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A B S T R A C T

In this paper, we investigate the correction of ionospheric amplitude scintillations appearing as image artifacts in
low frequency synthetic aperture radar (SAR) data. A method has been proposed to separate amplitude and
phase components of fully polarimetric SAR (POLSAR) coherency matrix [T], and then implement a combination
of multi-level, two-dimensional Discrete Wavelet Transform and Fast Fourier Transform (DWT-FFT) to correct
the amplitude scintillation-induced stripes in [T] matrix. In the methodology, [T] is decomposed into component
matrices of amplitude and relative phases. To the amplitude [T] matrix, a combination of 2-D DWT is performed,
using the Haar wavelet, followed by a non-linear 2-D FFT correction strategy to remove amplitude scintillation
stripes. Using DWT, each amplitude [T] matrix element is decomposed into low- and high-frequency components
known as approximate and detailed coefficients respectively. On applying a 2-D FFT on the detailed coefficients,
amplitude scintillation-induced stripes are easily identified in the frequency spectrum and then removed using 2-
D FFT correction strategy of averaging-post-thresholding. The proposed method is tested on the [T] matrix of
several POLSAR datasets acquired from Advanced Land Observation Satellite/Phased Array type L-band syn-
thetic aperture radar (ALOS/PALSAR) and Advanced Land Observation Satellite-2/Phased Array type L-band
synthetic aperture radar-2 (ALOS-2/PALSAR-2) satellites. The performance of the correction technique is ana-
lysed both, qualitatively and quantitatively. While improvements in the post-correction datasets are visually
observed, a supervised Wishart classification also performed on the [T] matrices of undisturbed (reference),
disturbed and corrected data indicates significant increase in overall accuracy (OA) and kappa coefficient (k )
parameters. The classification accuracies of the disturbed data (OA = 69.31%, k =0.54) improved to
OA = 76.49%, k =0.68 after applying the proposed correction approach, which is comparable to the reference
data values (OA = 81.57%, k =0.71). The proposed method performs significantly better than the existing
technique of a simple 2-D FFT approach (OA = 73.49%, k =0.62). The contribution of dominant scattering
powers, obtained from the seven-component scattering power decomposition of POLSAR coherency matrix
(7SD) model, also demonstrates post-correction improvements. The dominant scattering power for targets in-
creased by ~3–9% using the proposed approach, shows an improvement of ~3% over the existing 2-D FFT
technique.

1. Introduction

Ever since the first airborne sensor with quad-polarimetric cap-
ability was flown (vanZyl et al., 1987), the remote sensing community
has valued fully polarimetric synthetic aperture radar (POLSAR) data
obtained from SAR over optical datasets. Cloud penetration, day-night
coverage, all-weather capability and sensitivity to target’s geometry
and dielectric properties provide complimentary capability to SAR
sensors over their optical counterparts. However, spaceborne POLSAR

data are affected by numerous radiometric artifacts like range/azimuth
ambiguity (Wang et al., 2018), target ghosting due to errors in Doppler
frequency estimation, banding, scalloping (Shimada, 2009), and geo-
metric errors (Jiang et al., 2016). Such errors affect SAR image pro-
cessing and identification of targets, thereby reducing their applic-
ability. For low frequency (P- and L-band) SAR data, one such imaging
artifact is the stripes/streaks along the azimuth (satellite’s flight) di-
rection caused by the interaction of radar signal with large electron
density irregularities in the ionosphere. This phenomenon is called as
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ionospheric scintillation, and is defined as sudden and rapid modula-
tions of the amplitude and/or phase of the signal waveform due to such
electron density irregularities (Mohanty et al., 2018). They are of two
types: amplitude scintillations that appear as strong stripes/streaks in
the azimuth direction of low frequency SAR data acquired over lower
latitudes magnetic equatorial region, and phase scintillations that are
mostly observed at higher latitudes, near polar caps and auroral re-
gions, resulting in reduced image contrast and blurring. The scintilla-
tion phenomenon not only degrades the visual interpretation of low
frequency SAR data (Shimada et al., 2008) but also hampers the am-
plitude and phase of the backscatter signal (Belcher and Rogers, 2009;
Belcher and Cannon, 2014).

Imaging artifacts similar to amplitude scintillation stripes are also
observed in several multi-detector optical imaging sensor systems, for
example Landsat Thematic Mapper (TM), MultiSpectral Scanner (MSS)
and Moderate Resolution Imaging Spectrometer (MODIS) (Rakwatin
et al., 2007; Carfantan and Idier, 2010). Such artifacts not only degrade
the visual image quality, but also affect subsequent use of such datasets
in applications such as image classification, segmentation, and in-
formation extraction. Nevertheless, correction strategies including
image decomposition (Chang et al., 2016; Chen et al., 2017), statistical
matching (Horn and Woodham, 1979; Gadallah et al., 2000), and di-
gital filtering (Chen et al., 2003) have been developed for the removal
of horizontal, vertical, and oblique stripes in remote sensing data
(Chang et al., 2016). While understanding the complexity of interaction
of low frequency SAR signal with the ionosphere, we are interested in
correcting for the amplitude scintillation stripes in them. This is im-
portant especially for the currently operating L-band Advanced Land
Observation Satellite-2/Phased Array type L-band Synthetic Aperture
Radar-2 (ALOS-2/PALSAR-2) (Mohanty et al., 2018) and future mis-
sions like NISAR (NASA-ISRO SAR in S- and L- band) (Pi, 2015; Meyer
and Agram, 2017) and BIOMASS (P-band) (Rogers et al., 2014).
Keeping in mind the changing dynamics of the ionosphere as well as the
absence of a physical model for correction of the amplitude scintillation
stripes, we attempt its corrections from an image processing and re-
storation perspective to improve POLSAR data quality and its inter-
pretation for several applications.

Although several effective destriping techniques including Fourier
transforms (FT) (Liu, 2006), and wavelet transform (WT) (Torres and
Infante, 2001; Chen et al., 2006) are established for optical remote
sensing data, very limited approaches have been tested with SAR data
(Roth et al., 2010; Roth et al., 2012; Mohanty and Singh, 2019). In a
recent study, Fast Fourier Transform (FFT) technique-based linear and
non-linear correction strategies are applied on the scattering power
decomposition images of L-band POLSAR data affected by amplitude
scintillation stripes (Mohanty and Singh, 2019). This technique as-
sumed that the scintillation stripes appear as periodic noises, such that
in the frequency domain their signatures appeared as isolated bright
features compared to the low frequency of the background terrain, thus
making their identification and correction easier. Although FFT ap-
proach is easy and straightforward, temporal localization (i.e., max-
imum concentration of the signal in time domain) of the frequency
components cannot be identified with it. Further, the issues of accu-
rately correcting the stripes from the scattering power images of the
scintillation-affected data and optimally preserving the original data
and other structures were not completely addressed by the FFT ap-
proach (Mohanty and Singh, 2019).

For non-periodic stripes, or stripes that have frequencies matching
with structural information, FFT based methods resulted in either in-
clusion of ringing artifacts (Roth et al., 2012) or removal of information
from the corrected image (Mohanty and Singh, 2019). While results from
the wavelet-based approach are associated with notable loss of structural
information (Torres and Infante, 2001), the authors agree that image
transformation techniques such as FFT and WT, when individually used,
might produce desirable results in many cases. Yet, all conditions for
accurately correcting the stripe artifacts are not satisfied by them. In this

regard, combination of image transformation techniques may allow a
strict separation between the noise and original image features, thus
improving the correction of artifacts and simultaneously retaining ori-
ginal image information (Deergha Rao et al., 2001; Münch et al., 2009;
Pande-Chhetri and Abd-Elrahman, 2011). Combination of image trans-
formation techniques provide the consequent methodology to isolate
scintillation stripes from the background information. This enables pre-
cise sorting of the frequencies corresponding to the stripes into subgroups
for accurate correction. For example, FFT approach with a Gaussian
function and Discrete Wavelet Transform (DWT) with Daubechies wa-
velet functions were combined to remove horizontal and vertical artifacts
in multi-detector imaging systems (Münch et al., 2009).

POLSAR coherency matrix [T] serves as a key parameter in polari-
metric data analysis for qualitative and quantitative information about
the scattering behavior (Fung and Chen, 2010; Moreira et al., 2013).
Furthermore, [T] matrix also serves as an input for several polarimetric
applications for example, incoherent target decomposition models
(Yamaguchi et al., 2005) and target classification (Lee et al., 2001).
This increases the applications of [T] matrix to the wide gamut of
studies, such as biosphere, cryosphere, hydrosphere, and atmosphere
(Yang et al., 2015). Since [T] matrix has composite elements of am-
plitudes (magnitude) and relative phases, currently there is no metho-
dology available, which can be implemented to correct the amplitude
scintillation artifacts in fully polarimetric relative phase [T] matrix
elements. In the absence of any such correction strategy/methodology,
development of an effective procedure for the correction of ionospheric
amplitude scintillation effects in [T] matrix data is an urgent need of
hour. In this paper, a correction method has been proposed by de-
composing [T] matrix into amplitude and relative phase components
matrices and by combining multi-level DWT using Haar wavelet func-
tion with a non-linear (averaging-post-thresholding strategy) FFT ap-
proach to remove amplitude scintillation-induced stripes in [T] matrix.
The proposed approach is applied on L-band fully polarimetric ALOS/
PALSAR and ALOS-2/PALSAR-2 datasets. To quantify the performance
of the proposed method for stripe correction, we apply supervised
Wishart classification technique (Lee and Grunes, 1994) on [T] matrices
of disturbed data and corrected data, and compare the results and
classification accuracies with the reference data. Potential of the pro-
posed approach is also tested by applying the latest physical scattering
mechanism-based seven-component scattering power decomposition of
the POLSAR coherency matrix (7SD) model (Singh et al., 2019) on [T]
matrices of reference data, disturbed data and corrected data. The mean
scattering power values derived from corrected [T] matrix are com-
pared with the mean scattering power values obtained from reference
and disturbed datasets to demonstrate the improvement and efficacy of
the proposed method.

The rest of the paper is organized as follows. Section 2 describes the
list of POLSAR data affected by amplitude scintillations that have been
used in this study. The preprocessing steps prior to the stripe correction
are also included in the section. Methodology adopted in correcting the
amplitude scintillation affected [T] matrix data and the subsequent
analyses performed on them are elaborated in Section 3. Section 4
discusses the results obtained from this study. The paper is summarized
and concluded in Section 5 with a brief discussion on the prospects of
wavelets and FFT in similar future research.

2. POLSAR datasets and preprocessing

Spaceborne POLSAR data are acquired from ALOS/PALSAR and its
successor ALOS-2/PALSAR-2 are used. The sensors for both satellites
operate at 1.2 GHz in L-band frequency. A pair of data is acquired for
each scene, where one dataset was affected by ionospheric amplitude
scintillation and the other by relatively low or negligible scintillation.
Details of the datasets used are summarized in Table 1.

Five pairs of fully-polarimetric, level 1.1 single-look complex (SLC)
ALOS-2/PALSAR-2 datasets over India and one pair of ALOS/PALSAR
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over a part of Amazon forest, Brazil are utilized for the study. ALOS-2/
PALSAR-2 has azimuth and range resolution of 5.1 m and 4.3 m re-
spectively, while for ALOS/PALSAR the resolution is 23 m and 4 m.
Swaths of the datasets are about 30–50 km in the range and 70 km
along the azimuth direction. The datasets acquired on disturbed days
are affected by azimuthal stripes due to strong amplitude scintillations
and datasets corresponding to reference days are free from any stripes
(Mohanty et al., 2018). Over India, the ALOS-2/PALSAR-2 datasets
acquired on March 23, 2015 (disturbed day) were affected by ampli-
tude scintillations, whereas those acquired on October 31, 2016 (re-
ference day) were free from scintillation activity. The ALOS/PALSAR
datasets over Amazon forest were acquired on November 19, 2010
(disturbed day) and April 06, 2011 (reference day).

In addition to ionospheric scintillations, the presence of background
total electron content (TEC) also affects the propagation of SAR signal.
For a linearly polarized SAR signal, the TEC changes the orientation of
signal polarization. This effect is called as Faraday rotation (FR) (Bickel
and Bates, 1965). Prior to any correction of amplitude scintillation
stripes, POLSAR scattering matrix [S] data are first corrected for FR.
The FR angle (FRA) for the datasets are estimated using the Bickel and
Bates (1965) method. For fully polarimetric SAR data, this error can
also be corrected using the algorithm explained by Freeman (2004),
Meyer and Nicoll (2008). Mean FRA for the individual datasets are also
reported in Table 1.

Post FR correction, the [S] matrix is converted into second order
relative phase coherency matrix [T] using Pauli target vector kP (Lee
and Pottier, 2009). The kP vector is represented in terms of [S] matrix
elements and is further used to derive the [T] matrix as given below.
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where, indicates the complex conjugation, † denotes the complex
conjugation and transposition, and … indicates the spatial ensemble
averaging, which is obtained using the multilook factors in the azimuth
and range directions. The [T] matrices generated for reference and
disturbed days’ datasets are represented as T[ ]reference and T[ ]disturbed re-
spectively. The preprocessing step is graphically explained in Fig. 1.

For ALOS/PALSAR data the multilook factor is 12 × 2 (azimuth ×
range) representing a spatial extent of 60 m × 60 m (azimuth × range)

on the ground and for ALOS-2/PALSAR-2, it is 9 × 5 (azimuth × range)
representing a spatial extent of 47.7 m × 43.5 m (azimuth × range) on
the ground. The incident angle calculated at the scene centres for
ALOS/PALSAR data is 21.5o and for ALOS-2/PALSAR-2 datasets is
30.85o. The Pauli RGB color composites (red = S S( )HH VV , green =

S(2 )HV , and blue = +S S( )HH VV ) are generated from [T] matrices of
ALOS/PALSAR and ALOS-2/PALSAR-2 datasets detailed in Table 1 on
days with different ionospheric activity and shown in Fig. 2. The yellow
rectangles indicate the smaller subsets selected from each scene that are
utilized for subsequent analyses.

3. Methodology for amplitude scintillation stripes correction from
POLSAR [T] matrix

The correction approach for amplitude scintillation-induced stripes
in POLSAR [T] matrix data is developed by decomposing [T] into
magnitude and relative phase matrix components, and implementing a

Table 1
Summary of POLSAR datasets utilized in the study.

Fig. 1. Flowchart demonstrating the data preprocessing steps: Faraday rotation
angle estimation, its correction in [S] matrix and subsequent [T] matrix gen-
eration.
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mixed DWT-FFT technique. The correction methodology is broadly
classified into three parts; decomposition (into magnitude and relative
phases), implementation of the proposed approach for correction of [T]
matrix, and finally post-processing evaluation of the corrected data.
Elaborate explanations of the individual procedures are given below.

3.1. Decomposition of [T] into magnitude and relative phase matrices

The manifestation of amplitude scintillation stripes in the POLSAR
data is translated from the [S] matrix to the second order [T] matrix.
Advantage of using the [T] is its applicability in several POLSAR
methods, and that it can be inter-converted into covariance matrix [C]
and Kennaugh matrix [K] (Lee and Pottier, 2009). Further, [T] matrix is
directly related to the physical properties of the target that helps in
interpretation. It can be decomposed into scattering powers using de-
composition models and also classified using techniques such as su-
pervised Wishart classification. Hence, it is important to correct the [T]
matrix of POLSAR data affected by amplitude scintillations.

[T] matrix consists of nine independent (six real, and three ima-
ginary) parameters. The main diagonal elements T T,11 22, and T33 are real
magnitude data, while the upper off-diagonal elements T T,12 13, and T23
have both amplitude and phase information. However, the phase con-
tained in them is the relative phase (or inter-phase) i.e., , ,T T T12 13 23.
The lower diagonal elements of [T] are the complex conjugate of the
upper diagonal elements. Polarization scintillation, i.e., fluctuations of
phases and their coupling with each other, is extremely small for radio
waves. Hence, at low-frequencies of P- and L-band, the phase fluctua-
tions due to small-scale irregularity structures producing scintillations
are same at all polarizations (Lee et al., 1982; Wheelon, 2003). As a
result, their effect on the relative phase is negligible. Since [T] contains
both magnitude and phase information, amplitude scintillation cor-
rections cannot be implemented directly. These rationales are taken
into account to express [T] as the product of amplitudes and relative

phases for amplitude scintillation correction as given below, where 'o'
denotes the Hadamard product.
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The proposed stripe correction algorithm is applied on the T[ ]amplitude
(magnitudes only) and not the relative phase T[ ]phase matrix because the
effect of amplitude scintillations on the relative phases is negligible.
The amplitude scintillation-induced stripes are considered to be mul-
tiplicative in nature and their correction/denoising is basically the es-
timation of the backscatter from the background terrain (Carrano et al.,
2012). Consequently, a natural logarithm of the data separates the noise
from the background information (Roth et al., 2010; Roth et al., 2012),
thus enabling the easier identification and correction of the stripes.
Therefore, input to the proposed approach is the natural logarithm of
magnitude matrix T[ ]amplitude. Details of the proposed approach is ex-
plained in the next subsection.

3.2. Proposed DWT-FFT mixed approach

Image transformations techniques, such as FFT and WT are used to
represent key features of an image that are difficult to discern in the
spatial domain (Torres and Infante, 2001). Several authors have utilized
this property of FFT to clearly segregate low- and high-frequency com-
ponents for noise suppression in remote sensing images (Watson, 1993;
Rakwatin et al., 2007; Carfantan and Idier, 2010). However, time loca-
lization of signal is not possible using FFT only. Furthermore, ’windowed

Fig. 2. Pauli RGB color composite (Red = S SHH VV , Green = S2 HV , and Blue = +S SHH VV ) of ALOS-2/PALSAR-2 and ALOS/PALSAR scenes detailed in Table 1
acquired on days with different ionospheric activity: disturbed day (top row), and reference day (bottom row). (a) Scene 1 to (e) Scene 5: data acquired over India on
March 23, 2015 (top) and October 31, 2016 (bottom), (f) Scene 6: data acquired over Amazon forest, Brazil on November 19, 2010 (top) and April 06, 2011 (bottom).
The yellow rectangles indicate the subsets selected for subsequent analyses. The radar look direction is from left to right in all images. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fourier transform’ (WFT), which is adaptable to a simultaneous locali-
zation of the signal in time and frequency is limited by the fixed di-
mensions of these localizations (Ogden, 1997). Previously mentioned
issues with FFT and WFT are resolved with the introduction of wavelets
that automatically adapt to the time–frequency localization and signal

translation and dilation (Daubechies, 1990). This property of wavelets
imparts it a ’spatial adaptivity’, which is extensively utilized in identifying
sharp spikes and discontinuities in functions, and their derivatives
(Ogden, 1997; Chandrasekhar et al., 2013). Such applications are fre-
quently observed in problems of noise removal, data compression, and in
identifying breakdown points, trends, and self-similarity. Furthermore,
wavelets serve as prominent examples of multi-level models that are easy
to switch between different levels of details or resolutions.

Although the Fourier and wavelet transforms individually have proven
their competence in digital filtering domain applications, the latter is a
more powerful tool compared to the FT, owing to their ability to describe
varied signals in both time and frequency domains simultaneously (Karim
et al., 2011). Furthermore, wavelets perform better than FT in analyzing
non stationary remote sensing data (Ranchin and Wald, 1993; Meher
et al., 2010), while FT provides the best results in analysing signals gen-
erated from stationary and linear time-invariant systems (Mallat, 1999).
However, a combination of both these techniques is better suited than the
individual methods (Münch et al., 2009; Pande-Chhetri and Abd-
Elrahman, 2011). In this paper, therefore, we have adopted a combination
of multi-level DWT along with the FFT technique to remove amplitude
scintillation stripes induced in POLSAR data.

Let f x y( , ) represent the POLSAR backscatter image, with x and y
representing the azimuth and slant range pixel coordinates respectively
of the [T] element data. The amplitude of scintillation affected POLSAR
[T] matrix elements are composed of several frequencies contributed by
the background terrain as well as the stripes. The wavelet function

x y( , ) (since the image is a two-dimensional signal) decomposes the
image f x y( , ) into one low frequency approximate coefficient A and
three high frequency detailed coefficients, D D D, ,1 2 3 representing the
horizontal, vertical, and diagonal components, respectively. Multi-level
wavelet further decomposes the approximate coefficient into coarser
frequency resolutions such that no high frequency components corre-
sponding to the amplitude scintillation stripes are present in A.
Applying FFT on the individual multi-level wavelet coefficients
A D D D( , , , )i

1 2 3 , where (i = level of wavelet decomposition), we can
identify the distribution of frequency components in the spectrum.
Depending on the orientation of the scintillation stripes in the original
intensity image, they appear as bright isolated features in the FFT
spectra of the corresponding detailed coefficients. These high fre-
quencies can be masked and/or removed, thus correcting the data.

In the paper, we have modified the two most important components
of the mixed DWT-FFT approach, i.e., the DWT function and the filter
used in the FFT to improve the correction results. While a simple Haar
wavelet (also known as db1 wavelet) serves as the wavelet function, the

Fig. 3. Flowchart of the proposed amplitude scintillation stripe correction
method implemented on [T] matrix using combination of multi-level (Level 4)
2-D DWT and non-linear 2-D FFT strategy.

Fig. 4. Summary of the different comparative analyses performed the [T] matrix of POLSAR data corrected by the proposed mixed DWT-FFT approach.
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non-linear strategy of averaging-post-thresholding (Mohanty and Singh,
2019) is implemented for the FFT. Details of the popular Haar wavelet
function, its use in multi-level DWT and the non-linear FFT filter used in
our proposed methodology are elaborated below.

3.2.1. Haar function in multi-level DWT
We have applied a multi-level, 2-D DWT using the Haar wavelet

function in the proposed mixed DWT-FFT approach for correction of
POLSAR [T] matrix data affected by amplitude scintillation stripes. The
Haar wavelet basis is obtained by a multiresolution of piecewise con-
stant approximation (PCA) functions (Mallat, 1999). The highest DWT
decomposition level/resolution for each [T] element is decided at
which the stripes are no longer visible in the approximate and detailed
coefficients. For all the POLSAR [T] matrices data, utilized in our study,
the maximum level of DWT decomposition was fixed at level =i 4.
Beyond this level, the image resolution became coarser making the
identification of higher frequencies in the FFT power spectrum difficult.

Because of the lone vanishing moment of the Haar, the Haar
Wavelet Transform (HWT) is generally not suited well for approx-
imating smooth functions. Nonetheless, it is extremely efficient in
analyzing signals with sudden transitions and in detecting sharp edges.
This property of the HWT has been exploited in identifying the scin-
tillation-induced stripes and filtering them using the FFT technique.
Furthermore, the HWT is conceptually simple, memory efficient, com-
putationally inexpensive, and exactly reversible. Compared to the FFT
that has a computation time of O(n log n), where n is the number of
pixels in an image, DWT-FFT with Haar wavelet has a O(n) computa-
tion time (Münch et al., 2009).

3.2.2. Non-linear FFT (averaging-post-thresholding) strategy
Post DWT, the approximate and detailed coefficients at all levels are

subjected to 2-D FFT. Depending upon the orientation of the stripes in
the SAR image, the FFT spectra of the respective detailed coefficients
showed bright pixels corresponding to high frequency components. To
better visualize the isolated-linear bright features in the FFT spectrum,
a transformation factor × + abs FFT0.07 log(1 ( )) is applied. This
transformation factor primarily assists in identifying the high frequency
pixels to be corrected. The non-linear FFT strategy of averaging-post-
thresholding applied on the spectrum is a two-step approach. The first
step applies a threshold on the selected high frequency pixels. It is
followed by replacing these selected pixels with an average of a 3×3
moving window. The efficacy of this filtering approach over traditional
linear strategy (zero-masking) and other non-linear strategy (simple
thresholding operation) has been discussed and illustrated with several
examples in Mohanty and Singh (2019).

After the FFT filtering, inverse FFT (IFFT) is applied on the detailed
DWT coefficients that were corrected. Following this, the sequential (level-
wise) image reconstruction is performed using the combination of original-

and corrected-DWT coefficients of that particular level, until the original
image size is achieved. The T[ ]amplitude matrix, post correction, are com-
bined with the T[ ]phase to retrieve back the corrected complex relative
phase [T] matrix. The step-by-step processes explained in Section 3.1 and
Section 3.2 are shown in the process flowchart of Fig. 3. Validation of the
proposed methodology is made by comparing the POLSAR [T] matrix data
measurements of reference data, original-disturbed data, and corrected
results. The next section details the quantitative analysis of corrected data.

3.3. Post-processing of corrected [T] matrix

The subsection includes procedures from the different post-proces-
sing analyses that have been performed on the [T] matrix data corrected
for amplitude scintillations stripe artifacts and compared with the cor-
responding T[ ]reference and T[ ]disturbed matrices. Supervised Wishart classi-
fication along with decomposition of [T] matrices into scattering powers
using the 7SD model are performed on the data. Results of qualitative
and quantitative analyses from the above mentioned processes are re-
ported and the improvement due to correction of amplitude scintillation
affected [T] matrix is thus demonstrated. Graphical representation of all
the analyses implemented in this study is represented in Fig. 4.

3.3.1. Wishart supervised classification
Potential of the proposed mixed DWT-FFT approach in the correc-

tion of amplitude scintillation stripe in POLSAR [T] matrix is demon-
strated. Apart from the qualitative analysis (shown in Section 4.1), we
take the assessment further by performing a supervised Wishart clas-
sification (Lee and Grunes, 1994) on the reference-, disturbed-, and
corrected- [T] matrices. The classifier maximizes the probability den-
sity function of the target pixels’ [T] matrix, and is therefore statisti-
cally optimal (Lee et al., 1999). Results from the Wishart classification
are explained in Section 4.2.

3.3.2. Comparison of scattering powers from 7SD model
Ever since the introduction of scattering power decomposition using

physical scattering models for elements of [T] matrix, these models
have been quite popular in the SAR fraternity as well as among the
users of POLSAR data. Ease of implementation accompanied by accu-
rate interpretation and classification of naturally-occurring targets have
been the biggest advantages for the popularity of these models
(Freeman and Durden, 1998; Yamaguchi et al., 2005). The latest ad-
dition to this list is the 7SD model (Singh et al., 2019). The model di-
vides the average coherency matrix [T] into seven individual scat-
tering power submatrices given as

= + + + + + +T P T P T
P T
P T

P T P T P T P T[ ] [ ] [ ]
[ ]
[ ]

[ ] [ ] [ ] [ ]s s d d
v vol

dipole

v vol
dihedral h h od od cd cd md md

(3)

Fig. 5. Example of amplitude scintillation correction in POLSAR data [T] matrix element of T33 magnitude using the proposed approach. The area under correction is
the subset in Scene 1 (Fig. 2). (a) Original reference data, (b) Original-disturbed data, (c) 2-D FFT power spectrum of the level 4, 2-D DWT coefficients and (d)
Corrected data. High frequencies corresponding to the amplitude scintillation stripes in the power image are observed as bright features in the frequency domain
(highlighted by the red ellipse). Signatures of the stripe artifacts are visible only in the vertical detailed coefficient (cV).
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Fig. 6. [T] matrix elements for the subset in Scene 1 illustrating the refernce dataset, original-disturbed dataset, and corrected datasets.
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Seven scattering powers P P P P P P, , , , ,s d v h cd od, and Pmd correspond to
surface scattering, double-bounce scattering, volume scattering, helix

scattering, compound dipole scattering (oriented quarter-wave reflector
scattering), oriented dipole scattering, and mixed dipole scattering,
respectively. Solution to the above equations and details about the
expansion of the individual scattering submatrices,

T T T T T T[ ] , [ ] , [ ] , [ ] , [ ] , [ ]s d vol h cd od and T[ ]md , are given in
Singh et al. (2019). 7SD is directly applied on T T[ ] , [ ]reference disturbed and
T[ ]corrected. We then compare the scattering powers derived from
T[ ]corrected with those obtained from T[ ]reference and T[ ]disturbed matrices for
the individual datasets.

3.3.3. 2-D FFT based existing method and comparison with the proposed
method

A 2-D FFT based amplitude scintillation correction approach is
implemented on scattering power images derived from the ’four-com-
ponent scattering power decomposition with an extended volume
scattering model (S4R)’ (Sato et al., 2012) based decomposition as
demonstrated in Mohanty and Singh, 2019. The non-linear 2-D FFT
technique (averaging-post-thresholding) demonstrated greater poten-
tial in correction of the amplitude scintillation stripes from scattering

Fig. 7. Supervised Wishart classification results of [T] matrices for the subset in Scene 2 (Fig. 2). Top row: Pauli RGB representation of data (a) reference, (b)
disturbed, (c) corrected using FFT approach, and (d) corrected using proposed approach. Bottom row: Classification results for the corresponding [T] matrices. Five
classes (A-water body, B-vegetation, C-settlement, D-agriculture land, and E-barren land) used for the classification are highlighted in the reference day image.
Training samples are highlighted in yellow boxes and the testing samples are illustrated by magenta boxes and class names suffixed by 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Comparison of Wishart classification accuracies.

Data T[ ]reference T[ ]disturbed T[ ]corrected
FFT T[ ]corrected

DWT FFT

Overall Accuracies (OA) (in %) 81.57 69.31 73.49 76.49

Kappa Coefficient (k ) 0.71 0.54 0.62 0.68

S. Mohanty, et al. ISPRS Journal of Photogrammetry and Remote Sensing 164 (2020) 184–199

191



powers. Therefore, it has been adopted in the proposed method for
comparative analysis. We have applied the existing method of 2-D FFT
based approach (henceforth referred to as FFT approach) directly on the
7SD scattering power images derived from T[ ]disturbed matrix to correct
them. Although 7SD scattering powers can be directly corrected using
the correction technique, they restrict the effectiveness of POLSAR data
for several other applications. Understanding the importance of [T]
matrix, we have attempted to correct it for amplitude scintillation using
the proposed approach and compared its performance with the FFT

approach. Keeping this in mind, a comparative analysis is also per-
formed between the scattering powers generated from the corrected [T]
matrix using the proposed method, and the scattering powers corrected
directly using the existing FFT approach. Results from this evaluation is
reported in Section 4.3.

4. Results and discussion

After the amplitude scintillation stripe correction, results from the

Fig. 8. 7SD RGB color composite (red = double-bounce scattering Pd, green = volume scattering Pv, and blue = surface scattering Ps) of datasets (a) reference, (b)
disturbed, (c) corrected by the FFT approach, and (d) corrected by the proposed approach, over the city of Bengaluru, India, highlighted in subset of Scene 3 (Fig. 2).
(e) Registered and resampled true color composite (red = Band 04, green = Band 03, and blue = Band 02) of the Sentinel-2A MSI optical image of the same area is
also shown. Patches (RoIs) for which mean scattering power statistics is computed are highlighted by the white polygons in the reference data. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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post-processing comparative analysis are presented in this section.
Performance of the proposed method is analyzed by applying it on
different POLSAR datasets. An example is presented to show the qua-
litative improvement in the corrected [T] matrix. The visual improve-
ment is observed in the elements of [T] matrix after correction. A su-
pervised Wishart classification is also applied on one dataset to check
the efficacy of the correction method. Furthermore, 7SD model is im-
plemented on the two corrected [T] matrices ( T[ ]corrected

FFT and T[ ]corrected
DWT FFT)

and original [T] matrices ( T[ ]refrence and T[ ]disturbed) for comparative
analysis. The visual and qualitative improvement in 7SD scattering
power results are also demonstrated after correction. Taking the study
further, a quantitative analysis i.e., comparison of the mean scattering
power, is also performed on 7SD scattering powers derived from four
data types ( T T T[ ] , [ ] , [ ]refrence disturbed corrected

FFT , and T[ ]corrected
DWT FFT) already ex-

plained. Outcomes from each investigation are presented below.

4.1. Correction of scintillation stripes from POLSAR [T] matrix

The proposed approach is applied to the amplitude scintillation
affected [T] matrix elements of POLSAR data. Subsets highlighted by
yellow rectangles in the POLSAR scenes shown in Fig. 2 serve as inputs
to the proposed algorithm.

To demonstrate the process, a multi-level DWT decomposition (level
=i 4) using the Haar wavelet is applied to the magnitude of T33 ( T| |33 )

image for the subset of Scene 1 (1). The reference day T| |33 image is
shown in Fig. 5(a). As illustrated in Fig. 5(b), the amplitude scintillation
stripes in the T| |33 image of the disturbed data are not perfectly vertical
or horizontal, but slightly oblique. Stripes, representing noises, in T| |33
are observed as bright distinct features and are oriented by some angle
in the FFT spectrum. From the FFT spectra of the DWT coefficients,
plotted in Fig. 5(c), it is apparent that amplitude scintillation-induced
stripe artifacts have significant contribution in the vertical detailed
coefficients cV( ) of the DWT. The bright signatures of the stripes are
highlighted in the FFT spectrum of cVi (i = 1, 2, 3, 4) by red ellipses. As
the stripes in the T33 image are oblique (away from the vertical axis), the
same tilt (away from the horizontal axis) is observed in the

corresponding FFT spectra also. The non-linear correction strategy, that
works on the principle of pixel averaging after applying a threshold
value, is applied on the cV spectra followed by an IFFT. Level-wise
image reconstruction is further performed using the unaltered DWT
coefficients (cA cH, , and cD)i and the corrected cVi s. Output from the
correction of T33 is shown in Fig. 5(d).

For the same subset of Scene 1, correction results for the magnitude
of remaining eight [T] elements (T T T T, , | ( )|, | ( )|,11 22 12 12R I

T T T| ( )|, | ( )|, | ( )|13 13 23R I R , and T| ( )|23I ) are shown in Fig. 6, along with
the reference data and original-disturbed data, thereby confirming the
correction of each [T] element.

The proposed mixed DWT-FFT approach shows a definite visual
improvement in the [T] matrix elements as demonstrated in Fig. 5 and
Fig. 6. Besides correcting the striping effect due to amplitude scintil-
lation, the approach is also successful in retaining target information
from the original to the output image. This is further confirmed from
the results of a supervised Wishart classification performed on the
subset selected for Scene 2.

4.2. Performance evaluation of proposed method using supervised Wishart
classification

In addition to demonstrating the potential of the proposed method
in qualitative improvement of POLSAR [T] matrix data, we take the
assessment further by performing a supervised Wishart classification on
T T[ ] , [ ]reference disturbed, and T[ ]corrected matrices from the existing FFT
method and the proposed approach ( T[ ]corrected

FFT and T[ ]corrected
DWT FFT) for the

subset of Scene 2. Five classes chosen for classification are water body,
agricultural land, small settlement areas, vegetation patches and barren
land. The regions of interest (RoIs) for training and testing pixels are
highlighted by yellow and magenta polygons respectively, in the Pauli
RGB image of the reference dataset (Fig. 7(a) top row). The corre-
sponding supervised Wishart classification results for reference-, dis-
turbed-, and corrected- data are shown in Fig. 7 (bottom row). The
quantitative analysis for the classification is reported in Table 2.

The reported overall accuracy (OA) and kappa coefficient (k ) are
highest for the reference day data and lowest for the disturbed day.
Values from the proposed correction method (OA = 76.49%, k = 0.68)
as well as the existing FFT approach (OA = 73.49%, k = 0.62) are
greatly improved over the disturbed data (OA = 69.31%, k = 0.54).
However, the proposed method performs fairly better than the FFT
approach with classification accuracies closely comparable to the re-
ference data (OA = 81.57%, k = 0.71). These improved results further
validate the applicability of the proposed approach to several POLSAR
measurements and various applications of the [T] matrix acquired
during amplitude scintillation conditions.

4.3. Comparative analysis of amplitude scintillation stripe correction in
scattering power images

Correction of the [T] matrix elements using the proposed approach
gives freedom to the appropriateness and applicability of the POLSAR
data in a way that it can be utilized for other applications. Taking this
into account, we have, divided the T[ ]corrected

DWT FFT into seven scattering
power submatrices using the 7SD model. The scattering powers derived
from the T T[ ] , [ ]reference disturbed, and T[ ]corrected

DWT FFT are compared with the
scattering powers directly corrected using the FFT approach. This sec-
tion is divided into two parts. In the first analysis, the subset chosen in
Scene 3 over the city of Bengaluru, India, is thoroughly analyzed in
terms of scattering powers from several targets. In the second part,
comparison of the mean scattering powers over individual RoIs of Scene
1, 2, 4, 5 and 6 is performed and the results are reported. Furthermore,
the individual dominant scattering power value (P P,s d and Pv) images
are also provided in Figs. S1 to S6 (see supplementary file) for scene 1
to scene 6, respectively.

Table 3
Representation of the mean scattering powers from 7SD model for the different
patches (RoIs) selected in Scene 3 over city of Bengaluru, India. For each RoI,
the statistics are reported for the reference, disturbed, and corrected (FFT ap-
proach and proposed (DWT-FFT) approach) datasets. The dominant scattering
power for each RoI is highlighted in bold font.

Patch 1: Water body (Dominant scattering power: Ps)

Ps Pv Pd Ph Pod Pcd Pmd
Reference 68.33 10.08 8.15 3.33 3.55 3.34 3.22
Disturbed 54.19 11.06 24.20 2.10 2.13 2.67 3.64
FFT approach 60.03 13.49 9.14 3.47 4.16 3.96 5.74
Proposed approach 63.86 12.89 11.01 2.50 2.62 2.42 4.69

Patch 2: Urban area (Dominant scattering power: Pd)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 11.35 11.12 56.61 3.11 3.91 3.78 10.12
Disturbed 19.56 21.22 39.46 2.42 3.93 2.13 11.26
FFT approach 19.76 12.08 47.17 3.11 4.65 2.86 10.36
Proposed approach 17.75 12.37 53.84 2.10 3.62 1.9 8.39

Patch 3: Vegetation (Dominant scattering power: Pv)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 17.89 45.09 14.64 4.79 6.21 6.31 5.04
Disturbed 22.29 36.30 16.90 5.57 6.41 7.09 5.43
FFT approach 21.31 37.54 16.15 5.38 6.61 6.93 6.07
Proposed approach 20.34 39.99 16.57 5.09 6.11 6.68 5.20

Patch 4: Airstripe (Dominant scattering power: Ps)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 57.72 11.48 23.60 1.65 2.16 1.91 1.47
Disturbed 50.29 15.59 29.02 1.18 1.34 1.31 1.25
FFT approach 53.52 13.53 27.74 1.29 1.49 1.27 1.13
Proposed approach 55.34 15.41 24.04 1.29 1.24 1.41 1.26

S. Mohanty, et al. ISPRS Journal of Photogrammetry and Remote Sensing 164 (2020) 184–199

193



4.3.1. Scene 3: Bengaluru city, India
Fig. 8 shows the qualitative comparison between the RGB color

coded 7SD scattering power images (red: double-bounce scattering Pd,
green: volume scattering Pv, and blue: surface scattering Ps) of the subset
in Scene 3. This region lies within Bengaluru, India and comprises of
several natural and manmade targets. 7SD scattering powers obtained
after decomposition of T T T[ ] , [ ] , [ ]corrected

DWT FFT
reference disturbed datasets and

corrected results from the FFT approach are shown in Fig. 8. In addition
to the visual analysis, a quantitative validation of the proposed ap-
proach is assessed by comparing the dominant 7SD-derived mean
scattering power for each target.

Four patches are selected over which the mean scattering powers
are compared and contrasted to demonstrate the effectiveness and re-
liability of our proposed method in the correction of amplitude scin-
tillation stripes. These patches (RoIs) are chosen over targets such as
(1): water body, (2): urban area, (3): vegetation patch, and (4) airstrip.
They are strategically chosen so as to include targets that are visible and
permanent, i.e., they would not have changed over the period of second
data acquisition. To validate that the RoIs taken are permanent land
features, a true color composite (red: Band 04, green: Band 03, and
blue: Band 02) of the optical image acquired by the multispectral in-
strument (MSI) on board Sentinel-2A is also included in Fig. 8. Since the
optical image is used to identify the targets under observation, we have
registered the Sentinel-2A MSI data with the PALSAR-2 image and re-
sampled it to the resolution of the SAR data (~45 m ground resolution
after multilooking). These RoIs are highlighted by the white polygons in

the 7SD RGB color composite of the reference data. The corrected data
is a result of implementing the proposed approach and the FFT ap-
proach (previously explained in Mohanty and Singh (2019)). Results
from the FFT approach are included to highlight improvements in
corrected results using the proposed mixed DWT-FFT method. The
dominant scattering power corresponding to each RoI is identified and
the analysis of its improvement in the corrected data is described in
Table 3. Although Fig. 8 demonstrates results from the correction ap-
proaches for the larger subset, we have also provided enlarged views of
the RoIs under consideration for improved visualization purpose. They
are shown in Fig. 9. Along with the RoI, marked by the yellow polygon,
we have also highlighted the presence of amplitude scintillation stripe
signature(s) (cyan colored ellipse) that are corrected in the figure.

Patch 1 (water body) taken over the Bellandur lake demonstrates
dominant surface scattering power Ps. Due to the amplitude scintillation
stripes, the Ps power is reduced from 68.3% to 54.2%. After correction
using the proposed approach, it improves to 63.86% from a value of
60.03% obtained after correction from the existing FFT approach.
While there is a 9.6% improvement over the disturbed day statistics,
using the proposed approach, the improvement over the FFT technique
is also good, i.e., 3.8%. Similarly, for the patch 2 over the urban area,
double-bounce scattering power Pd is the highest in all data types.
However, the increase from 39.46% in the disturbed data, to 53.84% in
corrected data from the proposed approach demonstrates the perfor-
mance of the mixed DWT-FFT correction strategy. The Pd statistics over
patch 2 in the reference data is 56.61% and lower Pd value of 47.17% is

Fig. 9. Enlarged views of the RoIs shown in Fig. 8 highlighted by yellow polygons. The corresponding optical image from MSI onboard Sentinel-2A is also enlarged to
represent that the RoIs are permanent land-cover features. RoIs affected by the amplitude scintillation stripes are encircled by cyan colored ellipse. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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achieved by the FFT approach. Among the compound scattering
powers, contributions of Pmd is comparable to Ps and Pv powers. This is
because of the mixed dipole type scattering coming from urban struc-
tures (Singh et al., 2019). .

For the patch 3 selected over a vegetation patch has contributions
from P P,s d and Pv scattering powers. However, Pv is the dominant power
as observed by the 45% contribution of Pv in the reference data.
Compared to the disturbed data, Pv power is improved from 36.3% to

37.54% in the FFT approach and 40% in the proposed approach. For the
final target type, patch 4 is chosen over the airstrip (Hindustan
Aeronautics Limited), where Ps is the dominant scattering power.
Implementing the proposed approach, Ps power is improved from
50.29% (disturbed) to 55.34% (DWT-FFT corrected) compared to
57.72% (reference). Although the Ps power from the FFT approach
(53.52%) is better than the disturbed day’s statistics, the performance
of the proposed method is still better. Comparison of mean scattering

Fig. 10. 7SD RGB color composites (red = double-bounce scattering, green = volume scattering, and blue = surface scattering) of ALOS-2/PALSAR-2 and ALOS/
PALSAR datasets demonstrating the qualitative comparison of the proposed mixed DWT-FFT approach alongside the reference-, disturbed-, and FFT approach
corrected datasets. The regions shown here are subsets of the scenes detailed in Fig. 2. The left panel shows the 7SD color composite images of the references days
under non-scintillation conditions, followed by the disturbed day data and results from the amplitude scintillation correction algorithms of 2-D FFT approach and the
proposed DWT-FFT method. The right-most panel shows the corresponding areas in true color composite (red = Band 04, green = Band 03, and blue = Band 02) of
Sentinel-2A MSI optical image. White rectangles in the reference data indicate area of the RoIs selected for quantitative analysis. Enlarged views of the same are
shown in Fig. 11. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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power statistics of these patches indicate that the proposed approach
corrects the amplitude scintillation affected POLSAR datasets better
than the existing 2-D FFT method.

4.3.2. Other datasets (Scenes 1, 2, 4, 5, and 6)
Additional examples of visual improvement in scattering powers

using the proposed approach are shown in Fig. 10. Similar to the Scene
3, RoIs are chosen in these individual scenes and their scattering power
statistics are reported in Table 4. Furthermore, enlarged views of the
RoIs along with the optical data from MSI on board Sentinel-2A are
shown in Fig. 11. The optical image aids in identifying and confirming
that RoIs selected are permanent features and visible in the data.

In Fig. 11, acquired by ALOS-2/PALSAR-2 over south-central India,
the region highlighted in Scene 1 lies to the south of river Krishna, near
the town of Devadurga in Karnataka. The terrain is dotted with several
land features such as scattered urban settlements, water bodies, small
shrub-like vegetation, patches of agricultural land, etc. For the quan-
titative analysis, a small water body is identified as the RoI in the scene
(highlighted by the white polygon in the reference data of Fig. 10 (first
row)). This inland water body is a permanent feature that has not
changed over the time period of the two acquisitions and has relatively
smooth surface compared to the low frequency radar signals. In this
RoI, surface scattering Ps is expected to be the dominant scattering
mechanism. And, as expected, we observe the highest contribution by Ps
(81.07% in reference data) as shown in Table 4 (first row). However, a
8.25% decrease in Ps is seen during the disturbed condition
(Ps=72.82%) of amplitude scintillation. After corrections, this value is
improved in both FFT approach and the proposed approach to 74.86%
(~2%) and 77.09% (~4.5%), respectively. Nevertheless, efficacy of the
proposed method over the FFT approach is clearly exhibited from the
visual improvement. Apart from the three main scattering powers:

P P,s d, and Pv, others have almost negligible contribution (~<1.5%). This
is because, the scattering powers (P P P, ,h cd od, and Pmd) are better suited
to targets demonstrating compound scattering behaviour, such as urban
built-up areas, targets oriented at an angle to the radar’s line of sight, as
well as in vegetations.

In another example, the RoI chosen in Scene 2 (Fig. 10: second row)
is a bare ground near the Pavagada solar park at the borders of the
southern states of Andhra Pradesh and Karnataka in India. The land is
undulating and marred with sparse vegetation. At some distance, within
the RoI, are windmills installed by the state government. The statistics
of the mean scattering powers from 7SD calculated over the RoI are
presented in Table 4 (second row). As indicated, the surface scattering
power Ps is the dominant scattering for targets such as barren land, open
fields, flat plains, etc. In addition to Ps, contributions from double-
bounce scattering Pd coming from the erected windmills and volume
scattering from the sparse vegetation are small and cannot be ignored.
However, we are interested in comparing the dominant scattering
power Ps only. A ~11% decrease in the dominant Ps power is observed in
the disturbed data statistics (55.04%) compared to the reference data
66.23%. Implementing the correction approaches of FFT and the pro-
posed method, improvement in Ps power is reported. While the Ps is
59.62% from the FFT approach (improvement of 4.6%), it is further
increased to 62.83% using the proposed method (improvement of
7.8%). The corrections also reduce the high values of Pd and Pv in the
disturbed data to values that are comparable with the statistics of the
reference data. The contributions from compound scattering powers are
minor and hence, are not taken into consideration.

Similar to Scene 1, the RoI chosen in Scene 4 (Fig. 10: third row) for
comparative analysis of mean scattering powers is also taken over a
permanent water body. In this case, the Kanekal water tank located
south of Bellary city is used as the RoI. Dominant surface scattering Ps
= 80.71% is observed for the reference data as the inland water body
acts a specular reflector. The decrease in Ps from 80.71% to 73.04%
(7.7%) in the disturbed day statistics is improved to 75.62% and
77.76% by implementing the FFT approach and the proposed approach,
respectively. These statistics are reported in Table 4. We have not
considered the minor contributions from other scattering powers.

Furthermore, the small town of Gulbarga, in the state of Karnataka,
is the landmark of the ALOS-2/PALSAR-2 Scene 5 (Fig. 10: fourth row)
under investigation. Small subset of the region chosen for stripe cor-
rection consists of small rural settlements, farming lands, and spare
vegetation cover. For the statistical analysis of the scattering powers,
we have chosen a small built-up area (village) named Nimbarga. As
previously mentioned, this RoI is a permanent feature and comprises of
few houses, sparse vegetation in the form of trees and shrubs, and road
networks. The quantitative analysis of this heterogeneous RoI, shown in
Table 4 (fourth row), highlights some interesting results. All seven
scattering powers have significant contribution in the statistics. Since,
the RoI is chosen over a sparsely populated village, the double-bounce
power Pd is the largest (39.15%), followed by equal contributions from
Ps, and Pv. Hence, we will be concentrating on these three scattering
powers only for the comparison. The Pd power increased from 26.12%
(for disturbed data) to 34.65% (~8%) using the proposed correction
approach. Even the Pv is reduced by 4.3% using this technique. How-
ever, for FFT approach the scattering power improvements are lower
than the proposed approach. This example also highlights the adeptness
of the correction method in removing image artifacts produced by even
ionospheric amplitude scintillations. The surface scattering power Ps is
almost the same from corrections using FFT approach and the proposed
method.

A small area from Scene 6 (Fig. 10: last row) of ALOS/PALSAR over
the Amazon forest was also selected and the proposed method was
applied. This RoI consists of dense evergreen trees that form a very
thick canopy preventing even long wavelength L-band SAR signal from
penetrating. Thus, most of the scattering comes from the canopy im-
parting a dominant volume scattering Pv component to the scene. This is

Table 4
Representation of the mean scattering powers from 7SD model for the different
patches (RoIs) selected in scenes 1, 2, 4, 5 and 6. For each RoI, the statistics are
reported for the reference, disturbed, and corrected (FFT approach and pro-
posed (DWT-FFT) approach) datasets. The dominant scattering power for each
RoI is highlighted in bold font.

Scene 1: Water body (Dominant scattering power: Ps)

Ps Pv Pd Ph Pod Pcd Pmd
Reference 81.07 6.87 8.24 0.68 0.66 1.23 1.23
Disturbed 72.82 11.37 10.61 1.27 1.12 1.11 1.67
FFT approach 74.86 10.75 9.79 1.45 0.82 0.95 1.37
Proposed approach 77.09 9.65 9.37 1.15 0.77 0.89 1.06

Scene 2: Barren land (Dominant scattering power: Ps)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 66.23 9.79 15.12 3.34 2.06 1.82 1.64
Disturbed 55.04 13.48 20.79 3.49 2.64 2.27 2.27
FFT approach 59.62 10.71 17.62 3.25 3.43 2.19 3.18
Proposed approach 62.83 8.25 16.50 3.24 2.99 3.12 3.07

Scene 4: Water body (Dominant scattering power: Ps)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 80.71 6.79 7.12 1.34 1.56 1.04 1.43
Disturbed 73.04 10.18 10.79 1.49 1.64 1.27 1.57
FFT approach 75.62 9.67 9.76 1.25 1.41 1.11 1.18
Proposed approach 77.76 8.28 8.47 1.24 1.49 1.18 1.57

Scene 5: Settlement area (Dominant scattering power: Pd)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 21.49 23.29 39.15 2.6 3.41 5.5 4.64
Disturbed 24.94 30.96 26.12 2.6 3.15 4.3 7.9
FFT approach 24.18 28.57 32.28 2.3 2.45 3.35 6.8
Proposed approach 24.52 26.66 34.65 1.86 2.28 3.63 6.4

Scene 6: Forest (Dominant scattering power: Pv)
Ps Pv Pd Ph Pod Pcd Pmd

Reference 18.96 48.88 10.89 4.59 6.11 5.93 4.64
Disturbed 21.64 42.37 11.63 5.36 6.66 7.02 5.32
FFT approach 20.83 44.19 11.01 5.21 7.02 6.78 4.95
Proposed approach 18.83 47.53 10.36 4.99 6.59 6.67 5.03
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observable in the primarily green tone of the RGB composite of the
scattering power decomposition image (Fig. 10, last row). As demon-
strated in Table 4 (last row), the dominant power Pv = 48.88% is re-
duced by 6.5% in the disturbed data under the condition of severe
amplitude scintillations. Upon correction, the proposed technique Pv =
47.53% shows an improvement of 5.1%, while the FFT approach Pv =
44.19% shows a mere 1.8% increase compared to the disturbed data Pv
= 42.37%. Minor decrease in other scattering powers are also observed
in the proposed correction method.

In scenes 4 and 6 the stripes are relatively vertical, and hence their
removal is quite straightforward in both the proposed method and the
FFT approach. However, some remains of the amplitude scintillation
stripes are still observed in the post-correction results of the FFT ap-
proach for scenes 1, 2, 3 and 5. This occurs due to the difficulty in stripe
identification in less-dominant scattering powers, incorrect identifica-
tion of high frequency pixels in the Fourier spectrum, and highlights the

inadequacy of the FFT approach. Outputs from the proposed method,
however, do not show such strong remains since it is able to separate
contributions from high- and low-frequency components better.

5. Conclusions

In the paper, we corrected amplitude scintillation-induced stripes in
POLSAR [T] matrix data using an image correction and restoration
approach. The proposed technique encompasses amplitude and relative
phase component decomposition and uses a combination of multi-level
DWT using the Haar wavelet function followed by the application of a
non-linear FFT strategy. We have tested the operability and potential of
this proposed technique on several POLSAR [T] matrix data that are
affected by varied degree of amplitude scintillation stripes. These data
are acquired by low frequency L-band SAR sensors, PALSAR and
PALSAR-2, flown on-board Earth observation satellites ALOS and ALOS-

Fig. 11. Enlarged views of the areas marked by the white rectangles in Fig. 10. The RoIs are highlighted by yellow polygons in the reference day image. Regions of
the RoIs affected by amplitude scintillation stripes are encircled by cyan colored ellipse. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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2, respectively. Data acquired under scintillation condition affect [T]
elements and scattering powers in addition to target identification,
image classification and accurate geophysical parameter retrieval.
Efficacy of the proposed correction approach is qualitatively shown
using visual analysis; the accuracy is quantified using Wishart classifier
and the 7SD decomposition model. Application of the supervised
Wishart classifier on the [T] matrices improved the overall accuracy
and kappa coefficienta from 69.31% and 0.54 (for T[ ]disturbed) to 76.49%
and 0.68 (for T[ ]corrected

DWT FFT)). The statistics after correction are quite
comparable to the T[ ]reference values of 81.57% and 0.71, respectively.
Correction of the amplitude scintillation-induced stripes, using the
proposed technique, is also tested by comparing the mean scattering
powers, derived from 7SD model, with the existing 2-D FFT approach.
Improvement in the dominant mean scattering powers are reported to
be as high as 9.6% for certain target types, like waterbodies and barren
land. For regions of interest composed of mixed targets, the dominant
mean scattering powers are also improved (average 4.5%) from the
disturbed day statistics. Although the FFT approach demonstrates cor-
rection of stripes and increase in scattering powers, results from the
proposed mixed DWT-FFT correction techniques are always improved
over those of the former. The proposed technique corrects the ampli-
tude scintillation-induced stripes to a good extent along with preserving
of background information.

Drawbacks of the proposed approach may constitute the in-
appropriate selection of the wavelet function. Wrong choice of the
scaling and/or the wavelet functions may result in inaccuracies. Also,
erroneous choice on the level of wavelet decomposition may introduce
errors. This is because when DWT levels are decimated, the frequency
resolution becomes coarser at each subsequent level. As a result,
choosing the exact frequency corresponding to the stripe artifact is
incorrect. This error is further translated in the output during re-
construction where either some stripes still persist or background in-
formation is removed at few pixels during filtering. The same rationale
is also applied while determining the correct FFT strategy.

Despite several limitations in the individual DWT and FFT techni-
ques, the proposed method, based on decomposition of amplitude and
phase components and combining DWT-FFT transforms for removal of
amplitude scintillation stripe correction performs effectively to improve
the POLSAR [T] matrix data. The proposed method also highlights the
improvement achieved in scattering powers derived from the corrected
[T] matrix, an index for ascertaining the usability of the POLSAR data
for further applications. In the current scenario, there are no physical
models to correct for the amplitude scintillation-induced striping effects
owing to the complexity of the ionosphere together with its interaction
with SAR signal. Hence, the proposed method (accompanied by future
modifications in the correction algorithm) can definitely serve as a
potential tool in correcting amplitude scintillation affected POLSAR
data acquired from low-frequency sensor data. Such techniques can be
applied to currently operating satellites like ALOS-2/PALSAR-2 and
those planned to be launched in the future such as P-band BIOMASS
(Rogers et al., 2014) and NISAR (Pi, 2015) which is designed to operate
at L- and S-band.
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