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Abstract:



Microwave remote sensing can measure surface geometry. Via the processing of the Synthetic Aperture Radar (SAR) data, the earth surface geometric parameters can be provided for geoscientific studies, especially in geological mapping. For this purpose, it is necessary to model the surface roughness against microwave signal backscattering. Of the available models, the Integral Equation Model (IEM) for co-polarized data has been the most frequently used model. Therefore, by the processing of the SAR data using this model, the surface geometry can be studied. In the IEM, the surface roughness geometry is calculable via the height statistical parameter, the rms-height. However, this parameter is not capable enough to represent surface morphology, since it only measures the surface roughness in the vertical direction, while the roughness dispersion on the surface is not included. In this paper, using the random fractal geometry capability, via the implementation of the power-law roughness spectrum, the precision and correctness of the surface roughness estimation has been improved by up to 10%. Therefore, the random fractal geometry is implemented through the calculation of the input geometric parameters of the IEM using the power-law surface spectrum and the spectral slope. In this paper, the in situ roughness measurement data, as well as SAR images at frequencies of L, C, and X, have been used to implement and evaluate the proposed method. Surface roughness, according to the operational frequencies, exhibits a fractal or a diffractal behavior.
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1. Introduction


Studying the surface roughness geometry, especially studying the natural surfaces, requires appropriate satellite data and processing methodologies [1,2,3]. The Synthetic Aperture Radar (SAR) data acquired by the airborne and space-borne sensors has made it possible to examine the surface roughness, which provides useful information for geoscientists and geologists. The backscattered signal in all polarizations is affected by surface roughness, and contains the surface geometry information [4,5,6]. To measure the surface geometry using the SAR data, the surface geometric parameter(s) must be modeled against the backscattering coefficient on each polarization. Generally speaking, to describe and differentiate the patterns and the geometric surface texture, it is indispensable to model the interaction between the backscattered signals and the surface properties. The radar signal is sensitive to certain surface roughness measures, which is determined by the operating radar signal frequency [7,8,9].



Of the available models, the standard theoretical models of backscattering include: (1) the Kirchhoff Approximation (KA), which encompasses Geometric Optics (GO) and Physical Optics (PO); and (2) the Small Perturbation Model (SPM) [7,10].



The Geometric Optics model for very rough surfaces, the Physical Optics model for moderate roughness, and the Small Perturbation Model for approximately smooth surfaces, have been used. Fung et al. (1992) have developed the Integral Equation Model (IEM) as a physically-based electromagnetic transfer model which combines the Kirchhoff models and the SPM, and which constructs a more applicable model that can theoretically tolerate a really wide range of roughness dimensions. It is of note that the IEM is not restricted to any special frequency range or roughness measures [11].



The IEM exploits the rms-height parameter to characterize the surface geometry [12]. In this paper, the statistical rms-height and the Gaussian auto-correlation function (ACF) have been implemented as the conventional IEM. In the conventional method, the surface roughness geometry is only considered in the vertical direction, and only the Euclidean geometry is applied.



However, using the so called fractal IEM, which considers roughness in the horizontal direction and its dispersion on the surface, it can be possible to improve the surface morphology estimation and soar the precision of the microwave discrimination by means of the power-law surface spectrum and the spectral slope parameter [13].



In this paper, as depicted in Figure 1, to provide the surface geometric characteristics for the IEM computation, the in situ surface roughness measurement has been performed by the field surveying operation. The dielectric constants have been extracted from the tables produced by Martinez et al. (2000) [14]. Furthermore, the SAR satellite data of ALOS PALSAR, Sentinel-C, and TerraSAR, respectively, in the bands L, C, and X, have been used to compute the surface roughness, i.e., the geological morphology.


Figure 1. Flowchart of the study and results evaluation. (a) Direct model evaluation: computation of backscattering using the in situ measured data; (b) inverse model evaluation: calculation of surface roughness using the backscattering coefficient.



[image: Remotesensing 09 00445 g001]






In this paper, the IEM geometric input parameters have been calculated using three different methods for two types of surface assumptions; two conventional geometry methods (stationary surface assumption) and the random fractal geometry (for power-law surface assumption). After running the model with each of the inputs, the backscattering coefficient at each point corresponding to each pixel of the SAR measurement data is computed (Figure 1a). In addition, through the IEM inversion method, the surface parameters are calculated, corresponding to the in situ measurements (Figure 1b). The IEM computation results, as well as the inverse IEM compared with the measurements, can show the model’s level of efficacy.



The IEM calculated and the SAR measured backscattering coefficients are mutually compared to evaluate the methodology (Figure 1a). Additionally, comparing the in situ rms-height with the inverse IEM results, the level of efficacy when using the power-law inputs versus the conventional ones can be cleared [12,15] (Figure 1b).



In Section 2, the IEM backscattering model with the conventional inputs will be addressed. The methodology of random fractal geometry will be developed in Section 3, in order to determine the power-law surface parameters as the input of the IEM. Finally, the implementation and validation of the fractal IEM will be discussed in Section 4 for the multi-frequency SAR data. Section 5 presents the conclusion.




2. The IEM Backscattering Model


Backscattering is the amount of the scattered signal per surface unit in the scattering angle from 0 to 180 degrees [16]. The calculation of the backscattering coefficient ([image: there is no content]) process depends on the satellite antenna specifications. As defined by Fung et al. (1992) and explained by themselves (1994), the IEM model describes the relation of the backscattering coefficient to the surface roughness parameters, as well as the dielectric constant and the incidence angle. The IEM is characterized for the co-polarized and cross-polarized backscattering calculations [8,17]. Yet, in this paper, just the co-polarized equation is implemented. The co-polarized backscattering coefficient equation according to Fung et al. (2004), which is termed I²EM by Ulaby (2014), is as follows [7,8,10,11,16]:


[image: there is no content]



(1)




where:


[image: there is no content]



(2)




and [image: there is no content] is either the hh or vv polarizations; [image: there is no content] stands for the radar wavenumber ([image: there is no content], [image: there is no content] wavelength); [image: there is no content] is the rms-height; [image: there is no content] denotes the incidence angle; and [image: there is no content] is the Fourier transform of nth power of the ACF. [image: there is no content], [image: there is no content], [image: there is no content], and [image: there is no content] are approximated by the following equations [10,16]:
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(3a)
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(3b)
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(3c)
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(3d)




where the horizontally and vertically polarized Fresnel reflection coefficients, [image: there is no content] and [image: there is no content], are given by the following:


[image: there is no content]



(4a)






[image: there is no content]



(4b)




where [image: there is no content] is the ground relative dielectric constant; a complex number concerns the storage and dissipation of electricity.



In the IEM, [image: there is no content] and the surface ACF are the two geometric elements whose calculations are the main issue considered in this paper.



Due to the nonlinearity of (1), the model inversion, i.e., solving the IEM for its parameters analytically, is almost impossible. There are a few arithmetic methods which can be employed to calculate the surface parameters knowing the backscattering coefficient and the imaging parameters [12]. In spite of the development of intelligent computation methods such as neural networks and the Bayesian method, one of the best and most direct methods in this respect is the Look-up table (LUT) [18,19]. In the LUT method, the backscattering coefficient values for different values of the surface roughness parameters and dielectric constant are calculated using (1), and then, the surface parameters corresponding to the backscattering coefficients can be calculated by interpolation and reversed matching.



Section 2.1 describes the validity range and Section 2.2 exhibits the conventional input parameters calculation of this model.



2.1. The IEM Validity Region


The IEM is applicable on a wide range of surfaces, from smooth to rough. The IEM’s validity range, given by Fung et al. (1994), is:


[image: there is no content]



(5a)






[image: there is no content]



(5b)






[image: there is no content]



(5c)




where [image: there is no content] is a constant and its Gaussian value, and the exponential ACFs are 1.6 and 1.2, respectively [10,20].



Dierking (1999) has also estimated the validity range of the IEM for different frequencies, similar to the ones specified by Fung et al. [21]. Furthermore, different studies have concerned the real validity range of this model and it is mostly shown that the applicable validity domain of this model is more limited [18,22,23].




2.2. Conventional Inputs for IEM


The rms-height is calculated using the following formula (6):


[image: there is no content]



(6)







Moreover, [image: there is no content] is another geometric term in the IEM, i.e., the Fourier transform of the nth power of the surface ACF, [image: there is no content], either its exponential, or Gaussian regression [24,25] (i.e., respectively (7)–(9)):


[image: there is no content]



(7)






[image: there is no content]



(8)






[image: there is no content]



(9)




where [image: there is no content] is the correlation length. Because of its dependence on the profile length, as well as the rms-height, the calculation of the correlation length has been considered as a difficult problem [9,26]. In this paper, both exponential and Gaussian ACFs are used for conventional implementation, which have presented a better estimation and have been frequently recommended [3,12,15]. In the calculation of the ACFs, the correlation length is considered as one third of the semivariogram range [27].





3. Power-Law Inputs for the IEM


Functions, like y, proportional to some power of the input x (i.e., [image: there is no content]), are power-law functions. Power-law surfaces have the spectrum in the form of [image: there is no content] ([image: there is no content]: spectral slope). In natural surface modeling, unlike the conventional geometry, the random fractal geometry provides better results. The term “fractal”, in many cases, is considered as the same as “self-similar”. Natural phenomena are statistically self-similar; i.e., every part of their structure has statistical properties (the mean and the standard deviation) similar to those of the whole structure [28].



The surfaces with a power-law roughness spectrum over the interval [image: there is no content] are ideal random fractals. For such surfaces, the rms-height [image: there is no content], the correlation length [image: there is no content], and the ACF do not exist [21,29] Thus, the surface modeling must be realized within the limits of the spatial frequencies (i.e., sampling rates) [image: there is no content]. This is a semi-self-affine surface [13,30]. In other words, using the fractal geometry, natural surfaces can be modeled through the power-law form within [image: there is no content] and [image: there is no content].



Yordanov et al. (2002) present a general expression for the ACF valid for the arbitrary topological dimension [31]. Since after the roughness measurement of the study sites, the geometric parameters are considered to be calculated on some arbitrary linear profiles, the ACF for a linear profile of the samples can be realised in the form of [32]:


[image: there is no content]



(10)




where [image: there is no content] is the wavenumber and [image: there is no content] has a limited amount; [image: there is no content], [image: there is no content] is the topological dimension, and for the linear profile, it is considered one (D = 1) [29,33], representing the slope of the linear best-fit of the power spectral density (PSD) on a logarithmic scale [29,32].



It is noted that this linear best-fit must be applied to the trendless profile. In other words, the spectral slope ([image: there is no content]) might not include the trend part of the PSD, the early part of the PSD [29].



According to Dierking (1999), in addition to the ACF, two other regular geometric surface parameters, the power-law rms-height and the correlation length for a linear profile, can also be calculated using the spectral slope parameter [21]:


[image: there is no content]



(11)






[image: there is no content]



(12)




where [image: there is no content] is the profile length, and [image: there is no content] is the spectral constant or the spectral offset [21].



Hence, in order to evaluate the role of the random fractals for improving the IEM results, having ascertained the surface morphology, using (8) and (9), the ACF for conventional-1 and conventional-2 methods, respectively, is achieved. The rms-height ([image: there is no content]) can be calculated using (6) for these two conventional methods.



For the power-law calculation of the input parameters, the welch method is applied to the in situ measured data to calculate the spectral slope, [image: there is no content] Having obtained [image: there is no content] and using (11), the rms-height ([image: there is no content]) is computed. Using (10), the ACF is computed.




4. Implementation and Evaluation


Three different methods for the calculation of the input parameters of the IEM are implemented for the in situ field measurement to apply the methodology of the flowchart (Figure 1a). Afterward, following the second flowchart (Figure 1b), the LUT can be formed to determine the surface roughness of the terrestrial points corresponding to each measured SAR backscattering (on L, C, and X-bands) pixels. The case study is located in western Iran, between the cities of Ilam and Dehloran. From the view point of geology, this region is known as the “Anaran” anticline, located in the Zagros fold-thrust belt. Figure 2 depicts the geographic location of the case study and the 10 measurement sites. Figure 2b depicts the main geological formations of the region; however, the morphology of two of them (Gurpi Fm and Quaternary Sediments) is not considered to have been studied in this paper.


Figure 2. (a) The case study location on a map of Iran; (b) Surface roughness measurement sites position on the geological map (As, Asmari Fm; Gs, Gachsaran Fm; Pd, Pubdeh Fm; Gu, Gurpi Fm; Qu, Quaternary Sediments); (c) Measurement sites position on the X-Band SAR backscattering image; the color-bar of the values of backscattering is beside the image in db.
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The field measurement is planned in the form of a mesh of points; thus, the geometric parameters for any arbitrary profiles on the surface can be calculated. The in situ surface roughness measurement is performed on ten different sites with different morphologies using the programmable surveying Total Station (Trimble™5600). This instrument is used to measure a 25 × 25 mesh with a 50 cm interval on each measurement site. The measurement instrument has a better than one centimeter precision. Being measured as a mesh of points allows for the calculation of roughness parameters along any arbitrary profile and certainly increases the precision of the parameters estimation. Generally, there are three formations belonging to different geological periods. Table 1 shows the details of these geological formations.



Table 1. Geological age and general specification of the morphology of the study area formations.







	
Geological Formation

	
Geological Period

	
General Morphology Appearance






	
Asmari (As)

	
Oligocene to Lower Miocene

	
Rough




	
Gachsaran (Gs)

	
early Miocene

	
Moderate




	
Pabdeh (Pd)

	
Paleocene to early Miocene

	
Smooth










Furthermore, the SAR measured data are described in Table 2. Three SAR measurement data are used in three microwave bands. The acquisition modes are also specified.



Table 2. Specifications of the SAR measurement data in three different frequencies for the study.







	
Satellite/Antenna

	
Acquisition Mode

	
Band

	
Freq. (GHz)

	
Incidence Angle/Pass/Look






	
ALOS–Palsar-2

	
Spot-light

	
L

	
1.200

	
32.3°/Ascending/Left




	
Sentinel-1A

	
Strip Map Mode

	
C

	
5.405

	
38.1°/Ascending/Right




	
TerraSAR-X

	
Staring Spot-Light

	
X

	
9.650

	
22.7°/Descending/Left










The earth surface roughness of a single study area in each of the radar bands is seen differently, due to the difference in the operational frequency (or wavelength). Figure 3 depicts the face of the formations surface and shows the extent to which they are affected by weathering and erosion. Obviously, this variety of roughness must not be seen as the same in different wavelengths. The smoother surfaces are more susceptible to erosion, whereas the rougher ones are more resistant against weathering. The level to which a lithology gets eroded is dependent on its material and its age.


Figure 3. The geological formations surface. (a) Asmari (As) fm., Oligocene to Lower Miocene; (b) Gachsaran (Gs) fm., early Miocene; (c) Pabdeh (Pd) fm., Paleocene to early Miocene. The extent to which they are affected by weathering and erosion can be seen. The photos are taken from ~1 m above the surface.



[image: Remotesensing 09 00445 g003]






It must be considered that prior to any backscattering processing, as well as results assessment, the SAR imagery data introduced in Table 2, which are contaminated by the speckle noise, were subjected to a pre-processing stage, i.e., despeckling using the wavelet transform method [34].



Figure 4 illustrates how the roughness of the formations appears in the SAR images of different frequencies. The backscattering in the images is shown in the equalized black and white images, but the side color bars show the pixel values in db. The whiter the images, the rougher the face because of double, triple, and in general, multi-scattering signals. The blacker pixel values are because of the smoothness of the surface.


Figure 4. Backscattering on the SAR measurement, as equalized black and white images; (a) the L-Band SAR data, the ALOS-PALSAR satellite; (b) the C-Band SAR data, the Sentinel-1A satellite; (c) the X-Band SAR data, the TerraSAR-X satellite; the value of backscattering is depicted beside each image on the color-bar in db. Lower values, i.e., dark pixels, show smoothness and large db values are because of the surface roughness.
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The numerical geometric characteristics on each site surface are tabulated in Table 3. The rms-height and the correlation length are calculated using the conventional geometry; the α and the fractal dimension using the power-law geometry.



Table 3. Morphological and surface geometric characteristics of the study sites based on the site visit and the in situ measurement. The roughness parameters are calculated using the equations and methods presented in Section 3. Figure 5 shows how [image: there is no content] is estimated for each site surface. The Rms-height and the correlation length are the conventional ones and the average of the multiple arbitrary profiles on each of the site surfaces.







	
Site No.

	
Dominant Geological Formation

	
rms-Height (cm)

	
Corr. Length (cm)

	
[image: there is no content]






	
Site 1

	
As

	
6.02

	
81.07

	
1.5345




	
Site 2

	
Gs

	
2.2

	
45.3

	
1.7112




	
Site 3

	
As-Gs

	
4.64

	
54.07

	
1.6865




	
Site 4

	
Pd

	
1.11

	
14.9

	
1.7923




	
Site 5

	
Pd

	
1.21

	
18.03

	
1.8825




	
Site 6

	
Gs

	
1.98

	
40.71

	
1.8817




	
Site 7

	
As

	
4.97

	
74.38

	
1.5349




	
Site 8

	
Gs

	
1.66

	
19.31

	
1.7501




	
Site 9

	
Gs

	
2.86

	
50.9

	
1.7709




	
Site 10

	
Qu

	
1.76

	
31.31

	
1.7472










Since there was a considerably dry climatic condition when the satellite data was being acquired, and the field measurement was performed in the same seasonal conditions, it was obviously perceived that the moisture until 5 cm below the surface was absolutely 0%; that is why the dielectric constant values were used from the references who presented these values for the dry climate [14]. The values for the three geological formations of the study area, i.e., Asmari, Gachsaran, and Pabdeh, are 3.6, 4.0, and 4.1, respectively.



Figure 5 illustrates how the spectral slope ([image: there is no content]) is calculated using the in situ measurements of the PSD of the 10 selected study sites. The PSDs are estimated using the Welch’s power spectral density [35,36]. According to the previous section, the data trend or the result of large topography must not be considered in the measurement of the spectral slope ([image: there is no content]). For this aim, the red line (i.e., a linear regression) in the plots of Figure 3 is drawn on a polynomial regression of the PSD, notwithstanding the general trend part of the PSD. The experimental analysis obviously shows that the regression of the PSD for frequencies between 0.85 and 3.15 (Hz) results in the best values for the spectral slope. This empirically decided frequency range is somehow equal for different sites.


Figure 5. Calculation of the spectral slope ([image: there is no content]) via the linear regression of a polynomial regression of the PSD, calculated from the in situ measurements of the 10 selected study sites using the Welch’s method. Experimentally, the trend of the data is between 0 and 0.85 Hz, which has not been considered in the calculation of the spectral slope.
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Table 4 shows the capability of each radar frequency for the discrimination of each formation. The conformity in this table is determined according to the contents of Table 2 and Table 3.



Table 4. The status of the validity of the IEM based on (5a,b,c) for each geological formation on each of the study bands, based on Fung et al. (1994) [10]. Check marks show the conformity of the formation roughness parameters (on Table 3) to the IEM constraints at each microwave band and the X marks show the non-conformity.







	
Geological Formation

	
L-Band

	
C-Band

	
X-Band




	
(5a)

	
(5b)

	
(5c)

	
(5a)

	
(5b)

	
(5c)

	
(5a)

	
(5b)

	
(5c)






	
Asmari Fm.

	
√

	
√

	
√

	
√

	
√

	
√

	
×

	
×

	
×




	
Gachsaran Fm.

	
√

	
×

	
√

	
√

	
√

	
√

	
√

	
×

	
√




	
Pabdeh Fm.

	
√

	
×

	
√

	
√

	
√

	
√

	
√

	
√

	
√










In this table, it becomes clear which of the three constraints determined by Fung et al. (1994) via (5a,b,c) are approved or rejected in order to morphologically differentiate the formations. In this table, the approbation (√) of an equation indicates the validity of the constraint for the relevant band and the rejection (×) of the equation means the invalidity of the constraint.



4.1. Geometric Parameters Analysis


The microwave signal, depending on the radar frequency, is sensitive to a limited range of the roughness spectrum; thus, a surface seen as being rough in one frequency measurement may be seen as completely smooth in another. Figure 6 represents the backscattering of the incident radar signal in the radar bands L, C, and X on hh, vv, and hv polarizations for the earth surface of the main geological formations present in the field measured sites. As the frequency or the local incident angle increases, the smaller roughness scale becomes significant. The graphs confirm the different capability of the operational frequencies for the surfaces discrimination, presented in Table 4.


Figure 6. Backscattering ([image: there is no content]) for three bands L, C, and X on hh, vv, and hv polarizations for the main geological formations of the study area.
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4.2. Evaluation of Backscattering and Surface Roughness Simulation


What is needed to discriminate geological formations according to their morphology is the surface roughness [25]. In this section, the results of the IEM implementation to simulate the backscattering coefficient ([image: there is no content]) using the surface data and a comparison with the SAR measured ones in the radar bands L, C, and X for the surface roughness computation is described (Figure 1a). Via inverse IEM using the LUT, having ascertained the SAR measurements, the rms-height of the surface is simulated. An evaluation of the simulated surface roughness can be performed using the rms-height of the field measurements (Figure 1b).



Having obtained the surface geometric characteristics for a 25 × 25 points mesh and then, taking arbitrary profiles according to geological maps and the site visit, a matrix 25 × 25 of [image: there is no content] is computed for each site. Moreover, using the IEM inversion, by the values of [image: there is no content] on a 25 × 25 pixels SAR image, a 25 × 25 matrix of the rms-height can be calculated for each of the sites.



The statistical rms-height, as well as the ACF, are calculated beside the extracted dielectric constant of each site from the published measured values to compute the conventional IEM backscattering coefficient, i.e., the values of [image: there is no content] and [image: there is no content]. The power-law IEM is computed using the ACF and the rms-height is calculated using the spectral slope parameter.



Figure 7, Figure 8 and Figure 9, respectively, for the bands L, C, and X, present the comparisons between the backscattering coefficients calculated through the three methods of calculation of the IEM input parameters, namely two “Conventional” methods (exponential and Gaussian ACFs) and a “Power-law” method, in comparison with the measured SAR backscattering coefficient, referred to as an “SAR Measurement”. This comparison is performed on 30 randomly selected pixels for 10 measured sites. Precisely being a point on the diagonal line of each graph indicates that the IEM simulated value on the corresponding pixel is exactly equal to the measured backscattering on that pixel. Therefore, in these graphs, the farness of the diagonal line shows the simulation error [25,37].


Figure 7. Backscattering simulation accuracy via the IEM for the geological formations on the L-band, (a) using the conventional geometry and the exponential ACF; (b) using the conventional geometry and the Gaussian ACF; (c) using the Power-Law geometry for the calculation of the IEM input parameters.



[image: Remotesensing 09 00445 g007]





Figure 8. Backscattering simulation accuracy via the IEM for the geological formations on the C-band, (a) using the conventional geometry and the exponential ACF; (b) using the conventional geometry and the Gaussian ACF; (c) using the Power-Law geometry for the calculation of the IEM input parameters.



[image: Remotesensing 09 00445 g008]





Figure 9. Backscattering simulation accuracy via the IEM for the geological formations on the X-band, (a) using the conventional geometry and the exponential ACF; (b) using the conventional geometry and the Gaussian ACF; (c) using the Power-Law geometry for the calculation of the IEM input parameters.



[image: Remotesensing 09 00445 g009]






For an assessment of the aforementioned calculation methods, it is necessary to compare the simulated surface roughness parameter (rms-height) resulting from the inverse IEM (i.e., extracted from Look-up table) with the in situ measured parameter for the ten sites. For this comparison, the point graphs of Figure 10, Figure 11 and Figure 12 depict the comparison of the computed rms-height of 30 selected pixels on bands L, C, and X, and the measured values on their corresponding field points.


Figure 10. The Rms-height simulation accuracy via the inverse IEM for the geological formations on the L-band, (a) Using the conventional geometry and the exponential ACF; (b) using the conventional geometry and the Gaussian ACF; (c) using the Power-Law geometry for the calculation of the IEM input parameters.



[image: Remotesensing 09 00445 g010]





Figure 11. The Rms-height simulation accuracy via the inverse IEM for the geological formations on the C-band, (a) Using the conventional geometry and the exponential ACF; (b) using the conventional geometry and the Gaussian ACF; (c) using the Power-Law geometry for the calculation of the IEM input parameters.



[image: Remotesensing 09 00445 g011]





Figure 12. The Rms-height simulation accuracy via the inverse IEM for the geological formations on the X-band, (a) using the conventional geometry and the exponential ACF; (b) using the conventional geometry and the Gaussian ACF; (c) using the Power-Law geometry for the calculation of the IEM input parameters.
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Precisely being a point on the diagonal line of each graph indicates that the simulated rms-height using the inverse IEM on the corresponding pixel is exactly equal to the field measured rms-height. Evidently, the proximity of the points to the diagonal line announces the simulation correctness [37].



In Table 5, the standard deviation of the calculated rms-height in the methods of IEM implementation are tabulated. Therefore, the statistical dispersion of the calculated results on each site for each polarization versus the field measured values are comparable, in order to evaluate the efficiency of the proposed power-law calculation of the inputs instead of the conventional one. Evidently, the smaller the standard deviation, the higher the accuracy of the simulated data.



Table 5. The standard deviation of the rms-height, calculated using the inverse IEM for the geological formations on bands L, C, and X, using three methods of inputs calculation, two conventional (1: The exponential ACF; 2: The Gaussian ACF) and the power-law geometry. The bold values show a decrease of the standard deviation of using the power-law inputs versus both the conventional ones.







	
Geological Formation

	
L-Band

	
C-Band

	
X-Band




	
As.

	
Gs.

	
Pd.

	
As.

	
Gs.

	
Pd.

	
As.

	
Gs.

	
Pd.






	
Inputs using the Conventional Geometry1

	
1.049

	
0.919

	
0.873

	
0.352

	
0.378

	
0.505

	
0.207

	
0.239

	
0.341




	
Inputs using the Conventional Geometry2

	
0.985

	
0.799

	
0.834

	
0.375

	
0.309

	
0.506

	
0.232

	
0.283

	
0.355




	
Inputs using the Power-law Geometry

	
0.839

	
0.721

	
0.970

	
0.326

	
0.370

	
0.512

	
0.224

	
0.240

	
0.285










Comparing the values of the standard deviation in Table 5 shows that the use of random fractals geometry has improved the results by more than 10% on average, i.e., dividing the largest standard deviation values of the two conventional methods by the standard deviation of the Power-law method can give such a value. The bold numbers are used to indicate that the Power-law geometry overcomes both of the conventional methods. For both co-polarizations, the same improvement is achieved.



Figure 13 illustrates the standard deviation values on the bar-charts to easily compare the different frequencies, as well as the different formations.


Figure 13. The Standard Deviation of the calculated rms-height values using the IEM Look-up table calculated via three methods of inputs calculation, conventional-1: using the exponential ACF, the conventional-2: using the Gaussian ACF, and the power-law geometry for the geological formations of the study sites, using the backscattering coefficient on (a) L-band; (b) C-band; and (c) X-band.



[image: Remotesensing 09 00445 g013]








5. Discussion


In this paper, the Integral Equation Model (IEM) backscattering model, as well as its inverse (using the Look-up table method), are implemented to measure the geometry of the earth surface roughness or morphology. For such implementation, the input parameters are calculated using three different methods: two conventional geometries (the exponential and the Gaussian correlation functions, the ACFs) and one power-law method. The implementation of the fractal geometry in this paper is performed through the spectral slope parameter (α), which shows the coincidence of the power-law ACF with the earth surface. The IEM results (i.e., [image: there is no content], backscattering coefficients) are compared with the Synthetic Aperture Radar (SAR) measurement (i.e., TerraSAR-X) and the inverse IEM results (i.e., rms-height) were compared with the in situ measurement.



The fractal nature of the roughness causes a higher efficiency of the power-law geometry versus the conventional geometry when modeling the surface; Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 show better results for the fractal modeling and eliminate more uncertainties, affirming [21,38] studies. Comparing the two conventional geometry implementations, apart from the C-band as the moderate wavelength, the Gaussian ACF causes less deviation for higher wavelengths, and the exponential ACF results are better for lower wavelengths; this supports the deductions presented in [12,37,39]. The values of the standard deviation in Table 5 show a general improvement, but when considering the behavior of different geological surfaces with various levels of roughness on each of the SAR frequency image, we deduce that for lower frequencies (e.g., L-band), the rougher surfaces are in the fractal regime, confirming the conclusions presented in [21,40]; and for the higher frequencies (e.g., X-band), the smoother ones are in accordance with [6]. Therefore, the rougher surfaces in high frequencies and the smoother ones in low frequencies display an obvious diffractal behavior. In general, having the in situ measurements, applying the most famous backscattering model, and completing an evaluation with the SAR measured data, the results of significant studies such as [17,38,41,42] are somehow endorsed with comparable numerical results, showing the efficiency of applying the power-law methods for IEM implementation for the SAR backscattering studies.




6. Conclusions


Using the random fractal geometry via the implementation of the power-law model in the backscattering modeling offers results which are up to 10% better for the calculation of the surface geometry. This methodology can improve the results of the spectral processings in the morphological mapping of the formations. Additionally, using the achieved information of morphology, we improved the scale of the geological maps.



For each radar frequency, the specific size of the surface roughness can be measured via signal backscattering. Using the three SAR bands L, C, and X for the earth surface of three known-geological surfaces shows the capability of this technology in geological morphology mapping.



The selection of the sites in this paper was undertaken considering that no large-scale topography has been inside the sampling mesh. Moreover, for the calculation of the spectral slope parameter (α), the trend part of the Power Spectral Density (PSD) graph has been ignored, and the spectral slope line was drawn on a polynomial regression of the PSD, which experimentally offered more accurate results.



A proper estimation of the surface roughness spatial frequency and consequently the spectral slope α, using the power-law ACF, offered appropriate IEM input parameters computation; therefore, after running the model, a more precise backscattering coefficient which exhibited a lower standard deviation was achieved. Also, using the random fractal geometry, the model inversion with the Look-up table method offered better roughness approximation. However, the geometric behavior of the surface roughness against the SAR frequencies is not constant, i.e., as the micro-topography decreases, the fractal regim exists in higher frequencies, and vice versa.
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