))\ REVISTA GEONORTE

Research Article

MULTI-SENSOR TECHNIQUES TO FLOOD MAPPING: THE
TARAUACA CITY STUDY CASE (ACRE, AMAZON BASIN, BRAZIL)

Técnicas com multi-sensores para mapeamento de inundacdo: um estudo de
caso na cidade de Tarauaca (Acre, bacia Amazénica, Brasil)

Milena Marilia Nogueira de Andrade?, Luciana Souza Brabo?

1 Universidade Federal Rural da Amazodnia, Instituto Ciberespacial, Belém, Para. Universidade
Federal do Para, Programa de P4s-Graduagédo em Gestéo de Risco e Desastre na Amazénia,
Instituto de Geociéncias, Belém, Para. E-mail milena.andrade@ufra.edu.br

> https://orcid.org/0000-0001-5799-7321

2 Servigo Geoldgico do Brasil, Diretoria de Hidrologia e Gestéo Territorial, Belém, Para. Universidade
Federal do Para, Programa de P4s-Graduagédo em Gestéo de Risco e Desastre na Amazonia,
Instituto de Geociéncias, Belém, Para E-mail lucianabrabo@gmail.com

. https://orcid.org/0000-0002-8850-8786

Recebido em 22/03/2022 e aceito em 16/11/2022

ABSTRACT: The aim of this article is to map the flooding area in the Tarauacé city of Acre State
(Amazon basin, Brazil) using multi-sensor techniques. Floods are the most common disaster in the
Amazon, even though flood and risk mapping has only recently been delimited by governmental
issues. The methods to flood mapping included Synthetic Aperture Radar (SAR) (Sentinel-1/S1) and
optical sensor (Sentinel-2/S2) data, separately, and in a fusion approach. The flood extend was
measured on Sentinel-1 VV, on NDWI Sentinel-2, and on unsupervised classification from S1 and S2
fusion and classes: soil exposed, urban, vegetation, shadow, water and clouds. The resulting total
areas vary by 8.23 km2 (S1), 7.86 km2 (NDWI-S2), and 11.87 km2 (multi-sensor fusion). The fusion
S1S2 results were validated from the calculation of global accuracy (70%), errors of omission (soll
exposed O; urban 31,25; vegetation 87,5; shadow, water and clouds 0), commission errors (soil
exposed 50; urban 0; vegetation 75; shadow 6,25, water 6,25 and clouds 87,5), and the kappa index
(0.59). Using multi-sensors is an alternative to calculate flood extension and can aid in mapping
hydrological hazards in Amazon cities.

Keywords: Flooding; NDWI; Remote Sensing; Tarauaca; Sentinel-1.

RESUMO: O objetivo deste artigo € realizar o mapeamento de areas inundaveis a partir de técnicas
com multi-sensores na cidade de Tarauacd do estado do Acre (Bacia amazOnica, Brasil). As
inundacdes sdo o desastre mais comum na bacia Amazdnica, embora este tipo de mapeamento
tenha sido feito de forma sistematica em todo o territorio brasileiro apenas recentemente por érgédos
governamentais oficiais. Os métodos para mapeamento de inundacgéo incluiram dados de radar de
abertura sintética (SAR) (Sentinel-1/S1) e sensor Optico (Sentinel-2/S2), separadamente e em uma
abordagem de fusado. A extensado da inundacao foi medida no Sentinel-1 VV, no NDWI Sentinel-2 e na
classificacdo nao supervisionada dos dados de fusdo S1 e S2 com as classes solo exposto, urbano,
vegetacdo, sombras, agua e nuvens. As &reas totais resultantes variam: 8,23 km2 (S1), 7,86 km2
(NDWI-S2) e 11,87 km? (fus&o multi-sensor). Os resultados da fuséo S1S2 foram validados a partir do
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célculo da acuracia global (70%), erros de omissédo (solo exposto 0; urbano 31,25; vegetacao 87,5;
sombra, agua e nuvens 0), erros de comissdo (solo exposto 50; urbano O; vegetacdo 75; sombra
6,25, agua 6,25 e nuvens 87,5) e com o indice kappa (0,59). O uso de multi-sensores € uma
alternativa para calcular a extensdo da area inundada e pode auxiliar no mapeamento de perigos
hidrologicos em cidades amazo6nicas.

Palavras-chave: Inundacdo; NDWI; Sensoriamento remoto; Tarauacd; Sentinel-1.
INTRODUCTION

The risk of flood disasters is the most common issue around the world and in the
Amazon basin. Recurrent flooding damages in Amazon urban cities vary from
material losses, traffic interruption, increased water-borne diseases, dislodged
people, and loss of life (ANDRADE; SZLAFSZTEIN, 2019). Historical factors
contributed to large river occupation in cities of the Brazilian Amazon and the
improvements in disaster risk management topic were few and limited to flood-prone
areas (BECKER, 1995; SZLAFSZTEIN, 2015; TRINDADE-JUNIOR, 2015).
Therefore, densely populated cities are located at river margins, topographically low
riverine plains, and low-slope areas susceptible to floods (ANDRADE et al., 2017).

To date, presenting either geological or hydrological risks have been mapped in
1607 municipalities; 223 municipalities are in the North region of Brazil and 22 of
those are in the state of Acre (CPRM, 2021a). In Rio Branco, the state capital, as
well as in other cities, there is at least one sector categorized as high flood risk, and
21st-century data recorded a historically high-water level in that city (MARINI;
SZLAFSZTEIN 2015).

Regarding hydrological disasters, unpredicted early heavy rain triggered floods
in several parts of the state of Acre causing damage to thousands of people. On
February 15", 2021, the Acre River in front of Rio Branco city, recorded a 1574 cm
water level above the 1400 cm flood alert water level (CPRM, 2021b). During that
same month, a State of Emergency was decreed in 10 cities including Rio Branco
and Tarauaca due to the flooding and damages to assets and infrastructure
throughout the extent of urban areas (ACRE, 2021).

As part of the response, the natural disaster management agencies made
emergency funds and legal action possible during the disaster crisis as well as the
State of Emergency (SZLAFSZTEIN, 2015). Also, strategic hazard mapping
conducted by the Geological Survey of Brazil delimited two sectors of very high risk
and very high risk due to fluvial erosion (CPRM, 2015). The area is already
considered to be highly susceptible to floods and socially vulnerable aggravated by
14 flooding events registered on the Tarauaca river from November 2014 to April
2015. Despite the governmental prevention mapping efforts to date flood-risk areas
continue to be under-mapping in the Amazon region at the local scale.

At the regional scale, the topography in temporally flooded areas was obtained
from flood frequency maps (derived from Landsat Global Surface Water Dataset) and
the water level duration curve (FASSONI-ANDRADE et al., 2020). Also, the use of
Landsat-MSS images to map the vegetation over the Amazon River floodplain
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between Parintins (AM) and Almeirim (PA) was successful using automatic
classification (RENO et al., 2011).

Recent research about Amazon basin hydrology using data from space
presents results using MODIS, Landsat, Shuttle Radar Topography Mission (SRTM)
and Synthetic Aperture Radar (SAR) to define aspects of the morphologies of the
fluvial systems in the Amazon and flood temporal dynamics and the spatial
distribution of vegetation over Amazonian floodplain (FASSONI-ANDRADE et al.,
2020; FURTADO et al., 2016). However, for rapid flood assessment and delimitation,
SAR images have been more effective and widely used for disaster management
during flood events worldwide (ZHANG et al., 2020). The cloud coverage observed
during flood events and frequent bad weather conditions turns the use of microwaves
into an advantage. For low-land sedimentary environments such as floodplains, SAR
data shows excellent results to map the relief details in the Amazon region (CORTES
et al., 2020; SOUZA; RODRIGUES, 2020).

Additionally, the recent availability of free SAR data through the European
Space Agency’s (ESA) Sentinel-1 C-band created a major opportunity for
environmental and flood extent monitoring in developing countries such as Brazil.
Using SAR medium resolution free data, with medium temporal resolution establishes
a chance to map during the heavy rain periods causing the flooding. Countries
located in typical monsoon climates used this active remote sensing to map
hydrological hazard extension (MEMON et al., 2015).

SAR-based techniques for flood detection include thresholding methods
(INGLANDA et al., 2007), image segmentation (MARTINIS et al., 2009), statistical
active contouring (HORRITT et al., 2001), rule-based classification (PRADHAN et al.
2016), and data fusion approaches (D’ADDABO et al., 2016). Among these,
thresholding-based methods are more used for rapid flood disaster response
(AMITRANO et al., 2018). Because thresholding processes provide reliable results in
near real-time mapping and low-lying heterogeneous areas situations, they should be
adaptable for each reality (ZHANG et al., 2020).

Remote sensing advances in sensors and technigues should be urgently
integrated with flood hazard mapping and risk research at a local scale in cities along
the Amazon basin. The integration of free optical and SAR data with medium
temporal resolution tends to increase the visualization of the flood extend almost
near time in urban areas (MANAKOS et al., 2019). Therefore, this study aims to map
the flood extension using multi-sensor techniques in Tarauaca city (Acre state,
Amazon basin) to provide alternatives to hazard cartography issues.

MATERIALS AND METHODS

The study area corresponds to 85.24 km2 of the Tarauacd municipality located
in the state of Acre at the confluence of the Tarauaca and Muru rivers (Figure 1). The
total area is a polygon divided into sectors according to IBGE (2021) in: high-density
urban areas (6.97 km?), low-density urban areas (6.49 km?), urban villages (1.09 km?)
and rural areas (70.69 km?).
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The city of Tarauaca is in the northwestern portion of the state of Acre, in the
mesoregion known as Vale do Jurua; its territory occupies an area around 20.000
kmz2, about 409 km distant from the capital, Rio Branco, and the population estimated
is 43.730 (IBGE, 2021). The study area is in a zone of tropical monsoon climate (Am)
according to Kdppen'’s climate classification (BECK et al., 2018). The average annual
temperature is 24.5°C, ranging from 32 °C maximum to 19.9 °C minimum (ACRE,
2012). The rainfall distribution pattern is well defined, with a markedly dry period,
between the months of May and September whereas the rainiest period is between
the months of October and April, when high monthly rainfall averages are greater
than 110 mm/month (ACRE, 2012; MACEDO et al., 2013).

According to geological data, the SolimGes Formation is predominant in the
municipality of Tarauacd. The lithology sequence comprises fossiliferous pelitic
sediments (mudstones intercalated with siltstones, sandstones, limestones, and
carbonaceous material). The area also has alluvial quaternary deposits of fluvial and
fluviolacustrine origin, showing plane-parallel stratifications as well as tabular and
trough crossbedding (ACRE, 2010).

The municipality of Tarauacd is part of the Jurué-laco Depression, with altitudes
between 150 and 440 m above sea level, relief characterized by convex tops,
sometimes sharp, and slopes that vary from medium to strong in steepness.
However, in the study area, the low relief is with altimetry varying from 80 m to 200 m
above sea level. The geomorphology units are alluvial deposits on the fluvial plains.
The main rivers are the Tarauacd and Muru rivers, which courses are meandering
(CPRM, 2004).

The land use and land cover from Tarauacd municipality is mainly forest
(1.883.796 ha), non-forest formation (6.533 ha), agricultural (119.179 ha), non-
vegetated area (751 ha) and water (6.707 ha) (MAPBIOMAS, 2020). And the main
economic activities of the study area are related to the agricultural and services
sectors, which employed almost 80% of the population in 2010 (MMA, 2020).
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Figure 1. Tarauacéa census sectors study area. (A) The urban area is located inside the
Tarauaca fluvial plain, (B) the urban area (~14 km?) along Tarauacé and Murt confluence,
and (C) the populational density is concentrated at the lowest altitude (~ 158 m). Source:

The authors.
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The fluviometric station (number 12600001) from Tarauacd is located in the
Amazon basin, precisely at the Jurua river sub basin. The station is located on the
right bank of the Tarauaca river about 6 km downstream from the urban area, takes
the same name and is operated by the National Water Agency of Brazil (ANA). It
holds a historical series since 1981, taken about an arbitrary level and not about sea
level.

The water level of the monthly average data has the highest values coincident
with the rainiest period between February and March. The lowest values coincide
with the less rainy period indicating a strong tendency in the months of August and
September. Thus, it is observed that the wide variation of the water level between the
extreme months, August (145 cm) and March (540 cm), is almost 4 meters and
reflects mainly the rainfall regime (Figure 2).
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Figure 2. Water levels from the Tarauacé Fluviometric Station between 1981-2020. Source:
ANA, 2020.

The data used in this paper were Sentinel-1 (S1) and Sentinel-2 (S2) images
dataset's downloaded from <https://scihub.copernicus.eu/dhus/#/home>, freely
available from European Space Agency (Tablel).

Table 1. Main features of the S1 and S2 satellites used.
Satellite Sentinel-1 Sentinel-2

Instrument C-SAR-Instrument Multispectral Instrument
3-January-2021

o 18-February-2021
Acquisition date 20-February-2021

IW (Interferometric Wide Sentinel — 2B, sensing orbit
Acquisition mode Swath Mode) number 39
Incidence orbit angle Descending Descending
direction
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Satellite Sentinel-1 Sentinel-2
Ground Range Detection
Level (GRD) 1A
Wavelength Band-C (~5.54 cm) B3 (559.8 nm central wavelength)

B8 (832.8 nm central wavelength)

near-polar, sun-synchronous

Orbit sun-synchronous orbit

orbit
Polarization VV, VH -
Spatial resolution 5 m x 20 m (pixel size 10 m) 10 m (pixel size 10 m)
Revisiting time 12 days (6 da_ys with both 10 days (5 days with 2 satellites).
satellites)

Source: ESA (2021).

The image selection considered the maximum flooding period of the Tarauaca
River for the year 2021. This year the water level peak occurred in February, despite
the historical series demonstrating that flooding in general occurs during March.
Therefore, the Sentinel-1 datasets used in this paper were the pre-flood image dated
January 3rd and the flood image from February 20th, both from 2021. The images
were acquired in polarized VV (vertical signal transmitted and received) and VH
(vertical signal transmitted and horizontally received). The optical image was
acquired on February 18th, also during flooding conditions, and was used for spectral
analysis and the fusion procedure.

The methodology was divided into the following steps: SAR pre-processing and
thresholding, optical processing and image fusion (Figure 3).

Inputs

Radar

Sentinel-1 Multi-Looking, Terrain Linear to
w [+ -FasterSubset, Calibration I Speckle ™M Correction || decibelscale
L Co-Registration |+  Threshold -+ Mask Area
Optical
Sentinel-2 MSI
2A I+ Raster Subset RGB.. = NDWI [+ Threshold | Mask Area
Composition

Fusion

Overall Accuracy

Sentinel 1 and 2 L
Kappa Coefficient

& IsoCluster Reclassi
iages Pan-sharpened | IHS - u o fy

¥

Figure 3. Flowchart of the methodology applied to the flood mapping using multi-sensor data
Sentinel-1, Sentinel-2 and fusion through pan-sharpened Intensity-Hue-Saturation (IHS).
Source: The authors

REVISTA GEONORTE, V.13, N.42, p.90-111, 2022. (ISSN 2237 - 1419)

q 10.21170/geonorte.2022.V.13.N.42.90.111
96



i REVISTA GEONORTE

During the pre-processing step, radiometric and geometric distortion procedures
were applied due to the characteristics of the imaging system and to eliminate
geometric distortions (MEYER, 2019). Such technical step improves the visualization
and interpretation of the radiometric corrections performed. The pre-processing steps
were: data import, raster subset, multi-looking, radiometric calibration, speckle
filtering, radiometric terrain correction, linear-to-backscattering coefficient decibel
scaling (dB) transformation, co-registration checking and RGB composition using
polarization bands.

Calibration transforms pixel values from the digital values recorded by the
sensor into backscatter coefficient values. The results create a new image with the
backscatter coefficient Sigma® band for the VV and VH polarizations. The linear-to-
backscattering coefficient decibel scaling uses a terrain correction of Sentinel-1
imagery and radiometric calibration to Sigma® (dB) (ZHANG et al., 2020).

All the procedures were implemented using the free toolboxes made available
at ESA’s Sentinel Application Platform (SNAP) version 8.0.8. The radiometric terrain
correction used the geolocation accuracy of corresponding SRTM 1-arc-second
global data (ZHANG et al., 2020). And for speckle noise reduction and pixel squaring
the Lee filter (3 x 3 window size) was applied (WU et al., 2015).

The extent of flooded areas was delimited over a Region of Interesting (ROI)
using pixel value thresholding and histogram analysis. Previous studies used this
method for near real-time flood detection and rapid results in emergency cases
(MAKANOS et al., 2019). Several tests were based on the water backscattering
response using thresholding before deciding on the best value number for the ROI.
According to Samanta and Sanyal (2011) and Manjusree et al., (2012) if T is a
threshold value for calculating a specific class point then the following function is
needed: f(x; y) = T for any pixel (X, y) class point.

For this study, the threshold value based on the image histogram was manually
chosen after testing lower and higher backscattering numbers for flooding conditions
of the study area. According to the literature limitations to this manual procedure are
for optimized, automatic process and if the research includes a large amount of
image data which is not the case for this study (MEYER, 2019; MANJUSREE et al.,
2012). Thus, the best threshold value arrived in this study used VV polarization and
was below -13. After finding the best visual response covering the flood area, a new
raster was created considering a binary condition: water/non-water. This procedure
used the Band Math tool calculator to create a mask for flood water surface
delimitation and further Geotiff band conversion for flood area calculation based on
pixels’ mask.

The optical image downloaded were Sentinel-2 Multi-Spectral Instrument (MSI),
Level 2A corresponding to Top-of-Atmosphere data and previous atmospheric
correction. The spatial resolution applied is 10 m as well as bands 3 (Green) and 8
(Near-Infrared). The image subset was used for RGB composition and for the band
math calculation (Figure 4).
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Figure 4. Spectral analysis for water, vegetation and urban area of the Sentinel-2 image in
SNAP using a false infrared composition in the study area. Source: The authors.

After this process, the Normalized Difference Water Index (NDWI) was created
by the Thematic Land Processing tool to calculate the water radiometric index
according to McFeeters (1996) (Equation 1). The NDWI used for flood issues is still
incipient in the Amazon due to weather limitations during the event occurrence. But in
this paper, the use of NDWI is an advantage to rapidly identified flood, and pre-
existing water bodies that can be excluded from the final inundation maps such as
recent work from Sivanpillai et al. (2020).

NDWI = (Green band — Near Infrared band)/ (Green band + Near Infrared band) (1)

The results vary between -1 to 1. Therefore, NDWI < 0 implies non-water and
NDWI = 0 implies water (BRUBASCHER; GUASSELLI, 2013). The histogram was
analyzed to NDWI mask values considering water-mask >= 0, which corresponds to
a water spectral response. The flood extends raster was based on the closed water
delimitation spectral response. The final area excluded the Tarauaca permanent river
main course.

The fusion between the S1 flood-crisis image and the S2 image applied the
pan-sharpened geoprocessing tool. Consequently, it was possible to visualize the
optical and geometrical characteristics of the terrain and the flood extension over the
lower areas combined in one image. Notwithstanding the images were from different
data they have the same pixel size and the same descending orbit. So that would not
be a limitation to the water surface result analysis even because it is a 2-day
difference and in this period it was a centimetric variation of the water level.

The Isocluster unsupervised classification was run for 5 classes of land cover:
urban/exposed soil, water, vegetation, shadow and cloud. The final flood area
excluded the river’s permanent water body and overlapped with the fusion image.
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Finally, the validation of the classification was based on accuracy metrics based
on the error matrix, overall accuracy, user's accuracy (Equation 2), producer’s
accuracy (Equation 3) and kappa index. The land cover classification was validated
with randomly 40 points distributed all over the study area using a Planet image from
February 14™, 2021, with (5 meters resolution) available by Norway's International
Climate & Forests Initiative (NICFI, 2021).

User’s accuracy(%) = 100% - error of commission(%) (2)
Producer’s accuracy(%) = 100% - error of omission(%) (3)

Producer’'s accuracy and user’s accuracy show the ratio of the correctly
matched area of each land cover in reference data and classified data
(CONGALTON, 1991). The overall accuracy indicates the ratio of the correctly
classified land cover area to the entire area with results ranging from 0 (less
accurate) to 1 (more accurate) (FOODY, 2002; PARK et al., 2020). And finally, the
kappa coefficient calculation excluded the probability of accidental consistency in the
overall accuracy using Cohens” Kappa coefficient formula with results ranging from 0
to 1 with an associated interpretation that varies from no agreement to almost perfect
agreement (COHEN, 1960; LANDIS; KOCH, 1977; BANKO, 1998).

RESULTS AND DISCUSSION

The flood extensions presented at the S1, S2, and fusion S1S2 were quite
different (Table 2, Figure 5). The rural areas have higher affected by flooded areas
due to the larger extension of water coverage inside the lower floodplain relief.
Nevertheless, the damage is concentrated in urban areas because of the population
density in this sector.

The results from S1 data are an 8.23 km2 extension of the flooded area (Figure
5A). The water covers mostly the fluvial plain along Tarauacd and Muru rivers
observed due to specular backscattering SAR response. Yet, the flood extension
over the floodplain and alluvial areas was efficiently analyzed due to specular
backscattering and black response over the image using VV polarization. To
compare, the flood area resulting from NDWI of the S2 image was 7.86 km? (Figure
5B). The result covered the water surface from the image with values above zero.
The NDWI results display the flood extension inside the central urban areas (high
and low urban density) and over the fluvial plain. Also, the flood extent at the
floodplain could be mapped despite the cloud cover at the border of the image.

The data fusion S1S2 results for the flood extension is 11.87 km?2 (Figure 5C).
This was the best result considering the observed urban and floodplain area covered
by water. These results aggregate the best characteristics from each image, the
visual response for the contact water-land and relief aspects from S1, and better
cover classes differentiation and flood-urban response from S2.

Even if the similarities in the floodplain occur in the three images, the SAR
image responses are more accurate for the overview of the floodplain area, because
is not influenced by clouds and has a distinct backscattering of areas such as
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vegetation and soil. Previous studies had already mapped the floodplain extent using
SAR data over the saturated vegetation and soil in low areas (ARNESEN et al.,
2013).

Table 2. Flood area extension for each study area typology.

SAR flooded | NDWI flooded |Fusion flooded
Total

area area area
Typology area

(km2) | km? | % | km?2 | % km2 | %

High-density urban area | 6.97 0.24 3.44 0.65 9.32 2.04 |29.26

Low-density urban

6.49 0.81 |12.48 | 0.58 8.93 142 |21.87
areas

Urban village 1.09 0.013 | 1.19 | 0.060 | 5.50 0.07 6.42
Rural areas 70.69 7.17 |10.14 | 6.57 9.29 8.34 |11.79
Total 193.15 | 8.23 4.26 7.86 4.06 11.87 | 6.14

Source: The authors.
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In general, it was possible to demonstrate that for the S1 image the different
scattering mechanisms related to the flooded areas can be interpreted qualitatively
through the visual analysis of an RGB composition, combining data acquired at
different dates. Also, the histogram analysis displays the frequency of the pixels of
the water surface from the mask used for mapping the flood disaster between -22
and -13 in decibel intensity for the VV band of the crisis image. The highest
frequency of pixels in the study area is between -13 and -4 db for the vegetated area
whereas the urban area presents minor values (brighter areas) (Figure 6).

Histogram for Sigma0_VV_db_slv4_20Feb2021
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Figure 6. Histogram of the crisis S1 image from 20" February 2021 highlighting the interval
for water backscattering response. Source: The authors

Considering the water alert level of 8.50 m it is important to notice that on
February 18" and on February 20" the water level of the Tarauaca river was,
respectively, at 9.37 m and 9.57 m both from the 2021 year (SEMAPI, 2021). This
water level is from the exact day of the SAR image and two days after the optical
image acquisition. Since the centimeter variation from images from the 18th
(Sentinel-2) and 20th February (Sentinel-1) are small (20 cm) it does not appear at
the water surface variation area due to the 10 m spatial resolution images.

Even though there are no previous specific studies on the region about the
damage and flood severity, the 2021 February flood events were sufficient to flood
90% of the city (ACRE, 2021). This water coverage can be visible in the Sentinel-1
and 2 images but have a difference of 0,37 kmz2. Limitation related to SAR images
has been cited when it comes to analyzing water inside urban areas due to stronger
double-bounce scattering (MEYER, 2019).

Previous studies conducted in flood-prone areas have achieved good results
using SAR images and precise image pre-processing steps (UDDIN et al., 2019).
The limitation of non-full polarimetric data did not influence the general results once
the radiometric profile across the flooded area clearly shows better results with less
backscattering in open water either on HV or VV channels (UDDIN et al. 2019). The
Sentinel-1 dual polarizations HV and VV were tested and the VV had a better water
response, consonantly with the literature (MEYER, 2019). The optimum threshold
values obtained by manual trial from average backscatter (dB) water bodies in all the
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available polarizations aimed to distinguish flooded from non-flooded areas
(MANJUSREE et al., 2012).

The NDWI results vary from -0.87 to 0.45. The higher positive value equal to or
above zero corresponds to water and values for vegetation water-saturated were
around -0.4 to -0.8. The urban area is at a low negative value of -0 to -0.3 (Figure 7).
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Figure 7. Histogram for NDWI results, over zero values correspond to water. Source: The
authors

The NDWI has been used for flood assessment despite the cloud cover
limitation from optical satellite images from a regional scale (MEMON et al., 2015).
But, in the Amazon basin, NDWI is scarcely used for flood mapping due to high cloud
coverage for almost half time of the year all over the territory and particularly during
flood events.

Also, the choice to use Sentinel images on a local scale is something recent for
the flooding mapping in this region. Mainly regional scales using Landsat images
were previously used at the amazon basin scale (SOUZA et al., 2019). But Sentinel
images can improve the detail scale of analysis to local issues due to the 10 m pixel
size.

It is important for risk management purposes to consider increasing the time of
cartographic flood mapping to shorten humanitarian aid and response. Acre state is
known for its extensive flooded areas within the low relief and low slope river
characteristics (PEREIRA; SZLAFSZTEIN, 2015). Previous data on flood-risk sectors
mapped in 2015 estimated that 4200 houses were affected by approximately 14 flood
events between November 2014 and April 2015 in Acre state (CPRM, 2015). And
still, no urban systematic flood mapping is frequently done. According to the National
Civil Defense and Protection Policy (law 12.608/2012), it is the responsibility of the
municipalities and the state to proceed with risk mapping procedures. Also,
municipality instruments such as Master Plan can provide risk information and avoid
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construction in areas susceptible to hydrometeorological hazards (ESPIRITO-
SANTO; SZLAFSZTEIN, 2016).

However, the flooded areas and urban damage in Amazon cities could be easily
underestimated on regional scale. Possible reasons for this are: a) because disasters
considered with few damages are usually not reported, b) there is a difficult logistic
and high cost for response issues during the flood events, c) there is seasonal
flooding differed between the north and south parts of the Amazon basin due to
seasonal differences in precipitation (PRIGENT et al., 2007), and c¢) that adaptative
capacity is a key issue to coping and adaptation during the flood in the Amazon cities
(ANDRADE; SZLAFSZTEIN, 2019). Hence, supporting local cities with alternative
mapping like fusion S1S2 techniques could be an instrument to prevent and respond
during flooding as presented in this paper (Figure 8).

The validation displays an overall accuracy of 70% and Kappa index of 0.59
(moderate agreement) and respective commission and omission errors for each class
(Table 3). Despite de moderate agreement for the other classes, for the water class,
the producer and user accuracy are 100% and 93.75%, respectively. The classes soil
exposed/urban, water and clouds have 0% of omission error. But the same classes
have 50%, 6.25% and 87.5% inclusion errors. Considering that the water class is the
most important class for flood mapping, the omission and inclusion errors had
satisfactory results.
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Figure 8. Unsupervised classification of the Tarauaca study area elaborated based on fusion
Sentinel 1 and 2 images. Source: The authors

Table 3. Error matrix, overall accuracy, and errors from the unsupervised classification using
4R8B2G S1S2 fusion composition. P = producer, U = user, OE = omission error, CO =
commission error

Soil
Classification | exposed/ Vegetation Shadow Water | Cloud '{Jc;tearl P% U% OE% | CE%
Urban
Soil exposed/
1 1 0 0 0 2 100 0 50
Urban
Vegetation 0 11 0 0 0 11 68,75 100 31,25 0
Shadow 0 3 1 0 0 4 12,5 25 87,5 75
Water 0 1 0 15 0 16 100 93,75 0 6,25
Cloud 0 0 7 0 1 8 100 12,5 0 87,5
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Total

producer

Source: The authors
FINAL CONSIDERATIONS

This paper presents an alternative to mapping a flooding area during a disaster.
The use of Sentinel images data proved to be useful to get a water surface
delimitation using both optical Sentinel-2 and SAR Sentinel-1 images, and thirdly with
a fusion result of these data. Although there is a difference in the total area of the
flood, it is important to highlight the possibility to use the images separately and
fusion to get results about the affected area. To validate the fusion results
unsupervised classification with moderate accuracy was done.

Limitations to improve the results include the use of better spatial resolution
optical images to collect control points and proceed with the more robust statistics.
However, the unsupervised classification generated satisfactory classes for the flood
extend delimitation. Although the statistical metrics were reasonable, for the water
class the errors were low. The flood map generated with the combination of
techniques involving optical and radar images proved to be efficient considering the
conditions of Amazonian cities and provides overall costless information to aid crisis
managers, local disaster agencies, and the scientific community to improve options
for hydrological hazard cartography.
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