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ABSTRACT

The SAR imagery such as Sentinel-1 in general has a major problem with the speckle effects. There are many speckle
filtering methods have been developed to reduce the speckle effect. This research aims to test the ability of a number of
speckle filtering methods to extract vegetation biophysical information from Sentinel-1. The ground truth of vegetation
biophysical information in this research were simulated using Sentinel-2 MSI imagery. That is, Leaf Area Index (LAI),
Canopy Water Content (CWC), Canopy Chlorophyll Content (CCC), Fraction of Vegetation Cover (FVC), and Fraction
of Absorbed Photosynthetically Active Radiation (FAPAR). The Sentinel-1 imagery was speckle filtered using various
methods, namely Lee, Lee Sigma, Refined Lee, IDAN, Boxcar, Frost, Gamma Map, and Median. Some speckle filtering
parameters were modified, i.e., the processing windows. The Dual Polarization SAR Vegetation Index (DPSVI) were then
extracted from the speckle-filtered Sentinel-1. DPSVI were then tested for correlation with vegetation biophysical
information using the Pearson Correlation Coefficient (r). The test results show that Boxcar produces the highest r values
for all types of vegetation biophysical information, with values ranging from 0.6s to 0.7s. Followed by Lee, Gamma Map,
Median, and Frost. Each with a processing window size of 21x21. Since there are no r values was found which reached
0.8 for processing window sizes up to 21x21, the simulation was then run using the regression method. The simulation
results show that to achieve r values of 0.8, it is predicted that window sizes range from 35x35 to 93x93.
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1. INTRODUCTION

The ability of multispectral optical imageries such as Landsat series, Sentinel-2 MSI, Sentinel-3 OLCI, or others, in
extracting vegetation biophysical information above the earth's surface is unquestionable. Various research results have
proven this. Ref. 9 validated the Sentinel Simplified Level 2 Product Prototype Processor (SL2P) for mapping cropland
biophysical variables using Sentinel-2 MSI and Landsat-8 OLI data. They found that SL2P presents good performances to
estimate Leaf Area Index (LAI) and Fraction of Vegetation Cover (FVC) from both MSI and OLI data. Ref. 31 conducted
a mapping and monitoring of woody vegetation canopy cover and height at a regional scale using Landsat time-series data,
from 2000 to 2017. They found that tree height estimates had a correlation coefficient of 0.92 and the 12 of 0.85. Ref. 16
estimates LAI for Landsat imageries over the contiguous United States. They found that LAI estimates show an overall
Root Mean Squared Error (RMSE) of 0.8 with 1 of 0.88. Ref. 44 used the Sentinel-3 Ocean and Land Color Instrument
(OLCI) to derive LAI information. Field measurements of LAI at two forest sites quantitatively confirm that the estimated
LAI from OLCI is reasonably accurate with r> > 0.65 and RMSE < 1.00 m*m2 *, Ref. 8 validated the extracted LAI
information using Sentinel-2 Level 2 Prototype Processor (SL2P) and modified version of Sentinel-2 Level 2 Prototype
Processor (SL2P-D). The results showed that both of them demonstrated good performance, with SL2P-D slightly more
accurate than SL2P.

In fact, there are countless research that prove the power of optical imageries in extracting vegetation biophysical
information. However, optical imageries such as Sentinel-2 MSI have a major drawback, which is that they are very
sensitive to atmospheric disturbances. For tropical areas such as Indonesia, which always experience the presence of
atmospheric disturbances such as clouds, monitoring the vegetation biophysical information throughout time continuously
is a special challenge. Ref. 13 stated that a dense time series of optical satellite imagery describing vegetation activity
provides essential information for the efficient and regular monitoring of vegetation. Nevertheless, the temporal resolution
of optical sensors is strongly affected by cloud cover, resulting in significant missing information'3. The use of
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complementary acquisitions, such as Synthetic Aperture Radar (SAR) data, opens the door to the development of new
multi-sensor methodologies aiming at the reconstruction of missing information'?.

Recently, there are many SAR imaging technologies that have been developed, which can be used to extract vegetation
biophysical information. Such as the Advanced Land Observing Satellite-Phased Array L-band Synthetic Aperture Radar
(ALOS-PALSAR), the Envisat Advanced Synthetic Aperture Radar (ASAR), and the successor to Envisat ASAR, the
Sentinel-1 SAR, which is operated by the European Space Agency (ESA). Since its presence in 2014, Sentinel-1 has
attracted the attention of practitioners and researchers of radar remote sensing. Given that Sentinel-1 has a fairly high
spatial and temporal resolution, it is also freely available to the public. In addition, Sentinel-1 released to the public has
dual polarization, namely VV and VH. With high spatial and temporal resolution, as well as the availability of free and
real time data, this makes Sentinel-1 SAR very feasible to be used in monitoring vegetation biophysical information.

Various research have been carried out to extract vegetation biophysical information from the Sentinel-1 SAR imagery.
Ref. 30 developed the Dual Polarization SAR Vegetation Index (DPSVI) for biomass information retrieval using Sentinel-
1. The results showed that between DPSVI and Above Ground Biomass (AGB) had r? values of 0.7 and above. Ref. 24
derives a new vegetation index from dual-pol SAR, namely the Dual-polarimetric Radar Vegetation Index (DpRVI). Their
research results show that DpRVI has r? values ranging from 0.7s to 0.8s for certain vegetation biophysical parameters.
There is one model that is often used as a method for extracting vegetation biophysical information from SAR imageries
such as Sentinel-1, namely the Water Cloud Model (WCM)>!3. There has been a considerable amount of research using
WCM to extract vegetation biophysical information from Sentinel-1. For examples Ref. 3, 4, 5, 25, 43, and so on.

Despite the fact that SAR imagery such as Sentinel-1 has advantages over optical imageries in terms of minimizing
atmospheric effects, it has one major drawback, namely the presence of speckle effects. Speckles are a direct result of the
coherent incident energy, which can be assumed to have a single frequency and the wavefront arrives at a single-phase
pixel**. Speckle, appearing in Synthetic Aperture Radar (SAR) imageries as granular noise, is due to the interference of
waves reflected from many elementary scatterers®>. The speckle appears in SAR imageries due to the phenomenon of
backscattering complexity of objects on the earth's surface®®. Speckle in SAR imageries complicates the imagery
interpretation problem by reducing the effectiveness of image segmentation and classification??. This is a distinct advantage
for multispectral optical images such as Sentinel-2, because it does not have the presence of a speckle effect. Even though
the optical imageries have problems with atmospheric particles.

Sentinel-1 SAR

Fig. 1. Sentinel-1 and Sentinel-2 at the same location and acquisition date. SAR imagery is relatively clean from
atmospheric disturbances, but is decorated by speckle effects. Optical imagery has no speckle effect but is susceptible to
atmospheric disturbances.

Heretofore, there are many speckle filtering methods that have been developed to reduce the speckle effect on radar
imageries. Such as Lee'®, Lee Sigma?>?!, Refined Lee*’, Boxcar®, Frost'2, Gamma Map®, and Intensity-Driven Adaptive-
Neighborhood (IDAN)*. Each speckle filtering method has different effects and capabilities. Even the same speckle
filtering method can also be modified some parameters, for example the window processing size. There are quite a number
of previous studies that have tested the capabilities of each speckle filtering technique. As has been implemented by Ref.
1,7,10, 11, 14, 18, 26, 28, 32, 35, and 39.
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Ref. 14 tested the performance of various speckle filtering methods on Sentinel-1, namely Frost, Gamma-MAP, Median,
and Refined Lee, for modeling forest aboveground biomass (AGB). Their research results show that Frost provides the
best correlation between AGB and backscatter. The value of 12 is 0.3464158 and RMSE is 33.5231. Ref. 26 evaluated a
number of speckle filtering methods for Polarimetric SAR (PolSAR) data. The filter methods tested were Boxcar, Lee
Sigma, Refined Lee, Lopez, and IDAN. They found that IDAN was the best, because it had the smallest bias among all
evaluated filter methods. However, they also found that the Boxcar was visually effective in reducing speckle. Although
in the Boxcar filter results a lot of detail is lost due to blurring. Ref. 28 assessed a number of speckle filtering methods for
the purposes of Object Based Image Analysis (OBIA). They found that the NL-SAR filter gave the best results. Ref. 30
uses the Refined Lee method to reduce noise on Sentinel-1, when testing the correlation between DPSVI and AGB. The
results showed that the value of r? was in the range of 0.7s. Although in the research, Ref. 30 did not provide any argument
for using Refined Lee.

Taking into account the advantages provided by SAR imageries such as Sentinel-1 in providing continuity of vegetation
biophysical information, while SAR imageries themselves have problems with speckle effects. Of course, it is very
necessary to test the ability of each speckle filtering method in reducing the speckle effect on SAR imageries. Especially
when the SAR image will be used to extract vegetation biophysical information. The aim of this research is to test the
ability of a number of speckle filtering methods to extract vegetation biophysical information from Sentinel-1 SAR. The
expected significance of the results of this research is to obtain practical information about the most optimal speckle
filtering techniques and parameters, in order to extract vegetation biophysical information from Sentinel-1 SAR imagery.

2. RESEARCH LOCATION AND DATA

2.1 Research Location

This research took samples of Sentinel-1 and Sentinel-2 in the southern part of Kalimantan or Borneo Island, Indonesia.
This area covers the entire SOMKB Sentinel-2 MSI imagery tile area, with an area approximate to 110 kilometers x 110
kilometers. Administratively, most of this research area belongs to South Kalimantan Province, and a small part belongs
to Central Kalimantan Province.
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Fig. 2. The research location is in the southern part of Kalimantan Island, Indonesia

The main reason for choosing this research area is because the vegetation cover conditions in this area are very
heterogeneous. Which consists of primary dryland forest, secondary dryland forest, swamp forest, peatland forest,
mangrove forest, plantation forest, rubber plantation, oil palm plantation, mixed garden, fields/moorlands, rice fields,
shrubs and bushes, swamp shrubs and bushes, and grasslands. The heterogeneity of vegetation features is very important
in sampling for accuracy testing in this research. So that later the resulting accuracy can represent or at least approach the
overall condition of the vegetation features.
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2.2 Satellite Imageries

There are two satellite imageries used in this, namely Sentinel-1 Synthetic Aperture Radar (SAR) and Sentinel-2
Multispectral Instrument (MSI). Where both imageries are provided by the European Space Agency (ESA) free of charge.
The selection process of the two imageries was done in such a way that the acquisition date of the two imageries is exactly
the same. This is to ensure that there are no differences or changes in vegetation conditions in the two imageries. The
Sentinel-1 SAR Interferometric Wide (IW) swath Ground Range Detected (GRD) product imagery used is
S1A IW_GRDH_1SDV 20190730T215953 20190730T220018 028352 03342D 4B6F, acquired on 30 July 2019,
21:59:53 GMT or 05:59:53 local time (Central Indonesia Time). The Sentinel-2 MSI imagery used is
S2B MSIL2A 20190730T022559 N0213 R046 TSO0MKB 20190730T062914, acquired on 30 July 2019, at 02:25:59
GMT or 10:25:59 local time. The Sentinel-2 (tile SOMKB) imagery used is Sentinel-2B level 2A Bottom of Atmospheric
(BOA) reflectance and has been topographically corrected by ESA, considering that later vegetation biophysical
information would be extracted quantitatively from Sentinel-2.

Loal e AR Py
Fig. 3. (a) Sentinel-1 SAR IW swath GRD and (b) Sentinel-2 MSI level 2A tile SOMKB were used in this research.

2.3 Vegetation Biophysical Information

There are no ground surveys were conducted in this research. The ground truth of vegetation biophysical information in
this research was simulated using vegetation biophysical information extracted quantitatively from MSI Sentinel-2
imagery. In this case, vegetation biophysical information was extracted automatically using the S2 SNAP Toolbox
biophysical variable*?, which is integrated in the Sentinel Application Platform (SNAP) software provided free of charge
by the ESA. There are five vegetation biophysical information that would be extracted using this tool, namely Leaf Area
Index (LAI), Canopy Water Content (CWC), Canopy Chlorophyll Content (CCC), Fraction of Vegetation Cover (FVC),
and Fraction of Absorbed Photosynthetically Active Radiation (FAPAR).
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Fig. 4. Vegetation biophysical information extracted from Sentinel-2 MSI imagery.
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It is certain that vegetation biophysical information from Sentinel-2 will not be as accurate as information directly from
the field. However, this research will at least get an overview of the relative capabilities especially when compared to each
other for each speckle filtering method in extracting vegetation biophysical information. When tested in the African semi-
arid agricultural landscape, LAI products extracted from Sentinel-2 using SNAP application, were found to have r? of 0.6
to 0.7 with in-situ data. With a fairly large Mean Absolute Error (MAE), which is > 2 m’m?2 17,

3. RESEARCH METHODOLOGY
3.1 Image Pre-Processing

The dual-polarized (VV, VH) Sentinel-1 SAR imagery calibrated into normalized Radar Cross Section (RCS), Sigma
Nought (%), using Sentinel-1 Toolbox (S1TBX) in SNAP application. The imagery is then multilooked and co-registered
using SRTM 1-arc second, so that the spatial resolution becomes 10 meters. The level 2A pre-orthorectified Sentinel-2
MSI imagery is resampled using Sentinel-2 Toolbox (S2TBX) in SNAP application, so that all bands have a spatial
resolution of 10 meters. Furthermore, for analysis purposes, the Sentinel-1 swath is then crop to adjust it to the Sentinel-2
tile S0OMKB area boundary.

3.2 Speckle Filters

Speckle filters are implemented on the calibrated and cropped Sentinel-1 imagery. There are several speckle filters to test,
all of which are already available in the SNAP application tools. The speckle filters tested were Lee, Lee Sigma, Refined
Lee, Frost, Gamma Map, Median, and IDAN. Several parameters in each speckle filtering method were modified, i.e.,
processing window sizes. The processing window sizes are set to vary, from 3x3 to 21x21. This applies to all speckle
filtering methods, except Refined Lee and IDAN, which keep the default settings. Specifically for Lee Sigma, there are
two variable parameter settings, namely processing window sizes and target window sizes. For Lee Sigma, the processing
window sizes are set from 5x5 to 17x17, because the setting modes available in the SNAP application are indeed limited
to those sizes. Meanwhile, for Lee Sigma's target window sizes, there are only two setting options, namely 3x3 and 5x5.

3.3 Dual Polarization SAR Vegetation Index (DPSVI)

Fig. 5. DPSVI image using IDAN speckle filtering.

The Dual Polarization SAR Vegetation Index (DPSVI) was developed to extract vegetation biomass information’. The
DPSVI is designed for dual-polarized SAR imageries. DPSVI is implemented on each Sentinel-1 imagery which has been
speckle filtered. DPSVI is formulated as follows*’:

2 2
Govh(i)[(Uovv(max)Govh(i)—ﬂovv(i)ﬂvh(i)+6°vh(i))+(0°vv(max)Govv(i)—ffovv(i)+6°vh(i)6°vv(i))]
\/E*Uovv(i)

DPSVI = (D

Where:
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ovn: Sigma nought calibrated Sentinel-1 Vertical-Horizontal (VH) polarization
o’vv: Sigma nought calibrated Sentinel-1 Vertical-Vertical (VV) polarization
6%vv(max): Maximum value of sigma nought calibrated Sentinel-1 Vertical-Vertical (VV) polarization

Just like the Normalized Difference Vegetation Index (NDVI) [34], DPSVI is proportional to vegetation biophysical
information. For example, the higher the DPSVI value, the higher the vegetation biomass would be. Referring to Ref. 30
research, DPSVI is accurate enough to extract vegetation biophysical information from dual-polarized C-band SAR
imageries such as Sentinel-1. Therefore, in this research, DPSVI is used as a parameter to test the ability of each speckle
filtering method on Sentinel-1 imagery to extract vegetation biophysical information.

3.4 Accuracy Assessment and Sampling

The accuracy assessment is carried out using the Pearson Correlation Coefficient (PCC) (r), which is formulated as

follows*!:
L (50 (v,9)
r= Pt AL (2)
[5G0 50 )
Where:

xi: the i pixel of Sentinel-1 DPSVI
yi: the i pixel of Sentinel-2 vegetation biophysical information

n: number of sample pixels

Fig. 6. Distribution of sample locations on Sentinel-2 MSI true color composite imagery.

In the calculation of PCC (r), a sample of a number of pixels is required. The distribution and designation of sample pixels
is carried out with the help of the NDVI transformation of Sentinel-2 imagery. This is because NDVI has been shown to
have a fairly strong correlation with vegetation biophysical information. The distribution of sample pixels was carried out
by stratified purposive sampling. First, the vegetation features are separated from the non-vegetative features in NDVI.
The technique is to use Otsu Thresholding?. In this research, the Otsu Thresholding process was carried out using the free
software Fiji is just ImageJ (Fiji)***”. From the results of Otsu Thresholding, a threshold value of 0.3 is obtained, this
means that the NDVI value of 0.3 to 1 is confirmed to be vegetation features. The NDVI values of 0.3 to 1 are then stratified
into ten strata. Next, the sample pixels are distributed purposively in each stratum. The distribution of these sample pixels
is sufficient to represent almost all types of land cover in the study area, such as dryland forest, swamp forest, peatland
forest, mangrove forest, plantation forest, rubber plantation, oil palm plantation, mixed garden, fields/moorlands, rice
fields, shrubs and bushes, swamp shrubs and bushes, and grasslands. In sampling, there are several areas to avoid, i.e.,
areas covered by clouds or cloud shadows on Sentinel-2 imagery, and areas experiencing geometric distortion on Sentinel-
1 imagery, i.e., shadow, foreshortening, or layover.
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Fig. 7. Determination of sample pixels was done by stratified purposive sampling.

There are a total of more than 100,000 pixels set as samples. In the designation of sample pixels, the statistical distribution
of NDVI values is of great concern. In this case, the distribution of pixel values of the NDVI sample is attempted to
approach the normal distribution, although it cannot be completely normal, as shown in Fig. 6. Using the sample pixels,
the PCC is then calculated in pairs between the DPSVI results from a certain speckle filtering method, and one of the
variables from the vegetation biophysical information from Sentinel-2. For example, PCC between DPSVI filtered by
Lee's method with a processing window size of 3x3 with LAI. And so on for other speckle filtering methods and other
vegetation biophysical information variables.

3.5 Window Size Simulation

The target to be achieved in the search for the most optimal speckle filtering methods is to find a PCC value that reaches
0.8. Or in other words, the results of speckle filtering with vegetation biophysical information have a very strong
correlation. If there is no PCC value that reaches 0.8 up to a processing window size of 21x21, then a simulation would be
carried out to find the most optimal processing window size, so that later a PCC value of 0.8 can be obtained. The
simulation of the processing window size was carried out using the regression method, based on the data of known PCC
values up to the processing window size of 21x21. In this case, a scoring method is used on the processing window sizes.
Namely, size 3x3 would be given a score of 3, size 5x5 would be given a score of 5, and so on, until size 21x21 would be
given a score of 21. In the construction process of processing window size regression models, PCC values would be
assigned as independent variables (x-axis). Meanwhile the processing window sizes would be placed as the dependent
variable (y axis). The regression models applied are linear, exponential, logarithmic, power, and polynomial (quadratic).
The regression equation which later has the highest correlation coefficient (r?) is considered the best model to predict the
most optimal processing window size in speckle filtering.

4. RESULT AND DISCUSSIONS

The many speckle filtering methods that are already available sometimes cause confusion when extracting certain
information from SAR images such as Sentinel-1. This is the main thing that underlies this research. Indeed, up to now,
there have been many studies comparing various speckle filtering methods. Either speckle filtering for things that are
general, or specific for extracting vegetation information as is done in this research. From the point of view of SAR
imagery, vegetation has its own characteristics based on its backscattering of electromagnetic waves burst by the SAR
sensor. SAR technology is able to capture or distinguish between surface or specular features such as water and bare lands,
double bounce features such as tall buildings or towers, and volumetric features such as vegetation canopy?’.

In this case, vegetation can have only volume scattering characteristics or a combination of volume scattering and double
reflection scattering. If the vegetation has standing stems like trees, it will have a double bounce and scattering volume
simultaneously. However, if the vegetation has only the structure of leaves and twigs without a stem, like a bush, then it
will only have a scattering volume. Since speckle originating from the coherent summation of many individual feature
scattering events within a pixel?’, vegetation features are among those that are quite problematic with speckle effects. This
is caused by the structure of branches, twigs, and leaves of vegetation which will scatter electromagnetic waves from the
SAR sensor in various directions irregularly.
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Fig. 8. Unfiltered Sentinel-1 imagery and speckle filtered Sentinel-1 imageries. (a) Original imagery (unfiltered); (b) Boxcar
3x3; (c) Frost 3x3; (d) Gamma Map 3x3; (e) IDAN; (f) Lee 3x3; (g) Lee Sigma 7x7 (target window 3x3); (h) Lee Sigma 7x7
(target window 5x5); (i) Median 3x3; (j) Refined Lee; (k) Boxcar 37x37; (1) Frost 49x49; (m) Gamma Map 37x37; (n) Lee
37x37; and (o) Median 37x37.

One of the main problems faced in speckle filtering is the execution process which is very time consuming. In this research
we have used a workstation computer with a Core-i7 processor, 32 GB memory, and a fast PCle Solid State Drive (SSD)
hard drive. However, the process still feels quite heavy. The larger the processing window size, the heavier the process
will be. Thus, large processing window sizes in speckle filtering may be very impractical for certain purposes. Furthermore,
for the purposes of processing one full swath of Sentinel-1 imagery or larger, we do not recommend applying a processing
window size that is large enough for computer specifications with less than 8 GB of memory and non-SSD hard drives.

In total, there were 71 times of speckle filtering processing applied in this study. Therefore, this would produce an output
of 71 speckle filtered imageries. Of course, it is not possible to visually present all the filtering results in this paper. In Fig.
8, we only present speckle filtered image samples with the default settings from the SNAP application, plus 5 speckle
filtered simulation results. More details about the number of the outputs can be seen in Table 1 and Table 2. Usually,
speckle filtering performances were assessed using Root Mean Square Error (RMSE), Peak Signal to Noise Ratio (PSNR),
Mean Structural Similarity Index Measure (MSSIM), Edge Preservation Index (EPI), or Equivalent Number of Looks
(ENL). However, the accuracy assessment in this research is carried out using the Pearson Correlation Coefficient (PCC)
or r values, which were calculated in pairs between DPSVI from speckle filtering results and vegetation biophysical
information. This is because our target is to find the most accurate speckle filtering in the context of extracting vegetation
biophysical information. Without paying too much attention to the presence of other features around the vegetation object.

Based on the results of the r calculation, it is clearly seen in Table 1 that for speckle filtering methods with the default
parameter settings of the SNAP application, IDAN is able to provide the best results. Followed by Lee Sigma, Boxcar,
Lee, Gamma Map, Refined Lee, Frost, and Median respectively. Therefore, for practical purposes in terms of extracting
vegetation biophysical information, we could recommend IDAN or Lee Sigma. Indeed, speckle filtering using IDAN with
its own default parameters is actually quite time consuming, compared to other methods. IDAN's best ability in this
research is in line with the results of previous research?®. IDAN filter is able to reduce noise speckle significantly, but at
the same time preserve fine detail and prevent blurring effect?.
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Table 1. PCC (r) values between DPSVI and vegetation biophysical information in each speckle filtering method.

Speckle Filters Parameters Parameter Scoring LAI CwWC ccc FVC FAPAR
Unfiltered - - 0.296052 0.308913 0.263586 0.303591 0.311245
Refined Lee Default - 0.402843 0.419640 0.359107 0.413021 0.423679
IDAN Default - 0.560491 0.583778 0.500419 0.574348 0.589653
3x3* 3 0.406172 0.422591 0.362794 0416114 0.426334

5x5 5 0.500568 0.520607 0.447841 0.512511 0.525250

7x7 7 0.558434 0.580951 0.500135 0.571207 0.585663

9x9 9 0.594633 0.619022 0.533044 0.607551 0.623243

Boxcar 11x11 11 0.619269 0.645131 0.555676 0.631900 0.648513
13x13 13 0.637250 0.664230 0.572488 0.649237 0.666527

15x15 15 0.651037 0.678911 0.585718 0.662157 0.679973

17x17 17 0.661868 0.690583 0.596318 0.672075 0.690300

19x19 19 0.670407 0.699904 0.604730 0.679843 0.698342

21x21 21 0.677627 0.707795 0.611872 0.686452 0.705157

3x3* 3 0.403614 0.419940 0.360471 0.413520 0.423675

5x5 5 0.489715 0.509239 0.438050 0.501473 0.513861

7x7 7 0.541677 0.563361 0.485058 0.554118 0.567965

9x9 9 0.574386 0.597673 0.514799 0.586902 0.601795

Frost 11x11 11 0.596065 0.620611 0.534476 0.608524 0.624166
13x13 13 0.610811 0.636241 0.547831 0.623213 0.639334

15x15 15 0.620996 0.647026 0.557179 0.633248 0.649707

17x17 17 0.628129 0.654575 0.563837 0.640159 0.656878

19x19 19 0.633118 0.659860 0.568570 0.644933 0.661835

21x21 21 0.636597 0.663570 0.571904 0.648247 0.665272

3x3* 3 0.405113 0.421601 0.361773 0.415049 0.425135

5x5 5 0.496994 0.517203 0.444361 0.508978 0.521408

7x7 7 0.550687 0.572854 0.492963 0.563386 0.577288

9x9 9 0.586070 0.610063 0.525235 0.598720 0.613935

Gamma Map 11x11 11 0.613891 0.640094 0.550319 0.626397 0.642810
13x13 13 0.634122 0.661834 0.568934 0.646281 0.663470

15x15 15 0.648051 0.676678 0.582215 0.659451 0.677165

17x17 17 0.658896 0.688350 0.592848 0.669302 0.687467

19x19 19 0.667553 0.697679 0.601475 0.677001 0.695482

21x21 21 0.674986 0.705630 0.609010 0.683636 0.702355

3x3* 3 0.405462 0.421876 0.362130 0.415402 0.425554

5x5 5 0.497538 0.517368 0.445103 0.509424 0.521971

7x7 7 0.553706 0.575792 0.495919 0.566337 0.580530

9x9 9 0.590880 0.614774 0.529834 0.603528 0.619005

Lee 11x11 11 0.616842 0.642215 0.553616 0.629220 0.645608
13x13 13 0.635423 0.662066 0.570844 0.647303 0.664352

15x15 15 0.649455 0.677149 0.584167 0.660640 0.678217

17x17 17 0.660473 0.689117 0.594870 0.670770 0.688803

19x19 19 0.669288 0.698704 0.603586 0.678705 0.697074

21x21 21 0.676754 0.706738 0.611098 0.685412 0.704030

3x3* 3 0.385276 0.401832 0.343492 0.394951 0.404840

5x5 5 0.478489 0.499476 0.426043 0.491120 0.504198

7x7 7 0.539055 0.562399 0.480472 0.552485 0.567756

9x9 9 0.578467 0.603073 0.515982 0.592425 0.609261

Median 11x11 11 0.604744 0.630421 0.539959 0.618587 0.636504
13x13 13 0.623689 0.650491 0.557393 0.637082 0.655747

15x15 15 0.637261 0.664975 0.570080 0.650090 0.669203

17x17 17 0.648717 0.676957 0.581104 0.660778 0.680255

19x19 19 0.657876 0.686680 0.589989 0.669118 0.688895

21x21 21 0.666001 0.695224 0.597863 0.676586 0.696588

5x5 5 0.458273 0.478633 0.410470 0.467116 0.477632

7XT* 7 0.492558 0.515541 0.441533 0.501112 0.512294

Lee Sigma (Target 9x9 9 0.511214 0.535856 0.458516 0.519460 0.531077
Window Size 3x3*) 11x11 11 0.522779 0.548637 0.469182 0.530513 0.542501
13x13 13 0.530884 0.557580 0.476849 0.537972 0.550220

15x15 15 0.537240 0.564687 0.483119 0.543532 0.556024

17x17 17 0.542143 0.570082 0.488110 0.548082 0.560726

5x5 5 0.447942 0.468408 0.401217 0.455599 0.465458

TXT* 7 0.479107 0.502305 0.429655 0.485929 0.496351

. 9x9 9 0.495054 0.520080 0.444272 0.501220 0.512074
o géfvm;g*?f; TIx11 i 0.505303 0.531432 0453770 0.510875 0.521946
13x13 13 0.512040 0.539001 0.460174 0.516981 0.528226

15x15 15 0.516941 0.544539 0.465053 0.521155 0.532538

17x17 17 0.520409 0.548459 0.468659 0.524069 0.535504

* SNAP default window processing sizes
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Henceforward, the results of testing the processing window size up to 21x21 show that Boxcar with a processing window
size of 21x21 is the best speckle filtering method, as shown in Table 1. The ability of Boxcar with a 21x21 window applies
to all vegetation biophysical information parameters tested in this study, namely LAI, CWC, CCC, FVC, and FAPAR.
Boxcar's abilities are followed by Lee, Gamma Map, Median, and Frost respectively. Each with a processing window size
of 21x21, and overall, with r values of 0.6s to 0.7s.

Most comparative research of speckle filtering methods generally only presents speckle filtering trials at default settings,
for example Lee with a processing window size of 3x3, or setting some variations of processing window sizes. This is
what distinguishes this research from previous research. Because in this research, if no values of r were found that reach
0.8, then simulations would be implemented to determine the most optimal processing window sizes for the extraction of
certain biophysical vegetations. Of course, not all speckle filtering methods tested in this research can be included in the
simulation, because some speckle filtering methods set a fixed processing window size or limit the processing window to
a certain size. In fact, from the test results of all speckle filtering methods up to a processing window size of 21x21, nor
value of 0.8 was found. Therefore, the decision is to do a simulation or modeling using the regression method, to estimate
what the most optimal window size is so that an r value of 0.8 can be achieved for each speckle filtering method, on each
vegetation biophysical information parameter.

LAI CwWcC ccC FVC FAPAR

25 |y=297.11x%-279.82x +

Lee Gamma Map Frost Boxcar

Median

Fig. 9. Regression models to predict the most optimal processing window sizes.
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Fig. 9 shows the simulation results of processing window sizes to reach r values up to 0.8. The entire speckle filtering
method for each vegetation biophysical information parameter shows a polynomial (quadratic) correlation with increasing
processing window sizes. In Fig. 9, we only present the test regression models with the highest correlation coefficients
(r2). Because it would be too much if we had to display graphs for all the regression models tested in this study. Overall
r2 shows a value of 0.9 more, this means between the increase in processing window sizes with accuracy (r). However,
since the correlations are quadratic, it could be predicted that at some point the values of r will be saturated, even though
the processing window sizes in speckle filtering are enlarged. In other words, increasing the processing window sizes to
certain sizes will no longer be able to significantly increase the accuracy of the speckle filtering methods.

In order to assess the simulation results of processing window sizes, we sampled one of the vegetation biophysical
information parameters, namely FAPAR, to be tested on five speckle filtering methods, namely Boxcar, Frost, Gamma
Map, Lee, Median. Each with the window size of the simulation results as shown in Table 1, in the FAPAR column.
Boxcar, Gamma Map, Lee, and Median, were tested using a size of 37x37, while Frost was tested using a size of 49x49.
These 37x37 and 49x49 measures were calculated using the quadratic regression models in Fig. 9, specifically for FAPAR.
If the quadratic regression calculation processes produce a number that is not odd, then the result of the calculation process
would be rounded up to the odd number above it. For example, one calculation process results in the number 36 or 36.24,
it would be rounded to 37. This is because the processing window sizes in speckle filtering or image filtering in general
must be odd numbers, such as 37x37. Of course, the size of 37x37 let alone 49x49 is the size of the speckle filtering
window which is quite large, so it will require quite high computer resources. Furthermore, it appears that overall, to reach
an r value of 0.8, processing window sizes ranging from 35x35 to 93x93 are required for certain vegetation biophysical
information parameters.

Table 2. Estimated processing window sizes for each method of speckle filtering and vegetation biophysical information to
reach a PCC value of 0.8.

LAI CWC CcCcC FVC FAPAR
Boxcar 43x 43 35x 35 65 x 65 41x 41 37x37
Frost 61x61 49 x 49 93 x93 57 x 57 49 x 49
Gamma Map 43 x 43 35x35 59 x 59 41x 41 37x37
Lee 43x 43 35x 35 63 x 63 41x41 37x37
Median 45x 45 37x 37 67 x 67 43x 43 37x37

Fig. 10. Visual comparison between (a) IDAN, (b) Lee Sigma 7x7 (target window size 3x3), and (c) Boxcar 37x37.
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The results of the speckle filtering using the simulated window sizes were then retested using PCC. The test results show
that the r value for Boxcar is 0.735194, the r value for Frost is 0.668937, the r value for Gamma Map is 0.730305, the r
value for Lee is 0.733073, and the r value for Median is 0.730752. Even though the r values increase after the processing
window sizes are enlarged by simulation, however the results of this assessment are below expectations, where the resulting
r values expected to be around 0.8. Our prediction is that this is due to the insufficient sample size of the speckle filtering
window in the construction of the regression models. As a result, the regression models produced in this research are
overestimated. In the construction of regression models there are only 10 samples, namely from window sizes 3x3 to
21x21. In fact, to build an objective regression model, at least 30 data samples are needed. It may be necessary to further
study at least to prepare a sufficient number of samples of speckle filtering window sizes.

In addition to requiring adequate computer hardware, there are other implications that will be experienced by SAR images
when the processing window size is large enough. Among them are the decrease in the spatial resolution of the image and
the blur effect on the image, as shown in Fig. 10. So that although on the one hand it is advantageous, namely by increasing
the correlation value or accuracy, but this can also be detrimental. Because we will lose certain details in the image. Thus,
the use of a sufficiently large processing window in speckle filtering must also be carefully considered. The capabilities of
IDAN and Lee Sigma are almost equal, if each with default settings. Both are able to reduce speckle effects significantly,
while maintaining detail on the image well. However, there is one drawback to Lee Sigma. Namely having the presence
of bright spots on certain features, as shown in Fig. 10. Where this is not experienced by the IDAN filter. So that in this
case IDAN is indeed superior compared with Lee Sigma, both statistically and visually. The similarity between IDAN and
Lee Sigma is that for IDAN the processing window size is fixed, so it cannot be changed, and for Lee Sigma, the processing
window size setting is very limited.

S. CONCLUSIONS

In this research, we focus more on presenting a comparison of the capabilities of several speckle filtering methods to
extract various vegetation biophysical information parameters. Without having to review further the fundamental concepts
of each speckle filtering method. The results of the research show that in setting the default parameters using SNAP
software, IDAN and Lee Sigma are able to provide the best performance. However, these two filters are less flexible in
setting processing window sizes. When the processing window sizes are set to 21x21, the Boxcar method and Lee's method
give the best results, with the PCC values ranging from 0.6s to 0.7s. Even when processing window sizes are simulated to
reach a PCC value of 0.8, Boxcar still delivers the best output. Despite the fact that the PCC value of 0.8 was never achieved
in this research, this was due to the limited number of samples in the simulation. Of course, with the consequence of
decreasing the spatial resolution of the image and losing certain details on the image.
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The optical imageries such as Sentinel-2 MSI have a major drawback, which is that they are very sensitive to atmospheric
disturbances.

Despite the fact that SAR imagery such as Sentinel-1 has advantages over optical imageries in terms of minimizing atmospheric
effects, it has one major drawback, namely the presence of speckle effects.

For tropical areas such as Indonesia, which always experience the presence of atmospheric disturbances such as clouds, monitoring
the vegetation biophysical information throughout time continuously is a special challenge. For the reason that the temporal
resolution of optical sensors is strongly affected by cloud cover, resulting in significant missing information.

The use of complementary acquisitions, such as Synthetic Aperture Radar (SAR) data, opens the door to the development of new
multi-sensor methodologies aiming at the reconstruction of missing information.

Recently, there are many SAR imaging technologies that have been developed, which can be used to extract vegetation biophysical
information. Such as the Advanced Land Observing Satellite-Phased Array L-band Synthetic Aperture Radar (ALOS-PALSAR), the
Envisat Advanced Synthetic Aperture Radar (ASAR), and the successor to Envisat ASAR, the Sentinel-1 SAR, which is operated by the
European Space Agency (ESA).

Since its presence in 2014, Sentinel-1 has attracted the attention of practitioners and researchers of radar remote sensing. Given that
Sentinel-1 has a fairly high spatial and temporal resolution, it is also freely available to the public.

In addition, Sentinel-1 released to the public has dual polarization, namely VV and VH. With high spatial and temporal resolution, as
well as the availability of free and real time data, this makes Sentinel-1 SAR very feasible to be used in monitoring vegetation
biophysical information.




Despite the fact that SAR imagery such as Sentinel-1 has advantages over optical imageries in terms of minimizing atmospheric
effects, it has one major drawback, namely the presence of speckle effects.

Speckle, appearing in Synthetic Aperture Radar (SAR) imageries as granular noise, is due to the interference of waves reflected from
many elementary scatterers.

The speckle appears in SAR imageries due to the phenomenon of backscattering complexity of objects on the earth's surface.

Speckle in SAR imageries complicates the imagery interpretation problem by reducing the effectiveness of image segmentation and
classification.

Notwithstanding the fact that the optical imageries have problems with atmospheric particles. The speckle effects in SAR imageries
become kind of a distinct advantage for multispectral optical images such as Sentinel-2, because the optical imageries do not have the
presence of speckle effects.

So far, there are many speckle filtering methods that have been developed to reduce the speckle effect on radar imageries. Such as
Lee, Lee Sigma, Refined Lee, Boxcar, Frost, Gamma Map, and Intensity-Driven Adaptive-Neighborhood (IDAN).

Each speckle filtering method has different effects and capabilities. Even the same speckle filtering method can also be modified some
parameters, for example the window processing size.

Taking into account the advantages provided by SAR imageries such as Sentinel-1 in providing continuity of vegetation biophysical
information, while SAR imageries themselves have problems with speckle effects. Of course, it is very necessary to test the ability of
each speckle filtering method in reducing the speckle effect on SAR imageries. Especially when the SAR image will be used to extract
vegetation biophysical information.




The aim of this research is to test the ability of a number of speckle filtering
methods to extract vegetation biophysical information from Sentinel-1 SAR.

The expected significance of the results of this research is to obtain practical
information about the most optimal speckle filtering techniques and

parameters, in order to extract vegetation biophysical information from
Sentinel-1 SAR imagery.
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The research location is in the southern part of Kalimantan Island, Indonesia
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(a) Sentinel-1 SAR IW swath GRD and (b) Sentinel-2 MSI level 2A tile 50MKB were used in this research
(Acquired on July 30, 2019)
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Vegetation biophysical information extracted from Sentinel-2 MSI imagery
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The dual-polarized (VV, VH) Sentinel-1 SAR imagery calibrated into normalized Radar Cross Section (RCS), Sigma Nought (c9),
using Sentinel-1 Toolbox (S1TBX) in SNAP application.

The imagery is then multilooked and co-registered using SRTM 1-arc second, so that the spatial resolution becomes 10 meters.

The level 2A pre-orthorectified Sentinel-2 MSI imagery is resampled using Sentinel-2 Toolbox (S2TBX) in SNAP application, so
that all bands have a spatial resolution of 10 meters.

Furthermore, for analysis purposes, the Sentinel-1 swath is then crop to adjust it to the Sentinel-2 tile 50MKB area boundary.
Speckle filters are implemented on the calibrated and cropped Sentinel-1 imagery.

There are several speckle filters to test, all of which are already available in the SNAP application tools. The speckle filters
tested were Lee, Lee Sigma, Refined Lee, Frost, Gamma Map, Median, and IDAN.

Several parameters in each speckle filtering method were modified, i.e. processing window sizes. The processing window sizes
are set to vary, from 3x3 to 21x21. This applies to all speckle filtering methods, except Refined Lee and IDAN, which keep the
default settings.

Specifically for Lee Sigma, there are two variable parameter settings, namely processing window sizes and target window
sizes. For Lee Sigma, the processing window sizes are set from 5x5 to 17x17, because the setting modes available in the SNAP
application are indeed limited to those sizes. Meanwhile, for Lee Sigma's target window sizes, there are only two setting
options, namely 3x3 and 5x5.
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The Dual Polarization SAR Vegetation Index (DPSVI) was developed to extract vegetation biomass information. The DPSVI
is designed for dual-polarized SAR imageries. DPSVI is implemented on each Sentinel-1 imagery which has been speckle
filtered. DPSVI is formulated as follows:

2 2
6 vh(y [(Gow(max)covh(i) — 6%y (i)Ovha) + Govh(i)) + (Gow(max)ﬁovv(i) — 6% + Govh(i)Govv(i))]

DPSVI =
\/E * Govv(i)
Where:
o' : Sigma nought calibrated Sentinel-1 Vertical-Horizontal (VH) polarization
o'y : Sigma nought calibrated Sentinel-1 Vertical-Vertical (VV) polarization

%y(maxy : Maximum value of sigma nought calibrated Sentinel-1 Vertical-Vertical (VV) polarization

Just like the Normalized Difference Vegetation Index (NDVI) in optical imagery, DPSVI in dual-pol SAR is proportional to vegetation
biophysical information. For example, the higher the DPSVI value, the higher the vegetation biomass will be, and vice versa.

DPSVI is accurate enough to extract vegetation biophysical information from dual-polarized C-band SAR imageries such as Sentinel-1.
Therefore, in this research, DPSVI is used as a parameter to test the ability of each speckle filtering method on Sentinel-1 imagery to
extract vegetation biophysical information.
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DPSVI image using IDAN speckle filtering
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The accuracy assessment is carried out using the Pearson Correlation Coefficient (PCC) (r), which is formulated as follows:

. ie1 (%) (i)
R M e

Where:
the ith pixel of Sentinel-1 DPSVI

y; : the it" pixel of Sentinel-2 vegetation biophysical information

X;

n : number of sample pixels
In the calculation of PCC (r), a sample of a number of pixels is required. The distribution and designation of sample pixels is carried out

with the help of the NDVI transformation of Sentinel-2 imagery. This is because NDVI has been shown to have a fairly strong correlation
with vegetation biophysical information. The distribution of sample pixels was carried out by stratified purposive sampling.
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(Left) Distribution of sample locations on Sentinel-2 MSI true color composite imagery. There are a total of more than 100,000 pixels set
as samples. (Right) In the designation of sample pixels, the statistical distribution of NDVI values is of great concern. The distribution of
pixel values of the NDVI sample is attempted to approach the normal distribution, although it cannot be completely normal.
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The target to be achieved in the search for the most optimal speckle filtering methods is to find a PCC value that
reaches 0.8. Or in other words, the results of speckle filtering with vegetation biophysical information have a very
strong correlation.

If there is no PCC value that reaches 0.8 up to a processing window size of 21x21, then a simulation will be carried out
to find the most optimal processing window size, so that later a PCC value of 0.8 can be obtained.

The simulation of the processing window size was carried out using the regression method, based on the data of known
PCC values up to the processing window size of 21x21. In this case, a scoring method is used on the processing window
sizes. Namely, size 3x3 will be given a score of 3, size 5x5 will be given a score of 5, and so on, until size 21x21 will be
given a score of 21.

In the construction process of processing window size regression models, PCC values will be assigned as independent
variables (x-axis). Meanwhile the processing window sizes will be placed as the dependent variable (y axis). The
regression models applied are linear, exponential, logarithmic, power, and polynomial (quadratic).

The regression equation which later has the highest correlation coefficient (r?) is considered the best model to predict
the most optimal processing window size in speckle filtering.
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Unfiltered Sentinel-1 imagery and speckle filtered Sentinel-1 imageries. (a) Original imagery (unfiltered); (b) Boxcar 3x3; (c) Frost 3x3; (d)

Gamma Map 3x3; (e) IDAN; (f) Lee 3x3; (g) Lee Sigma 7x7 (target window 3x3); (h) Lee Sigma 7x7 (target window 5x5); (i) Median 3x3; (j)
Refined Lee; (k) Boxcar 37x37; (I) Frost 49x49; (m) Gamma Map 37x37; (n) Lee 37x37; and (o) Median 37x37.
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Boxcar

Lee Sigma (Target
Window Size 3x3*)

Lee Sigma (Target
Window Size 5x5)

Default
Default
3x3*
21x21
3x3*
21x21
3x3*
21x21
3x3*
21x21
3x3*
21x21
5x5
7x7*
9x9
11x11
13x13
15x15
17x17
5x5
7x7*
9x9
11x11
13x13
15x15
17x17

21

21

21

21

21

N

11
13
15
17

~

11
13
15

0.296052
0.402843
0.560491
0.406172
0.677627
0.403614
0.636597
0.405113
0.674986
0.405462
0.676754
0.385276
0.666001
0.458273
0.492558
0.511214
0.522779
0.530884
0.537240
0.542143
0.447942
0.479107
0.495054
0.505303
0.512040
0.516941
0.520409

0. 308913
0.419640
0.583778
0.422591
0.707795
0.419940
0.663570
0.421601
0.705630
0.421876
0.706738
0.401832
0.695224
0.478633
0.515541
0.535856
0.548637
0.557580
0.564687
0.570082
0.468408
0.502305
0.520080
0.531432
0.539001
0.544539
0.548459

0. 263586
0.359107
0.500419
0.362794
0.611872
0.360471
0.571904
0.361773
0.609010
0.362130
0.611098
0.343492
0.597863
0.410470
0.441533
0.458516
0.469182
0.476849
0.483119
0.488110
0.401217
0.429655
0.444272
0.453770
0.460174
0.465053
0.468659

0. 303591
0.413021
0.574348
0.416114
0.686452
0.413520
0.648247
0.415049
0.683636
0.415402
0.685412
0.394951
0.676586
0.467116
0.501112
0.519460
0.530513
0.537972
0.543532
0.548082
0.455599
0.485929
0.501220
0.510875
0.516981
0.521155
0.524069

0.311245
0.423679
0.589653
0.426334
0.705157
0.423675
0.665272
0.425135
0.702355
0.425554
0.704030
0.404840
0.696588
0.477632
0.512294
0.531077
0.542501
0.550220
0.556024
0.560726
0.465458
0.496351
0.512074
0.521946
0.528226
0.532538
0.535504
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S |y=297.11x%-279.82x + “? |y=344.15x2-321.42x +

Boxcar

2 yl= 469.47x2 - 423.95x + ? | y=425.91x2-399.78x + 2§ =467.04x2-432.31x+

Frost

y = 315.94x2 - 282.09x + 25y = 280.15%2 - 259.44x + 5 | y=304.67x*-286.74x+

Gamma Map

y = 322.04x2 - 289.73x + | y=287.64x?- 268.39x+ y = 333.55x2- 308.95x + > | y=311.87x2- 295.76x+

Lee

5 | y=304.67x%-263.57x+ > | y=277.85x2-250.4x+ > | y=288.38x2- 263.81x +

Median

The entire speckle filtering method for each vegetation
biophysical information parameter shows a polynomial
(quadratic) correlation with increasing processing window
sizes.

In Fig., we only present the test regression models with the
highest correlation coefficients (r2). Because it would be too
much if we had to display graphs for all the regression models
tested in this study.

Overall r2 shows a value of 0.9 more, this means between the
increase in processing window sizes with accuracy (r).
However, since the correlations are quadratic, it could be
predicted that at some point the values of r will be saturated,
even though the processing window sizes in speckle filtering
are enlarged.

In other words, increasing the processing window sizes to
certain sizes will no longer be able to significantly increase the
accuracy of the speckle filtering methods.
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Estimated processing window sizes for each
method of speckle filtering and vegetation
biophysical information to reach a PCC value of 0.8

Lee 43x43 35x35

65 x 65

93 x93

59 x 59

63 x 63

67 x 67

41x41

57 x 57

41 x41

41 x 41

43 x 43

BRI

37 x37

49 x 49

37 x37

37 x37

37 x37

The results of the speckle filtering using the simulated window

sizes were then retested using PCC. The test results show that the

highest r value for Boxcar is 0.735194, for Frost is 0.668937, for
Gamma Map is 0.730305, for Lee is 0.733073, and for Median is

0.730752.
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In this research, we focus more on presenting a comparison of the capabilities of several
speckle filtering methods to extract various vegetation biophysical information parameters.
Without having to review further the fundamental concepts of each speckle filtering method.

The results of the research show that in setting the default parameters using SNAP software,
IDAN and Lee Sigma are able to provide the best performance. However, these two filters are
less flexible in setting processing window sizes.

When the processing window sizes are set to 21x21, the Boxcar method and Lee's method give
the best results, with the PCC values ranging from 0.6s to 0.7s. Even when processing window
sizes are simulated to reach a PCC value of 0.8, Boxcar still delivers the best output.

Despite the fact that the PCC value of 0.8 was never achieved in this research, this was due to
the limited number of samples in the simulation. Of course, with the consequence of decreasing
the spatial resolution of the image and losing certain details on the image.
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On Finding Optimal Speckle Filtering for Extraction of Vegetation
Biophysical Information Using Sentinel-1 SAR Imagery

Syamani D. Ali*?, Abdi Fithria®, Adi Rahmadi?, Arfa A. Rezekiah?
aFaculty of Forestry, University of Lambung Mangkurat, JI. Ahmad Yani km. 35, Banjarbaru,
70714, South Kalimantan, Indonesia
Center for Geospatial Information Infrastructure Development (PPIIG), University of Lambung
Mangkurat, JI. Ahmad Yani km. 35, Banjarbaru, 70714, South Kalimantan, Indonesia

ABSTRACT

The SAR imagery such as Sentinel-1 in general has a major problem with the speckle effects. There are many speckle
filtering methods have been developed to reduce the speckle effect. This research aims to test the ability of a number of
speckle filtering methods to extract vegetation biophysical information from Sentinel-1. The ground truth of vegetation
biophysical information in this research were simulated using Sentinel-2 MSI imagery. That is, Leaf Area Index (LAI),
Canopy Water Content (CWC), Canopy Chlorophyll Content (CCC), Fraction of Vegetation Cover (FVC), and Fraction
of Absorbed Photosynthetically Active Radiation (FAPAR). The Sentinel-1 imagery was speckle filtered using various
methods, namely Lee, Lee Sigma, Refined Lee, IDAN, Boxcar, Frost, Gamma Map, and Median. Some speckle filtering
parameters were modified, i.e. the processing windows. The Dual Polarization SAR Vegetation Index (DPSVI) were then
extracted from the speckle-filtered Sentinel-1. DPSVI were then tested for correlation with vegetation biophysical
information using the Pearson Correlation Coefficient (r). The test results show that Boxcar produces the highest r values
for all types of vegetation biophysical information, with values ranging from 0.6s to 0.7s. Followed by Lee, Gamma Map,
Median, and Frost. Each with a processing window size of 21x21. Since there are no r values was found which reached
0.8 for processing window sizes up to 21x21, the simulation was then run using the regression method. The simulation
results show that to achieve r values of 0.8, it is predicted that window sizes range from 35x35 to 93x93.

Keywords: Speckle filtering, Synthetic Aperture Radar, Sentinel-1, Sentinel-2, vegetation biophysics, correlation

*syamani.fhut@ulm.ac.id; phone 62 511 330-6694; fax 62 511 330-6694; ulm.ac.id

1. INTRODUCTION

The ability of multispectral optical imageries such as Landsat series, Sentinel-2 MSI, Sentinel-3 OLCI, or others, in
extracting vegetation biophysical information above the earth's surface is unquestionable. Various research results have
proven this. Ref. 9 validated the Sentinel Simplified Level 2 Product Prototype Processor (SL2P) for mapping cropland
biophysical variables using Sentinel-2 MSI and Landsat-8 OLI data. They found that SL2P presents good performances to
estimate Leaf Area Index (LAI) and Fraction of Vegetation Cover (FVC) from both MSI and OLI data. Ref. 31 conducted
a mapping and monitoring of woody vegetation canopy cover and height at a regional scale using Landsat time-series data,
from 2000 to 2017. They found that tree height estimates had a correlation coefficient of 0.92 and the 12 of 0.85. Ref. 16
estimates LAI for Landsat imageries over the contiguous United States. They found that LAI estimates show an overall
Root Mean Squared Error (RMSE) of 0.8 with 1 of 0.88. Ref. 44 used the Sentinel-3 Ocean and Land Color Instrument
(OLCI) to derive LAI information. Field measurements of LAI at two forest sites quantitatively confirm that the estimated
LAI from OLCI is reasonably accurate with r> > 0.65 and RMSE < 1.00 m*m 2 *, Ref. 8 validated the extracted LAI
information using Sentinel-2 Level 2 Prototype Processor (SL2P) and modified version of Sentinel-2 Level 2 Prototype
Processor (SL2P-D). The results showed that both of them demonstrated good performance, with SL2P-D slightly more
accurate than SL2P.

In fact, there are countless research that prove the power of optical imageries in extracting vegetation biophysical
information. However, optical imageries such as Sentinel-2 MSI have a major drawback, which is that they are very
sensitive to atmospheric disturbances. For tropical areas such as Indonesia, which always experience the presence of
atmospheric disturbances such as clouds, monitoring the vegetation biophysical information throughout time continuously
is a special challenge. Ref. 13 stated that a dense time series of optical satellite imagery describing vegetation activity
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provides essential information for the efficient and regular monitoring of vegetation. Nevertheless, the temporal resolution
of optical sensors is strongly affected by cloud cover, resulting in significant missing information'3. The use of
complementary acquisitions, such as Synthetic Aperture Radar (SAR) data, opens the door to the development of new
multi-sensor methodologies aiming at the reconstruction of missing information'3.

Recently, there are many SAR imaging technologies that have been developed, which can be used to extract vegetation
biophysical information. Such as the Advanced Land Observing Satellite-Phased Array L-band Synthetic Aperture Radar
(ALOS-PALSAR), the Envisat Advanced Synthetic Aperture Radar (ASAR), and the successor to Envisat ASAR, the
Sentinel-1 SAR, which is operated by the European Space Agency (ESA). Since its presence in 2014, Sentinel-1 has
attracted the attention of practitioners and researchers of radar remote sensing. Given that Sentinel-1 has a fairly high
spatial and temporal resolution, it is also freely available to the public. In addition, Sentinel-1 released to the public has
dual polarization, namely VV and VH. With high spatial and temporal resolution, as well as the availability of free and
real time data, this makes Sentinel-1 SAR very feasible to be used in monitoring vegetation biophysical information.

Various research have been carried out to extract vegetation biophysical information from the Sentinel-1 SAR imagery.
Ref. 30 developed the Dual Polarization SAR Vegetation Index (DPSVI) for biomass information retrieval using Sentinel-
1. The results showed that between DPSVI and Above Ground Biomass (AGB) had r? values of 0.7 and above. Ref. 24
derives a new vegetation index from dual-pol SAR, namely the Dual-polarimetric Radar Vegetation Index (DpRVI). Their
research results show that DpRVI has 12 values ranging from 0.7s to 0.8s for certain vegetation biophysical parameters.
There is one model that is often used as a method for extracting vegetation biophysical information from SAR imageries
such as Sentinel-1, namely the Water Cloud Model (WCM)>!3. There has been a considerable amount of research using
WCM to extract vegetation biophysical information from Sentinel-1. For examples Ref. 3, 4, 5, 25, 43, and so on.

Despite the fact that SAR imagery such as Sentinel-1 has advantages over optical imageries in terms of minimizing
atmospheric effects, it has one major drawback, namely the presence of speckle effects. Speckles are a direct result of the
coherent incident energy, which can be assumed to have a single frequency and the wavefront arrives at a single-phase
pixel**. Speckle, appearing in Synthetic Aperture Radar (SAR) imageries as granular noise, is due to the interference of
waves reflected from many elementary scatterers®?. The speckle appears in SAR imageries due to the phenomenon of
backscattering complexity of objects on the earth's surface®®. Speckle in SAR imageries complicates the imagery
interpretation problem by reducing the effectiveness of image segmentation and classification??. This is a distinct advantage
for multispectral optical images such as Sentinel-2, because it does not have the presence of a speckle effect. Even though
the optical imageries have problems with atmospheric particles.

Sentinel-1 SAR

Fig. 1. Sentinel-1 and Sentinel-2 at the same location and acquisition date. SAR imagery is relatively clean from
atmospheric disturbances, but is decorated by speckle effects. Optical imagery has no speckle effect but is susceptible to
atmospheric disturbances.

So far, there are many speckle filtering methods that have been developed to reduce the speckle effect on radar imageries.
Such as Lee!®, Lee Sigma®*?!, Refined Lee®, Boxcar?®, Frost'?, Gamma Map® and Intensity-Driven Adaptive-
Neighborhood (IDAN)*. Each speckle filtering method has different effects and capabilities. Even the same speckle
filtering method can also be modified some parameters, for example the window processing size. There are quite a number
of previous studies that have tested the capabilities of each speckle filtering technique. As has been implemented by Ref.
1,7,10, 11, 14, 18, 26, 28, 32, 35, and 39.
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Ref. 14 tested the performance of various speckle filtering methods on Sentinel-1, namely Frost, Gamma-MAP, Median,
and Refined Lee, for modeling forest aboveground biomass (AGB). Their research results show that Frost provides the
best correlation between AGB and backscatter. The value of 12 is 0.3464158 and RMSE is 33.5231. Ref. 26 evaluated a
number of speckle filtering methods for Polarimetric SAR (PolSAR) data. The filter methods tested were Boxcar, Lee
Sigma, Refined Lee, Lopez, and IDAN. They found that IDAN was the best, because it had the smallest bias among all
evaluated filter methods. However, they also found that the Boxcar was visually effective in reducing speckle. Although
in the Boxcar filter results a lot of detail is lost due to blurring. Ref. 28 assessed a number of speckle filtering methods for
the purposes of Object Based Image Analysis (OBIA). They found that the NL-SAR filter gave the best results. Ref. 30
uses the Refined Lee method to reduce noise on Sentinel-1, when testing the correlation between DPSVI and AGB. The
results showed that the value of r? was in the range of 0.7s. Although in the research, Ref. 30 did not provide any argument
for using Refined Lee.

Taking into account the advantages provided by SAR imageries such as Sentinel-1 in providing continuity of vegetation
biophysical information, while SAR imageries themselves have problems with speckle effects. Of course, it is very
necessary to test the ability of each speckle filtering method in reducing the speckle effect on SAR imageries. Especially
when the SAR image will be used to extract vegetation biophysical information. The aim of this research is to test the
ability of a number of speckle filtering methods to extract vegetation biophysical information from Sentinel-1 SAR. The
expected significance of the results of this research is to obtain practical information about the most optimal speckle
filtering techniques and parameters, in order to extract vegetation biophysical information from Sentinel-1 SAR imagery.

2. RESEARCH LOCATION AND DATA

2.1 Research Location

This research took samples of Sentinel-1 and Sentinel-2 in the southern part of Kalimantan or Borneo Island, Indonesia.
This area covers the entire SOMKB Sentinel-2 MSI imagery tile area, with an area approximate to 110 kilometers x 110
kilometers. Administratively, most of this research area belongs to South Kalimantan Province, and a small part belongs
to Central Kalimantan Province.
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Fig. 2. The research location is in the southern part of Kalimantan Island, Indonesia

The main reason for choosing this research area is because the vegetation cover conditions in this area are very
heterogeneous. Which consists of primary dryland forest, secondary dryland forest, swamp forest, peatland forest,
mangrove forest, plantation forest, rubber plantation, oil palm plantation, mixed garden, fields/moorlands, rice fields,
shrubs and bushes, swamp shrubs and bushes, and grasslands. The heterogeneity of vegetation features is very important
in sampling for accuracy testing in this research. So that later the resulting accuracy can represent or at least approach the
overall condition of the vegetation features.

GSS21-5V. 1 (p.3 of 14)/ Color: No / Format: A4 / Date: 9/9/2021 12:03:14 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http://SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns.

2.2 Satellite Imageries

There are two satellite imageries used in this, namely Sentinel-1 Synthetic Aperture Radar (SAR) and Sentinel-2
Multispectral Instrument (MSI). Where both imageries are provided by the European Space Agency (ESA) free of charge.
The selection process of the two imageries was done in such a way that the acquisition date of the two imageries is exactly
the same. This is to ensure that there are no differences or changes in vegetation conditions in the two imageries. The
Sentinel-1 SAR Interferometric Wide (IW) swath Ground Range Detected (GRD) product imagery used is
S1A IW_GRDH_1SDV 20190730T215953 20190730T220018 028352 03342D 4B6F, acquired on 30 July 2019,
21:59:53 GMT or 05:59:53 local time (Central Indonesia Time). The Sentinel-2 MSI imagery used is
S2B MSIL2A 20190730T022559 N0213 R046 TSO0MKB 20190730T062914, acquired on 30 July 2019, at 02:25:59
GMT or 10:25:59 local time. The Sentinel-2 (tile SOMKB) imagery used is Sentinel-2B level 2A Bottom of Atmospheric
(BOA) reflectance and has been topographically corrected by ESA, considering that later vegetation biophysical
information will be extracted quantitatively from Sentinel-2.

aﬁ‘ 5P
Fig. 3. (a) Sentinel-1 SAR IW swath GRD and (b) Sentinel-2 MSI level 2A tile SOMKB were used in this research.

2.3 Vegetation Biophysical Information

There are no ground surveys were conducted in this research. The ground truth of vegetation biophysical information in
this research was simulated using vegetation biophysical information extracted quantitatively from MSI Sentinel-2
imagery. In this case, vegetation biophysical information was extracted automatically using the S2 SNAP Toolbox
biophysical variable*?, which is integrated in the Sentinel Application Platform (SNAP) software provided free of charge
by the ESA. There are five vegetation biophysical information that would be extracted using this tool, namely Leaf Area
Index (LAI), Canopy Water Content (CWC), Canopy Chlorophyll Content (CCC), Fraction of Vegetation Cover (FVC),
and Fraction of Absorbed Photosynthetically Active Radiation (FAPAR).
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It is certain that vegetation biophysical information from Sentinel-2 will not be as accurate as information directly from
the field. However, this research will at least get an overview of the relative capabilities especially when compared to each
other for each speckle filtering method in extracting vegetation biophysical information. When tested in the African semi-
arid agricultural landscape, LAI products extracted from Sentinel-2 using SNAP application, were found to have r? of 0.6
to 0.7 with in-situ data. With a fairly large Mean Absolute Error (MAE), which is > 2 m’m2 17,

3. RESEARCH METHODOLOGY

3.1 Image Pre-Processing

The dual-polarized (VV, VH) Sentinel-1 SAR imagery calibrated into normalized Radar Cross Section (RCS), Sigma
Nought (%), using Sentinel-1 Toolbox (S1TBX) in SNAP application. The imagery is then multilooked and co-registered
using SRTM 1-arc second, so that the spatial resolution becomes 10 meters. The level 2A pre-orthorectified Sentinel-2
MSI imagery is resampled using Sentinel-2 Toolbox (S2TBX) in SNAP application, so that all bands have a spatial
resolution of 10 meters. Furthermore, for analysis purposes, the Sentinel-1 swath is then crop to adjust it to the Sentinel-2
tile S0OMKB area boundary.

3.2 Speckle Filters

Speckle filters are implemented on the calibrated and cropped Sentinel-1 imagery. There are several speckle filters to test,
all of which are already available in the SNAP application tools. The speckle filters tested were Lee, Lee Sigma, Refined
Lee, Frost, Gamma Map, Median, and IDAN. Several parameters in each speckle filtering method were modified, i.e.
processing window sizes. The processing window sizes are set to vary, from 3x3 to 21x21. This applies to all speckle
filtering methods, except Refined Lee and IDAN, which keep the default settings. Specifically for Lee Sigma, there are
two variable parameter settings, namely processing window sizes and target window sizes. For Lee Sigma, the processing
window sizes are set from 5x5 to 17x17, because the setting modes available in the SNAP application are indeed limited
to those sizes. Meanwhile, for Lee Sigma's target window sizes, there are only two setting options, namely 3x3 and 5x5.

3.3 Dual Polarization SAR Vegetation Index (DPSVI)

= S

Fig. 5. DPSVI image using IDAN speckle filtering.

The Dual Polarization SAR Vegetation Index (DPSVI) was developed to extract vegetation biomass information’. The
DPSVI is designed for dual-polarized SAR imageries. DPSVI is implemented on each Sentinel-1 imagery which has been
speckle filtered. DPSVI is formulated as follows*’:

2 2
o'ovh(i)[(Uovv(max)Govh(i)_o'ovv(i)O'Vh(i)+°'0vh(i))+(Govv(max)covv(i)_Uovv(i)+°'0vh(i)°'0vv(i))]
V2xa0yy )

DPSVI = (1)

Where:

GSS21-5V. 1 (p.5of 14) / Color: No / Format: A4 / Date: 9/9/2021 12:03:14 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact authorhelp@spie.org with any questions or concerns.

ovn: Sigma nought calibrated Sentinel-1 Vertical-Horizontal (VH) polarization
o’vv: Sigma nought calibrated Sentinel-1 Vertical-Vertical (VV) polarization
6%vv(max): Maximum value of sigma nought calibrated Sentinel-1 Vertical-Vertical (VV) polarization

Just like the Normalized Difference Vegetation Index (NDVI) [34], DPSVI is proportional to vegetation biophysical
information. For example, the higher the DPSVI value, the higher the vegetation biomass will be. Referring to Ref. 30
research, DPSVI is accurate enough to extract vegetation biophysical information from dual-polarized C-band SAR
imageries such as Sentinel-1. Therefore, in this research, DPSVI is used as a parameter to test the ability of each speckle
filtering method on Sentinel-1 imagery to extract vegetation biophysical information.

3.4 Accuracy Assessment and Sampling

The accuracy assessment is carried out using the Pearson Correlation Coefficient (PCC) (r), which is formulated as
follows™*':

= L (50 (v,9)

- 2
JE2 50,90 @)

Where:
xi: the i pixel of Sentinel-1 DPSVI
yi: the i pixel of Sentinel-2 vegetation biophysical information

n: number of sample pixels

Fig. 6. Distribution of sample locations on Sentinel-2 MSI true color composite imagery.

In the calculation of PCC (r), a sample of a number of pixels is required. The distribution and designation of sample pixels
is carried out with the help of the NDVI transformation of Sentinel-2 imagery. This is because NDVI has been shown to
have a fairly strong correlation with vegetation biophysical information. The distribution of sample pixels was carried out
by stratified purposive sampling. First, the vegetation features are separated from the non-vegetative features in NDVI.
The technique is to use Otsu Thresholding?. In this research, the Otsu Thresholding process was carried out using the free
software Fiji is just ImageJ (Fiji)***”. From the results of Otsu Thresholding, a threshold value of 0.3 is obtained, this
means that the NDVI value of 0.3 to 1 is confirmed to be vegetation features. The NDVI values of 0.3 to 1 are then stratified
into ten strata. Next, the sample pixels are distributed purposively in each stratum. The distribution of these sample pixels
is sufficient to represent almost all types of land cover in the study area, such as dryland forest, swamp forest, peatland
forest, mangrove forest, plantation forest, rubber plantation, oil palm plantation, mixed garden, fields/moorlands, rice
fields, shrubs and bushes, swamp shrubs and bushes, and grasslands. In sampling, there are several areas to avoid, i.e. areas
covered by clouds or cloud shadows on Sentinel-2 imagery, and areas experiencing geometric distortion on Sentinel-1
imagery, i.e. shadow, foreshortening, or layover.
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Fig. 7. Determination of sample pixels was done by stratified purposive sampling.

There are a total of more than 100,000 pixels set as samples. In the designation of sample pixels, the statistical distribution
of NDVI values is of great concern. In this case, the distribution of pixel values of the NDVI sample is attempted to
approach the normal distribution, although it cannot be completely normal, as shown in Fig. 6. Using the sample pixels,
the PCC is then calculated in pairs between the DPSVI results from a certain speckle filtering method, and one of the
variables from the vegetation biophysical information from Sentinel-2. For example, PCC between DPSVI filtered by
Lee's method with a processing window size of 3x3 with LAI. And so on for other speckle filtering methods and other
vegetation biophysical information variables.

3.5 Window Size Simulation

The target to be achieved in the search for the most optimal speckle filtering methods is to find a PCC value that reaches
0.8. Or in other words, the results of speckle filtering with vegetation biophysical information have a very strong
correlation. If there is no PCC value that reaches 0.8 up to a processing window size of 21x21, then a simulation will be
carried out to find the most optimal processing window size, so that later a PCC value of 0.8 can be obtained. The
simulation of the processing window size was carried out using the regression method, based on the data of known PCC
values up to the processing window size of 21x21. In this case, a scoring method is used on the processing window sizes.
Namely, size 3x3 will be given a score of 3, size 5x5 will be given a score of 5, and so on, until size 21x21 will be given
a score of 21. In the construction process of processing window size regression models, PCC values will be assigned as
independent variables (x-axis). Meanwhile the processing window sizes will be placed as the dependent variable (y axis).
The regression models applied are linear, exponential, logarithmic, power, and polynomial (quadratic). The regression
equation which later has the highest correlation coefficient (r?) is considered the best model to predict the most optimal
processing window size in speckle filtering.

4. RESULT AND DISCUSSIONS

The many speckle filtering methods that are already available sometimes cause confusion when extracting certain
information from SAR images such as Sentinel-1. This is the main thing that underlies this research. Indeed, up to now,
there have been many studies comparing various speckle filtering methods. Either speckle filtering for things that are
general, or specific for extracting vegetation information as is done in this research. From the point of view of SAR
imagery, vegetation has its own characteristics based on its backscattering of electromagnetic waves burst by the SAR
sensor. SAR technology is able to capture or distinguish between surface or specular features such as water and bare lands,
double bounce features such as tall buildings or towers, and volumetric features such as vegetation canopy?’.

In this case, vegetation can have only volume scattering characteristics or a combination of volume scattering and double
reflection scattering. If the vegetation has standing stems like trees, it will have a double bounce and scattering volume
simultaneously. However, if the vegetation has only the structure of leaves and twigs without a stem, like a bush, then it
will only have a scattering volume. Since speckle originating from the coherent summation of many individual feature
scattering events within a pixel?’, vegetation features are among those that are quite problematic with speckle effects. This
is caused by the structure of branches, twigs, and leaves of vegetation which will scatter electromagnetic waves from the
SAR sensor in various directions irregularly.
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Fig. 8. Unfiltered Sentinel-1 imagery and speckle filtered Sentinel-1 imageries. (a) Original imagery (unfiltered); (b) Boxcar
3x3; (c) Frost 3x3; (d) Gamma Map 3x3; (e) IDAN; (f) Lee 3x3; (g) Lee Sigma 7x7 (target window 3x3); (h) Lee Sigma 7x7
(target window 5x5); (i) Median 3x3; (j) Refined Lee; (k) Boxcar 37x37; (1) Frost 49x49; (m) Gamma Map 37x37; (n) Lee
37x37; and (o) Median 37x37.

One of the main problems faced in speckle filtering is the execution process which is very time consuming. In this research
we have used a workstation computer with a Core-i7 processor, 32 GB memory, and a fast PCle Solid State Drive (SSD)
hard drive. However, the process still feels quite heavy. The larger the processing window size, the heavier the process
will be. Thus, large processing window sizes in speckle filtering may be very impractical for certain purposes. Furthermore,
for the purposes of processing one full swath of Sentinel-1 imagery or larger, we do not recommend applying a processing
window size that is large enough for computer specifications with less than 8 GB of memory and non-SSD hard drives.

In total, there were 71 times of speckle filtering processing applied in this study. Therefore, this will produce an output of
71 speckle filtered imageries. Of course, it is not possible to visually present all the filtering results in this paper. In Fig.
8, we only present speckle filtered image samples with the default settings from the SNAP application, plus 5 speckle
filtered simulation results. More details about the number of the outputs can be seen in Table 1 and Table 2. Usually,
speckle filtering performances were assessed using Root Mean Square Error (RMSE), Peak Signal to Noise Ratio (PSNR),
Mean Structural Similarity Index Measure (MSSIM), Edge Preservation Index (EPI), or Equivalent Number of Looks
(ENL). However, the accuracy assessment in this research is carried out using the Pearson Correlation Coefficient (PCC)
or r values, which were calculated in pairs between DPSVI from speckle filtering results and vegetation biophysical
information. This is because our target is to find the most accurate speckle filtering in the context of extracting vegetation
biophysical information. Without paying too much attention to the presence of other features around the vegetation object.

Based on the results of the r calculation, it is clearly seen in Table 1 that for speckle filtering methods with the default
parameter settings of the SNAP application, IDAN is able to provide the best results. Followed by Lee Sigma, Boxcar,
Lee, Gamma Map, Refined Lee, Frost, and Median respectively. Therefore, for practical purposes in terms of extracting
vegetation biophysical information, we could recommend IDAN or Lee Sigma. Indeed, speckle filtering using IDAN with
its own default parameters is actually quite time consuming, compared to other methods. IDAN's best ability in this
research is in line with the results of previous research?®. IDAN filter is able to reduce noise speckle significantly, but at
the same time preserve fine detail and prevent blurring effect?.
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Table 1. PCC (r) values between DPSVI and vegetation biophysical information in each speckle filtering method.
Speckle Filters Parameters Parameter Scoring LAI CwWC ccc FVC FAPAR
Unfiltered - - 0.296052 0.308913 0.263586 0.303591 0.311245
Refined Lee Default - 0.402843 0.419640 0.359107 0.413021 0.423679
IDAN Default - 0.560491 0.583778 0.500419 0.574348 0.589653
3x3*% 3 0.406172 0.422591 0.362794 0.416114 0.426334
5x5 5 0.500568 0.520607 0.447841 0.512511 0.525250
7x7 7 0.558434 0.580951 0.500135 0.571207 0.585663
9x9 9 0.594633 0.619022 0.533044 0.607551 0.623243
Boxcar 11x11 11 0.619269 0.645131 0.555676 0.631900 0.648513
13x13 13 0.637250 0.664230 0.572488 0.649237 0.666527
15x15 15 0.651037 0.678911 0.585718 0.662157 0.679973
17x17 17 0.661868 0.690583 0.596318 0.672075 0.690300
19x19 19 0.670407 0.699904 0.604730 0.679843 0.698342
21x21 21 0.677627 0.707795 0.611872 0.686452 0.705157
3x3* 3 0.403614 0.419940 0.360471 0.413520 0.423675
5x5 5 0.489715 0.509239 0.438050 0.501473 0.513861
7x7 7 0.541677 0.563361 0.485058 0.554118 0.567965
9x9 9 0.574386 0.597673 0.514799 0.586902 0.601795
Frost 11x11 11 0.596065 0.620611 0.534476 0.608524 0.624166
13x13 13 0.610811 0.636241 0.547831 0.623213 0.639334
15x15 15 0.620996 0.647026 0.557179 0.633248 0.649707
17x17 17 0.628129 0.654575 0.563837 0.640159 0.656878
19x19 19 0.633118 0.659860 0.568570 0.644933 0.661835
21x21 21 0.636597 0.663570 0.571904 0.648247 0.665272
3x3* 3 0.405113 0.421601 0.361773 0.415049 0.425135
5x5 5 0.496994 0.517203 0.444361 0.508978 0.521408
7x7 7 0.550687 0.572854 0.492963 0.563386 0.577288
9x9 9 0.586070 0.610063 0.525235 0.598720 0.613935
Gamma Map 11x11 11 0.613891 0.640094 0.550319 0.626397 0.642810
13x13 13 0.634122 0.661834 0.568934 0.646281 0.663470
15x15 15 0.648051 0.676678 0.582215 0.659451 0.677165
17x17 17 0.658896 0.688350 0.592848 0.669302 0.687467
19x19 19 0.667553 0.697679 0.601475 0.677001 0.695482
21x21 21 0.674986 0.705630 0.609010 0.683636 0.702355
3x3*% 3 0.405462 0.421876 0.362130 0.415402 0.425554
5x5 5 0.497538 0.517368 0.445103 0.509424 0.521971
7x7 7 0.553706 0.575792 0.495919 0.566337 0.580530
9x9 9 0.590880 0.614774 0.529834 0.603528 0.619005
Lee 11x11 11 0.616842 0.642215 0.553616 0.629220 0.645608
13x13 13 0.635423 0.662066 0.570844 0.647303 0.664352
15x15 15 0.649455 0.677149 0.584167 0.660640 0.678217
17x17 17 0.660473 0.689117 0.594870 0.670770 0.688803
19x19 19 0.669288 0.698704 0.603586 0.678705 0.697074
21x21 21 0.676754 0.706738 0.611098 0.685412 0.704030
3x3*% 3 0.385276 0.401832 0.343492 0.394951 0.404840
5x5 5 0.478489 0.499476 0.426043 0.491120 0.504198
7x7 7 0.539055 0.562399 0.480472 0.552485 0.567756
9x9 9 0.578467 0.603073 0.515982 0.592425 0.609261
Median 11x11 11 0.604744 0.630421 0.539959 0.618587 0.636504
13x13 13 0.623689 0.650491 0.557393 0.637082 0.655747
15x15 15 0.637261 0.664975 0.570080 0.650090 0.669203
17x17 17 0.648717 0.676957 0.581104 0.660778 0.680255
19x19 19 0.657876 0.686680 0.589989 0.669118 0.688895
21x21 21 0.666001 0.695224 0.597863 0.676586 0.696588
5x5 5 0.458273 0.478633 0.410470 0.467116 0.477632
TXT* 7 0.492558 0.515541 0.441533 0.501112 0.512294
Lee Sigma (Target 9x9 9 0.511214 0.535856 0.458516 0.519460 0.531077
Window Size 3x3%) 11x11 11 0.522779 0.548637 0.469182 0.530513 0.542501
13x13 13 0.530884 0.557580 0.476849 0.537972 0.550220
15x15 15 0.537240 0.564687 0.483119 0.543532 0.556024
17x17 17 0.542143 0.570082 0.488110 0.548082 0.560726
5x5 5 0.447942 0.468408 0.401217 0.455599 0.465458
Tx7* 7 0.479107 0.502305 0.429655 0.485929 0.496351
Lee Sigma (Target 9x9 9 0.495054 0.520080 0.444272 0.501220 0.512074
Window Size 5x5) 11x11 11 0.505303 0.531432 0.453770 0.510875 0.521946
13x13 13 0.512040 0.539001 0.460174 0.516981 0.528226
15x15 15 0.516941 0.544539 0.465053 0.521155 0.532538
17x17 17 0.520409 0.548459 0.468659 0.524069 0.535504
* SNAP default window processing sizes
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Henceforward, the results of testing the processing window size up to 21x21 show that Boxcar with a processing window
size of 21x21 is the best speckle filtering method, as shown in Table 1. The ability of Boxcar with a 21x21 window applies
to all vegetation biophysical information parameters tested in this study, namely LAI, CWC, CCC, FVC, and FAPAR.
Boxcar's abilities are followed by Lee, Gamma Map, Median, and Frost respectively. Each with a processing window size
of 21x21, and overall with r values of 0.6s to 0.7s.

Most comparative research of speckle filtering methods generally only presents speckle filtering trials at default settings,
for example Lee with a processing window size of 3x3, or setting some variations of processing window sizes. This is
what distinguishes this research from previous research. Because in this research, if no values of r were found that reach
0.8, then simulations will be implemented to determine the most optimal processing window sizes for the extraction of
certain biophysical vegetations. Of course, not all speckle filtering methods tested in this research can be included in the
simulation, because some speckle filtering methods set a fixed processing window size or limit the processing window to
a certain size. In fact, from the test results of all speckle filtering methods up to a processing window size of 21x21, nor
value of 0.8 was found. Therefore, the decision is to do a simulation or modeling using the regression method, to estimate
what the most optimal window size is so that an r value of 0.8 can be achieved for each speckle filtering method, on each
vegetation biophysical information parameter.

LAI CwWcC ccC FVC FAPAR

/

Lee Gamma Map Frost Boxcar

Median

Fig. 9. Regression models to predict the most optimal processing window sizes.
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Fig. 9 shows the simulation results of processing window sizes to reach r values up to 0.8. The entire speckle filtering
method for each vegetation biophysical information parameter shows a polynomial (quadratic) correlation with increasing
processing window sizes. In Fig. 9, we only present the test regression models with the highest correlation coefficients
(r2). Because it would be too much if we had to display graphs for all the regression models tested in this study. Overall
r2 shows a value of 0.9 more, this means between the increase in processing window sizes with accuracy (r). However,
since the correlations are quadratic, it could be predicted that at some point the values of r will be saturated, even though
the processing window sizes in speckle filtering are enlarged. In other words, increasing the processing window sizes to
certain sizes will no longer be able to significantly increase the accuracy of the speckle filtering methods.

In order to assess the simulation results of processing window sizes, we sampled one of the vegetation biophysical
information parameters, namely FAPAR, to be tested on five speckle filtering methods, namely Boxcar, Frost, Gamma
Map, Lee, Median. Each with the window size of the simulation results as shown in Table 1, in the FAPAR column.
Boxcar, Gamma Map, Lee, and Median, were tested using a size of 37x37, while Frost was tested using a size of 49x49.
These 37x37 and 49x49 measures were calculated using the quadratic regression models in Fig. 9, specifically for FAPAR.
If the quadratic regression calculation processes produce a number that is not odd, then the result of the calculation process
will be rounded up to the odd number above it. For example, one calculation process results in the number 36 or 36.24, it
will be rounded to 37. This is because the processing window sizes in speckle filtering or image filtering in general must
be odd numbers, such as 37x37. Of course, the size of 37x37 let alone 49x49 is the size of the speckle filtering window
which is quite large, so it will require quite high computer resources. Furthermore, it appears that overall, to reach an r
value of 0.8, processing window sizes ranging from 35x35 to 93x93 are required for certain vegetation biophysical
information parameters.

Table 2. Estimated processing window sizes for each method of speckle filtering and vegetation biophysical information to
reach a PCC value of 0.8.

LAI CWC CcCcC FVC FAPAR
Boxcar 43x 43 35x 35 65 x 65 41x 41 37x37
Frost 61x61 49 x 49 93 x93 57 x 57 49 x 49
Gamma Map 43 x 43 35x35 59 x 59 41x 41 37x37
Lee 43x 43 35x 35 63 x 63 41x41 37x37
Median 45x 45 37x 37 67 x 67 43x 43 37x37

Fig. 10. Visual comparison between (a) IDAN, (b) Lee Sigma 7x7 (target window size 3x3), and (c) Boxcar 37x37.
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The results of the speckle filtering using the simulated window sizes were then retested using PCC. The test results show
that the r value for Boxcar is 0.735194, the r value for Frost is 0.668937, the r value for Gamma Map is 0.730305, the r
value for Lee is 0.733073, and the r value for Median is 0.730752. Even though the r values increase after the processing
window sizes are enlarged by simulation, however the results of this assessment are below expectations, where the resulting
r values expected to be around 0.8. Our prediction is that this is due to the insufficient sample size of the speckle filtering
window in the construction of the regression models. As a result, the regression models produced in this research are
overestimated. In the construction of regression models there are only 10 samples, namely from window sizes 3x3 to
21x21. In fact, to build an objective regression model, at least 30 data samples are needed. It may be necessary to further
study at least to prepare a sufficient number of samples of speckle filtering window sizes.

In addition to requiring adequate computer hardware, there are other implications that will be experienced by SAR images
when the processing window size is large enough. Among them are the decrease in the spatial resolution of the image and
the blur effect on the image, as shown in Fig. 10. So that although on the one hand it is advantageous, namely by increasing
the correlation value or accuracy, but this can also be detrimental. Because we will lose certain details in the image. Thus,
the use of a sufficiently large processing window in speckle filtering must also be carefully considered. The capabilities of
IDAN and Lee Sigma are almost equal, if each with default settings. Both are able to reduce speckle effects significantly,
while maintaining detail on the image well. However, there is one drawback to Lee Sigma. Namely having the presence
of bright spots on certain features, as shown in Fig. 10. Where this is not experienced by the IDAN filter. So that in this
case IDAN is indeed superior compared with Lee Sigma, both statistically and visually. The similarity between IDAN and
Lee Sigma is that for IDAN the processing window size is fixed, so it cannot be changed, and for Lee Sigma, the processing
window size setting is very limited.

S. CONCLUSIONS

In this research, we focus more on presenting a comparison of the capabilities of several speckle filtering methods to
extract various vegetation biophysical information parameters. Without having to review further the fundamental concepts
of each speckle filtering method. The results of the research show that in setting the default parameters using SNAP
software, IDAN and Lee Sigma are able to provide the best performance. However, these two filters are less flexible in
setting processing window sizes. When the processing window sizes are set to 21x21, the Boxcar method and Lee's method
give the best results, with the PCC values ranging from 0.6s to 0.7s. Even when processing window sizes are simulated to
reach a PCC value of 0.8, Boxcar still delivers the best output. Despite the fact that the PCC value of 0.8 was never achieved
in this research, this was due to the limited number of samples in the simulation. Of course, with the consequence of
decreasing the spatial resolution of the image and losing certain details on the image.
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