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Abstract — Remote sensing has been studied for a long
time to monitor the earth terrain. Remote sensing
technology has been used globally in many different
fields and one of the most popular area of study that uses
remote sensing technology is smow monitoring. In
previous researches, remote sensing has been modelled
on snow area to study the scattering mechanisms of
various scattering processes. In this paper, surface
volume second order term that was dropped in previous
study is derived, included and studied to observe the
improvement in the surface volume backscattering
coefficient. This new model is applied on snow layer
above ground and the snow layer is modelled as a volume
of ice particles as the Mie scatterers that are closely
packed and bounded by irregular boundaries. Various
parameters are used to investigate the improvement of
adding the new term. Results show improvement in
cross-polarized return, for all the range of parameters
studied. Comparison is made with the field measurement
result from U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) in 1990. Close
agreement is shown between developed model and data
field backscattering coefficient result.

Keywords — Surface volume scattering, remote
sensing, theoretical modelling, backscattering coefficient,
Radiative Transfer Equation.

1. INTRODUCTION

Remote sensing is a method of measuring the
reflected and transmitted radiation at a distance to
identify and monitor the physical features of an
environment, typically from a satellite or an aircraft.
The principle of radiative transfer (RT) explains how
matter deals with electromagnetic radiation [1].
Remote sensing is a field of work that is closely
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correlated with RT. Remote sensing technology has
been used globally in many different fields such as in
agricultural crop monitoring to continuously monitor
the growth stage of paddy field [3 - 5] or the growth
and disease stage in oil palm field [6,7]. Remote
sensing technology has also been used in climate
change study such as in snow and sea ice monitoring
in the polar region [8 - 11]. Apart from the examples
given, many other fields also implement remote
sensing technology. Since the Earth's surface can be
observed repetitively by remote sensing systems
various remote sensing methods for the agriculture
areas, polar region [2,11 - 13], inland water [14] and
others throughout the world, have been created.

A microwave signal from the radar system is
transmitted to the area of concern and detects the
signal scattered through the surface. When the
electromagnetic wave is transmitted through a
medium, there will be an interaction between them,
requiring the modelling of surface-volume scattering,
volume scattering and surface scattering. Surface
volume scattering is the interaction between the
scatterers and the surface or boundaries, volume
scattering is the interaction among the scatterers and
surface scattering is the interaction at the surfaces or
boundaries of the layer [15 - 19].

An electrically dense medium backscattering
model has been developed in [20]. The thick medium
was modelled as a layer of homogeneous medium
filled with a scattered dielectric spherical scatterrers,
and bounded by rough surfaces on top and bottom of
the layer. Owing to the dense medium phase and
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amplitude correction theory (DM-PACT) [21], the
near spacing effects of the scatterers were taken into
account in the study of the modified phase matrix for
the Mie scatterers. By applying radiative transfer
equation, the backscattering coefficient was calculated
[1]. Limited on the second order, the radiative transfer
equation was solved. Volume scattering, surface
volume scattering and surface scattering are the three
key scattering mechanisms by referring to [22]. The
Integral Equation Model (IEM) was used to model the
top and bottom rough surfaces.

Study in [2] further enhanced the backscattering
model by taking into account the scattering of the
surface volume of second order. However, in the
model developed by [2], many terms were disregarded
during the second order surface volume scattering
derivation as it was expected to have many losses. In
this paper, the previously dropped term will be derived
and included to investigate its significance in surface
volume scattering contribution. The added term may
give more accurate surface volume scattering return,
hence, may be important and should not be ignored.

The modelling of the layer will be the first thing
discussed in this paper, followed by model
formulation, and a thorough analysis of surface
volume backscattering return using various
parameters.

II. THEORETICAL MODELLING

In this model, the second order surface volume
scattering term which was dropped in the previous
study [2] is included and analysed. In theoretical
modelling, certain terms of second order surface
volume scattering were considered in [2]. These terms
are components of the iterative solution of the second
order, derived from the radiative transfer equation
solution second order. However, due to having
comparatively higher losses, many terms in the second
order iterative solution, which also define the process
of second order surface volume scattering, were
considered to be less important and were not taken into
account in theoretical modelling. One of these terms is
illustrated in Fig. 1.

Fig. 1. Second order surface volume scattering term.

In this model, the second order surface volume
scattering mechanism depicted in Fig. 1 which was
previously dropped in [2] is derived and included as it
also describes the second order surface volume
scattering and may contribute to the total
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backscattering return. The newly derived second order
surface volume scattering coefficient term illustrated
in Fig. 1 is given by:
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6,, and 6,; are the scattered angle and incident

angle referring to Snell’s Law. The propagation angles
during the scattering process in the layer are

represented by €,,60_ and @ as shown in Fig. 1. p
is the scattered field polarization while ¢ is the
incident field polarization. In the equation, u, v and ¢
describe the field polarizations during the scattering
process in the layer. T}, is the transmissivity from top

boundary into the layer and T}, is the transmissivity

from layer into the top boundary. P and P, are the
phase matrix of the first and second scatterer
respectively and L, can be explained as the

attenuation through the layer and is given by:
L. (9) _ efkeui secO(d) )

, where Ke is the volume extinction coefficient and
U can be either vertical or horizontal polarization.

Equation (1) describes the movement and the
scattering process in the layer for model in Fig. 1. The
term defines the case where, as the first scatterer is hit
by the downward intensity emitted through the upper
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boundary and scattered to the lower boundary, the
second scatterer is hit by the upward intensity reflected
from the lower boundary. It also defines the situation
where the scattered upward intensity from the lower
boundary is scattered into downward intensity by the
second scatterer before reaching the lower boundary
and reflecting back to the upper boundary.

The improvement that this term may contribute in
the surface volume backscattering return is studied and
presented in the next section.

III. THEORETICAL ANALY SIS

To study the importance of the new term in surface
volume scattering, the model is applied on a snow
layer above ground. The snow layer is modelled as a
volume of ice particles as the Mie scatterers that are
closely packed and the layer is bounded by irregular
boundaries. The ground is treated as a homogenous
half space. The backscattering coefficient for surface
volume scattering before adding the new term and
after adding the new term is presented in the same
graph for comparison purpose. The term ‘Before’ and
‘After’ in the graphs shown is referring to the pattern
of the backscattering coefficient before and after
adding the new term. Both results are included in order
to observe the improvement on the surface volume
backscattering coefficient after adding the new term.

Table I. Model Parameters Used in Theoretical Analysis of Snow
Layer.

Parameters Values used in Model
Frequency (GHz) 25
Scatterer Radius (mm) 0.5
Volume Fraction (%) 0.3
Effective relative permittivity (1.0,0)
of top layer
Scatterer effective relative (3.15,0.015)
permittivity
Background relative (1.0, 0.0)
permittivity
Lower half-space permittivity (5.0,0.0)
Thickness of layer (m) 1.0m
Top surface rms height and 0.14 cm, 0.7 cm

correlation length (cm)

Bottom surface rms height and
correlation length (cm)

0.153 cm, 0.96 cm

The input parameters are set and listed in Table I. The
backscattering coefficient for surface volume
scattering is studied for frequency 25 GHz in a range
of 10° to 50° incident angles. The effects of frequency,
bottom surface roughness, volume fraction, scatterer
effective relative permittivity and scatterer size on the
improvement of surface volume backscattering
coefficient due to the added term are investigated. The
study is done by varying those parameters

e-ISSN: 2682-8383

accordingly. The result and improvement of the
backscattering coefficient for each parameter case is
presented on a graph and analysed.

First, the model is analysed with various
frequencies to study the improvement of surface
volume backscattering coefficient after adding the
new term. The frequency is varied from 25 GHz to 20
GHz and 23 GHz and the analysis is done by plotting
the backscattering coefficient against incident angle
from 10° to 50° for co-polarized and cross-polarized
scattering process.
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Fig. 2. Surface volume backscattering coefficient (VV polarization)
against incident angle for various frequencies.

Based on Fig. 2, the new term does not give
improvement for co-polarized. This is expected
because second order surface volume scattering
involves many scattering processes, hence contributes
more on cross-polarized backscattering. Further study
on this also shows that co-polarized backscattering is
dominated by first order surface volume scattering
compared to second order, as shown in Fig. 3. Hence,
the added term which represents second order surface
volume scattering is not important in co-polarized
return.
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Fig. 3. Surface volume backscattering coefficient (VV) against
incident angle at frequency of 25 GHz.

The effect of adding the new term in cross-
polarization surface volume backscattering coefficient
is clearly shown when various frequencies are plotted
in the graph against incident angle for cross-polarized
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(VH) scattering. In Fig. 4, improvement is seen for all
the frequencies used although improvement is more in
lower incident angle compared to higher incident
angle. The reason may be that as incident angle
increases, less wave reaches the bottom surface hence
reducing the surface volume backscattering.

To study more on the improvement seen in Fig. 4,
surface volume backscattering values are plotted for a
larger range of frequencies from 15 GHz to 35 GHz.

—e— After(=20Ghz)
: = | —— Before(=20Ghz) [|
335 : : —i— After(=a3Ghs) ||

: —#— Befare(=23Ghz)
| —— Aftert=2830z)
Befare(=25Ghz) ||

Backscattering Coefficient(in dB)

Fig. 4. Surface volume backscattering coefficient (VH polarization)
against incident angle for various frequency.
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Fig. 5. Surface volume backscattering coefficient (VH polarization)
against various frequency at 10 degree of incident angle.

It can be observed in Fig. 5 that the difference
between the results before and after adding the new
term is increasing as the frequency increases. This
shows that the addition of the new term is more
important at higher frequencies compared to lower
frequencies. The backscattering coefficient increases
as the frequency increases, because of higher albedo.
However, the result also shows that as the frequency
exceeds 30 GHz, the volume surface backscattering
coefficient decreases rapidly, which indicates that at
higher frequency above 30 GHz, the added term is no
longer important.

Next, the bottom surface roughness of the snow-
ground boundary is varied by changing its standard
deviation of the surface height variation (RMS height),
o, normalized with frequency, ko, where k is the wave
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number. In this simulation, ko is varied from 0.8 to 1.0
and 1.2. The backscattering coefficient is plotted
against incident angle. Same as in previous result, for
co-polarized (VV) return, there is no improvement
after adding the new term.
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Fig. 6. Surface volume backscattering coefficient (VH polarization)
against incident angle for various standard deviation of the surface
height variation (RMS height) normalized with frequency, ko.

In Fig. 6, the total backscattering coefficient for
VH polarizations for different bottom surface ko is
plotted. There is quite significant difference in the
result between previous model and the new model for
all the ko used, especially at lower incident angles.
Therefore, adding the new term is important in cross-
polarized scattering to improve the surface volume
backscattering coefficient, for all the bottom surface
roughness used.

Then, the volume fraction is varied from 0.3 to 0.4
and 0.5 to study its effect on the improvement of
adding the new term. In the simulation, the
backscattering coefficient is plotted against incident
angle for VH polarized wave return for each volume
fraction which are 0.3, 0.4 and 0.5.
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Fig. 7. Surface volume backscattering coefficient (VH polarization)
against incident angle for various volume fraction.

In Fig. 7, it is shown that after adding the new term,
the backscattering coefficient have improvement for
all the volume fractions used. The backscattering
coefficient after adding the new term is greater at
lower incident angle and decreases as the incident
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angle increases. Just like the previous results, no
improvement is observed in co-polarized (VV)
scattering for all the volume fraction used.

As the volume fraction increases, albedo is
decreased, resulting in the decrease of the
backscattering coefficient. This can be explained in
[23] where it stated that volume fraction is a complex
relationship between the coherence of scattering
ensemble and number density of scatterers. Therefore,
in lower volume fraction, the increase in albedo
increases the value of backscattering coefficient for
surface volume scattering.

After that, the improvement of backscattering
coefficient after adding the new term for surface
volume scattering is observed when the scatterer
effective relative permittivity is changed. The scatterer
effective relative permittivity is varied for the real part
for 2, 3.15 and 4. The imaginary part is the same for
all the results.
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Fig. 8. Surface volume backscattering coefficient (VH polarization)
against incident angle for various scatterer effective relative
permittivity.

Figure 8 shows improvement in cross polarized
return for all the permittivity used. It can also be
observed that as the permittivity gets higher, the
improvement gets bigger. Hence, the added term is
more significant when the permittivity of scatterer is
higher. As expected, the improvement of
backscattering coefficient after adding new term is
higher in lower incident angle compared to higher
incident angle. No improvement can be seen on co-
polarized scattering.

Lastly, the scatterer size also may affect the
backscattering coefficient for surface volume
scattering, hence the importance of the added second
order surface volume scattering. To study on this
matter, the size of the scatterer is changed accordingly
from 0.5 mm to 0.4 mm and 0.6 mm scatterer radius.

In Fig. 9, the pattern of backscattering coefficient
shows that in cross-polarized scattering, there is quite
significant difference between the result before and
after adding the new term, as the new model gives
much effect on backscattering values for all the
scatterer size used. Moreover, Fig. 9 also shows that
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the improvement is larger when the scatterer size is
larger, hence the added term is more significant when
the scatterer size is larger. As before, the improvement
is more at lower incident angle compared to higher
incident angle, and there is no improvement on co-
polarized (VV) return.
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Fig. 9. Surface volume backscattering coefficient against incident
angle for various scatterer radius.

IV. COMPARISON WITH FIELD
MEASUREMENT

The new model developed in this study is
compared with the field measurement result from the
U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) where the data was obtained
during 1990 winters in Hanover, NH [24]. The
measurement and characterization are presented in
Table 1L

Table II. Model Parameters Used in Comparison with Field
Measurement.

Parameters Values used in Model
Frequency (GHz) 18
Scatterer Radius (mm) 0.15
Volume Fraction (%) 0.6
Effective relative permittivity of (1.0,0)
top layer
Scatterer effective relative (1.0,0)
permittivity
Background relative permittivity (3.3,0.0001)

Lower half-space permittivity (28.66,37.07)

Thickness of layer (m) 0.3 m

Top surface rms height and
correlation length (cm)

0.24cm, 19.9 cm

Bottom surface rms height and
correlation length (cm)

0.05 cm, 0.82 cm

By plotting HV polarized backscattering
coefficient between CRREL’90 and the result from the
model developed in this study, the comparison can be
presented as in Fig. 10. Result shows promising match
between the theoretical model and the measured data.
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For the low incident angles, the gap is due to the
feedthrough effects by the radar system as explained
in [24].
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Fig. 10. Comparison between developed model and field
measurement result from CRREL’90.

V. CONCLUSION

An improved backscattering theoretical model for
snow area is proposed in this study, focusing on the
surface volume scattering by adding the dropped term
from the previous study [2]. The improvement can be
clearly seen for cross polarized return for different
values of input parameters which are frequency,
bottom surface roughness, volume fraction, scatterer
effective permittivity and scatterer radius used in this
study. This new model is concluded to be important
for cross polarized surface volume scattering
calculation, especially in the area with larger scatterer
size and permittivity, and when higher frequency
range and lower incident angles are used. In future,
numerical solution can be incorporated into this model
to further improve the accuracy and widen the area of
application of this model [25 - 29].
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