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ABSTRACT

One of the most crucial environmental problems affecting developing countries in arid and semi-arid
regions is soil salinity. Its detection using radar imaging systems is one of promising domains of re-
mote sensing research. Detection is based essentially on the relationship between the quantity of ex-
isting salts in the soil, the soil moisture content, and the dielectric properties of this mixture. Due to
the components of the mixture and their corresponding dielectric properties, backscattering of these
types of soils can be modelled and monitored. Parameters influencing the radar detection of salt-
affected soils are grouped into two main groups: those related to the sensor and those related to the
target. Some of these parameters cause information attenuation during monitoring of the salt-
affected soils; however, others give us information that help to better understand the phenomena.
Some of the latter parameters can be controlled and others are imposed. Most previous studies ne-
glected the effect of the presence of salts combined with the other parameters on the backscattering
coefficient. In this paper, we present the salinity effect on the calculation of the backscattering coeffi-
cient using several backscattering models. The results show that the high dielectric constant, due to
the extensive presence of salts, has a significant effect on the backscattering value. To validate the
modelling approach with actual data, four RADARSAT-1 satellite images in standard modes were se-
lected for the area of Wadi El-Natrun, Egypt, where fieldwork was conducted simultaneously with
some of the RADARSAT-1 image acquisitions.
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INTRODUCTION

In many areas of the world, salinity is one of the principal environmental causes of soil degrada-
tion, and consequently, a source of reduction in the biomass. According to certain estimates, ap-
proximately 7% of soils all over the word suffer from this phenomenon ('I) These types of soils ap-
pear mainly in arid and semi-arid areas where precipitations are insufficient to drain the soluble
salts contained in the soil profile. Most of the developing countries are located in these two areas.
The separation of such types of soils can be easy using the visible and the infrared wavelengths,
but in the coastal, black clay soils and desert areas delineation is not evident. This is due to the
confusion between the reflectance of soils in these areas (). Faced with this problem, radar can
demonstrate its capability to delineate these affected soils using their dielectric properties.

The theory of soil moisture measurements using radar is based on the large difference between
the dielectric constant, &, for dry soil (¢=2) and water (¢=80). As the water content of a dry soil in-
creases the dielectric constant rises consequently, which directly affects the backscattering coeffi-
cient, o (Bj The presence of soluble salt in the soil solution also has a direct effect on the value of
the dielectric constant. The imaginary part of the dielectric constant of water is sensitive to salinity
when microwave frequencies are below 10 GHz, whereas the real part of the dielectric constant of
water is sensitive to salinity with frequencies >5 GHz (Elj Typically, a raise in salinity increases the
dielectric constant, as the salinity moves up conductivity. This effect is higher at frequencies
<3 GHz (5). Due to this effect, salt affected soils can be detected with radar, but in this case, sur-
face roughness and vegetation effects must be eliminated to accurately measure soil moisture (5}.
Compared to studies that evaluate the relationship between permittivity and soil water content,
those studying the relationship between the dielectric constant, soil salinity, and the backscattered
coefficient ¢° are rare. Considering the complexity of the relationship between these three parame-
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ters, we simulate this relation using theoretical and semi-empirical backscattering models. This
simulation takes into account the properties of the studied soil using the Dobson mixing model (4),
and their related changes in the outputs of the models. It also enables us to imagine the behaviour of
the backscattered coefficient based on the theoretical input parameters. It offers a completely theo-
retical field, added to the empirical data, for studying our phenomenon thoroughly. In this paper, we
examine the effect of salt presence on the backscattering coefficient for the C-band frequency and
the RADARSAT-1 configuration in combination with the two parameters mentioned above.

To support and validate our results a field campaign was carried out in a zone suffering from soil
salinity in an Egyptian desert depression named: Wadi EI-Natrun. This area was among one of the
marginal areas that the Egyptian government decided to restore to increase the agricultural sur-
face, necessary to feed the population in strong growth.

METHODOLOGY
Mixing model adaptation

In this model, soil is a mixture of four components: soil, free water, bound water, and air. The two
portions of the free water dielectric constant component are calculated using the following equations:
Efw =E€'fw—€ fw
+ Ewo ~ Eweo
1+ (2nf1,, )
_ 21ty (Ewo —Ewa) | Omv
1+ (2nft,, ) 2re of

' —
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where ¢'s, is the real part of the dielectric constant of the free water,
e"sy is the imaginary part of the dielectric constant of the free water,
Ewo 18 the high frequency limit of ¢, ,
Ewo I8 the static dielectric constant of the water,

f is the frequency in Hertz,

Tw is the relaxation time of water,

o, is the effective conductivity in S'm™,

g, is the permittivity of free space equal to 8.854-10"2F-m,

S,y is the approximate salinity percentage.

Changes were brought to the parameters of the mixing model suggested by (4) to describe exactly
the soil physical characteristics of the Wadi El Natrun area as a representative area of salt affected
soils in the arid zone. To introduce the effect of salinity and temperature into the value of the di-
electric constant of the free water, (f) suggests the following equations:

SSWO(T’ SSW ) =E&swo - a(T, SSW )
€sw0(T.0)=87.134 -1.949.107 T -1.276 107272 + 2.491.1074T3

a(T,Sgy)=1.0+1.613-107°TSg,, —3.656-10733;,
Tsw(Ta st )= TSW(T’O) -b(T, st )

e (T,0)=1.1109-1071° ~3.824.107'2T +6.938 1071472 —5.096 10716 T3
B(T,So) =1.0+2.282-10"°TS,,, ~7.638-107*Sg, ~7.760-107°S5, +1.105.10°°S
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Soil physical properties used to compute Eqgs. (1) and (2) are given in Table 1.

Table 1: Physical parameters of soil, where SL, L, ZL, SC, ZC are sandy loam, loam, silty loam,
sandy clay and silty clay soils, respectively. As is the soil specific surface area, G, is the Gouy-
Layer charge density and py, is the bulk density.

Texture SL L ZL SC ZC

% sand 65 40 20 50 5

% clay 15 20 15 45 45

As 1 m?lg 70 150 77 250 300
o, | esulcm? 5928 5933 5960 5955 5872
ions-10"® /cm™ 3.22 2385 | 3.252 | 3.472 | 2.821
pb / glcm® 1.75 1.70 1.55 1.60 1.45
coeff. o 15.516 | 46.877 | 12.016 | 51.756 | 58.534
coeff. Oy 0.3028 | 0282 | 0379 | 0276 | 0.322

It is assumed that the temperature is constant at 25°C; this is acceptable as an average for the soll
temperature collected during the field trip. The real density p is fixed at 2.65 g/cm®. The valence
has also been changed to 1, taking into account the predominance of sodium in the soil. Other
constants used in this model are the same as cited in the initial publication (4). Five different hu-
midity M, levels are tested: 10, 20, 30, 40, and 50%. Only the sandy loam and loam soil results will
be presented in this paper.

This temperature assumption will affect the relaxation time of water, ion concentration and the
static dielectric constant of the water. (8) mentioned that the real part of the dielectric constant of
non-frozen soils is approximately independent of temperature for all soil types, while the imaginary
part of the same types of soil is dependent on the temperature, showing a rise at low frequencies
and a drop with temperature at higher ones.

Backscattering model simulation

RADARSAT-1 data were simulated according to two theoretical models: the Small Perturbation
Model (SPM) and the Physical Optic Model (POM) (9) as well as the Dubois Semi-empirical Model
(DM) (i10}. In order to better understand the behavior of radar signal backscattering in our study
area, simulation variables were subdivided into two groups:

e Variables related to the system, RADARSAT-1 in this case, such as frequency, incidence
angle, resolution, and polarization.

e Variables related to the phenomenon and the soil: topography, permittivity affected by
volumetric water content, soil temperature, soil texture, soil structure, soil salinity, as well as
the roughness (micro topography) of the surface.

e Variables related to the vegetation cover if present.

Due to these parameters, the intensity of 6° changes and produces variations on pixel grey level in
the image.

Theoretical models are usually based on assumptions. These assumptions are not always simple;
this is why we often use them with approximations, which make them more practical and usable.
Table 2 illustrates the fields of validity of the applied models. Note that for the theoretical models,
the fields of validity are often defined by the values of roughness: the standard deviation of the
heights (rms) and the correlation length ¢ often expressed per unit of wavelength A, because they
are attached to the wave number k =27/1 .

On the other hand, the empirical models have been effectively applied over definite sites, and due
to their dependence on local observations, they are commonly valid only for these conditions, and
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cannot be directly transferred to other sites. In addition, these models suppose that the effect of
correlation length on the backscatter coefficient is low which further restricts their applicability.

Table 2: Validity domain of backscattering models.

Models SPM POM DM
Surface smooth Intermediary All
rms (s) /cm ks<0.3 | (2kscos@)2~3 |0.3-3, ks<2.5
Correlation length ¢ /cm ki <3 |k¢>8, 12 >2.76s) -
Volumetric water content M, /% - - <35
Incidence angle 6 /degree - - 30 - 65

In order to estimate the best RADARSAT-1 mode for the simulated salt affected soil, four different
standard modes are considered. These modes are S7 with an incidence angle 6= 23°, S3 with
6 =34°, S5 with 6 =39° and S7 with 0 =47°.

Based on the fact that the topography of the area is almost flat and smooth, we assume that the
soil roughness s, expressed as rms, is 0.27 cm and that the correlation length 7 is 2.67 cm. SPM
and POM backscattering models are used based on their consideration of the imaginary part of the
dielectric constant, Eq. (3), and on their fitting to the soil simulation. Dielectric constant data were
taken from the mixing model simulation results. We also use the exponential autocorrelation func-
tion, that more closely approximates natural and smooth surfaces and we neglect the Gaussian
function adapted to rough soils. SPM model Eqgs. (3) are presented here followed by POM Eqgs. (4):
e (0)

o o
O pp(0) =0 con(0)+0jnc

2

o pp(0) =8k*h? cos™ 6 |ayp|” W(2ksinG)
2

opp = (- 1)/(0036 +1e—sin?6 )

W(2ksing) = (1 + 2(k/sin6)2)_3/2

3)

where 6;1)70 is the incoherent component of backscattering coefficient, Ggoh is the coherent com-

ponent, k is the wave number, and W(2k sin6) is the exponential autocorrelation function.

oppn(6)= 2k2cos?0 Th0) exp((2ks cos §)? ).Z(ZKS cos 0)?" /nle
n=1 (4)

(= nfz/(n2 + 2(k/sin 6)2 )3/2

where I, ) is the reflectivity at polarization p (v or h). Due to the value of the incidence angle
o

inc
to calculate the backscattering coefficient o, for horizontal transmit-receive polarization hh. Du-

bois model Eq. (5) is used to show the effect of the salinity on the backscattering coefficient when
the real part of the dielectric constant is considered and the imaginary part is neglected.

over 10° and the characteristics of the satellite, only the incoherent part ¢; = of the model is used

1.5
_ COS

o 0 100-028 £ tan 0 (kh sin 6 )1 4,07 (5)
sin 5 0



EARSeL eProceedings 3, 3/2004 376

Study area and field measurement description

Our study site is at Wadi EI-Natrun, a sandy depression located west of the Nile delta, latitude
30°17' and 30°38'N and longitude 30°02' and 30°30'E. It is directed NW-SE; its northern end is
108 km from Alexandria and its southern end is 70 km from Cairo. It is down to 24 m under the sea
level and 38 m under the water level at the Rosette branch of the Nile (11). At the bottom of this
depression, there are eight principal and two secondary salted lakes. The arid climate of this area
is the driver of a continuous evaporation of the lakes water, which generates the formation of vast
crusts of salt, named "Natrun" or Natron, from where comes the name of this depression (12). It is
also the origin of the chemical symbol for sodium, Na, Natrium in German.

The selected representative areas are characterized by a homogeneous flat smooth surface de-
void of any human activities. Soil sampling was synchronized with RADARSAT-1 images acquisi-
tions in May 2002, to minimize the error rate between the backscattered signals and the ground
truth of the target. Due to the RADARSAT-1 configuration, samples were taken from the upper
5 cm (9). Furthermore, the period of the field trip was characterized by dry climatic conditions with
no precipitation. These conditions determine a homogeneous and stable soil moisture and salinity
profile in the soil, such that the dielectric constant can be assumed representative for the area.

RESULTS

First, to estimate the effect of the salt presence in soil, we simulate its presence for the following
types of soil: Sandy Loam and Loam that do exist in the study area. We can see in Figure 1 that
the existence of such soil components has a critical effect on the behaviour of the dielectric con-
stant in its real and imaginary parts as well.
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Figure 1: Salinity effect on the dielectric constant, (A) without salinity and (B) with 50% salinity, for
loam and sandy loam soils, E’ and E” are the real and imaginary parts of dielectric constant, re-
spectively.

This effect is very significant on the imaginary part, especially when the soil moisture rises over
30% depending on the soil texture, which determines the quantity of free water, Figure 2. At such a
percentage of moisture, the effect of salts dominates the dielectric constant value rather than the
moisture content; this effect did not appear more clearly in the finer soil textures due to salt reten-
tion by fine particles such as silt and clay. The high cation exchange capacity (CEC) of these soils
does not allow a wide interaction between the solid components of the soil: salt, silt and clay, and
the liquid component. Therefore, the presence of sand particles lets the salt react in the soil mix-
ture, and consequently increases the imaginary part of the dielectric constant of the soil.

Under dry conditions below 20% of relative humidity, however, such a variation cannot be distin-
guished and the effect is limited to the real part of the dielectric constant. This is due to the lower



EARSeL eProceedings 3, 3/2004 377

conductivity of the soil, thus a weak variation on the imaginary part. The real part is then only influ-
enced by the soil texture and soil humidity, and inversely correlated to the salinity presence. This
decreases the value of the real part of the dielectric constant and increases the imaginary part at
the same time, which widens the gap between the two parts and lets the complex value of the di-
electric be mainly influenced by the imaginary parts.
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Figure 2: Real and imaginary parts of the dielectric constant for sandy loam (A,B) and loam (C,D)
soils at different salinity levels.

When simulating the SPM and POM, it can be seen that the backscattering coefficient shown in
Figures 3a,b and 3c,d, respectively, increases with respect to the partial dependence of the two
models on the imaginary part of the dielectric constant €”. However, we can observe the effect of
neglecting the presence of this part in the Dubois model in Figure 3e,f. In the latter model, the
value of the backscattering coefficient decreases dramatically with the increase of the salinity level.

Figure 4 shows the effect of the incidence angle on the value of the backscattering coefficient. We
realize that S7 is the most adequate mode of RADARSAT-1 to predict the presence of salt in simu-
lated salt affected soils, using the same level of M,, however, the backscattering coefficient ¢°
magnitude is higher for the coarser texture, sandy loam, using the same incidence angle. The
magnitude of the backscattering coefficient is inversely proportional to the incidence angle. For a
higher incidence angle, S7, 6 =47° the sensor is incapable of distinguishing the effect of salinity
percentage variation. This is normal, based on the relationship between the salt and the moisture
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content, and the capability of the radar at low incidence angles to measure the moisture effect. In
this case the soil texture has a narrow effect on the backscattering coefficient value.
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Figure 3: Salinity effect on the backscattering coefficient in sandy loam and loam with different
moisture contents (Mv) for SPM (A)(B), POM (C)(D) and Dubois model (E)(F).
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For the same incidence angle and same texture, the SPM and POM models are compared with the
soil sample values. Figure 5 shows that almost half of the samples of the sandy loam soil are lo-
cated outside the validity range of the SPM model, which is valid for volumetric moisture content
below 30%. However, then the POM model covers almost all the samples, which corresponds to
the field result.

These results can be explained by the domain of validity of these models, which are examined un-
der normal conditions, and the absence of salt effect. In addition, the assumptions and constraints
of the simulations cannot be constant all the time and can fluctuate in the field.
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Figure 4: The effect of incidence angle on ¢° using 45% moisture content for sandy loam (A) and
loam (B) soils.
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Figure 5: Relationship between o° of ST mode simulation for sandy loam soil and the soil samples
salinity, (A) for SPM and (B) for POM.

Contrary to the simulation results, results obtained from the images and soil samples are highly
correlated. The imaginary dielectric constant €’s, calculated from the S1 mode image was com-
pared to the imaginary dielectric constant measured in soil samples €’ss. This comparison gave the
following linear regression, Figure 6a:

51 =0.9209 €’s5 + 30.17
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with a coefficient of determination R* = 0.8168. This relatively low correlation coefficient value is
due to the resolution of the image, and we predict that the fine mode can offer higher values. How-
ever, when using the fine mode, we must consider the high speckle content in this mode and the
scale of surveying. We consider the value 0.8168 of R? to be satisfactory for this resolution.

Figure 6b illustrates the relationship between the ¢° calculated from the S1 mode image and soil
sample conductivity (S'm™). This relation can be expressed by the following linear regression:

opp=0.3735S - 17.32

with a coefficient of determination R? = 0.830. These equations demonstrate that the results de-
rived from soil samples and the radar image are highly correlated. These results are relatively bet-
ter than those found by (113} with a considered improvement in the correlation coefficient.
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Figure 6: Relationship (A) between o° of ST mode image and the soil sample conductivity,
(B) between the £’ calculated from S1 image and soil samples €.

CONCLUSION

The correspondence between the values obtained from the images and those obtained by the
analysis of soil samples, and the estimation of the ¢° calculated using the existing backscattering
models, either theoretical or semi-empirical, proves the necessity of having a special model de-
signed for the salt affected soils. This new model should adequately account for the presence of
salt in the soil mixture.
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