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Abstract: In the past decades, important research has been carried out to map the natural disturbances
in the Parana River Delta. The benefits of the combined use optical and radar data are also known.
The main objective of this paper is to assess the wetland fire cartography through a synergetic use of
radar and optical data. We focus on integrating radar (SAOCOM) and Sentinel 1, as well as Sentinel
2 optical data, concerning the fires impact analyses in the wetland areas. The generation of water
masks through the radar images can contribute to improve the burned wetland area estimations. The
relationship between landforms, vegetation cover, and the spatial /temporal resolution imposed by
the flood pulse, play a vital role in the results. Burnt areas represent a total of 2439.57 sq km, which is
more than 85% of the wetland, during the winter and spring (Q3 and Q4) periods. Understanding the
wetland heterogeneity and its recovery pattern after a fire, is crucial to improve the cartography of the
burned areas; for this, biweekly or monthly image compositions periodicity are of crucial importance.
The inclusion of different indexes, for optical and radar images, improve the precision for the final
classification. The results obtained here are promising for post-flood and post-fire evaluation, even
applying radar and optical data integration into the evaluation and the monitoring of wetland fires is
far from being a uniform standardized process.

Keywords: l-band; optical and radar indices; wetland burnt area maps; wetland fires

1. Introduction

Land degradation (LD) processes have socio-ecological components at multiple scales
in space and time [1-3]. The interactions between scales are sometimes complex and
occur when socio-ecological components interact between scales. When undetected, such
interactions can cause errors in the extrapolation data from one region to another. In
general, the challenges of acquiring data at broad spatial extents, lead to the cross-scale
interactions not being systematically investigated [4,5].

Argentina is a country that needs to establish operational digital land degradation
mapping (LDM) initiatives to address challenges and solutions at detailed and semi-
detailed scale levels [6]. These efforts could provide useful environmental information to
complement or update existing LD data and document methods and results.

In the last decades, algorithm refinements of optical and radar archives, have led to
progressively improved research-quality products, ideally suited for studies of land use,
mapping, and monitoring [7].

The Group on Earth Observations (GEO) is a unique partnership consisting of national
governments and international organizations aimed at ensuring that the information about
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our planet, is available to all (http://earthobservations.org/geo_ldn.php, access date:
1 November 2021). Earth observation data cubes (EODC) have emerged as a promising
solution to efficiently and effectively handle big Earth observation data (BEOD), generated
by satellites and made them freely and openly available from different data repositories [8].
It is also important to highlight the potential of open-source software and the importance
of the inter-linkages between these and remote sensing training, with an interdisciplinary
perspective [9-11].

During the past 50 years, an unprecedented expansion of land degradation has affected
soil resources. Among them, fires strongly disturb environmental features, such as the
ecosystem services, by increasing soil erosion [12-17]. Due to land use intensification,
the above mentioned pattern, is also present in the Parana River subbasin [14,15]; this
intensification produce soil erosion which affects the land quality and water resources [16].

Moreover, the Parana River Delta is affected by two major stressors, the flood pulse [17,18]
and the fire regime [18-20]. Burning grassland is a historic land management practice in
this wetland, associated with cattle ranching [21]. In this heterogeneous wetland, more
than 80% of the vegetation is herbaceous and highly diverse, while only 4% is occupied
by native forests and a similar area is occupied by forest plantations [22]. This landscape
has suffered recurrent fire episodes in recent decades, especially in 2008 and 2012, with
dense smokes that affected a large region in Central Argentina [23,24]. At the present
time, a prolonged period of unusually warm weather and drought in the upper basin
(Southern Brazil, Paraguay, and Northern Argentina) has dropped the Parana River’s water
levels to its lowest in decades [25]. Lower water levels imply more area, mostly grassland
and shrubs, available to be burnt. In 2020, the fires burned 3290 sq km and were out of
control [26].

In this context, the main objectives of this paper were to assess and monitoring LD
through a synergetic use of radar and optical data. Our specific objectives were to better
understand the spatial and temporal LD patterns (specifically wetland fires) and to evaluate
the different remote sensing data for near real-time degradation monitoring.

2. Materials and Methods
2.1. Study Area

The study area is the distal portion of the Parana River (delta area) which is the third-
largest river in the American continent, after the Mississippi in the United States and the
Amazonas in Brazil. (Figure 1).

The Parana River Delta is the largest wetland in Argentina and spreads along the final
330 km of the Parana basin, from south of Diamante city (32°03'52" S; 60°38'33” W) to
the vicinity of Buenos Aires city (34°36'47" S; 58°22'38" W). It comprises 17,500 sq km, it
is a floodplain with numerous islands with changing shapes and areas, according to the
variable dynamics of the water level (fluvial/tidal) and the short- and long-term evolution
of the river [22,27]. Through the Parand Delta and the Rio de la Plata estuary, the river
drains into the Atlantic Ocean, from the second major hydrographic basin of South America
(La Plata Basin).

Major threats are related to climate variability (flood and drought phases), and hu-
man impacts [15,19,20,28,29]. A direct relationship was found between the climatological
droughts, low water levels on the Parana River, and the increased fire activity within
the delta [20]. Lower water levels mean more area, mostly grassland, is available to be
burnt [30]. At the present time, the economic development of the Delta is focused on
transforming wetlands into terrestrial ecosystems, by creating a water management infras-
tructure; these environmental changes are aimed at building urban recreational areas, cattle
grazing, forestry, and agricultural areas [15,31,32].
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Figure 1. Location of the Parana River Delta. S2 mosaics from October 2020, RGB 12-8-4. Note
the soil moisture differences between burned areas (red colors) and their unaffected surroundings

(green colors).

2.2. Data Sources and Collection

Table 1 summarizes the input (reference) datasets used in this study and the image
preprocessing for microwave and optical remote sensing.

Table 1. Sources of the remote sensing data.

Data

Satellite/Other
Sources

Date

Spatial
Resolution m

Data Source

L-band, TNQP images

L-band, SQP images

SAOCOM-1A

- 10 March 2020
-4,9 and 25 October 2020

50

-5 July 2020

- 20 August 2020

- 18 September 2020
- 9 October 2020

10

CONAE

C-band, GRDH, SDV
images

SENTINEL-1A/B

- 31 October 2018

-1, 6 and 11 January 2020

- 3 and 4 June 2020

- 21 and 28 July 2020

-2, 3,26 and 27 August 2020
- 19 and 20 September 2020
- 25,26, and 31 October 2020

10

ESA

Mosaic: Blue, Green,
Red, NIR, SWIRS,
and SWIRL bands

SENTINEL-2

2018

Quarters 2020

- January to December 2020
- January 2021

10, 60

SENTINEL-2 Global
Mosaic Consortium
(S2GM)

TNQP: TOPSAR narrow quad polarization. SQP: StripMap quad polarization. SAOCOM: Satélite Argentino de
Observacién Con Microondas, Spanish for Argentine Microwaves Observation Satellite. CONAE: National Space
Activities Commission, Argentina. GRDH: Ground Range Detected High resolution. SDV: SAR standard dual
VV/VH. ESA: European Space Agency.
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2.2.1. SAOCOM-1A Data

The Argentine Satellite of Observation with Microwaves (SAOCOM) is a constellation
of two Earth observation satellites owned by the Argentinean National Commission for
Space Activities (CONAE). Both satellites present a L-band synthetic aperture radar (SAR)
and were launched in October 2018 (SAO1A) and August 2020 (SAO1B).

To allow the acquisition times close to the time of environmental emergencies, on the
one hand, and to obtain enough data, on the other hand, SAO1A data had to be collected
in different orbits and angles of incidence. We use the StripMap (SM) and TOPSAR narrow
(TN) modes available in the ascending and descending right hand viewing, respectively,
and quad polarization (Lyy, Ly, Lyy, and Lyy). The minimum incidence angle range was
23.2°-25.4° and 17.6°-27.3° for SM and TN, respectively. The Geocoded Ellipsoid Corrected
images (GEC) were chosen as they can be easily imported into geographic information
systems (GIS). This format consists of radiometrically geocoded data, concerning a reference
ellipsoid [33]. The product’s 1C level is in absolute values (amplitude). The backscatter is
given as sigma-naught (c?).

2.2.2. SENTINEL-1 Data

SENTINEL-1 (S1) operates at 5.405 GHz, with a radar wavelength of 5.6 cm (C-band)
and provides four exclusive imaging modes with different resolutions and coverage. Special
attention was paid to the StripMap (SM), interferometric wide swath (IW), Ground Range
Detected High resolution (GRDH) products. Free open access (S1 A/B) data are available
through the Copernicus Open Access Hub (https://scihub.copernicus.eu, accessed on
15 December 2020). The satellite data were acquired by sensors S1A and S1B, with right
hand viewing, descending pass, in Cyy and Cyy with an incident angle of 30.6°-46.3°.

2.2.3. SENTINEL-2 Global Mosaic

The SENTINEL-2 Global Mosaic (52GM) service (sentinel-hub.com), offers mosaic
surface reflectance products derived from the S2 A /B platforms. Input to the processing is
the Level 2A (L2A) products, provided by the Copernicus Ground Segment [34]. We use
this service to generate temporal composite periods (month, quarter, year) at the mesoscale
(60 m and 20 m) and microscale levels (10 m) with a high confidence cloudless sky over
the study areas. The bands included were B2 (blue), B3 (green), B4 (red), B8 (near-infrared,
NIR), B11 (Short-Wave Infrared Short reflectance, SWIRS), and B12 (Short-Wave Infrared
Long reflectance, SWIRL).

2.3. Workflow

The data methodological processing for the Parana River Delta study area, is illustrated
in the Figure 2.

The following open-source software packages were used for the digital processing:
QGIS 3.16.2 [35], System for Automated Geoscientific Analyses (SAGA GIS) v7.9.0 [36], SAS
Planet v180518.9750 Nightly [37], Sentinel Application Platform (SNAP) v8.0 [38], Google
Earth Pro v7.3.3.7786 [39], and R statistic packages v3.5.0 [40].

2.3.1. Optical Vegetation Indices

In this study, the vegetation indices derived from S2 were used. The vegetation
radiometric indices selected were the normalized difference vegetation index (NDVI), nor-
malized difference water index (NDWI), normalized burn ratio (NBR), and the normalized
burn ratio 2 (NBR 2).

We selected the NBR and NBR 2, as they have been widely used in previous burn area
mapping algorithms [41-44] and NDVI, as it was succefully used in the area [20,23]. As
water bodies can show a similar NBR difference in certain circumstances, it is necessary to
mask them. The S2 products are cloud-free, so there was no need to remove the clouds. For
this purpose, a single water mask was generated. Thus, the normalized difference water
index (NDWI) was used to detect water surface and its spatial and temporal dynamics.


https://scihub.copernicus.eu

Fire 2022, 5, 190

50f19

Mosaics (S2GM)
Pixel 60-m

SENTINEL-2 Global

SENTINEL-1

uarters 2020 . =
Data Integration

Pixel mask
generation

Raster mask
NDWI

Spectral indices:
NDVL NBR, NBR2

mosaic
60m- 10m

‘ AOIs subset }——P{

Mapping wildfire progression

Build pre-processing graph ‘

Ty SAOCOM-1 I |
mosaic ‘ Apply batch processing
B 60m-10m |
Validation
SENTINEL-2
10 m
* Create average
backscatter (Prefire and
Postfire)
*  Water mask
* Band Maths

‘ Extract Burned areas

* Visualization and
comparison of burned

|‘

h

Comparison NDWI:
with S2GM NDVI:

from 2017 NBR:
to 2019 NBR2:

Normalized Difference Water Index
Normalized Difference Vegetation Index
Normalized Burn Ratio

Normalized Burn Ratio 2

areas
Merge products

Change Detection

Radar Burn Ratio (RBR)
Pauli Decomposition
Classification

Figure 2. Workflow analysis for the burned area mapping in the Parana River Delta.

2.3.2. Optical and Radar Integration

The “Collocation” Tool, in the SNAP software, allows the placement of spatially
overlapping products. This algorithm involves the pixel values of a slave product (optical
data) that are resampled into the geographical raster of a master product (SAR data).
Thus, a new product was created which contains a copy of all of the components of the
master and slave products. This is a key step for the image integration as it allows for
a range of different methods, to utilize the information content of both products (visual
interpretation, histogram and statistics, band math, mask manager, working with vectors,
and classification).

2.3.3. Feature Extraction and Classification

The burnt area mapping was carried out using S2 and S1 datasets, independently,
and all pixels detected as burnt, were combined into a mapped composite. Following the
pre-processing, the vegetation indices were calculated using the S2 bands, and the results
were included in the integration data set. Given the limited availability of the SAO1A
images, they were only used for two areas of interest (AOIs).

We studied the capability of different S2 mosaics (2017-2020) to estimate the water cover
or water presence—absence [45]. The water mask was calculated using the NDWI index.

The S2 baseline burned areas were generated from quarterly and monthly 2020 mosaics.
Although the first fires started in February (Q1), the focus was on quarters 3 and 4 (Q3 and
Q4). The time length between the quarterly observations was limited to avoid confusion,
due to the changes in landcover not related to fire, or due to misinterpretation of a fire
signal over areas with rapid vegetation growth (herbaceous vegetation). The latter is a
feature of the Parana River Delta fires [20,23]; for this reason, monthly areas of interest
(pixel 10-m) were considered (from July 2020 to January 2021), where the progression of
fires and the recovery of herbaceous vegetation, could be observed.

The separability index (SI), also called the normalized distance, was used to evaluate
the performance of spectral indices (NDVI, NBR, and NBR 2), in terms of their capability
for the discrimination of burned and unburned areas [46]. It is computed as follows:

M = [ub — pub]/(6ub + dub)
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where yb: mean values of the considered spectral band of the burned area; pub: the mean
values of the considered spectral band of the unburned area; 6b: the standard deviations
of spectral values of the burned area; dub: the standard deviations of spectral values of
the unburned area. For the computation of the separability index, we used the Zonal
statistics tool in R statistic packages v3.5.0 [40]. With this tool, the mean and standard
deviation values of the burned and unburned areas were obtained using the reference
burned/unburned images (S2 mosaic pixel 10-m). Higher separability index values indicate
that the given spectral index has a strong separability attribute, whereas lower values reflect
that the discrimination of the burned and unburned pixels are not as good as the higher
SIvalues.

The thresholds for the spectral indices were determined, based on the visual inspec-
tion of fire scars. We optimize these thresholds to accurately represent the burned area,
minimizing false positive detections in the neighboring unburned areas.

The data processing for the identification and mapping of burned areas with radar data,
was carried out without using fixed threshold values [47,48]. According to various authors,
fire produces contrasting effects on the behavior of backscattering [49,50]. Combustion
reduces and/or increases scattering from the ground, due to a diminished signal attenuation
and increased effects of surface conditions and soil properties [51,52]. We use the improved
expectation—-maximization (EM) algorithm and the Bayesian inferencing applied to the
change detection algorithm. The classification of the burned area was based on an iterative
process of visual inspection, delineation of the training polygons, and classification.

The radar burn ratio (RBR) involved the computation of post-fire (Quarter 3, 2020) to
pre-fire (Quarter 1, 2020) ratio of the backscattering coefficients in decibel (dB) units:

RBRyy = Post-fire average backscatteryy / Pre-fire average backscatteryy

RBRyy was calculated for each polarization (i.e., VV and VH).

This index was used as a measure of fire severity and change of backscatter [44].

Both S1 and SAO1 backscatter coefficients were used to identify the anomalous changes
in the radar signal and to associate them with biomass burning [53,54]. The temporal
resolution may vary between seven days to one month, depending on the SAR availability
and the actual acquisition frequency. We consider multi-temporal changes of the backscatter
intensities, together with the optical information on the burned areas.

2.3.4. Accuracy Assessment

Two areas of interest (AOIs) were created to place, randomly, 200 circular ground
points, each with a 120 m diameter. These points were used to validate both burnt area
mosaics obtained by optical and radar image analyses.

The burnt area products were obtained by applying a fixed threshold to the normalized
burned ratio S2 (NBR 2 difference) in Sentinel 2; the other product was the burned area
classification with S1 (BAC S1), both obtained in an initial 60-m resolution burned/not
burned cartography. These products were visually evaluated, in each of the 200 ground
points, using monthly S2 images (10 m resolution).

The Kappa statistics, along with the total accuracy of the classified AOIs, were per-
formed to measure the extent of classification accuracy.

3. Results and Discussion
3.1. Wetland Change Patterns: Water Surface Detection

The increasing frequency of extreme events in the La Plata basin affects the Parana
River flow [17]. Figure 3 shows the spatial and temporal changes in the water surface from
S2 mosaics at a 60-m resolution (2017 to 2020).

The NDWI was used to extract the water information from the land surface. This index
is closely related to the water surface and shows an asymptotic relationship in the Parana
River Delta [41]. Low NDWTI values were present in the quarters from 2020 (period of water
stress), corresponding to a low vegetation water content and low vegetation fraction cover.
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The NDWI average were —0.65 £ 0.11 (Q1), —0.63 & 0.10 (Q2), —0.47 £ 0.10 (Q3), and
—0.47 £+ 0.23 (Q4).
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Figure 3. Pareto chart that contains both bars and a line graph, where individual values from the
water surface, in sq km per year and quarters (2020), are represented in descending order by bars,
and the cumulative total is represented by the red line.

The period studied was influenced by drought, within a prolonged period dominated
by low water flows, combined with dry weather and fires [25]. The high influence of the
hydrology of this large river on the Delta emphasizes the relevance of changes in its flow
(pulse) regime in recent decades, such as the seasonality attenuation [55].

In general, the NDWI rate of change would suggest that the hydrology factors of the
wetlands were divided into water bodies and non-aquatic bodies (that is, dry soil on the
land surface) with different dynamic proportions [56].

3.2. Burned Area Detection and Mapping with S2

Figure 4A-D shows the quarterly (January to December 2020) S2 mosaics. The quarters
demonstrate how the mosaics at 60-m pixel resolution RGB 12-8-4, provided through the
52 Global Mosaic service (S2GM) can help to track burned areas in time, depending on
whether the area is cloud-free. In the detailed Figure 4B-D, the burnt areas (red colors) are
visible with the fire-induced changes in the quarters (Q2, Q3, and Q4). Special attention
was given in Q3 (winter), since although in July, the burned area was small, in August, the
difference between the combustion and the burned area showed the most obvious change.
In September, the burned area reached its maximum range during the observation period,
which also coincides with the historical annual fire pattern [20,23].

Fires at the Parand River Delta affect mainly the herbaceous vegetation and are, in
general, of short duration and relatively small in size, with a seasonal pattern of occurrence
usually in early spring to early summer, and are highly variable from year to year [20].
With less frequency, fire is also used during autumn and early winter [23]. The progression
of fire burned areas (red colors) and the partial restoration of herbaceous vegetation (green
colors) are shown in Figure 5 (10-m pixel resolution). These comparisons show that the
different wetland cover locations, burned at different severities, subsequently recovered
their seasonal green cover profiles to stable pre-fire levels in a very short time. This
was reported by Zamboni and Acefiolaza [57], who found a recovery of the herbaceous
vegetation five months after an extensive fire, with spectral response values similar to
those before the fire. This behavior was explained by the main floristic composition of the
wetland present with many C4 grasses.
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Quarter 1

Quarter 3

Quarter 2

Quarter 4

D 20 Km
—

Figure 4. (A,B) Parana River Delta: Wetland fire. The burnt areas (red colors) are highlighted in the 52
(RGB 12-8-4) imagery. The quarterly mosaics were freely downloaded from S2GM (sentinel-hub.com),
with a high confidence clear sky. (A). Quarter 1 (January-February-March 2020). (B). Quarter 2 (April-
May-June 2020). Pixel resolution 60-m. (C,D) The quarterly mosaics were freely downloaded from
S2GM (sentinel-hub.com), with a high confidence clear sky. (C). Quarter 3 (July-August-September
2020). (D). Quarter 4 (October-November-December 2020). Pixel resolution 60-m. White rectangular
polygon locates Figure 5.

Salvia [30] identified that, after one growing season, vegetation recovery is dependent
on fire severity and the hydrological condition, while soil properties did not show signs of
recovery. The ash deposition could cause the loss of substantial levels of organic matter
and loose unstructured soil; it must be considered that these soils are Entisols and do not
present a horizontal structuration [16]. High-severity wildfires have been shown to have
long-term impacts on freshwater ecosystems; as nutrients are mobilized, the runoff and
erosion can increase, and soil properties may be modified [58].
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October November January 2021 4 Km
|

Figure 5. Burned areas (red colors) showing the progression of fire and the partial restoration of
herbaceous vegetation (green colors). The monthly mosaics were freely downloaded from S2GM
(sentinel-hub.com), with a high confidence clear sky. RGB 12-8-4. July to November 2020 and January
2021. Pixel resolution 10-m.

Among the SIs analyzed (Table 2), the NBR 2 provided the highest discriminating
ability and is the only SI with values higher than one. The NBR had M-values between 0.5
and 1 and the NDVI revealed little discriminatory power. Figure 6A,B shows the results
obtained from the normalized burn ratio 2 (NBR 2) for Q3 and Q4, respectively.

Table 2. Separability index for the spectral indices.

NDVI NBR NBR 2
Mean pb, burned 0.23 0.14 —0.23
Mean pub, unburned 0.10 —0.001 —0.06
Standard deviations b, burned 0.15 0.11 0.09
Standard deviations dub, unburned 0.06 0.08 0.06
M, separation index 0.62 0.74 0.93

We apply a fixed threshold of NBR 2 < —0.2 to obtain an initial burned/not burned
area which is cross-checked against the existence of the S2 mosaic at a 10-m pixel resolution.
The algorithm uses consecutive S2 quarters (Q2, Q3, and Q4) to derive a burned area map
at 60-m spacing (Figure 7).
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Figure 6. (A,B) Normalized burn ratio 2 (NBR 2). Pixel resolution 60-m. (A). Quarter 3 (June-August-
September 2020). (B). Quarter 4 (October-November-December 2020).

Figure 7. Burned areas detection and mapping in the Parand River Delta, using S2 (April to Decem-
ber 2020).

The areas burned per quarter were 82.44 sq km (Q2-Q1); 2135.57 sq km (Q3-Q2); and
221.56 sq km (Q4-Q3), with a total of 2439.57 sq km.

The overall accuracy and Kappa coefficient of the extracted results of wetland fires
reached 74% and 0.43, respectively (Table 3).
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Table 3. Accuracy assessment of the Parana River Delta classification with normalized burned ratio
with S2 (NBR 2 difference).

NBR 2 Difference Total Commission
Burned Not-Burned Errors
S2-mosaic Burned 43 33 76 0.434
pixel 10-m Unburned 19 105 124 0.153
Total 62 138 200
Omission errors 0.306 0.239 0.74

Overall accuracy: 74%. Kappa: 0.43.

These statistics show that timing and hydrology are important driving factors. Fires
radically change their ranges, as the river level variation affect the area subjected to be
burned, as found by Zamboni et al. [20]. However, the change in hydrology conditions
after a fire does not always decrease gradually and linearly over time.

The flooding pulses create temporal heterogeneities in the landcover [17]. During the
flooding period, the soil is mostly covered by water and macrophytic plants, while during
the period of low water, those areas remain covered by semi-decomposed aquatic plant
debris. This material responds, spectrally, in similar fashion to charcoal, increasing the
detection error of the burned areas [20,23].

3.3. Burned Area Detection and Mapping with S1

We use both the VV and VH polarizations to assess the capability of S1, using single
and multidate averaged pre-fire and post-fire scenes to the performed mosaics and AOIs,
at 60-m and 10-m pixel resolutions, respectively.

Figure 8A,B shows a false-color composite optical (52) and radar (S1) with S2-B12
(red), S2-B8 (green), and S1-HV (blue) for the Q1 (Figure 8A); 52-B12 (red), S2-B8 (green),
and S1-HV (blue) for Q3 (Figure 8B). We use S1 as the master product, as its geolocation
accuracy is high, after Range Doppler Terrain Correction, and we use the S2 as the slave
product. Such combinations reveal patterns that are not clearly shown, using only optical
data. The shades of blue given by the VH polarization (moderate- and high-vegetated
cover) are more evident in Q1 than in Q3, demonstrating the evidence of the volume
scattering by the total biomass available to be burned.

Figure 8. (A,B) False-color composite optical (52) and radar (S1). (A). Quarter 1: RGB S2-B12 (red),
52-B8 (green), and S1-HV (blue). (B). Quarter 3: RGB S2-B12 (red), S2-B8 (green), and S1-HV (blue).
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To discriminate the burnt affected area, from the fire unaffected areas, without using
fixed thresholds, unsupervised and supervised classification were applied to the change
detection algorithm (VV-VH), at a 60-m resolution. As shown in Figure 9 the burnt-affected
area exhibits a strong patch homogenization that is clear (red-orange colors) in a visual
comparison between the burned and unburned areas. From twenty initial classes, eight
were selected, and, in this first stage, we considered all pixels affected by fire as high
severity (red color) to moderate severity (orange color). The burned area classification
with S1 (BAC S1) was validated with successive 52 mosaics from January, July, August,
and September 2020, with a spatial resolution of 10-m. The overall accuracy and Kappa
coefficient of the extracted results reached 74% and 0.43, respectively (Table 4). The results
were the same as those obtained with the 52 (NBR 2), although commission errors persist.

20 km
—

Figure 9. Burned areas detection and mapping in the Parand River Delta using S1 (change detection
algorithm). The black box indicates the area of interest (AOI).

Table 4. Accuracy assessment of the Parana River Delta burned area classification with S1(BAC S1).

BACS1 Total Commission
Burned Not-Burned Errors
S2-mosaic Burned 45 31 76 0.408
pixel 10-m Unburned 21 103 124 0.169
Total 66 134 200
Omission errors 0.318 0.231 0.74

Overall accuracy: 74%. Kappa: 0.43.
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SAR data at 10-m resolution shows a substantial difference, when comparing the
pre-fire (Figure 10A,B) and post-fire (Figure 10C,D) images. The different colors visible in
the C-band RGB composite, indicate the variations of fire disturbances. The purple-blue
region, in Figure 10C displays a low backscatter at both the co- and cross-polarization, and
correspond to a smooth burned area.

Figure 10. (A-D) AOI-1. (A). S1, average backscatter from January 2020 (Pre-fire), RGB CVV-CVH-
ratio. (B). Water mask, January 2020 (Pre-fire). (C). S1, average backscatter from Quarter 3, 2020
(Post-fire), RGB CVV-CVH-ratio. (D). Water mask, Quarter 3, 2020 (Post-fire).

The difference in visualization corresponds to the superimposed monthly images
of fire-AQIs during July, August, and September 2020 (Figure 11A-C). The burnt areas
continued its expansion during this observation period. Figure 11D-F shows the trend
in the RBRVH in decibels (dB) with a fire severity under dry environmental conditions.
The volume dominated VH polarization, explains the increasing post-fire RBR with fire
severity [40,44]. The RBR makes more distinguishable the burned areas, compared to all the
other targets, exhibiting a higher contrast between the changed and unchanged surfaces.
All pixels affected by fire are characterized by different severities with an increasing level
from blue, cyan, green, yellow, orange, and red.

The AOI-2 (Figures 12A-D and 13A-F) show a similar behavior of the previously
analyzed variables. These AOIs (1 and 2) represented the most heavily burned areas in the
Parana River Delta.

Fire reduces the scattering volume and, depending on its severity, would affect how
much soil contributes to the backscatter signal. At the C-band (Figure 14A), fire is tough to
detect, unless larger patches of grass and shrubs are burned (blue-purple colors). Fire events
have an increased visibility at the L-band (Figure 14B), where stronger soil contributions
enhance the double-bounce and hence brighten the backscatter signal [10,59].
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224 1.84 1.44 1.04 0.84 2.03 1.87 1.44 1.01 0.80 237 1.95 1.53 1.11 0.90

Figure 11. (A-F) AOI-1. (A-C). S1, average backscatter from July, August, and September 2020,
respectively (Post-fire). RGB CVV-CVH-ratio. (D-F). Results for the radar burn ratio (RBRVH) from
July, August, and September 2020, respectively, in decibels (dB).

Figure 12. (A-D) AOI-2. (A). S1, average backscatter from January 2020 (Pre-fire), RGB CVV-CVH-
ratio. (B). Water mask, January 2020 (Pre-fire). (C). S1, average backscatter from Quarter 3, 2020
(Post-fire), RGB CVV-CVH-ratio. (D). Water mask, Quarter 3, 2020 (Post-fire).
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2.01 1.69 1.36 1.04 0.88 2.09 175 1.41 1.07 0.90 214 1.80 1.46 112 095
Figure 13. (A-F) AOI-2. (A-C). S1, average backscatter from July, August, and September 2020,

respectively (Post-fire). RGB CVV-CVH-ratio. (D-F). Results for the radar burn ratio (RBRVH) from
July, August, and September 2020, respectively, in decibels (dB).

Figure 14. (A,B) (A). S1 subset from 28 July 2020. RGB CVV-CVH-ratio. (B). SAO1A SQP subset from
5 July 2020. RGB LHH-LHV-ratio. Pixel 10-m resolution.

CVH and LHV backscatters (green color) are closely correlated with unburned grasses,
shrubs, and above-ground biomass, with LHV reaching higher y0 values. Over time, as
volume starts to be significantly degraded by the fire, the SAR signal follows a pattern of
backscatter decrease in the burned areas. However, the severity of fire also determines the
scattering mechanisms. In these examples, it is remarkable that both ratios and false-color
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SAR composites, over this partially burned landscape, exhibit a similar appearance of dark
blue-purple colors in the burned areas.

Both S1 and SQP images show differences in the burned area features that could
indicate temporary flooded conditions. The C-band data also seem less useful than the
L-band data in identifying burned areas.

Figure 15 shows the Pauli decomposition [60] for a TNQP SAO1A image, where the fire
scars can be detected. The Pauli RGB color composite is based on a vector representation of
linear combinations of scattering matrix elements. The resulting polarimetric channels are
associated with red (double-bounce), green (volume scattering), and blue (single bounce
or surface scattering). The burned areas appear dark blue (scattering over a surface) and
patches of shades of red (corner reflector or double-bounce), where the different geophysical
parameters of the ground, such as its humidity or roughness, are significantly altered.

- Double bounce scattering

- Volume scattering

- Surface scattering

Figure 15. SAO1A subsets. Pauli color coding from the TOPSAR narrow quad polarization, descend-
ing right orbit, pixel 60-m, October 2020. White polygon locates Figure 14.

4. Concluding Remarks

Applying radar and optical data integration to the evaluation and monitoring of land
degradation, is far from being a uniform standardized process.

The spatial scale required for the Parand River Delta is a critical issue as this wetland
is highly heterogeneous, dissected, and is presented as an important challenge for the
products here evaluated. The relationship between the landforms, vegetation cover, and the
spatial and temporal resolutions imposed by the flood pulse, play a vital role in the quality
of the results. Even so, the results obtained here are promising for post-flood and post-fire
evaluation. Understanding the wetland environment, its hydrological pulse regime, its
influence in vegetation patterns, and landscape configuration, is an important issue to
improve the accuracy of the burned areas cartography; part of this can be better achieved by
increasing the periodicity of the compositions of images between two weeks and a month.

The generation of water masks, through radar images, can contribute to improve the
calculations of wetland burned areas, since it allows for the previous extraction of water
surfaces that can confuse the burned area indices. Areas with fluctuating hydrological levels
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leave dark soils with high contents of organic matter, which can be incorrectly classified as
burned areas, due to their similar response to charcoal.

SAR and optical data integration can be certainly applied by other researchers or
even wetlands managers, since S1, PAL1, L8, and S2 images are freely available and can
also be processed in free open software, such as QGis, SNAP, SAGA GIS, SARbian OS,
and PolSARpro.
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