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Abstract: The use of multispectral satellite imagery for water monitoring is a fast and cost-effective
method that can benefit from the growing availability of medium-high-resolution and free remote
sensing data. Since the 1970s, multispectral satellite imagery has been exploited by adopting different
techniques and spectral indices. The high number of available sensors and their differences in spectral
and spatial characteristics led to a proliferation of outcomes that depicts a nice picture of the potential
and limitations of each. This paper provides a review of satellite remote sensing applications for
water extent delineation and flood monitoring, highlighting trends in research studies that adopted
freely available optical imagery. The performances of the most common spectral indices for water
segmentation are qualitatively analyzed and assessed according to different land cover types to
provide guidance for targeted applications in specific contexts. The comparison is carried out by
collecting evidence obtained from several applications identifying the overall accuracy (OA) obtained
with each specific configuration. In addition, common issues faced when dealing with optical imagery
are discussed, together with opportunities offered by new-generation passive satellites.
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1. Introduction

Remote sensing techniques play a crucial role in monitoring water bodies and assessing
river dynamics, providing effective support to surface water management. Considering
the growing availability of medium-high-resolution and free remote sensing data, both
active and passive sensors onboard different satellites are being extensively used for water
segmentation and flood mapping. Satellite data are, in fact, of particular interest when
observations over wide areas are necessary, for example, to assist with large-scale flood
phenomena [1]. Active and passive satellite sensors operate in the microwave segment
of the electromagnetic spectrum, while passive satellites include both sensors operating
in the microwave spectrum segment and in the portion from the visible to the thermal
infrared (optical imagery). Although active microwave sensors provide their own source of
illumination, thus being in operation day and night and under all weather conditions, the
use of passive multispectral sensors is relatively straightforward [1], and observations are
easily interpretable. The availability of several spectral bands with different wavelengths,
in fact, makes it possible to derive valuable information from each band and surfaces’
spectral signatures, or through direct interpretation of true- and false-color composites. In
addition, with simple math algebra, vegetation indices exploit the reflectance characteristics
of different objects.

Multispectral images have been successfully used for water body and river monitoring,
change detection, and water feature extraction [2-5]. In addition, when cloud cover does not
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represent a major issue, the application of optical remote sensing to maps of flooded areas [6-8]
offers the possibility of quickly and reliably identifying hazardous areas and supporting
the implementation of flood coping strategies and response activities. In this context, the
use of Unmanned Aerial Systems (UASs) may also provide high-resolution data in the
presence of clouds, given the low-altitude range of these systems that allow flying below
the cloud layer to be achieved (e.g., [9,10]). Moreover, the advent of Global Navigation
Satellite System (GNSS) and, in particular, the Cyclone GNSS (CYGNSS) constellation,
has recently demonstrated the potential of passive microwave instruments to estimate
flood inundation and map inland surface water [11-16]. In fact, CYGNSS benefits from the
L-band microwave capabilities of penetrating cloud cover and low-medium vegetation
density, thus avoiding scattering problems due to precipitation and clouds [17].
Multispectral satellite data have also been recently proven to be suitable for monitoring
the long-term spatio-temporal dynamics of river planform morphology and vegetation
coverage, as well as land use/land cover evolution [18-21]. Boothroyd et al. [18] used
vegetation indices derived from multispectral images to assess changes in the wetted
river planform morphology and vegetation coverage along Po River Basin (Italy) with a
multi-temporal Landsat image analysis (from 1988-2018). Similarly, Henshaw et al. [19]
used Landsat scenes to determine the spatio-temporal trends of vegetation extent and
channel position of six different sites along Tagliamento River (Italy). The incorporation of
morphological processes into the evaluation of flood hazard has been carried out over both
long- [18,19] and short-term timescales [22] and has shown to be of relevance for flood risk
management. In addition, the hydrodynamics characteristics of the flow during a flooding
event can modify vegetation coverage and flow resistance through erosion and sediment
deposition [23,24]. In this regard, the information that can be inferred from optical remote
sensing data represents a unique opportunity for monitoring planform, vegetation, and
land cover changes, improving and supporting flood hazard predictions and modelling.
Over the past few years, different methods for water segmentation and flooded area
mapping using multispectral satellite images have been proposed in the literature. These
are generally divided into single-band and multi-band approaches. While the former
discriminates water features from other surfaces by thresholding a single band, usually the
near infrared (NIR), which is highly absorbed by water, the latter uses a combination of
two or more bands for deriving spectral indices. The multi-band method, also called water
index method, is a promising approach for surface water mapping both in data-rich and
data-poor catchments [25]. It performs better than the single-band method in detecting
land surface water, since it exploits differences in the reflectivity of the selected bands [26].
Multispectral remote sensing-derived indices allow flooded areas and water bodies to
be quickly and effectively recognized. However, this ability can be highly compromised by
the presence of scattering noise, built-up areas, clouds, and shadows. In addition, spectral
index performances can be different according to the geomorphological conformation of
the territory, as well as the land cover conditions, i.e., crops, forests, artificial surfaces, or
open water.
In this context, this paper aimed to gain insights into the state of the art of multispectral
satellite remote sensing and approaches to water extent delineation and flood mapping. In
detail, the review aimed to achieve the following:

(a) Providing an overview of the current optical satellites used in flooded area and
wetland inundation mapping, with a focus on some of the medium-high-spatial
resolution sensors that offer free-of-charge data.

(b) Highlighting the potential and limitations of the use of spectral indices for flood
mapping and water segmentation, with particular attention to the land cover setting.

A systematic review to address the first objective was initially carried out. The analysis
of the literature allowed us to identify the most frequently used sensors in flood detection
studies, as well as the main approaches and advances. Then, to address the second objective,
a further investigation of the literature was conducted to identify relevant studies that used
spectral indices for water extent delineation and flooded area detection. Several authors compared
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the use of different water index methods for both surface water body extraction [5,27-29] and
flood mapping [30-32]. Therefore, we summarized the main outcomes from the literature,
identifying the most reliable indices to detect the presence of water (i.e., open water or
flooded areas). In addition, a further analysis of the selected literature was conducted
to classify the performances of the most used multispectral indices according to the land
cover conditions, with the aim to provide guidance for targeted applications of flood
mapping using multispectral remote sensing. The spectral indices considered included,
among others, the Normalized Difference Vegetation Index (NDVI [33]), the Normalized
Difference Water Index (NDWI [34]), and the Modified Normalized Difference Water Index
(MNDWI [26]).

The manuscript is organized into five sections, including the introduction. Section 2
describes the main characteristics of the most common optical satellites that offer free-
of-charge data to provide a summary of their characteristics and data accessibility. The
methodology adopted to conduct the proposed systematic review in the context of flood
detection and hazard mapping from selected optical remote sensors is also illustrated,
and an analysis of the main trends emerging from this review is presented. Section 3
introduces the most used spectral indices for the extraction of surface water extent and
describes the main characteristics of a performance assessment for image classification and
the corresponding error metrics. In addition, the investigation of the performances of the
selected indices, based on evidence from the literature, is presented, and the classification
of the accuracy values, according to the land cover conditions, is proposed. In Section 4, the
main outcomes are described; finally, in Section 5, the conclusions are drawn, and future
research directions are discussed.

2. Multispectral Satellite Remote Sensing for Flooded Area and Wetland
Inundation Mapping

Since the mid-1970s, several optical satellites have been monitoring the Earth’s surface.
The Landsat program represents the oldest and longest-running satellite mission, operating
since July 1972, when Landsat 1 was first launched. Over the years, new satellites equipped
with different instruments were placed in orbit, and the most recent mission, represented by
the Landsat 9 satellite, was recently launched in September 2021. Satellites still in operation
are Landsat 7, Landsat 8, and the aforementioned Landsat 9. Optical sensors onboard
these satellites capture images at different spectral (i.e., wavelengths and bandwidths) and
spatial resolutions, with a common revisit time of 16 days.

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument operates
on the Terra and Aqua satellites, respectively launched in December 1999 and May 2002,
and captures images in 36 spectral bands. Despite its coarse spatial resolution (see Table 1),
MODIS has a daily revisit time, which is one of the most important factors when data
obtained during the flood event are needed for flood extent delineation [35].

Sentinel-2 is a constellation formed by two twin satellites, S-2A and S-2B, respectively
launched in June 2015 and March 2017, that together ensure a revisit time of 5 days. A
multispectral instrument (MSI) mounted on Sentinel-2 provides images in 12 spectral bands
(see Table 1). Together with Landsat, Sentinel-2 constitutes the family of medium-high
spatial resolution multispectral satellites.

The National Oceanic and Atmospheric Administration’s (NOAA) Advanced Very
High-Resolution Radiometers (AVHRR) sensor has been equipped on polar orbiting
weather satellites since 1978. Since then, different instruments onboard several satel-
lites have been imaging the Earth. The last version, AVHRR/3, currently operating on
NOAA-15, -18, and -19 satellites, acquires daily images in six spectral bands (from the
visible to the infrared portions of the electromagnetic spectrum) with a spatial resolution of
1.1 km, making it possible to perform flood mapping at very large scales.
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Table 1. Main spectral and spatial resolution characteristics of the selected satellites: Landsat 4- and 5-Thematic Mapper (TM), 7-Enhanced Thematic Mapper Plus

(ETM+), 8-Operational Land Imager (OLI), Sentinel-2 multispectral instrument (MSI), and Terra-—Aqua Moderate Resolution Imaging Spectroradiometer (MODIS).

Note that only bands commonly used in water detection methods are reported. (W and R stand for wavelength and spatial resolution, respectively).

Landsat 4-, 5-TM

Landsat 7-ETM+

Landsat 8-OLI

Sentinel-2 MSI

Terra—~Aqua MODIS

Band Band Band Band Band
Band Number W (um) R (m) Number W (pm) R (m) Number W (um) R (m) Number W (um) R (m) Number W (um) R (m)
Blue Band 1 0.45-0.52 30 Band 1 0.45-0.52 30 Band 2 0.45-0.51 30 Band 2 0.46-0.52 10 Band 3 0.46-0.48 500
Green Band 2 0.52-0.60 30 Band 2 0.52-0.60 30 Band 3 0.53-0.59 30 Band 3 0.55-0.58 10 Band 4 0.55-0.57 500
Red Band 3 0.63-0.69 30 Band 3 0.63-0.69 30 Band 4 0.64-0.67 30 Band 4 0.64-0.67 10 Band 1 0.62-0.67 250
NIR 1 0.84-0.88 250
NIR Band 4 0.76-0.90 30 Band 4 0.77-0.90 30 Band 5 0.85-0.88 30 Band 8 0.78-0.90 10 Band 2 ’ :
NIR 2
Band 5 1.23-1.25 500
SWIR 1 Band 5 1.55-1.75 30 Band 5 1.55-1.75 30 Band 6 1.57-1.65 30 Band 11 1.57-1.65 20 Band 6 1.63-1.65 500
SWIR 2 Band 7 2.08-2.35 30 Band 7 2.09-2.35 30 Band 7 2.11-2.29 30 Band 12 2.10-2.28 20 Band 7 2.11-2.16 500
USGS EarthExplorer data portal [36]
https:/ /earthexplorer.usgs.gov/ (accessed
on 4 February 2022)
Dat USGS EarthExplorer data portal [36] Sentinel Scientific Data Hub [37] NASA Earthdata Search [38]
Ac?:e:s https:/ /earthexplorer.usgs.gov/ https:/ /scihub.copernicus.eu/ https:/ /search.earthdata.nasa.gov/search

(accessed on 4 February 2022)

(accessed on 4 February 2022)

(accessed on 4 February 2022)
LAADS DAAC Archive [39]

https:/ /ladsweb.modaps.eosdis.nasa.gov/
(accessed on 4 February 2022)
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These are examples of passive remote sensing programs offering free-of-charge data.
In this work, we reviewed the use of medium-high-spatial resolution imagery for flooded
area and wetland inundation mapping. In addition, as reviewed by Zhao et al. [40], Sentinel,
Landsat, and MODIS are the most significant Earth observation satellite missions, based
on the remote sensing impact index (RSIF) built by the authors, that will likely still be on
the front line for environmental monitoring. For these reasons, we focused on the Landsat,
MODIS, and Sentinel-2 satellites in our review.

Table 1 illustrates the main spectral and spatial resolution characteristics of Landsat
4- and 5-Thematic Mapper (TM), Landsat 7-Enhanced Thematic Mapper Plus (ETM+),
Landsat 8-Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS), Sentinel-
2 MSI, and Terra~Aqua MODIS instruments, with a particular focus on spectral bands
commonly used in surface water monitoring studies. In addition, references and links to
the data portals from which it is possible to visualize and freely download multispectral
images from these satellites are provided in the same table.

2.1. Trends in Using Multispectral Imagery for Flood Mapping

The international Scopus academic database was used to acquire the relevant literature
in the field of flood mapping extracted from free-of-charge optical satellite data. The
multispectral sensors considered for the review were the Landsat, Sentinel-2, and MODIS
satellites. An initial exploration was carried out using a list of keywords for each satellite.
An example of search instructions for the Landsat program is the following: (flood AND
mapping AND Landsat) OR (floodplain AND mapping AND Landsat) OR (flood AND
hazard AND mapping AND Landsat) OR (flood AND detection AND Landsat). A total
of 1153 documents were initially found in the database. A series of exclusions criteria
were used to limit the search results only to journal articles, conference papers, and book
chapters in the English language published in the last twenty years. All the relevant
literature on flood mapping using multispectral imagery accessible to the authors was
included. A further screening of the titles and abstracts of the selected papers was carried
out to exclude articles that were not a topic of interest for the research study. Finally,
multi-sensor approaches (i.e., those including a combined use of, for example, optical
and radar data; optical imagery acquired with different sensors, such as Landsat and
Sentinel-2, Landsat and MODIS, etc.; optical images and other sensors or data, such as
National Polar-orbiting Partnership Visible Infrared Imager Radiometer Suite (NPP-VIIRS)
and Soil Moisture Active Passive (SMAP); or satellite data integrated with hydrological
modelling) were not considered, since the focus of this analysis was to only address single-
sensor applications. The above criteria led to a selection of about 146 articles from 2002 to
2021 published in high-impact journals in the field of hydrological processes and remote
sensing (e.g., MDPI's Remote Sensing, Elsevier’s Remote Sensing of Environment and Journal
of Hydrology, and Springer’s Natural Hazards).

Figure 1 describes the number of studies exploiting specific satellite products for
flooded area and wetland inundation mapping. Relevant documents that met the search
criteria were found starting from 2002, 2008, and 2018 onwards for Landsat, MODIS, and
Sentinel-2 data, respectively. Therefore, it is worth highlighting that the dates reported in
the figure do not refer to the years of the launch of each. It is interesting to remark that
the total number of studies (dashed black line) increased significantly over time thanks to
the increased availability of free-of-charge data. Considering that Landsat is the longest-
running remote sensing system, it also represents the most used dataset. MODIS and
Sentinel-2 are more recent missions, and their trends are not clearly detectable. Nevertheless,
it seems that MODIS initially received a good level of attention, while the number of studies
exploiting this product started to slightly decrease after 2012. On the other hand, the history
of Sentinel-2 has still to be written, since the 2B instrument started to operate only in 2017,
and few documents on the topic of interest were found from 2018 onwards.
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Figure 1. Number of research studies on flooded area and wetland inundation mapping from 2002 to
2021 using Landsat, MODIS, or Sentinel-2 imagery retrieved from the Scopus academic database.

2.2. Flood Mapping Approaches Using Optical Remote Sensing

Satellite observations from optical sensors have long been used for river monitoring
and to assess inundation dynamics in the pre- and post-flood emergency. In detail, flooded
areas and wetland inundations have been mapped using Landsat [41-48], MODIS [49-52],
and Sentinel-2 imagery [53-56] in different contexts, including urban [57,58] and coastal
environments [59-62]. Satellite-derived flood maps also represent support for emergency
responses and the evaluation of flood severity and costs. Several studies assessed post-flood
damages to infrastructures, built-up, and agricultural areas [63-68], as well as the estimation
of flood impacts on natural environments and floodplain ecosystems (e.g., [61,62]).

Different methodologies were applied to detect flooded areas. A comprehensive
review of optical images classification methods was carried out by Gomez et al. [69] and
can also be found in Radocaj et al. [70] and Foroughnia et al. [71].

Most of the studies adopted segmentation approaches to discriminate between water
and non-water pixels. They included density slicing to a single band by visually inspecting
the grayscale histogram of the satellite images or thresholding the different band ratios or
compositions that form the spectral indices. Sims and Thoms [72] analyzed the vegetation
response to floodplain inundation using Landsat TM images. The authors applied a ratio
of Band 1 to Band 7 to map deep open water, while the change detection technique applied
to Band 5 for processing preflood images and those acquired during the flood event was
used to identify shallow water. NDVI maps were then used to study the relation between
vegetation growth and flood frequency, from which it emerged that where vegetation
was more vigorous, occurring where high NDVI values could be detected, flooding was
registered less frequently. Frazier and Page [73] applied density slicing to Landsat TM
infrared Band 5 to classify water and non-water regions and relate wetland inundation
with river flood peak discharge. By observing Digital Number (DN) values in the red band
of MODIS images, Thito et al. [48] identified threshold values for classifying inundated and
non-inundated areas to ultimately define flooding frequency and duration from 2001 to
2012 in Okavango Delta (Botswana, Africa). Similarly, image thresholding was applied by
Ludwig et al. [55] to multi-temporal Sentinel-2 imagery for large-scale wetland mapping
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mainly based on spectral indices. Thresholding represents an easily implemented technique
for flood mapping based on the selection of a single appropriate threshold value from
a bimodal intensity histogram that partitions the image into two classes, i.e., water and
non-water. One of the most common thresholding approaches is Otsu’s method, aimed at
maximizing the inter-class or, similarly, minimizing the intra-class variance [74]. Difficulties
arise because in most of the cases, the histograms are not bimodal, but several classes are
present in the flooded scene, and disturbance factors, such as dense vegetation canopies,
do not allow one to identify the presence of water beneath them [71].

Supervised classification was also found to be one of the most widely used approaches for
flood extent delineation and/or land cover/land use classification to assist with water detection.
This method includes maximum likelihood (e.g., [66,75]), random forest (e.g., [42,76-78]), and
support vector machine (e.g., [79,80]). Despite the large use of supervised classifiers,
their use requires a priori knowledge of the classes to be identified. Such information
assumes the form of large training datasets that must adequately describe the classification
problem and contain representative class samples [20,69,70]. An alternative is represented
by unsupervised approaches, mainly based on Iterative Self-Organizing Data Analysis
(ISODATA) clustering [81]. For example, Thomas et al. [46] identified inundated areas
in Macquarie Marshes in central-eastern Australia, using Landsat Multispectral Scanner
System (MSS), TM, and 7-ETM+ images over 28 years and applying ISODATA, while Jung
et al. [82] used the same classification algorithm to extract flood extent from Landsat 5-TM
data and estimate the relationship between the flood discharge and the elevation extracted
using a Digital Elevation Model (DEM) at the flood extent boundaries. Since unsupervised
methods do not require training samples, they are especially adopted when there is scarce
knowledge about the classification problem [69] and can easily be transferred to different
contexts [20].

In many studies, remote sensing data and derived flood extents were integrated or
used in conjunction with ancillary data to help to avoid flooded area underestimation and
misclassifications, especially caused by vegetation and forest cover [62]. Auxiliary informa-
tion included DEMs and Light Detection and Ranging (LiDAR) products (e.g., [62,65,83-85]),
or derived geomorphic indices, such as the Height Above the Nearest Drainage index
(HAND [86]; also defined as the elevation to the nearest stream, H) and the Geomorphic
Flood Index (GFI [87,88]). Totaro et al. [89] carried out a comparative analysis of geomor-
phic descriptors (i.e., H and the GFI) and satellite-based spectral indices derived from
Landsat 8-OLI images for flood-prone area delineation. More recently, Mehmood et al. [90]
implemented an innovative Flood Mapping Algorithm (FMA) on the cloud platform Google
Earth Engine (GEE) using the MNDWI for water classification and filtering dark and steep
vegetated hilly areas with NDVI and HAND maps, respectively.

Finally, from the proposed review, it was interesting to note some emerging trends
in the last few years, especially the increasing interest in cloud computing for processing
remote sensing products. The already mentioned GEE, in fact, allows data visualization
and the analysis of ready-to-use satellite data and geospatial products to be performed at
the planetary scale [91], and these can be collected from a vast archive, including Landsat
imagery since 1982, and MODIS and Sentinel collections. Since 2016, several authors have
developed tools and automated flooded area mapping algorithms on GEE to delineate the
extent of the event or generate time-series flood maps [90,92-95]. Others just exploited
the GEE environment capabilities of managing large amounts of data and offering parallel
computations to process satellite data [96,97].

A summary of the references considered herein that suggest different methods for
flood monitoring and the adopted datasets are given in Table 2.
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Table 2. Sample of references, in chronological order, for flooded area and wetland inundation
mapping using Landsat, MODIS, or Sentinel-2 images.

Satellite/Sensor

Sample References

Sims and Thoms [72]; Zhou et al. [98]; Wang et al. [62]; Hudson and Colditz [43]; Wang [61]; Gianinetto
et al. [65]; Wolski and Murray-Hudson [99]; Villa and Gianinetto [68]; Demirkesen et al. [75]; Frazier
and Page [73]; Dey et al. [79]; Jung et al. [44]; Thomas et al. [46]; Ho et al. [100]; Jung et al. [82]; Sar

Landsat (MSS, TM, ETM+, and OLI) etal. [101]; Thomas et al. [47]; Chignell et al. [41]; Diaz-Delgado et al. [102]; Li et al. [57]; Tulbure

et al. [78]; Kumar and Acharya [84]; Tang et al. [95]; Nandi et al. [45]; Totaro et al. [89]; Li et al. [58];
Sajjad et al. [67]; Inman and Lyons [93]; Hardy et al. [92]; Ghansah et al. [42]; Farhadi and
Najafzadeh [77]; Li et al. [94]; Mehmood et al. [90].

MODIS (Aqua/Terra)

Timar et al. [52]; Islam et al. [50]; Yan et al. [60]; Amarnath et al. [49]; Haq et al. [66]; Zhang et al. [80];
Kwak e al. [85]; Ogilvie et al. [51]; Atif et al. [63]; Thito et al. [48]; Coltin et al. [96]; Colditz et al. [59];
Fuentes et al. [97].

Sentinel-2 (MSI)

Kordelas et al. [53]; Cuca and Barazzetti [64]; Kordelas et al. [54]; Ludwig et al. [55]; Sadek and Li [103];
Solovey [56]; Esfandiari et al. [9].

3. Multispectral Indices for Water Segmentation

Spectral indices are a combination of two or more spectral bands through which the
water class is detected and separated from other features by exploiting the reflectance
characteristics of different bands. Since 1974, several spectral indices have been proposed
in the literature, each formed by a different band composition to enhance water features
from other objects. The NDVI was introduced by Rouse et al. [33] to detect the vegetation
greenness using Landsat 1-MSS images. This index exploits the contrast between the
reflectance in the infrared and red bands, where negative values indicate the presence of
water. To enhance water features, McFeeters [34] proposed the NDWI, which uses the green
and NIR bands. In this case, the index assumes positive values in water regions. Using
the same name, Gao [104] introduced an index that uses the NIR and SWIR1 bands. To
avoid confusion, Gao’s NDWI was later renamed as Normalized Difference Moisture Index
(NDMI) by Xu [26]. The same author, using Landsat TM images, developed a modified
version of the NDWI, the so-called MNDWI, which exploits reflectance differences between
the green and SWIR1 bands. This index was successfully introduced to better discriminate
water surfaces in regions where built-up land areas dominate the background [26].

Other features can lead to the misclassification of water pixels, including dark surfaces
and the presence of shadow, which can be predominant especially in mountainous areas. To
reduce such environmental noises and improve surface water mapping, Feyisa et al. [105]
proposed an Automated Water Extraction Index (AWEI). Two indices were formulated by
the authors to distinguish situations in which shadow does not represent a major problem
(AWEInsh) from those in which shadows and dark surfaces predominate (AWEIsh).

A modification of the MNDWI was introduced by Ji et al. [106] for Landsat 7-ETM+
and MODIS sensors. The author proposed to substitute the Landsat 7-ETM+ SWIR1 band
with the SWIR2 band to form an index named NDWIj,7. The same substitution was
proposed for the MODIS SWIR1 band, replaced by the SWIR2 band to form the NDWIyy 7.
Hereinafter, the index formed by the green and SWIR2 bands, regardless of the sensor, is
referred to as MNDWI, as proposed by Colditz et al. [59].

A further investigation of the literature was carried out to identify the most employed
spectral indices derived from Landsat, Sentinel-2, and MODIS data. In particular, the NDVI,
NDWI, NDMI, MNDWI, AWEIsh, AWEInsh, and MNDWI7 were found to be applied to
both flooded area detection and water body mapping, while the Water Ratio Index (WRI)
introduced by Shen and Li [107] for Landsat ETM+ imagery, was also found to be used
in surface water delineation studies. Among these indices, the most frequently used are
the NDWI (around 65.2% of applications with Landsat, 21.4% with Sentinel-2, and 16.1%
with MODIS) and the MNDWI (66.7% of use with Landsat and 16.7% with both Sentinel-2
and MODIS). In Figure 2, the percentages of use of the MNDWI (left panel) and NDWI
(right panel) from 2002 to 2021 for each satellite are shown. Similar trend patterns on their
applications with Landsat, Sentinel-2, and MODIS were found both for the MNDWI and
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NDWIJ, i.e., an increasing use of Landsat and Sentinel-2 (pink and green lines, respectively)
and a decreasing interest in spectral indices for MODIS (blue line) since 2015.

MNDWI NDWI
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Figure 2. Percentages of applications of the Modified Normalized Difference Water Index (MNDWI,
left panel) and Normalized Difference Water Index (NDWI, right panel) from 2002 to 2021 using
Landsat (pink line), Sentinel-2 (green line), and MODIS (blue line) data.

Table 3 illustrates the indices selected after an in-depth screening of the available
documents. For each index reported in the table, both the general formula with the original
bands composition from the authors that first proposed it and the specific formula for each
selected sensor are provided.

Table 3. Spectral index formulas according to the original band’s composition and formulation for
each selected sensor.

NDVI NDWI NDMI MNDWI WRI MNDWI7
Reference Rouse et al. [33] McFeeters [34] Gao [104] Xu [26] Shen and Li [107] Jietal. [106]
NIR—RED GREEN—NIR NIR-SWIR 1 GREEN—SWIR 1 GREEN+RED GREEN-SWIR 2
NIRTRED GREENTNIR NIRFSWIR 1 GREENTSWIR 1 NIR+SWIR 1 GREENTSWIR 2
=
=] Landsat
E 5-TM B4—B3 B2-B1 B4—B5 B2-B5 B2+B3 B2-B7
S 7 ETM+ B4+B3 B27B1 B4+B5 B2+B5 B4+B B2+B7
x
U
]
]
Landsat B5-B4 B3—B5 B5-B6 B3-B6 B3+B4 B3-B7
8-OLI B5+B4 B3+B5 B5+B6 B3+B6 B5-+B6 B3+B7
Sentinel-2 B8—B4 B3-B8 B8—B11 B3-B11 B3+B4 B3-B12
MSI B8+B4 B3+B8 B8+B11 B3+B11 B8+B11 B3+B12
Terra-Aqua B2-B4 B4-—B2 B2—B5 B4—B6 B4+B1 B4—B7
MODIS B2+B4 B4+B2 B2+B5 B4+B6 B2+B6 B4+B7
AWEInsh AWEIsh
Reference Feyisa et al. [105] Feyisa et al. [105]
4-(GREEN — SWIR 1) — 0.25-(NIR + 2.75-SWIR 2) BLUE +2.5-GREEN — 1.5 (NIR + SWIR 1) — 0.25-SWIR 2
=
E Landsat
£ 5-TM 4-(B2 — B5) — 0.25-(B4 + 2.75-B7) B1+2.5-B2 —1.5-(B4 + B5) — 0.25-B7
)
= 7-ETM+
*
U
]
]
Lgf‘odfi‘t 4-(B3 — B6) — 0.25-(B5 + 2.75-B7) B2+ 2.5-B3 — 1.5-(B5 + B6) — 0.25-B7
Sentinel-2
MSI 4-(B3 — B11) — 0.25-(B8 + 2.75-B12) B2 +2.5-B3 —1.5-(B8 + B11) — 0.25-B12
Terra—Aqua
MODIqS 4-(B4 — B6) — 0.25-(B2 + 2.75-B7) B3+ 2.5-B4 —1.5-(B2 + B6) — 0.25-B7
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In the following sections, a summary of the performances of each selected index
according to evidence derived from the literature review, as well as some indications about
their applicability in different land cover conditions, is reported. To provide an overview
of spectral index performances in quantitative terms, common error metrics used in image
classification accuracy assessment are briefly reviewed in the following.

3.1. Performance Assessment

Thematic maps obtained from remote sensing data need to be verified in terms of
quality, or accuracy, to check to which extent they correspond to reality. According to
Stehman and Czaplewski [108], accuracy assessment follows a detailed protocol that
includes three main components: (a) design of the reference sample, (b) response design to
determine the reference classification, and (c) analysis of the classification accuracy through
the estimation of error metrics.

The most common evaluation technique to perform an accuracy assessment of image
classification (component c) of the assessment protocol is the confusion or error matrix, to
be chosen as the standard method for checking the accuracy of remote sensing-derived
maps [109]. A confusion matrix is the starting point for evaluation purposes in which the
classified and reference maps are directly compared in a simple two-by-two table where
diagonal values represent the number of correctly classified pixels, either true-positive
(TP) or true-negative (TN) data, while off-diagonal values indicate misclassifications (i.e.,
false-positive (FP) and false-negative (FN) values). The confusion matrix allows several
descriptive metrics to be computed, including the overall accuracy (OA), which describes
the proportion of correctly classified pixels; the user’s accuracy (UA), also called reliability
or precision, which describes the number of pixels assigned to class i that in fact correspond
to that class in the reference image; and the producer’s accuracy (PA), also called sensitivity,
recall, or true-positive rate, which represents the number of pixels corresponding to class j
in the reference map and classified as class j in the classified image. In addition, the Kappa
coefficient, x, can be derived from the confusion matrix considering the overall proportion
of agreement, pg, which corresponds to the overall accuracy, and the chance agreement, p.
This coefficient expresses the proportion of agreement between the classified and reference
maps after removing the agreement that can occur by chance [110], and it also takes into
consideration off-diagonal values. It ranges between —1 and 1, respectively indicating no or
a perfect agreement, while a value equal to zero indicates agreement occurring by chance.

In general, surface water and flooded area delineation maps are in the form of binary
images, in which pixels are either marked as water/flooded or non-water /non-flooded.
Therefore, the confusion matrix is composed of two classes. Assuming that Table 4 is the
result of a classification process for surface water detection and that the aim is to assess the
accuracy of the derived water delineation map, the aforementioned descriptive statistics
for the water class are expressed according to the formula reported in Equations (1)—(5).

OA (%) = po = M.m, (1)
UA (%) = -2 100, )

Cnw
PA (%) = 22100, 3)

Rw
Rw-Cw) + (Ryw-C

pc(o/o) — ( w W) T(z NW NW)lOO, (4)

_ Po—Pc
K= 100 _ pcr (5)

where T is the total number of pixels in the image and Cyy and Cyw represent the total
number of pixels respectively corresponding to water and non-water classes in the classified
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map, while Ry and Ry represent the total number of pixels respectively corresponding
to water and non-water classes in the reference map.

Table 4. Example of a confusion matrix for water pixel classification. (Cyy and Cnw represent the
total number of pixels respectively corresponding to water and non-water classes in the classified
map, while Ry and Ry represent the total number of pixels respectively corresponding to water
and non-water classes in the reference map. T is the total number of pixels in the image.)

Reference Map
Class Water Non-Water Row Total
o Water TP FP Cw
Classified Map Non-water EN N Caw
Column total Rw Rnw T

3.2. Investigation of Spectral Index Performances

In our investigation, we noticed that descriptive metrics are not always all used
simultaneously to assess the performances of multispectral indices, with OA being the most
commonly used. Therefore, to have a homogeneous and comparable metric among different
studies, a further screening of the literature was necessary to take into consideration
those that at least used OA as a performance metric. This was considered as a summary
statistic for assessing the ability of the selected spectral indices to detect water pixels.
The performance assessment was separately carried out for studies on flood mapping
and surface water detection (i.e., water body mapping) that employed either Landsat
5-TM, Landsat 7-ETM+, Landsat 8, Sentinel-2, or MODIS or presented a comparison of
more than one dataset. Among flooded area detection studies (42% of total studies), for
example, Boschetti et al. [30] proposed a comparative analysis of several spectral indices to
map flooded rice cropping systems using MODIS data. Validation on pure water pixels
showed that among 11 selected indices, the best mapping accuracy was achieved by those
based on the SWIR and visible bands, particularly the MNDWI (OA = 97%). Similarly,
Munasinghe et al. [32] compared different inundation mapping methodologies, including
supervised and unsupervised classification techniques, a change detection approach, and
two spectral indices, i.e., the MNDWI and NDWI, based on Landsat 8-OLI satellite imagery.
Despite the fact that other methods led to better performances, both indices achieved
satisfactory results (OA values equal to 77.3% and 77.1% for the MNDWI and NDWI,
respectively). Asmadin et al. [6] assessed the performances of seven water index algorithms,
including, among others, the MNDWI, NDWI, NDMI, NDVI, and AWEI,g},, derived from
Sentinel-2A MSI and Landsat 8-OLI for coastal surface inundation mapping. In this case,
indices from both sensors showed good accuracy (OA values above 94%). Using Sentinel-2
MSI data, Li et al. [111] performed an MNDWI-based segmentation to separate water and
land features to ultimately characterize extreme flood impacts on the channel-floodplain
morphology and sediment regime of the river system. The classification accuracy achieved
96%. More recently, Li et al. [94] combined Landsat images with precipitation data and
high-resolution satellite imagery in the GEE environment to evaluate channel-floodplain
dynamics. The authors used the MNDWTI to extract the flooding extent, based on visual
interpretation, achieving 93% of accuracy.

A higher number of studies that employed multispectral indices were found for
surface water body detection (58% of total studies). One of the most significant works is the
one proposed by Li et al. [112], in which Advanced Land Imagery (ALI) data and Landsat
5-TM and ETM+ images were selected to compare land surface water mapping based on
the MNDWI, NDWI, and MNDWI; in three different study sites. Despite the aim of the
authors being to demonstrate the superiority of ALI data, Landsat imagery succeeded in
delineating water features in all three regions. In particular, the indices based on the SWIR
bands (i.e., the MNDWI and MNDWI;) showed very high and similar performances (OA
values equal to 94.6% and 93.9% on average, respectively), while the accuracy of the NDWI



Remote Sens. 2022, 14, 6005

12 of 22

was slightly lower (OA = 92% on average). Zhou et al. [29] evaluated the performances
of six spectral indices, including the NDWI, MNDWI, AWEIy,, and AWEI,y,, derived
from three different sensors, i.e., Landsat 7-TM+, Landsat 8-OLI, and Sentinel-2 MSI, for
water body mapping in Poyang Lake Basin, China. The authors showed the superiority of
Landsat 8 and Sentinel-2 over Landsat 7 data and the higher performance of the NDWI in
the selected study region (OA values equal to 95.7% and 95.6% for Landsat 8 and Sentinel-2,
respectively). Ogilvie et al. [5] applied the spectral index segmentation method using
Landsat imagery to map small lakes (from 1 to 30 ha) in Tunisia. The selected indices for
validation purposes using Landsat 8 scenes of six different lakes included the MNDWI,
NDWI, NDM]I, and NDVI. The MNDWTI had higher performances in four out of six cases
(OA values above 89%), while in the other two sites, the NDWI and NDVI performed better
(OA values equal to 80% and 88.1%, respectively).

To identify the best-performing spectral indices, we carefully analyzed the selected
literature. No distinction was made among different satellite sensors, while accuracy values
were evaluated separately for surface water detection and flooding extent delineation. The
selected spectral indices for the performance assessment were the MNDWI, NDWI, NDMI,
NDVI, AWEL, 4, AWEIl,, WRI, and MNDWI;. We summarized the performances of each
index with the boxplots reported in Figures 3 and 4.
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Figure 3. Results of the performances of spectral indices in detecting flooded areas, expressed in
terms of overall accuracy (OA). The blue line represents the median value of the OA of each index,
while red crosses represent outliers.

As regards flood mapping studies, the most used spectral indices were the MNDWI,
NDWI, and NDMI (39.4%, 30.3%, and 9.1% of use among flood studies, respectively). Only
two studies were found that employed the WRI and NDVI (12.2%) and one study that used
the AWEI, 4, AWEly,, and MNDWI; (9%). Figure 3 illustrates the performances of these
indices expressed in terms of OA. Among the MNDWI, NDWI, and NDM]I, the former was
shown to be the best index both in terms of OA median value (93.03%), represented by the
horizontal blue line in the box, and the spread of the data. The NDMI had a median value
very close to that of the MNDWI (93%); however, the data were more spread out. The same
occurred for values of the NDWI, whose median was equal to 87.85%.



Remote Sens. 2022, 14, 6005

13 of 22

Surface water studies
100 — - ‘ ‘ ‘ R

90 -

80 & - —- '

60 -

Overall accuracy (%)
~
o
I
F
|

50 - . y

N & \.
Pﬁ@ \“ §[\ $O\ﬁ

Figure 4. Results of the performances of spectral indices in detecting land surface water, expressed in
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terms of overall accuracy (OA). The blue line represents the median value of the OA of each index,
while red crosses represent outliers.

Regarding surface water detection, the MNDWI and NDWI were the most common
indices (27.8% and 26.4% of use among open water studies, respectively), followed by the
AWElInsh (15.3%), NDVI (11.1%), AWEIsh (9.7%), WRI (4.2%), NDMI, and MNDWI7? (5.6%).
Figure 4 illustrates the performances of these indices expressed in terms of OA. In this case,
the MNDWI had an OA median value of 95.37% (horizontal blue line in the figure) and
a relatively small spread of the data. However, some outliers were observed. The NDWI
and AWEInsh had similar performances to those of the MNDWI, in terms of median value
(94.41% and 94.80%, respectively), data spreading, and outlier values. The NDMI showed
the lowest median value among all selected spectral indices (median OA value of 88.80%).
Although the highest OA median value was observed for the WRI, only five studies were
available, which may not be sufficient to satisfactory interpret its performance.

It is worthy to underline that the analyses presented herein did not consider the
potential impact of the specific processing workflow adopted by each author. Therefore,
there is a potential impact due to such methodologies that is hard to quantify, but we
do believe that the overall analysis provides an interesting picture of the performances
obtained by exploiting specific indices for the scope of interest.

3.3. Classification According to Land Cover

Multispectral remote sensing-derived indices allow flooded areas and water bodies to
be quickly and effectively recognized. However, their performances can vary according
to the land cover (i.e., crops, forests, and artificial surfaces), which influences the ability
to discriminate between water and other features. To achieve a better understanding of
multispectral applications and identify the spectral index that is best suited for a specific
land cover setting, we qualitatively analyzed spectral index performances by classifying
them according to different land cover types. In particular, the classification was carried
out using the selected literature on flooded area mapping, by reviewing case studies and
their land cover context, while land surface water detection studies clearly included only
one class, i.e., water bodies. In addition, the analyses were carried out on the two spectral
indices that showed the best performances in the previous assessment, i.e., the MNDWI
and NDWIL.
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Overall accuracy (%)

Most of the flood studies included regions in which agricultural areas constitute the
main land cover type (e.g., [7,30,32,113]). Other studies were focused on regions mainly
covered by forests (e.g., [94,111,114]), while only a few included urban areas or artificial
surfaces and wetlands (e.g., [6,115]). Finally, some studies were carried out on the watershed
scale (e.g., [8,29,116]); the performance metrics, thus, referred to the entire study area, and
it was not possible to discriminate among land covers. For this reason, we considered three
main classes to carry out a classification of the performances according to the land cover
settings, namely, crops, forests, and mixed land. The latter indicate heterogeneous areas that
include the contemporary presence of the first two classes, wetlands, urban areas, and/or
artificial surfaces. Figure 5 shows the results of the accuracy evaluation of the MNDWI
and NDWI for the three selected land cover categories. First, as highlighted above, the
MNDWTI showed better performances than the NDWI, both in terms of median values and
data variation (left panel). Moreover, the MNDWI always showed the best performance in
all three land cover categories (upper-right panel) compared with the NDWI in the same
categories (lower-right panel). In terms of OA, the median values for the MNDWI were
always above 93% for both crops and mixed lands (94.30% and 93.36%, respectively) and
above 90% for forest areas (91.40%), while for the NDWI, values never exceeded 90%, with
the highest value being observed in forests (88.70%) and the lowest in mixed land (85.98%).
For croplands, the NDWI had an OA median value equal to 87%. As regards data variation,
MNDWI values showed the lowest spread, while higher variation was observed for NDWI
values, with the highest spread of mixed land data.
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Figure 5. Results of the performances of the MNDWI and NDWI in detecting flooded areas in
different land cover settings, expressed in terms of overall accuracy (OA). The blue line represents
the median value of the general OA values of MNDWI and NDWI (left panel) and of the OA values
of the MNDWI and NDWI in each land cover category (right panels).

For comparison between MNDWI and NDWI performances in flooded area delin-
eation, in Figure 6, the overall accuracy values of the same indices for land surface water
detection are reported. As highlighted above, these two indices performed similarly in
delineating water bodies; however, some outliers could be detected, mainly due to spatial
resolution issues with respect to the water body surface area, turbidity of the water, mixed
pixels, or shadows.
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Figure 6. Results of the performances of the MNDWI and NDWTI in detecting land surface water,
expressed in terms of overall accuracy (OA). The blue line represents the median value of the OA of
each index, while red crosses represent outliers.

4. Discussion

In this work, an up-to-date review of remote sensing applications for water mapping
was carried out focusing on satellite remote sensing programs that offer free-of-charge
optical data. Several documents were carefully screened, and the relevant literature on flood
mapping using multispectral imagery was included. To the authors” knowledge, there is no
similar scientific study focusing specifically on optical satellite imagery for flood mapping
that also provides a review of spectral index performances in different flooded land cover
classes. The most recent literature, in fact, has either focused on reviewing the use of optical
data in the context of land cover classification [69] or on the application of radar data
for inundation extent mapping [117,118]. Others have focused on global remote sensing
satellites for land monitoring [70], Earth observations [34], and flood management [119].

The proposed review allowed us to summarize the actual knowledge on the use of
multispectral remote sensing for flood and water body delineation and to directly compare
the potential and limitations of different spectral indices adopted in water segmentation.

First, we analyzed the literature on flooded area and wetland inundation mapping
with Landsat, MODIS, and Sentinel-2 satellite sensors in the period from 2002 to 2021. As
expected, images from the Landsat program were the most used, since it constitutes the
longest-running land monitoring program, offering a large dataset and allowing analyses
to be conducted over several years. In addition, it offers medium-high resolution images
(30-100 m spatial resolution), especially after the launch of the Landsat 7-ETM+ sensor.
However, the revisit time is 16 days, thus limiting the possibility to have a frame of the
flooded area at the exact moment of the event. Joining the Landsat 8 in orbit, the recent
launch of the Landsat 9 satellite ensures a revisit coverage and data collection every 8 days.
Sentinel-2 also belongs to the medium-high resolution class of satellite sensors (10 to 60 m
spatial resolution) and has the advantage of having a 5-day revisit time; however, data are
only available from 2015. Indeed, we found a relatively low number of studies that used
Sentinel-2 images. Similarly, relevant studies that used data from the MODIS satellite were
only found from 2008. Despite the coarse spatial resolution of the MODIS sensor (250 to
1000 m), it has the great advantage of a daily revisit time.
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An in-depth investigation of the water index method for flooded area mapping and
water body delineation was carried out, from which it was possible to identify the most used
multispectral indices and assess their performances. The performance metric considered for
the analysis was the overall accuracy, while the selected spectral indices were the MNDWI,
NDWI, NDVI, NDMI, AWEl,q,, AWEL;,, WRI, and MNDWTI;. The results showed that
the best-performing index for flooded area mapping was the MNDWI, thanks to its ability
to better recognize mixed pixels and turbid water (i.e., algae and vegetation). As regards
surface water detection, both the MNDWI and NDWI showed good performances; however,
few outliers were detected. These were mainly found in study areas in which shadows
represented a major issue, influencing MNDWI accuracy, while turbidity problems affected
NDWI performance [2,26,84]. In addition, issues were also related to the spatial resolution
of the sensor used to map the water bodies, which sometimes may have a limited size
that is not easily visible with the current low spatial resolution of sensors (e.g., [5]). Other
sources of errors were also represented by snow presence in the study area [27,120].

Difficulties in water segmentation can largely be connected to the presence of cloud
cover and shadows, but this is not the only limiting factor. In fact, the ability of multispectral
indices to reliably identify water features, especially flooded areas, can also be related to the
land cover. Considering changes in land and vegetation coverage due to dynamic processes
occurring during and after floods, the surface spectral reflectance can be affected. For this
reason, we analyzed the overall accuracy values of the spectral indices according to three
different land cover classes, i.e., crops, forests, and mixed areas. The results showed that for
flood mapping, the MNDWI was found to be the best index in all the land cover settings,
outperforming other indices especially in mixed lands, confirming its ability to discriminate
mixed pixels. The comparison of the accuracy metrics from different research studies had
the general purpose of providing further insight into the sensitivity of multispectral indices
in detecting water features in different flooded land cover types. We are aware that such a
comparison may suffer from some shortcomings, including the fact that validation methods
of satellite-derived flood maps can vary from study to study and be based on different
reference data (e.g., retrieved from satellite products themselves or ground-based), thus
introducing a further source of error. Despite such limitations, the outcomes represent a
potential reference to discriminate between different methods.

Our analyses included all the spectral indices used in flood mapping studies; however,
good performances for detecting water areas could also be achieved using other vege-
tation indices, such as the Water-Adjusted Vegetation Index (WAVI). It was introduced
by Villa [121] to retrieve information about aquatic vegetation and distinguish it from
the terrestrial one. Applications also included the classification of macrophyte commu-
nity types [122] and the detection of vegetation overgrowth processes in reservoirs [123].
Since aquatic vegetation relies on the presence of water, the application of WAVI for flood
mapping studies can have some good potential, not yet explored in the literature.

The accuracy of water extraction methods, the thresholds for image classification,
and the interpretation of results may differ based on the pre-processing chain adopted
to solve issues related, for example, to sensor, atmospheric, and geometric noises [2,105].
Optical imagery, in fact, needs a proper pre-processing stage prior the calculation of water
indices, especially if the available products are in the form of raw DN values. A typical
workflow to pre-process remote sensing data includes radiometric calibration (to convert
DNis to at-sensor spectral radiance, i.e., Top Of Atmosphere - TOA) and atmospheric correc-
tions (to convert at-sensor radiance to at-surface reflectance, i.e., Bottom of Atmosphere
- BOA). In particular, radiometrically and atmospherically corrected Landsat images are
frequently obtained by applying tools available in ENVI image analysis software, such
as the Radiometric Calibration tool and the Fast Line-of-Sight Atmospheric Analysis of
Spectral Hyper-cube (FLAASH) module (e.g., [4,31,67,105,124]), while for Sentinel-2 data
water detection approaches are directly applied to level 1C (TOA products, e.g., [125])
or 2A (BOA products, e.g., [111]). It is worth noting that the investigation of the specific
pre-processing workflow adopted in each work considered in our analyses was not within
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the scope of the present manuscript. Nevertheless, the influence of such methods on the
water index accuracy values requires more in-depth investigations.

5. Conclusions

Optical satellites represent a straightforward instrument for flooded area and water
body mapping. In fact, the multi-band sensors allow the spectral signatures of different
objects to be exploited and information to be derived through a direct visual interpretation
of scenes of specific bands or color composites. In addition, multispectral imagery allows
information about river morphology dynamics and land cover changes to be integrated in
flood risk modelling and provides good spatial resolution for flood management applica-
tions, although with some limitations. The proposed analyses had the more general aims
of identifying sensors and methods most used and best suited for monitoring water-related
processes, highlighting the potentials of spectral indices, and providing some general
practical guidance for targeted applications in different contexts. We believe that this could
be beneficial not only for satellite-based remote sensing but also for UAS-based environ-
mental monitoring, which in addition allows the cloud cover issue that affects optical
remote sensing to be overcome. The analyses presented here can, indeed, be transferred
to airborne-based applications to identify the best methodology that can ensure a reliable
flood-prone area delineation using multispectral sensors. The opportunities offered by
UAS technology are not only related to the possibility of flying below cloud cover layers
and vegetation canopies, as it also enables submeter-level spatial resolution acquisition
necessary for a detailed understanding of flood processes (see [9]). On the other hand, UASs
have the limitation of not being able to survey vast areas. Although this issue could be
overcome with multipleUASs flying simultaneously over the same area, proper regulations
that allow multi-UAS flight to be performed are still lacking. Nevertheless, the potentiality
offered by such a system represents a versatile support to satellite imagery.

Promising applications of passive remote sensing under cloud conditions are also
those from the CYGNSS constellation, which presents the advantages of similar microwave
sensors (such as Synthetic Aperture Radar (SAR)) of seeing through clouds but at higher
temporal resolutions. New-generation passive satellites are, in fact, characterized by a
higher revisit time over land and ocean, which increases the chance to have closer post-flood
observations. The aforementioned CYGNSS is one example, but valuable applications,
still at their dawn, are also those offered, for example, by the family of small satellites of
CubeSat. Although suffering from cloud cover problems, as with optical data, it provides
both high-temporal (nearly daily)- and -spatial-resolution (~3 m) multispectral imagery on
the global scale [126-128].

Future research directions should expand the unprecedent opportunities offered by
the new generation of passive satellites, which could be enhanced by merging data from
multiple sources, thus combining the potential of multispectral imagery at high temporal
resolution (e.g., CubeSat data) with the capabilities of radar data (e.g., CYGNSS). Moreover,
hybrid approaches, also including NOAA AVHRR data, which increase the possibility of ob-
taining cloud-free data, could also be explored. Finally, the advent of emerging technologies
such as hyperspectral imagery (e.g., the recently launched Environmental Mapping and
Analysis Program (EnMAP) German satellite) offers the possibility to better discriminate
the spectral signature of different surfaces (thanks to the many different spectral bands)
and to be used in conjunction with multispectral data, allowing detailed information to be
retrieved, which is not achievable with multispectral data alone. Regarding multispectral
indices, future opportunities can be represented by the application of the WAVI in flood
mapping studies.

In conclusion, both optical and passive microwave satellite sensors will likely continue
to represent a reference for Earth imaging applications, enabling a better understanding
of surface water dynamics. Indeed, European Union’s Earth Observation Copernicus Pro-
gramme makes a large use of these remote sensing technologies for monitoring the Earth’s
surface and supply operational products (e.g., the free-of-charge flood maps produced by
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the Rapid Mapping module of Copernicus Emergency Management Service (CEMS)) to the
end-user community [129].
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