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Abstract

:

Extensive tropical floodplain wetlands, such as the Brazilian Pantanal, are complex ecosystems composed of mosaics of permanently and seasonally flooded habitats and are increasingly threatened by land use and climate change. Spatial and interannual variability in the seasonal flood pulse is a fundamental ecological driver in these ecosystems. This study analyzes optical imagery from the Sentinel-2 satellite to determine the extent and seasonal patterns of inundation over five years in the northern Pantanal, a Ramsar site renowned for its wildlife. The study site is bordered by the Cuiabá and São Lourenço rivers, each with distinct flow regimes. Inundation patterns were revealed with a combination of water indices, supervised classification of land cover, and a digital elevation model. Total extent of flooding was underestimated by the optical imagery, but open water bodies were readily delineated with the land cover classification.






Keywords:


biodiversity; hydrology; Pantanal; remote sensing; wetlands












1. Introduction


Wetlands, which are among the most productive environments in the world [1], play a significant role in the water cycle [2] and are recognized as biodiversity hotspots, providing ecosystem services, such as regulation of the hydrological cycle, flood control, and improvement and maintenance of water quality, among others [3]. In extensive floodplain wetlands, spatial and interannual variability in the seasonal flood pulse is a fundamental ecological driver. Understanding the complex hydrology of floodplain wetlands is thus fundamental to the sustainable management of these environments [4]. Remote sensing of flood extent is also needed to understand and mitigate flood hazards [5,6]



The Pantanal, located mostly in Brazil, is one of the world’s largest floodplain wetlands and is listed as a World Heritage Site and as a biosphere reserve. Most of the Pantanal is subject to seasonal inundation driven by a variable combination of riverine overflow and delayed drainage of local rainfall [7]. Seasonal alternation between flooding and drying, often including fire during the dry season [8], determines the biodiversity and ecology of the floodplain environments, as conceptualized by the flood pulse concept [9]. The degree of seasonal hydrological connectivity between rivers and their floodplains varies spatially, resulting in some floodplain lands inundated primarily by river water and others flooded by local rainwater [10,11], corresponding with differences in the extent, duration, and depth of inundation as well as the supply of sediments and nutrients by flood waters (Fantin-Cruz et al., 2011). The ecological structure and function, including biogeochemical processes, of the Pantanal floodplains are therefore closely linked to hydrology [12,13].



Satellite remote sensing has increasingly been employed to study the hydrology [14] and ecology of extensive floodplain wetlands [15]. Vegetated floodplains are particularly challenging environments for remote sensing of surface water because tree and shrub canopies and emergent and floating herbaceous plants can partially or entirely obscure the water surface to a degree that varies with water depth and seasonal plant growth and senescence. In addition, the turbidity of surface waters in floodplains is typically extremely variable, ranging from rich in suspended sediments to dominance by phytoplankton to relatively clear depending on a water body’s connectivity with the river, water sources, sedimentation and sediment resuspension, and flushing rates. Microwave remote sensing can better detect water amongst vegetation, and radar altimetry can estimate the elevation of the water surface, but optical satellite observations offer greater temporal coverage, and image processing of optical data can reveal spectral features associated with different vegetation forms and water characteristics as well as open water surfaces at greater spatial resolution [16]. Additionally, compared with microwave remote sensing, optical remote-sensing-data availability and spatial data-processing techniques are more readily available to non-specialists [17,18].



In the Pantanal, studies have employed both microwave and optical sensor systems. Satellite observations of passive microwave emission were analyzed to provide a coarse-scale (~25 km) view of inundation patterns at monthly resolution across the entire Pantanal [19], and subsequent studies have incorporated data from similar sensors to estimate inundation patterns in floodplain wetlands across the tropics [20]. Dettmering [21] used ENVISAT radar altimetry to derive water level time series that showed seasonal variations of up to 1.5 m with maximum water levels between January and June, although some regions of the Pantanal showed water level variations of less than a few decimeters, which could not be quantified by the method. Evans [22] used L-band ALOS/PALSAR and C-band RADARSAT-2 synthetic aperture radar data to map land cover and seasonal inundation throughout the Brazilian Pantanal. Two studies have determined seasonal and interannual variation in the extent of inundation in the Brazilian Pantanal with MODIS optical satellite imagery [23,24].



The present study analyzes inundation and land cover in a large nature reserve in the northern Pantanal using optical imagery from the Sentinel-2 satellite, which provides superior spatial, temporal, and spectral resolution compared to the Landsat and MODIS sensor systems that have been used in past studies. Floodplain geomorphology and open water bodies were revealed with a combination of water indices, supervised classification of land cover, and a digital elevation model. Results for the open water area were comparable, but some differences are discussed. This information will be useful for the management and restoration of this reserve and similar areas in the Pantanal, and our approach can be applied in similar tropical floodplains.




2. Material and Methods


Study Site


The study site is a private reserve covering 108,095.3 ha in the northern Pantanal, situated between the Cuiabá and São Lourenço rivers (Figure 1). The reserve is known as SESC Pantanal and is owned by the National Trade Service [25]. As part of Brazil’s Reserva Particular do Patrimônio Natural (Private Reserve of National Patrimony) system, the lands are managed for conservation and environmental education. The SESC Pantanal reserve is designated as a Ramsar site in recognition of its biodiversity (Cunha et al., 2019).



Seemingly minor variations in land surface elevation determine water flow and inundation patterns in floodplains, such as the Pantanal. Topographic variation in the Pantanal reflects Pleistocene and Holocene sediment depositional processes [24,26]. Assine [27] has shown that the depositional systems of the Pantanal are composed by fluvial megafans, fluvial plains, and lacustrine systems. Geomorphology and hydrology determine the vegetation, which has been classified throughout the Pantanal to the level of macrohabitats [28].



According to Pupim [13], the study site spans parts of the alluvial megafans of the Cuiabá and São Lourenço rivers, with fluvial plains, fluviolacustrine plains, and relatively level, seasonally or permanently flooded areas that have sandy soils and are poorly connected to the drainage network, yet susceptible to inundation by the largest floods whose dynamics are controlled by riverine overflow and backwater effects. Based on hydro-sedimentological characteristics, the site can be divided into two geomorphological units, the modern depositional lobes and the Cuiabá River anastomosed active floodplains. The modern depositional lobes are formed by a distributary network of channels and levees within the São Lourenço megafan. A significant avulsion event in the lower Holocene abruptly changed the course of the São Lourenço River [13], which caused the abandonment of part of the meander belt and led to the creation of modern floodplain lakes that are still present today. The anastomosing floodplain flow paths are subject to flooding by the Cuiabá River and by significant water input from neighboring drainage systems, with a fluvial belt built by multiple branching channels.



In the northern Pantanal, the rainy season extends from October to March, with the most intense rains usually from January to March. The dry season extends from April to September, and the driest months are from July to September. The discharge peaks in the Cuiabá and São Lourenço rivers are generally reached between February and April, with lowest discharge recorded between August and October [11] Floodplain inundation peaks toward the latter part of the wet season.





3. Methods


The methodological steps are summarized in Figure 2.



3.1. Data Sources


3.1.1. Hydrological Data


We used data from the National Water Agency (ANA) that were acquired from the agency’s website (https://www.snirh.gov.br/hidroweb/serieshistoricas) (accessed on 23 February 2021). Since our study area is bounded by both the Cuiabá and the São Lourenço rivers, it was necessary to download fluviometric data for both major rivers. The two stations were Porto Cercado on the Cuiabá River (station code 66340000) and Acima do Córrego Grande on the São Lourenço River (station code 66460000). Hydrographs of mean monthly discharge indicated the relative timing and intensity of floodplain inundation by the two rivers.




3.1.2. Water Index and Supervised Classification Data


We analyzed optical data from the Sentinel-2 satellite to determine inundation patterns and land cover. Sentinel-2 is a wide-swath, high-resolution, multi-spectral imaging mission launched in 2014 and supported by the European Space Agency. Twin satellites fly in the same orbit but phased at 180° to provide a revisit frequency of five days at the Equator.



Scenes were chosen using the river hydrographs as indicators of inundation over the period from 2015 to 2020. Since the highest water levels did not occur simultaneously throughout the study area, dates of maximum inundation were estimated separately for the two rivers (Cuiabá and São Lourenço) based on their hydrographs. The image product downloaded from https://earthexplorer.usgs.gov (accessed on 26 July 2021) was the Top-Of-Atmosphere Level-1C, which has 10–60 m spatial resolution and 10-day temporal resolution and is available without cost [29].





3.2. Preprocessing


3.2.1. Atmospheric Correction


Atmospheric corrections were performed to reduce the scattering, absorption, and refraction of electromagnetic energy that affect the reflectance from the land surface captured by the sensor. Atmospheric correction also reduces the possibility of detecting small objects within a scene or differentiating between objects of similar signal intensity [30]. Atmospheric correction of satellite images serves not only to minimize atmospheric effects on the radiance of a scene (Neto et al., 2011) but is also necessary to calculate water indices computed from two or more spectral bands since the bands are affected differently by atmospheric scattering.



For this study, the TOA (top of atmosphere) was corrected to BOA (bottom of atmosphere) using the SNAP program (Sen2Cor processor) available from the ESA [31]. The algorithm is based on a set of 24 lookup tables that cover most of the Earth’s atmospheric conditions [32]. To perform the correction, the application consists of a set of command-line-oriented modules written in Python programming language, which must be incorporated into the tools (toolboxes) of the SNAP software provided by the European Space Agency for handling and processing Sentinel images [32].




3.2.2. Resampling Bands


After atmospheric correction of the Sentinel-2 satellite images, the SNAP program was used to resample the bands. Since the Sentinel-2 product has 12 spectral bands with different spatial resolutions, it was necessary to resample so that all bands needed for the work were at the same spatial resolution. The modified normalized water index (MNDWI), which we used to detect water bodies, requires the use of MSI band 11 (SWIR), which has a spatial resolution of 20 m, and band 3 (green), which has a spatial resolution of 10 m.





3.3. Digital Processing Image (DPI)


3.3.1. Spectral Water Index


The normalized difference water index (NDWI) was developed to identify open water in digital remote-sensing images [33]. NDWI uses reflected infrared radiation and visible green light to highlight the presence of open water against a background of soil and terrestrial vegetation features. The NDWI was calculated as band math in ENVI software using Equation (1):


   NDWI    =    (  Green − NIR  )     (  Green + NIR  )     



(1)




where green is the BOA reflectance of the B3 band (green band), and NIR is the BOA reflectance of the B8 band (NIR band) of the Sentinel-2 MSI image.



The MNDWI (modified NDWI) was designed to minimize the main limitation of NDWI, which is the inefficiency of suppressing the noise coming from the characteristics of the built-up areas [34]. Thus, the MNDWI was developed considering that a water body presents higher absorption in the SWIR (shortwave infrared) band compared to the NIR band, unlike built-up areas. We considered positive values (>0.0) of both indices to indicate open water [33,35]. The MNDWI was calculated as band math in ENVI software using Equation (2):


   MNDWI    =    (  Green −  SWIR 1   )     (  Green +  SWIR 1   )     



(2)








3.3.2. Supervised Classification


The images were analyzed by supervised classification through the support vector machine (SVM) algorithms processed in the ENVI software. The analyses performed were processing, image classification, and evaluation of the algorithms applied. In the processing phase, the images were prepared using a radial basis function as a kernel to support vector classification.



From the INPE (National Institute of Space Research of Brazil) map of vegetation and land cover use proposed by [36], six thematic classes of land cover were defined: shrub; dry forest/monodominant forest; water body; flooded fields; dry fields; and exposed soil. We identified 5909 training sample pixels for each class.




3.3.3. Error Matrix and Kappa Index


Independent observations representing the mapped land cover classes served for post-classification validation. According to Jensen [37], for validation in situations where the coverage area corresponds to up to 4050 km2, at least 50 samples are needed for each mapped class. Since our study area of 88 km2 is much smaller than that, 96 observations were recorded in the field with GPS coordinates, and 250 samples were collected using satellite imagery available in the Google Earth Pro software.



Classification accuracy was assessed by comparing the land cover classification with the field and Google Earth observations. False positives (errors of commission) and the false negatives (errors of omission) were evaluated. Accuracy varied by land cover class and may thus be higher or lower at a given pixel. The confusion matrix, accuracy evaluation, and Kappa correlation coefficient for the land cover classification, following the concepts of [38], were generated for two periods: (1) May 2017: accuracy: 98.92%, Kappa coefficient: 0.97; and (2) September–May 2017: accuracy: 97.89%, Kappa coefficient: 0.97.





3.4. Digital Elevation Model


Since elevation of the floodplain land surface determines inundation by the rivers, a digital elevation model was created for comparison with river stage data. We used ALOS PALSAR satellite observations to map the topographic surface at 12.5-m spatial resolution. We downloaded the radiometrically terrain-corrected product from the Alaska Satellite Facility https://asf.alaska.edu/data-sets/sar-data-sets/alos-palsar/ (accessed on 29 August 2021). The satellite was launched in January 2006 by JAXA (Japan Aerospace Exploration Agency).




3.5. Data Analysis


After data acquisition and processing, we analyzed the spatial variability and temporal dynamics of water along the study area. Using geoprocessing techniques, classes pixels were extracted for the study area in a spatial cutout. With those data, we obtained estimates of open water over time inside all the reserve for analysis. We then compared estimates of water and other classes inside and the reserve and conducted statistical analysis to assess their statistical significance of the differences. For purposes of inferential testing, we first applied a normality test using the Shapiro model, considered the most powerful normality test, followed by the Anderson–Darling test [39]. We then selected our statistical tests based on the results of the normality tests. Parametric statistical analysis assumes a normal distribution in data. But if the normality assumption is violated, parametric tests may not be reliable or valid for drawing conclusions [39]. The normality tests verified that the data distributions were non-normal; thus, parametric tests would not be appropriate. We therefore employed the Kruskal–Wallis test to assess the statistical significance of differences between water and others rates inside the study area over time.





4. Results


4.1. River Discharge


Mean monthly discharge of the Cuiabá River from 2015 to 2020 is shown in Figure 3. The season of high discharge was similar for the two rivers, although they reached their maximum discharge in different years (2017 for the Cuiabá River and 2018 for the São Lourenço River). The Cuiabá River reached a consistently low minimum annual discharge every year, whereas the São Lourenço River was more variable from year to year in its lowest discharge, and throughout the year, month-to-month changes in its discharge were less gradual. The lowest discharges for both rivers occurred in 2020. Following the annual minimum discharge, the São Lourenço River tended to rise in discharge earlier than the Cuiabá.



Overbank flow from these two rivers via distributary channels inundated parts of the study site between November and April. The central part of the site tends to be flooded by local rain due to its elevation and distance from the rivers as well as the low permeability of the subsurface soil horizons.



Based on the observations in Figure 3, the most extensive discharge of the study site likely occurred in April 2017, driven by overbank flow from the Cuiabá River. The highest discharge measured in the São Lourenço River was April 2018 and occurred during the rainy season, while the lowest recorded discharge coincided with the dry season.




4.2. Hypsometric Mapping


A hypsometric map was made from the DEM to delineate the lower lying areas that are most readily subject to river inundation (i.e., the active floodplain that floods frequently) from the relatively inactive paleo-floodplain (Figure 4). This map shows that the lowest points in the area are concentrated in the Cuiabá River floodplain and range in elevation between 118 and 121 m (Figure 4). The DEM shows the water bodies in the floodplain that are subject to seasonal inundation by the Cuiabá River through natural side channels as well as some artificial breaks through levees opened by ranchers since the 1980s.



The active floodplain was calculated as 26,034 hectares using a buffer of 10 km with the Cuiabá River line in ArcGIS Pro software and considering that the lower elevation lands are dominated by flooded fields as well as shrub vegetation in less deeply inundated areas. Comparing the stage heights of the two main rivers (Cuiabá and São Lourenço) and assuming that riverine flooding is concentrated in the lower lying areas, it was not possible to visualize the areas subject to inundation by the São Lourenço River using Sentinel-2 imagery. Therefore, the following analyses focus on the Cuiabá River active floodplain.




4.3. Supervised Classification Land Cover


To identify the open water bodies in the study area, two land cover maps were produced based on supervised classification of the Sentinel-2 imagery using the SVM algorithm, selecting image dates with <10% cloud cover for the year 2017. Six environments were distinguished: water, shrub, dry field, exposed soil, flooded field, and dry forest/monodominant forest. The shrub and flooded field classes had the largest coverage in the Cuiabá River active floodplain.



The classification maps from SVM are displayed in Figure 5 and Figure 6. Both maps are based on imagery from May and September 2017 and were geographically coregistered with ground points, and specific land cover categories were further checked against independent observations. Overall, both maps show an accurate land cover classification, but there are significant differences between some classes. The shrub class showed differences between the two maps during the analyzed periods (wet season and dry season, specifically May and September 2017), with a greater dominance by shrubs in the dry season (the shrub canopy becomes partially submerged at high water).



This supervised land cover classification was designed to extract and highlight water bodies on the floodplain. As expected, the land cover map for May 2017 (high water) shows a larger area of open water than in September 2017 (dry season) (Figure 5 and Figure 6).




4.4. Water Indices


The distinct spectral reflectance of open water compared to dry land or vegetation allowed us to identify open water bodies using the NDWI (Figure 7).



During the study period, the month with the highest discharge was April 2017. However, due to the lack of cloud-free Sentinel-2 optical images then, the available imagery closest to the highest flood was from May 2017. The lowest discharge in 2017 was in September when cloud-free optical images were available. The NDWI for the May 2017 high-water period ranged from −0.71 to 0.99, while in the low-water September 2017 period it ranged from −0.71 to 0.59 (Figure 7). The most positive NDWI values correspond to open water, and values for the largest open water bodies were >0.5. Vegetation has much lower values, resulting in an easier distinction between vegetation and open water, although the Pantanal open water is often intermixed with emergent and floating vegetation, creating a continuum from open water to closed vegetation canopies above the water surface. Nevertheless, in the high-water period of May 2017, many water bodies, such as abandoned channels and meanders as well as small lakes, are visible on the floodplain. In the low-water period of September 2017, water bodies are still present, though their coverage is significantly lower.



In addition to the NDWI, open water bodies were also mapped by MNDWI (modified normalized difference water index). Figure 8 shows that the MNDWI values ranged between −0.80 and 0.75 in May 2017, the month with maximum river discharge that was possible to map with the Sentinel-2 images. In the month with the minimum river discharge (September 2017), the MNDWI ranged between −0.68 and 0.74.



Table 1 compares the frequency distributions in various classes of the water indices and land cover mapping in the study area. Based on the NDWI, we estimate that surface water covered 317.95 ha in May 2017 and 128.30 ha in September 2017, with the open water located principally in the active floodplain of the Cuiabá River (Table 1). The MNDWI estimated similar but lower total areas of 107.94 and 135.33 ha for those two months.





5. Discussion


The discharge data from the Porto Cercado station along the lower course of the Cuiabá River indicate that the discharge rises markedly during the rainy season between February and May, then falls abruptly and predictably to seasonal lows during the dry season between July and October (Figure 3). This dynamic is typical of the wet–dry climate at this latitude and is similar to most Pantanal rivers [13,40,41] Inundation of the Cuiabá River floodplain in the study area typically begins in December or January with peak flood in February and March, and hence, the flood duration is, on average, four months. In the most extensive flood during this study, as inferred from river discharge, the floodplain was not entirely inundated. At a particular location on the floodplain, the duration of flooding depends on the topographic level and the proximity to the main rivers or paleo-channels [11]. An average maximum annual flood duration of 172 days (5.6 months) was estimated by [11] for the Cuiabá sub-regions within which the present study area lies but those subregions also include land on the other sides of the Cuiabá river



The Cuiabá River hydrograph shows that the maximum discharge of ~600 m3/s occurred in April 2017 (Figure 3). Inundation of the active floodplain, while directly related to river discharge and water level, depends on the connectivity between the floodplain and the river [40]. In the study area, the active floodplain subject to inundation by the Cuiabá River is characterized as a lacustrine fluvial area consisting of recent alluvium formations, fluvial islands, marginal levees, and bars. Inundation of the active floodplain occurs every year, albeit to a variable degree.



Although extreme events play an essential role in restoring ecological succession and shaping floodplain geomorphology, more modest but frequent flood events (e.g., return periods of one to a few years) can determine the ecological structure and function and maintain greater overall biodiversity of the floodplain ecosystem [11].



The hydrological dynamics of the Cuiabá River floodplain system were studied in detail by [40,41]. They showed that during the wet season, water invaded the south side of the river through distributary channels. A levee about 70 m wide, parallel to the river, remained dry during the flood. At the beginning of the flood season, from December to January, the water level started to rise in the floodplain, originating from both direct rainfall and the rise of the Cuiabá River. The levees along the Cuiabá River channel constitute the highest local elevation and as such, are the last land to be flooded and the first to emerge. The water did not overflow the river’s levees but entered the floodplain through several small channels that cut through the levees [40]. There was only a weak relationship between floodplain land elevation above sea level and flood magnitude in the Cuiabá River floodplain, as shown by [11], and inundation of the floodplain was generally not in water level equilibrium with the nearest river channel.



The present study mapped the open water bodies in the Cuiabá River floodplain, based on the digital elevation model (DEM), land cover (LC) supervised classification, and two different water indices (NDWI, MNDWI). The DEM delineated the low-lying active floodplain and thus can indicate the potential location of the open water bodies on the floodplain as well as distinguish the active floodplain from the paleo-floodplain. The estimates of open water areas based on the LC classification and the two water indices were comparable except for open water in September 2017 when the LC classification yielded a much lower total area (Table 1). This may be explained by a more dominant effect of plant canopies in the LC classification, while the water indices may be more sensitive to water beneath openings in the canopy. The water indices may also be more sensitive to very wet soil with no standing water compared to the LC classification.



Hence, the water indices values were interpreted as follows: ≤0.99: water surface; ≤0.36: flooded/humidity ≤−0.3: moderate dryness, ≤−1: dry/surfaces without water. Note that the spectral bands of green and near-infrared were used in the above equations, unlike the NDWI proposed by [42]. The use of green and near-infrared bands has been shown to be better for the separation of flooded areas [43].




6. Conclusions


We conclude that open water areas can be mapped based on optical satellite imagery and normalized difference water indices despite the likely presence of floating and emergent aquatic vegetation and variable turbidity in these shallow waters. The original NDWI and the MNDWI gave comparable results. Comparison with LC classification showed broad agreement except for the September 2017 dry season when the LC indicated much lower coverage of open water. Which of these indicators of open water is more accurate cannot be determined without detailed field observations designed to understand the causes of these differences. Given the variability in vegetation growth forms and structure as well as turbidity in tropical floodplains, such as the Pantanal, such field calibration and validation should be site-specific and consider seasonality in both water levels and plant canopy development.
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Figure 1. Map of the SESC Pantanal study area (left) and its location within the Pantanal and South America. 
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Figure 2. Methodological flowchart. 
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Figure 3. Mean monthly discharge for the São Lourenço and Cuiabá rivers during 2015–2020. Data obtained from the fluviometric stations at Porto Cercado on the Cuiabá River (river station code: 66340000) and at the Acima do Córrego Grande on the São Lourenço River (river station code: 66460000). 
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Figure 4. Hypsometric map of the study site. Image with UTM coordinate system, Datum SIRGAS 2000, zone 21 S. 
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Figure 5. Land cover classification based on imagery from the high-water period (May 2017) in the study area. Image made with UTM coordinate system, Datum SIRGAS 2000 zone 21 S. 
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Figure 6. Land cover classification based on imagery from the low water period (September 2017) in the study area. Image made with UTM coordinate system, Datum SIRGAS 2000 zone 21 S. 
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Figure 7. Normalized difference water index (NDWI) in the study area (main map) and along the Cuiabá River (inset) in months representing high water in the river (top; May 2017) and low water (bottom; September 2017). Open water areas are highlighted in blue. Image made with UTM coordinates system, Datum SIRGAS 2000 zone 21 S. 
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Figure 8. Modified normalized difference water index (MNDWI) in the study area (main map) and along the Cuiabá River (inset) in months representing high water in the river (top; May 2017) and low water (bottom; September 2017). Open water areas are highlighted in blue. Image made with UTM coordinate system, Datum SIRGAS 2000 zone 21 S. 
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Table 1. Imagery. The total area of the study site is 108,095.3 ha within which the active floodplain of the Cuiabá River covers 26,033 ha.
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	Method of Estimation
	Period
	Classes
	Area (ha)
	Area (%)
	Kruskal-Wallis Test





	
	
	Surfaces without water
	63,962.74
	59.17
	



	
	
	Moderate dryness
	43,525.25
	40.27
	



	
	May 2017
	Humidity/flood
	289.39
	0.27
	



	
	
	Water surface
	317.95
	0.29
	



	NDWI
	
	Surfaces without water
	63,587.85
	58.83
	



	
	
	Moderate dryness
	44,075.47
	40.77
	



	
	September 2017
	Humidity/flood
	303.71
	0.28
	



	
	
	water surface
	128.30
	0.12
	



	
	
	Surfaces without water
	71,377.97
	66.03
	p-value = 0.4514



	
	May 2017
	Moderate dryness
	36,038.36
	33.34
	



	
	
	Humidity/flood
	571.06
	0.53
	



	
	
	water surface
	107.94
	0.10
	



	MNDWI
	
	Surfaces without water
	72,471.26
	67.04
	



	
	
	Moderate dryness
	35,005.59
	32.38
	



	
	September 2017
	Humidity/flood
	483.15
	0.45
	



	
	
	water surface
	135.33
	0.13
	



	
	
	Monodominant forest
	52,742.98
	48.79
	



	
	
	Shrub
	13,222.49
	12.23
	



	
	
	Sazonal herbaceous
	9528.17
	8.81
	



	Land Cover
	May 2017
	Exposed soil
	6794.51
	6.29
	



	
	
	Water
	3325.86
	3.08
	



	
	
	Humidity/flood
	22,481.45
	20.80
	



	
	
	Monodominant forest
	29,259.65
	27.07
	



	
	
	Shrub
	21,794.25
	20.16
	



	Land Cover
	September 2017
	Sazonal dry field
	32,554.46
	30.12
	



	
	
	Exposed soil
	23,360.45
	21.61
	



	
	
	Water
	198.03
	0.18
	



	
	
	Dry field
	526.84
	0.49
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