i-2][j-2];
return cma;
free matrlx(ma,1,2
free_matrix(mb,1,
free_matrix(mc, 1,
free_matrix(md,1,

™ NN
_l--J‘_l—-l
NN NN

free_matrix(mai, 1, i R
free_matrix(mt,1,2,1,2);
free matrlx(cma,1,4,1,4);
}
/ *
LA A A A R R R R S S T SN Y Y TR G VRt SR SR S
calculate
cascade matrix of h-pol
for layer |

incorporate small purtubation model
into the bottom boundary

LR A A A U R A A A A I I R I S

(1)Title :cas_h_srm(l)
(2)Input parameter

I(int) :layer no
(3)Output parameter : none

(4)Return : cascade matrix ( 4 x 4 )
Aof
float **cas_h_srm(l)
int I;
{
Hoat’ U %ma b, Y P md A Y mt, P mal
float **cma,det;
float gm_btm_0,gm_btm_p;
int i
ma=matrix(1,2,1,2); mb=matrix(1,2,1,2);
mc=matrix(1,2,1,2); md=matrix(1,2,1,2);
mai=matrix(1,2,1,2); mt= matnx(],Z 1.2
cma=matrix(1,4,1,4);
spm_btm_h(pta[nl],ptb,pa[nl],pab,ang[nl],shs,scl,freq,&gm_btm_0,&gm_btm_p):
ma[1][1]=ma[2][2]=(1.-gm_bnd_h[I-1])/los_h[!];
ma[1][2]=ma[2][1]=(1.-gm_bnd_h[l-1])*gm_bub_h[l]/los_h[I];
mb[1][1]=mb[2][2]=(1.-gm_bnd_h[I])*gm_bnd_h[I-1]/(los_h[1]*los_h[I])+
(1.-gm_bnd_h[I])*gm_bub_hdp[l];
mb[1][2]=mb[2][1]=2.*(1.-gm_bnd_h[I])*gm_bnd h[I—
1]*gm_bub_h[l1]/(los_h[I]*los_h[I])+
(1.-gm_bnd_h[1])*gm_bub_hdO[l];
mc[1][1]=mc[2][2]=(1.-gm_bnd_h[I-1])*gm_bnd_ h[]/(los h{l]*los_h[I])+

(1.-gm_bnd_h[I-1])*gm_bub_hdp[l];
mc[1][2]=mc[2][1]=2.*(1.-gm_bnd_h[l-
11)*gm_bnd_h[I]*gm_bub_ h[l]/(los h[l]*los_h[I])+
(1.-gm_bnd_h[l-1])*gm_bub_hdO[!]+
(1.-gm_bnd_h[l-
11)*gm_btm_0/(los_h[I]*los_h[I]);
md[1][1]=md[2][2]=(1.-gm_bnd_h[I])/(los_h[I]);
md[1][2]=md[2][1]=(1.-gm_bnd_h[l])*gm_bub_h[1]/los_h[I];
det=ma[1][1]*ma[2][2]-ma[1][2]*ma[2][1];
mai[1][1]=ma[2][2]/det;
mai[1][2]=-1.*ma[1][2]/det;
mai[2][1]=-1.*ma[2][1]/det;
mai[2][2]=ma[1][1]/det;
for (i=1;i<=2;i++)
for (j=1;j<=2;j++)
~ cmali][jl=maili][j];
mt=mul_matrices(mai,mb,2);
for (i=1;i<=2;i++)
for (j=3;j<=4;j++)
~cmali][jl=-1.*mt[i]l[j-2];
mt=mul_matrices(mc,mai,2);
for (i=3;i<=4;i++)
for (j=1;j<=2;j++)




cmali][jl=mt[i-2][j];
ma=mul_matrices(mc,mai,2);
mc=mul_matrices(ma,mb,2);
mt=sub_matrices(md,mc,2);
for (i=3;i<=4;i++)
for (j=3;j<=4;j++)
cmali][jl=mt[i-2][j-2];

return cma;
free_matrix(ma,1,2,1
free_matrix(mb,1,2,1
free_matrix(mc,1,2,1
free_matrix(md,1,2,1
free_matrix(mai,1,2,1
free_matrix(mt,1
free_matrix(cma

}

)
)
3
y

2
2
2

_,-
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/*
L A S A A S S I S S S T D S S Y S S
calculate
cascade matrix of v-pol
for ice layer

Lk A e S S 2 A A B S I S S

(1)Title :cal_cas_v()

(2)Input parameter :none

(3)Output parameter :none

(4)Return :cascade matrix ( 4 x 4)
B

float **cal_cas_v()

float **mt1,**mt2;
int i
mtl1=matrix(1,4,1,4);
mt2=matrix(1,4,1,4);
mtl1=cas_v_srm(nl);
for (i=1;i<nl;i++)

mt2=mul_matrices(cas_v(nl-i),mt1,4);
mt1=submatrix(mt2,1,4,1,4,1,1);

return mt1l;
free_matrix(mt1,1,4,1,4);
free_matrix(mt2,1,4,1,4);
}

/ *

L A A A A i A S S I I S S S i S Y

calculate
cascade matrix of h-pol
for ice layer

kkkhkkkhkkkhkkhkkhkhkhkhkhrhhkdrhkhkhhrrrhhdkhxh

(1)Title :cal_cas_h()
(2)Input parameter :none
(3)Output parameter :none
(4)Return :cascade matrix ( 4 x 4 )
*
/

float **cal_cas_h()

float **mt1,**mt2;
int i;
mt1=matrix(1,4,1,4);
mt2=matrix(1,4,1,4);
mt1=cas_h_srm(nl);
for (i=1;i<nl;i++)

mt2=mul_matrices(cas_h(nl-i),mt1,4);
mt1=submatrix(mt2,1,4,1,4,1,1);
}

return mt1;

free_matrix(mt1,1,4,1,4);

y




main()

free_matrix(mt2,1,4,1,4);

int I,in,ans,nd;
float *Bre 1,12, 8l v, sigohy**odata, **para;
odata=matrix(1,18,1,3):
para=matrix(1,17,1,7);
/* Input parameters */
printf("\nIlnput Parameters (0:ByHand /1:File) > ");
scanf("%d",&ans);
initParameter();
if (ans==0)
{
inputParameter();
para[1][1]=freq ; para[1][2]=nl ;
para[1][3]=pt[O].r; para[1][4]=pt[0].i;
para[1][5]=ptb.r ; para[1][6]=ptb.i;
para[1][7]=(float)(bs[0]):
pta[0]=pt[0];
for (i=1;i<=nl;i++)
parali+1][1]=vi[i]*100.0 ; para[i+1][2]=a0[i]*1000.0 :
para[i+1][3]=h0[i]*100.0*2.0 ; para[i+1][4]=d[i]*100.0 :
parali+1][S]=pt[il.r ; paral[i+1][6]=pt[il.i;
parali+1][7]=(float)(bs[i]);
e
para[nl+2][1]=scl*100.0; para[nl+2][2]=shs*1000.0;
for (i=3;i<=7;i++) para[nl+2][i]=0.0;
}
else
{

para=readTextSetFile(7,12,&nd);
freq=para[1][1] ; nl=para[1][2] ;
pt[O].r=para[1][3]; pt[O].i=para[1][4];
ptb.r=para[1][5]; ptb.i=para[1][6];
bs[0]=(int)(para[1][7]);

pta[O0]=pt[O];

for (i=1;i<=nl;i++)

vi[i]=para[i+1][1]/100.0 ; aO[il=para[i+1][2]/1000.0 :
hO[i]=para[i+1][3]/(100.0*2.0) ; d[i]=para[i+1][4]/100.0 ;
ptli]l.r=parali+1][5] ; pt[i].i=para[i+1][6];
?S[i]=(int)(para[i+1][7]);

scl=para[nl+2][1]*0.01; shs=para[nl+2][2]*0.001;
}

/* Calculation for specific incident angle */
for (i=1;i<=10;i++)

in=i*3.0+17.0;

cal_layer(in);

rc=matrix(1,4,1,4);

rc=cal_cas_v();
t1=rc[4][1]-rc[4][2]*rc[2][1]/rc[2][2];
t2=rc[1][1]-rc[1][2]*rc[2][1]/rc[2][2];
sig_v=(1.-gm_bnd_v[0])*t1/t2;
sig_v=10.0*1og10(4.0*Pai*sig_v*cos(Degrad*in));
rc=cal_cas._h{):
t1=rc[4][1]-rc[4][2]*rc[2][1])/rc[2][2];
t2=rc[1][1]-rc[1][2]*rc[2][1]/rc[2][2];
sig_h=(1.-gm_bnd_h[0])*t1/t2;
sig_h=10.0*log10(4.0*Pai*sig_h*cos(Degrad*in));
printf("\nAngle = %d / Sigma_v= %f dB / Sigma_h= %f dB",in,sig_v,sig_h):
odatali][1]=in; odata[i][2]=sig_v; odata[i][3]=sig_h;
}

/* Data Output */




printf("\n\n Output result to File ? (0:No / 1:Yes) >");
scanf("%d",&ans);
if (ans==1)

{

printf("\n*** Qutput parameter ***"):
writeTextSetFile(para,7,nl+2);
prRtf{"\n*** Output: data ***"):
writeTextSetFile(odata,3,10);

free_matrix(rc,1,4,1,4);
free_matrix(para,1,nl+2,1,7);
free_matrix(odata,1,18,1,3):
printf("\n\7\7\7 Job Compeleted !!! ");
}




Lake Ice Simulation
created by Hiro

at ASF
Created on Feb.21,1992
Modified on Mar.23,1992 (add spHmodel and spVmodel)

P4

#include <stdio.h>
#include <math.h>
#include <stdlib.h>
#include "dcomplex.h"

#define Pai 3.1415926

#define Degrad 0.0174533 /* Conversion coefficient degree to radian */
#define Raddeg 57.29578 /* Conversion coefficient radian to degree */
#define Clv 299792458.0 /* Light Speed */

*
*

* Ak kk ok k ok kk kK *

sqr ¥
* kk ok kkkkhkkkh Kk Kh %K
Calculate Square value
1) input parameter
z (double) : value to be squared
2) return value
sqr(double) : squared value

/
*
*
*

&F

double sqr(z)
double z;

{

double d;
d=2%2:
return d;

}

/ *

L A R I S
* RefractAngle *

LA A A A A S S R I R S S

Calculate Refraction angle
Condition:lmaginary part of permittivity is very small.

1) input parameter

prmt1 (complex): relative permittivity for layer 1
prmt2 (complex): relative permittivity for layer 2
prmal (complex): relative permiability for layer 1
prmal (complex): relative permiability for layer 2

theta (float): incident angle (degree)

2) return value
RefractAngle (float) : refraction angle (degree)

L&
| float RefractAngle(prmt1,prmt2,prmal,prma2,theta)
dcomplex prmtl,prmt2,prmal,prmaz2;
float theta;

{

dcomplex z1;

float z;
z1=Csqrt(Cdiv(Cmul(prmt1,prma1),Cmul(prmt2,prma1)));
‘ z1=RCmul(sin(Degrad*theta),z1);

l z=asin(Cabs(z1)):

| z=Raddeg*z;

return(z);




*khkhkkhkkhkhkhkhkhkkhkhkkhkkk K kA

% AttPha i

LA A S b A I R IR T S e e

Calculate Attenuation constant and Phase constant

1) input parameter
freq (float) : frequency (MHz)
prmt  (complex) . relative permittivity for layer

2) return value

AttPha (complex) : Real --> Attenuation coefficient
Imaginary --> Phase coefficeint

*7

dcomplex AttPha(freq,prmt)
float freq;
dcomplex prmt;
double z1,z2;:
dcomplex i
z1=sqrt(sqr(prmt.r)+sqr(prmt.i));
z2=2*Pai/(Clv/(freq*1.0e6));
2.r=22*sqrt(0.5*((-1)*prmt.r+z1));
2.i=22*sqrt(0.5*(prmt.r+z1));
return(z);

/ *

LR A i S A S I I R I S S T

* ReflectHpol ¥

LR S A A A T R R S S S T S

Calculate Reflectivity for H-polarization

1) input parameter

prmt1 (complex): relative permittivity for layer 1
prmt2 (complex): relative permittivity for layer 2
prmal (complex): relative permiability for layer 1
prmal (complex): relative permiability for layer 2
theta (float): incident angle (degree)

2) return value
calRefHpol (complex) : reflectivity

=

dcomplex ReflectHpol(prmt1,prmt2,prmal,prma2,theta)
dcomplex prmtl,prmt2,prmal,prma2;
float theta;

{

dcomplex z1,z2,z3,z4,z;

z1=Cdiv(prmt2,prmt1);

z2=Cdiv(prma2,prmal);

z3=Cmwil(z1,22);
z3.r=z3.r-(sin(Degrad*theta))*(sin(Degrad*theta)):
z3=Csqrt(z3);

z4=RCmul(cos(Degrad*theta),z2);
z=Cdiv(Csub(z4,z3),Cadd(z4,z3));

return z;

}

/ *

LAk A A A R A A R I R I S

* ReflectVpol %

*hkhk Ak hkk kA khkhhKhkhkh kKA Kk rx

Calculate Reflectivity for V-polarization

1) input parameter

prmt1 (complex): relative permittivity for layer 1
prmt2 (complex): relative permittivity for layer 2
prmal (complex): relative permiability for layer 1
prmal (complex): relative permiability for layer 2
theta (float): incident angle (radian)

2) return value
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ReflectVpol (complex) : reflectivity

w5

dcomplex ReflectVpol(prmt1,prmt2 prmal,prma2,theta)
dcomplex prmtl1,prmt2,prmal,prma2;
float theta;

{

dcomplex z1,z2,z3,z4,z;

z1=Cdiv(prmt2,prmt1);

z2=Cdiv(prma2,prmal);

z3=Cmul(z1,z2);
z3.r=z3.r-(sin(Degrad*theta))*(sin(Degrad*theta));
z3=Csqrt(z3);

z4=RCmul(cos(Degrad*theta),z1);
z=Cdiv(Csub(z4,z3),Cadd(z4,z3));

return(z);
/*
LR S b S b S S S S T SR S G S
¥ Mixture &

LR A A A S 2 R R S R S S

Calculate Dielectric Constant (permittivity)
of 2 phase_mixture model

1) input parameter

prmth (complex) :relative permittivity for host material
prmti (complex) :relative permittivity for inclusion material
vi (float) ;inclusion volume factor ( < 0.1 )
al] (float) :depolarization factor
a[0] x-axis
a[1] y-axis
al2] z-axis
b[] (float) ;incident angle 3D (degree)
b[0] phai : azimuth
b[1] theta . elevation

2) output parameter
c[] (complex) :dielectric constant of 2 phase_mixture model
c[0] x-axis
c[1] y-axis
c[2] z-axis

3) return value
Mixture(complex):dielectric constant of incident angle

i

dcomplex Mixture(prmth,prmti,vi,a,b,c)
dcomplex prmth,prmti,c[3];
float vi,a[3],b[2];
{
int 1

dcomplex z1,z2,z3,d,zz;
double ex,ey,ez,d1,d2;
for (i=0;i<3;i++)

z1=Csub(prmti,prmth);
z1=RCmul(vi,z1);
z2=Cdiv(prmti,prmth);
z2=Csub(z2,Complex(1.0,0.0)):
z2=RCmul(a[i],z2);
z2=Cadd(Complex(1.0,0.0),z2);
23=Cdiv(z1,22):
c[i]=Cadd(prmth,z3);

}

ex=(sin(Degrad*b[1]))*(cos(Degrad*b[0]));
ey=(sin(Degrad*b[1]))*(sin(Degrad*b[0]));
ez=cos(Degrad*b[1]);
d1=(sqr(ex))*(sqr(c[0].r)-sqr(c[0].i))+
(sar(ey))*(sar(c[1].r)-sqr(c[1].i))+
(sqr(ez))*(sqr(c[2].r)-sqr(c[2].)));
d2=(sqr(ex))*(2.0*c[0].r*c[0].)+
(sqr(ey))*(2.0*c[1].r*c[1].)+
(sqr(ez))*(2.0*c[2].r*c[2].i);
d=Complex(d1,d2);
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d=Csqrt(d);

return(d);
/ *
*hkkkkhk khkhkhkhk ki kit hKh Kk Kkt Atk
*  spHmodel ¥
LA A A A A A I I I S S T
Calculate
backscattering coefficient
of small perturbation-model in H-polaritzation
Surface is modeled as Gaussian correlation
(1)Title :spHmodel
(2)Input parameter
prmt1 (complex) :Relative permittivity for layer 1
prmt2 (complex) :Relative permittivity for layer 2

prmal (complex) :Relative permiability for layer 1
prma2 (complex) :Relative permiability for layer 2
theta (int) :Incident angle (degree)
S (float):Standard deviation of surface height
I (float):Surface correlation length (meter)
freq (float) :Frequency (MHz)

(3)Output parameter :None

(4)Return (float) :Backscattering coefficient

f

float spHmodel(prmt1,prmt2,prmal ,prmaZ2,theta,s,|,freq)
dcomplex prmt1,prmt2,prmal,prmaz2;
float theta,s,l,freq;

{

dcomplex c1;

float z1,z2,k,w;
c1=ReflectHpol(prmt1,prmt2,prmal,prma?2,theta);
z1=Cabs(c1)*Cabs(c1);

k=2*Pai/(Clv/(freq*1.0e6));
w=0.5*"I"exp((-1.0)*sqr((k*I*sin(Degrad*theta))));
z2=8.0*sqr(sqr(k))*(s*s)*sqr(sqr(cos(Degrad*theta)))*z1*w:

return z2;
}
/ *
khkk k kA hkhkhhhhhkhkKhh** Kk x+
*  spVmodel i
k kA hkhkhkhhkkArhhhkhkkhh kK
Calculate
backscattering coefficient
of small perturbation model in V-polaritzation
Surface is modeled as Gaussian correlation
(1)Title :spVmodel
(2)Input parameter
prmt1 (complex) :Relative permittivity for layer 1
prmt2 (complex) :Relative permittivity for layer 2

prmal (complex) :Relative permiability for layer 1
prma2 (complex) :Relative permiability for layer 2
theta (int) :Incident angle (degree)
S (float):Standard deviation of surface height
I (float):Surface correlation length (meter)
freq (float) :Frequency (MHz)

(3)Output parameter  :None

(4)Return (float) :Backscattering coefficient

i

float spVmodel(prmt1,prmt2,prmal,prma2,theta,s,|,freq)
dcomplex prmtl1,prmt2,prmal,prma2;
float theta,s,|,freq;

{

dcomplex c¢1,c2,c3,c4,c5,c6,c7,c8,c9;
float z1,z2,k,w,sin2;
sin2=sin(Degrad*theta)*sin(Degrad*theta);
c1=Cdiv(prmt2,prmt1);
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CL.r=Cla~1¢

e ot O

c3=RCmul((1+sin2),c1);

¢c3.r=sin2-¢3.r;

e3i=(*10)c3i

c4=Cmul(c2,c3);

c5=RCmul(cos(Degrad*theta),c1):

c6.r=cl.r-sin2;

ca.i=¢1.i:

c/=Cadd(c5,Csqrt(c6));

c8=Cmul(c7,c7);

c9=Cdiv(c4,c8);

z1=Cabs(c9)*Cabs(c9);

k=2*Pai/(Clv/(freq*1.0e6));
w=0.5*1**exp((-1.0)*sqr((k*I*sin(Degrad*theta))));
22=8.0*sqr(sqr(k))*sqr(s)*sqr(sqr(cos(Degrad*theta)))*z1*w:
return z2;

}




/*
LRI A I I R R I A R R R R IR R I T T S T i S i S e e T

readTextFile

LA S S I I I R R R IR I T i e i e

Read data from Text file

(1) Title :readTextFile
(2) Input Parameter :None

(3) Output Parametar

n(int) :Number of data
(4) Return
data (float):Read data
o
float *readTextFile(n)
int Y 1 e

{

char  file[64];
char  buff[128];
float ntemp;
unsigned int i,nrec;
FILE L

float  *nn;

printf("\n Text file name - 4
scanf("%s", file);
printf("\n Read data from File : %s\n\n",file):
if (NULL == (fp = fopen(file,"r")))

{

printf("\7\n Cannot Open File : %s\n\n" file);
exit(1);

nrec=0;
while (NULL!=fgets(buff,128,fp))
{

nrec++;

}
*n=nrec;
nn=vector(1,nrec);
rewind(fp);
for (i=1; i<=nrec ;i++)

if (NULL == fgets(buff,128,fp))
{
break;

}
ntemp=atof(buff);
nn[i]=ntemp;

fclose(fp);
return nn;
free_vector(nn,1,nrec);

/ *

A O A R IR I R T S ST S G S G DU U

readTextSetFile

LR AR AR I A AR A A R I S R T S S S S G S S Ve R

Read data file ( multiple set ) from file (Ascii)

(1) Title :readTextSetFile
(2) Input Parameter
ns (int)  :Number of data set
nf (int)  :Length for one data

(3) Output Parametar

nd (int)  :Number of data
(4) Return

data (float):Read data
P

float **readTextSetFile(ns,nf,nd)
int ns,nf,*nd;

{

char file[64];
char  buff[256];
char  obuff[32];




float ntemp;
unsigned int i,nrec;
int
FILE *fp;

float **nn;

printf("\n Text file name > "3
scanf("%s" file);
printf("\n Read data from File : %s\n\n",file):
if (NULL == (fp = fopen(file,"r")))
{

printf("\7\n Cannot Open File : %s\n\n" file);
exit(1);
}

nrec=0;
while (NULL!=fgets(buff,256,fp))
{

nrec++;
}
*nd=nrec;
nn=matrix(1,nrec,1,ns);
rewind(fp);
for (i=1; i<=nrec :i++)

if (NULL == fgets(buff,256,fp))
{
break;

for (j=1;j<=ns;j++)

strpick(buff,(j-1)*nf+j,nf,obuff);
ntemp=atof(obuff);
nn[i][jl=ntemp;

fclose(fp);
return nn;
free_matrix(nn,1,nrec,1,ns);

/ *
LR A I S A I S I T I S SR S T S S S R S S
writeTextFile
LR A A R S S T SR S T S S S SR A
write the data(single) to file (Ascii)
(1) Title :writeTextFile
(2) Input Parameter
data[] (float) :data

n (int)  :Number of data
(3) Output Parametar:None
(4) Return :None
L2V
void writeTextFile(data,n)
float *data;
int n;

{

char file[64];
int i
FILE g ¢ 3

printf("\n Destination File My
scanf("%s" file);

printf("\n Destination File : %s\n\n" file);
if (NULL == (fp = fopen(file,"w")))

printf("\7\n Cannot Open File : %s\n\n" file):
exit(1);

for (i=1:i<=ni++)

{
fprintf(fp,"%12.8f\n",datali]);
}

fclose(fp);




/ %
LR A A R R R I A I I S I S S SR T TR S S S e
’ writeTextSetFile

L S A S b R I R R i S S T T S S S Y i S B
write the data (multiple set) to file (Ascii)
(1) Title ‘writeTextSetFile
(2) Input Parameter

data[][](float) :data

m (int)  :Number of set
n (int)  :Number of data
(3) Output Parametar:None
(4) Return :None
*

/

void writeTextSetFile(data,m,n)
float **data;
int m,n;

{

char file[64];
int e
FiE *Ip;

printf("\n Destination File - T
scanf("%s",file);
printf("\n Destination File : %s\n\n",file);
if (NULL == (fp = fopen(file,"w")))

{

printf("\7\n Cannot Open File : %s\n\n" file);
exit(1);

for (i=1i<=n;i++)
for (j=1;j<=m-1;j++)
fprintf(fp,"%12.6f\t",data[il[j]);
{printf(fp,"%1 2.8f\n" data[i][m]);

{close(fp);
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Matrix Calculation
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Multiply, Subtract, Add matrices
(1) Title :mul_matrices, sub_matrices, add_matrices
(2) Input Parameter

a,b (float) :Matrices a[1..m,1..m], b[1..m][1..m]
m (int) :Number of row and column
(3) Output Parametar:None
(4) Return :Calculated result [1.m][1..m]
*
/

float **mul_matrices(a,b,m)
flaat - **a **he
int m;
{
float ¢,**z:
int i,j,k;
z=matrix(1,m,1,m);
for (i=1;i<=m;i++)

for (j=1;j<=m;j++)

c=0.0;
for (k=1k<=m:;k++)

. c=c+ali][k]*b[k][j];
}Z[l][J]=C;




}

return z;
free_matrix(z,1,m,1,m);

float **sub_matrices(a,b,m)
foan ™ g gy
int m;

float **z:
| int ij;
; z=matrix(1,m,1,m);
| for (i=1;i<=m;i++)
| for (j=1;j<=m;j++)
| z[i][j1=alillj]1-blil[j];
' return z;
free_matrix(z,1,m,1,m);

float **add_matrices(a,b,m)
float **a,**p:
int m;
{
float. *Epe
int 1,j;
z=matrix(1,m,1,m);
for (i=1;i<=m;i++)
for (j=1;j<=m;j++)
z[il(j1=alil[j1+blil[j1;
return z;

free_matrix(z,1,m,1,m);
/* polint.c */
#include <math.h>

void polint(xa,ya,n,x,y,dy)
float xa[],ya[],x,*y,*dy;
int n;
f Sk
Int 1,m,ns=1;
float den,dif,dift,ho,hp,w;
float *c,*d,*vector();
void nrerror(),free_vector():

dif=fabs(x-xa[1]);
c=vector(1,n);
d=vector(1,n);
for (i=1;i<=n;i++) {
if ( (dift=fabs(x-xa[i])) < dif) {
ns=i;
dif=dift;

*y=ya[ns--];
for (m=1;m<n;m++) {
for (i=1;i<=n-m;i++) {

ho=xali]-x;

hp=xali+m]-x;

w=c[i+1]-d[i];
‘ if ( (den=ho-hp) == 0.0) nrerror("Error in routine POLINT"):
l den=w/den;
| d[i]=hp*den;
c[i]=ho*den;

| |
| *y += (*dy=(2*ns < (n-m) ? c[ns+1] : d[ns--1));
| }

| free_vector(d,1,n);

t free_vector(c,1,n);

/* qromb.c */




#include <math.h>

#define EPS 1.0e-6
#define JMAX 20
#define JMAXP JMAX+1
#define K 5

float qromb(func,a,b)
float a,b;

float (*func)();

{

float ss,dss,trapzd();

float s[JMAXP+1],h[JMAXP+1];
int j;

void polint(),nrerror();

h[1]=1.0;
for (j=1;j<=JMAX;j++) {
s[jl=trapzd(func,a,b,j);
it ) >=K)d
polint(&h[j-K],&s[j-K],K,0.0,&ss,&dss):
if (fabs(dss) < EPS*fabs(ss)) return ss:

s[j+1]=s[j];
: h(j+1]=0.25*h[j];

nrerror("Too many steps in routine QROMB"):

/* trapzd.c */

#undef EPS

#undef JMAX

#undef JMAXP

#undef K

#define FUNC(x) ((*func)(x))

float trapzd(func,a,b,n)
float a,b;
float (*func)(); /* ANSI: float (*func)(float); */
int n;
{
float x,tnm,sum,del;
static float s;
static int it;
int j;

if fnim= 154

t=4

return (s=0.5*(b-a)*(FUNC(a)+FUNC(b)));
} else {

tnm=it;

del=(b-a)/tnm;

x=a+0.5*del;

for (sum=0.0,j=1;j<=it;j++ x+=del) sum += FUNC(x);

i Fa g

$=0.5*(s+(b-a)*sum/tnm);

return s;

/* dcomplex.c

This routine is a modified version of complex.c in NRC

( modified in order to handle double precision complex )
L

#include <math.h>

typedef struct DCOMPLEX {double r,i;} dcomplex:
k21




dcomplex Cadd(a,b)

dcomplex a,b;

{ dcomplex c;
c.r=a.r+b.r;
C.i=a.i+b.i;
return c;

}

dcomplex Csub(a,b)

dcomplex a,b:

{ dcomplex c;
c.r=a.r-b.r;
c.i=a.i-b.i;
return c;

}

dcomplex Cmul(a,b)
dcomplex a,b:
dcomplex c;
c.r=a.r*b.r-a.i*b.i;
C.i=a.i*b.r+a.r*b.i;
return c;

i

dcomplex Complex(re,im)
double re,im;
{ dcomplex c;
C.I=re:
EH =
return c;

}

dcomplex Conjg(z)

‘ dcomplex z;

? { dcomplex c;

| ChF=20r,

| Col ==z
return c;

}

dcomplex Cdiv(a,b)
dcomplex a,b;

{ dcomplex c;
double r,den:;
if (fabs(b.r) >= fabs(b.i)) {
r=b.i/b.r;

den=b.r+r*b.i;

c.r=(a.r+r*a.i)/den;

c.i=(a.i-r*a.r)/den;
} else {

r=b.r/b.i;
den=b.i+r*b.r;
c.r=(a.r*r+a.i)/den;
c.i=(a.i*r-a.r)/den;
}

return c,

}

double Cabs(z)
dcomplex z;
double x,y,ans,temp;
x=fabs(z.r);
y=fabs(z.i);
if {(x == 0.0)
ans=y;
else if (y == 0.0)

dnNs=x,; &
else if (x > y) { L

temp=y/x;

ans=x*sqrt(1.0+temp*temp);
} else {

temp=x/y;

ans=y*sqrt(1.0+temp*temp);




return ans;

}
dcomplex Csqrt(z)
dcomplex z;
{ dcomplex c;
double x,y,w,r;
if ((z.r == 0.0) && (z.i == 0.0)) {
C.r=0.0:
c.i=0.0;
return c;
} else {
x=fabs(z.r);
y=fabs(z.i);
if (x >=y) {
r=y/x;
w=sqrt(x)*sqrt(0.5*(1.0+sqrt(1.0+r*r)));
} else {
r=x/y;
} w=sqrt(y)*sqrt(0.5*(r+sqrt(1.0+r*r))):
if (Zir »=0.0) 4

CLr=w:

C.i=2.i/(2.0*w);
} else {

Ci=(z.i>=0) ? w: -w;
| : C.r=z.i/(2.0*c.i);
| return c;
| }

}
4 dcomplex RCmul(x,a)
| double x;
dcomplex a;
{ dcomplex c;
‘ C.r=x*a.r:
| c.i=x*a.i;
| return c;










