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Chapter 1

Introduction

1.1 Background
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Chapter 2

Soil Moisture and Its Estimation

2.1 Soil Mixture Components
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2.3 Soil Surface Roughness
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2.4 Penetration Depth
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2.5 Ground-Based Methods for SM Estimation
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2.6 Remote Sensing Methods for SM Estimation
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Chapter 3

Soil Moisture Estimation Models for Synthetic Aperture

Radar

3.1 Synthetic Aperture Radar (SAR)
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1A monochromatic wave is a wave with constant frequency.
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Radar Cross Section

backscattering coe cient
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3.2 Surface Scattering Models
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3Single (or surface) scattering is a scattering mechanism during which the radar signal hits a surface and
then is re ected back to the sensor, such as the scattering from surface of a bare soil. The mechanism which
describes scattering from a canopy-like scatterer isolume scattering The case in which scattered wave from
the soil surface hits a vertical part of vegetation, and then scatters back to radar sensor is an instance of

double-bounce(or dihedral) scattering.
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Chapter 4

Models for Explaining the Spatial Variability of Soil

Moisture



4.1 Spatial Variability of SM
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4.3 Exponential Law and Power Law
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4.4 Image Pyramids
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(a) General structure of a four-level image pyramid: The base of
the pyramid is the original image (8 8 in this example), and the
highest level consists of a single pixel with a value equal to the
mean value of pixels in the original image.

(b) Pixel links in a mean image pyramid: Each pixel in imagel+; is linked
to four pixels in image |, through an averaging operation.
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2Upscaling is predicting coarse resolution data from ne resolution data, and downscaling is the reverse
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3Electronically Scanned Thinned Array Radiometer



fractal dimensions

Hausdor -Besicovitch dimension

4Mandelbrot de ned a fractal as a set for which the Hausdor -Besicovitch dimension strictly exceeds the

topological dimension.
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4.6 Mathematical Optimization
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5This is the smallest2” 2" window which covers a ground measurement sitel0 10 pixels) in our data

set.
6A global convergent algorithm is an algorithm which can nd the global optimum from any starting

point.



guadratic programming (QP)
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Chapter 5

Implementation

5.1 Study Area and Data
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(a) Map of Carman Site

401

(b) Radarsat-2 image of the study area ac-
quired in Epoch 1, and location of elds
used for ground measurement of SM and
roughness covered by this image.
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bootstrapping

5.2 Pre-processing

tusing PolSARpro v4.2 (European Space Agency, 2011) software
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5.3 Geo-referencing
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5.4

Inversion of the Models and Multifractal Analysis
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5.5 Evaluation of the Algorithms
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Chapter 6

Experimental Results

6.1 Power Index Experiment for the IEM
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6.2 Comparison of SAR Backscattering Models
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6.3 Probability Density Function of the Field Measurements
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6.4 Exponential Law in the Field Measurements
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6.5 Multifractal Analysis of the Field Measurements
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(a) Using average of replicates for calculation of (b) Using random selection of replicates for

standard deviation: k; = 0:3378 k, = 0:02707 calculation of standard deviation: k; =
RMSE=1.23(vol.%), R=0.43 0:4276 k, = 0:01691 RMSE=1.43(vol.%),
R=0.56

(c) Using all measurements of each site for
calculation of standard deviation: k; =
0:4492 k, = 0:01822 RMSE=1.47(vol.%),
R=0.56



(&) Epoch 2: k; = 0:853Q k, = 0:03913 (b) Epoch 3: k; = 0:3895 k, = 0:01537
RMSE=0.97(vol.%), R=0.89 RMSE=1.08(vol.%), R=0.80
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6.6 Multifractal Analysis of the IEM Outputs
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Chapter 7

Conclusions
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Appendix A

Bootstrapping for Estimation of Con dence Interval of

Mean
percentile
method
N X1; Xop i Xy R
N
1001 2 )% "
N X
=(Xq; Xy; 5 Xy)
bootstrap sample
N
M= X Xy anXy)
N N N

B 17 2 h B



CDF (t)

EDF (t) = ' <tg

#17, < tg b
100(1 2 )%

h . . i
"2 EDF ( );EDF (1 )

bias-corrected percentile method
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Appendix B

Matlab Code for Calculation of the Parameters of The

STRAIN Multifractal Model

STRAIN
C
Data Resolution

Data

function [Beta, c] = STRAIN(Data, Resolution)
WinSize = size(Data, 1);
NoLevels = log2(WinSize)+1,;

CurveData = [];

=2 :6 % Loop over all exponents

LineData = [J;

for Level = 1 : NolLevels % Loop over all pyramid levels

Scale = 2~(Level-1);
MaxCoord = WinSize / Scale;
Lambda = Resolution * Scale;
LogLambda = log(Lambda);
Sq = 0;

cnt = O;




16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

% Create partition function
for r=1:MaxCoord
for c=1:MaxCoord
ri = (r-1)*Scale+1; r2 = rl+Scale-1;

cl = (c-1)*Scale+1; ¢c2 = cl+Scale-1;

% Create pixel (r,c) in current pyramid level
CoarsePix = Data(rl:r2,cl:c2);
aux = mean(CoarsePix(~isnan(CoarsePix)));
if isnan(aux)
continue;
end
Sq = Sq + aux " q;
cnt = cnt+1;
end
end
Sqg = Sq / cnt;
LineData = [LineData; LogLambda , log(Sq)l;
end
p = polyfit(LineData(:,1), LineData(:,2), 1);
CurveData = [CurveData; g, p(1), p(2)];

end

% Run SQP to fit STRAIN model to data
options = optimset(‘Display’, 'off’,
'MaxFunEvals', 1000,

'Algorithm’, 'sqgp');




44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

[OptimX, fval] = fmincon(@Cost_Func, [0 0], ...
a. . i i
[0 0], [1 50], [], options);
Beta = OptimX(1); ¢ = OptimX(2);
return
function Cost = Cost_Func(X)

Cost=[];
for ii=1l:size(CurveData,l)
Cost = [Cost;

abs((-X(2) * (CurveData(ii,1)*(1-X(1))- ...
(1-X(1)~CurveData(ii,1))),
/ log(2)) - CurveData(ii,2))];

end

Cost = norm(Cost);

end % End of Cost _Func

end % End of main function
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