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Abstract

The ability to map floods from satellites has been known for over 40 years. Early images
of floods were rather difficult to obtain, and flood mapping from satellites was thus rather
opportunistic and limited to only a few case studies. However, over the last decade, with a
proliferation of open-access EO data, there has been much progress in the development of
Earth Observation products and services tailored to various end-user needs, as well as its
integration with flood modeling and prediction efforts. This article provides an overview of
the use of satellite remote sensing of floods and outlines recent advances in its application
for flood mapping, monitoring and its integration with flood models. Strengths and limita-
tions are discussed throughput, and the article concludes by looking at new developments.
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1 Introduction

Floods are most often a natural process by which water overtops its channels and inundates
adjacent floodplain lands thereby sustaining habitats, livelihoods and ecosystem services.
In fact, in many regions of the world such as in wetlands, coastal and inland delta systems
(e.g., in the Amazon, Nile and Niger) floods are required to sustain food production and
biodiversity. However, anomalous flooding can be devastating, causing fatalities and high
socio-economic losses at local, regional, national and international levels. In 2017, in the
span of just four weeks, the hurricane trio of Harvey, Irma and Maria made the hurricane
season in the North Atlantic the costliest ever according to Munich Re (2017), one of the
largest global re-insurers. In fact, for this devastating season alone, Munich Re reported
overall losses to have reached around US $220 bn and insured losses almost US $90 bn.
More recent, disastrous events, such as the European summer floods of July 2021 that have
been attributed by science and industry to the effects of climatic change (Munich Re 2022)
and have caused over 200 deaths (Copernicus 2021). Swiss Re, another global re-insurer,
estimated total insured market losses of the insurance industry due to the July floods in
Europe at approximately US $12 bn (Insurance Journal 2021).

According to Swiss Re Institute’s research, small- to mid-sized severe weather events,
or secondary perils, accounted for more than 70% of insured losses from natural catastro-
phes in 2020, with precipitation-driven floods dominating secondary perils losses in Asia
Pacific over the past decade (Swiss Re 2021).

Damaging flood events like these, and there have been many of this type in recent years,
are very difficult to predict, respond to and, indeed, recover from. One main reason for this
very challenging situation is that floods from hurricanes and tropical storms cover spatial
and temporal scales that far exceed those covered by traditional monitoring and modeling
tools, which are often observing at a point location or predict floods often only at reach
scale.

In recent years though, significant advances in numerical modeling, data processing
algorithms and the Internet of Things (IoT), in addition to a general proliferation of avail-
able data sets from remote sensing [Schumann and Domeneghetti 2016], have led to an
application readiness level in products and services. The latter are now becoming mature
enough so that new technologies can effectively assist flood disaster response teams and
flood risk management (see Fig. 1 for an example in insurance applications) and resilience
planning. Of course, this represents considerable progress but many challenges remain and
many promising algorithms and tools are still in a development phase and are only slowly
reaching truly operational capability.

There are many streams of information that can be available during a flood event and
many complement each other while having their own strengths and limitations. On the one
hand, models, run either for event forecasting or past event analysis or stochastically for
uncertainty and risk assessments, typically have the obvious advantages to be continuous
in time and can forecast flood inundation. However, models are inherently uncertain and
often lack complete process representation or have inadequate, or low-resolution boundary
data. On the other hand, remote sensing observations, in particular from satellites, cover
large spatial scales at the desired resolutions but also suffer from large uncertainties, most
often related to the Earth surface and atmospheric conditions, such as clouds, dense veg-
etation and buildings as well as topographic effects. It is now widely understood that much
can be gained when integrating both model and satellite data of floods.
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Fig. 1 Remote sensing data, where and when available, can be used to estimate flood extent, and the result-
ant output enriches the geo-referenced portfolio data to derive individual risk level damage estimates and
helps obtain better insights on vulnerability curves for flood risk modeling (source: Swiss Re Institute)

Notwithstanding significant levels of uncertainties associated with Earth Observation
data, the information that can be obtained from it can often overcome limitations of in situ
measurements to monitor floods. Typical limitations of field-based data of floods include
point-based observation, areas are difficult to access during floods, and high flows do typi-
cally not allow measurements to be collected. Furthermore, the global river gauge network
is in decline due to high maintenance and operational costs.

This article will describe and discuss the various types of Earth Observation (EO) data
typically used to monitor floods and describe methods to retrieve information on extent,
water level, flood depth, and volume. Then, the article will describe and critically assess
the various methods that exist to integrate EO data of floods with flood models while also
discussing challenges. Finally, before concluding, the article will provide a brief outlook of
possible future directions, including recent notable advances in machine learning methods.

2 Optical Imagery

If an image can be acquired, either by aircraft or satellite, in the visible to near-infrared
range, then classifying water bodies and inundated areas is often more straightforward than
on a radar image due to the fact that the human eye is more accustomed to this type of
image and thus interpretation is easier.

Given the very high spatial resolution of aerial photography, flood extent is often
derived from color or panchromatic aerial photography by simply digitizing the edges
at the contrasting land-water interface. A very simple and straightforward approach to
retrieving useful flood information from space consists of extracting a binary map consist-
ing of dry and flooded pixels, most often in a fully- or semi-automated way. This procedure
is applied throughout the world by many research teams and engineering and consulting
companies, as well as emergency response services, and governmental institutions. Prob-
ably the most common image processing algorithm applied to an optical image for separat-
ing water and dry land is the classification using the Normalized Difference Water Index
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(NDWI), or versions thereof. This index uses the reflected near-infrared radiation and vis-
ible green light to enhance the presence of open water surfaces while eliminating the pres-
ence of soil and terrestrial vegetation features (McFeeters 1996).

The potential of optical satellite images for flood science and applications has been
known for over 40 years. Several studies in the early 1970s demonstrated the value of
optical satellite imagery to map the evolution of flooding from space and indicated strong
application potential for such maps for a number of sectors (e.g., Currey 1977; Deutsch and
Ruggles 1978; Robinove 1978).

There is thus far a very large historical archive of over 40 years of optical satellite images
available worldwide. This continues to grow with more missions being added to existing
series (e.g., NASA’s Landsat) or growing constellations (e.g., ESA’s Sentinel-2), as well as
the rapidly expanding availability of high-resolution commercial optical imagery, provided
by, e.g., Planet, Maxar, or Airbus, and even smaller private industry entities. Given the
recent proliferation of optical satellite images, various spatial and temporal resolutions are
now available, either as open-access data for NASA or the European Copernicus missions,
or via paid services in the case of high-resolution commercial images.

Presently, the Moderate Resolution Imaging Spectrometer (MODIS) onboard NASA’s
Terra and Aqua satellites acquires images twice daily all around the globe. This offers a
unique capability to monitor flood events and assist disaster response where and when pos-
sible. Despite the relatively low spatial resolution (250 m), persistent cloud cover and veg-
etation, as well as densely built areas that limit successful flood detection, NASA processes
these images in near-real time (NRT) and provides flood maps (Fig. 2A) to a number of
flood relief agencies (for further reference, see NASA’s NRT Global Flood Mapping and
the Dartmouth Flood Observatory).

NASA'’s Terra and Aqua satellites mentioned above are currently approaching their end
of mission life. The continuation of the data and information that these satellites deliv-
ered for many years could be guaranteed by the Visible Infrared Imaging Radiometer Suite
(VIIRS) instrument, one of the five major EO instruments onboard NOAA’s Suomi-NPP
and JPSS (Joint Polar Satellite System) satellites, which is essentially a continuation of
NOAA’s AVHRR legacy sensors. With a very large swath width of 3060 km, it provides
full daily coverage of the Earth both during the day and at night.

Using NOAA’s VIIRS and the coastal flooding caused by Hurricane Sandy as a test
case, Li et al. (2018) presented an approach to estimate the extent of large-scale floods in
an operational setting (Fig. 2B). The approach estimates the water fraction from VIIRS
375-m imager data by applying a mixed-pixel linear decomposition and a dynamic near-
est neighbor search method. By using the reflectance characteristics of the VIIRS visible,
near-infrared and shortwave infrared channels, the method dynamically searches the nearby
land and water end-members. As an optional post-processing step, based on simple physi-
cal characterization of water spreading, the low-resolution flood map from VIIRS can be
downscaled to a higher spatial resolution using a digital elevation model; in their case, the
output was downscaled to a 30 m pixel spacing.

More recently, the same algorithm has also been applied to images from NOAA'’s
GOES-R/ABI (Geostationary Operational Environmental Satellite-R/Advanced Baseline
Imager). GOES-R/ABI scans the Earth surface of CONUS (Continental United States)
every five minutes with a resolution of 0.5-2 km, which can provide many more oppor-
tunities for cloud-free acquisitions during a flood event. Merging flood maps from both
the GOES-R/ABI and VIIRS in near real-time can add substantial value to the final map
product being delivered to the flood response community. The delivery system currently
in place is the Unidata AWIPS (https://www.unidata.ucar.edu/software/awips2), which is a
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meteorological display and analysis package originally developed by the National Weather
Service and Raytheon to support non-operational use in research and education by UCAR
member institutions.

Notwithstanding the success of optical imagery for flood mapping (see Huang, C. et al.
2018; Marcus and Fonstad 2008) for a detailed scientific review), as noted earlier, the sys-
tematic application of such imagery is hampered by persistent cloud cover during floods,
particularly in small to medium-sized basins where floods often recede before weather con-
ditions improve, as is oftentimes the case in Europe for instance. Also, as already men-
tioned, the inability to map flooding in urban areas or beneath vegetation canopies, limits
the applicability of optical sensors.

3 Synthetic Aperture Radar Imagery

Synthetic Aperture Radar (SAR) is one of the preferred sensors for flood mapping (see
Shen et al. 2019 for a recent review) from space. A SAR sensor provides its own source
of illumination in the microwave range. Therefore, it is characterized by near all-weather
(high wind speed and intense precipitation cause problems), day-night imaging capabili-
ties, independent of atmospheric conditions. This guarantees a continuous observation of
the Earth surface and makes its preferred use for flood mapping obvious.

3.1 Open, Rural Areas

Smooth open water areas surfaces can be easily detected in SAR images. A flat water sur-
face typically appears as dark homogeneous regions in SAR images, due to its specular
reflection behavior. This causes relatively dark pixels in radar data which contrast with
non-water areas (Fig. 3).

Visual interpretation is a simple method to derive flood maps from SAR images (Schu-
mann et al. 2009). With this approach, contextual information can be taken into account;
however, it risks being a rather time consuming task, and the final result strongly depends

Before dam breach ( ] ] After dam breach (201

Fig.3 Copernicus ESA’s Sentinel-1 images show the impact of the dam failure on the Xe-Pian Xe-Namnoy
lake area in the southeastern province of Attapeu in Laos. © Contains modified Copernicus Sentinel data
(2018) / processed by CESBIO
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on the ability of the image interpreter and result reproducibility is generally compromised
(Martinis 2010).

Semi-automated and automated approaches have been thus developed. The minimum
input dataset is a single SAR image, in X, C or L band: a single polarization is generally
used, with preference to co-polarization. Using an image pair to perform change detec-
tion allows differentiating permanent water from flood, also supporting the discrimination
of smooth surfaces and radar shadows. The added value of change detection depends on
the selected reference image, which should share the same observation geometry of the
flood image, would need to be checked for seasonal effects and for long-lasting flooding. A
change detection step (Martinis et al. 2010; Matgen et al. 2011; Long et al. 2014; Amitrano
et al. 2018) consists in computing the difference or ratio between the pre-flood and the
flood intensity images. As an alternative, the two images can be compared with a graph-
based approach, as proposed by Martinis et al. (2010).

As a consequence of the recent abundance of available data, new approaches have been
developed to exploit the potential of time series of satellite data. For example, Schlaffer
et al. (2015) considered the Envisat archive between 2005 and 2012 to detect flooding,
while Martinis et al. (2018) used ESA’s Sentinel-1 time series to build a sand exclusion
layer, to be used to reduce misclassification of flooding in arid sand-covered areas.

More recently, in particular for flood mapping beneath vegetation coverage and within
urban areas, changes in phase and polarization have been shown to be promising and sev-
eral algorithms have been developed, which also prove useful in mapping open water areas.
Irwin et al. (2018) found that dual-polarization methods improve the detection of flooded
vegetation, but also of ice and seasonal changes of open water. Olthof and Rainville (2020)
concluded that polarimetric information can be of added value when retrieving open water
surfaces.

In terms of classification techniques, different methods (or combinations of them)
have been proposed. Thresholding aims at separating the two classes of dark water pix-
els and bright land pixels. Several automated thresholding algorithms have been proposed
in the literature, for example by Otsu (1979), Li and Lee (1993) and Yen et al. (1995).
Such global thresholding approaches strongly depend on the separability of the two classes,
which might vary depending on the portion of image considered and the environmental and
weather conditions present at the time of image acquisition, such as high wind or emerging
vegetation. To overcome this limitation, different methods have been suggested. The gen-
eral idea is to perform local thresholding on selected representative areas in the SAR data,
for example using split-based approaches (Bovolo and Bruzzone, 2007; Martinis et al.
2009; Twele et al. 2016; Chini et al. 2017; Cao et al. 2017), which show a high probability
to comprise adequate portions of the classes “flood” and “non-flood”.

Thresholding approaches might result in noisy classification results, given that they do
not take into account contextual information. On the contrary, this is possible with both
Active Contour Models (ACM, also known as snake) and region growing approaches.
ACMs allow the delineation of objects through the evolution of a curve that is driven by
an energy function, based on local statistics and regularizing terms. Such models can be
initialized by a thresholded region, as done by Heremans et al. (2003), or applied in com-
bination with auxiliary data, like topography data in the work of Mason et al. (2007). With
region growing, two steps are needed: after a first selection of seed pixels to generate seed
regions, the pixels neighboring the seed region are checked to see if they fulfill the pre-
determined condition to be added to the seed region itself. This second step is repeated
until no more pixels can be added to the seed region. Different approaches can be used to
select the seed regions and the predetermined condition to end the region growing process.
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For example, Matgen et al. (2011) delineated the seed region with the threshold value at
which the empirical and fitted distribution of water start deviating and used as predeter-
mined condition the 99% percentile of the fitted water backscatter distribution. Cao et al.
(2018) considered as threshold the mode of the water backscatter distribution as threshold
and selected as stopping condition the threshold obtained by the Kittler and Illingworth
algorithm (Kittler and Illingworth 1986).

While various rule-based methods for flood mapping based on SAR data have been pro-
posed in the past, convolutional neural networks (CNNs) have seen a rapid development in
recent years. CNNSs are a branch of artificial neural networks (ANNSs) that have been shown
to be capable of outperforming traditional image processing techniques in different fields
ranging from image classification through object detection to image segmentation. This
success can be largely attributed to the generalizing power of CNNs toward spatiotempo-
ral patterns in the data, specifically including contextual signatures, closely mimics human
interpretation given enough training data. CNNs have already been successfully applied
to various problems in the earth observation domain, including water and flood mapping
using either optical or radar data (e.g., Bentivoglio et al. 2021; Wieland and Martinis 2019;
Li et al. 2019a, b; Bonafilia et al. 2020; Nemni et al. 2020; Katiyar et al. 2021; Bai et al.
2021; Helleis et al. 2022).

3.2 Vegetated Areas

Detection and extraction of flooded vegetation is of particular importance for two appli-
cation fields: wetland and flood monitoring. SAR offers the unique opportunity to detect
flooded vegetation thanks to its capability to penetrate the vegetation canopy to a certain
extent depending on the wavelength and its sensitivity to water underneath the vegetation.

The detectability of partially submerged vegetation is enabled by multiple-bounce
effects. SAR backscatter intensity can significantly increase during the presence of water
underneath vegetated areas due to the double- or multi-bounce interaction between the
specularly reflecting horizontal water surface and vertical structures of the vegetation, such
as trunks and stems (Moser et al. 2016; Pulvirenti et al. 2013; Pulvirenti et al. 2011a).
Compared to normal water level conditions, this leads to an increased backscatter return
to the sensor (Richards et al. 1987; Townsend 2001), as diffuse scattering on the ground
reduces the corner reflection effect. The enhancement caused by double-bounce may not
always detectable depending on the environmental parameters (e.g., aboveground biomass,
vegetation type, phenology of plants, soil moisture, water depth) and sensor characteris-
tics (wavelength, geometric resolution, polarization, incidence angle) (Tsyganskaya et al.
2018a, b). Additionally, backscatter intensities of flooded vegetation can be similar to the
backscatter intensities of urban areas and bare soil areas with high-moisture content. This
can then result in misclassification (Chapman et al. 2015; Pulvirenti et al. 2016).

The majority of algorithms for the detection of flooded vegetation are intensity-based
(Hess and Melack 2003; Evans et al 2010; Arnesen et al. 2013; Cazals et al. 2016; Cian
et al. 2018; Olthof and Tolszczuk-Leclerc 2018; Hardy et al. 2019; Grimaldi et al. 2020).
Several studies showed the use of InSAR coherence (Refice et al. 2014; Pulvirenti et al.
2016; Chaabani et al. 2018; Brisco et al. 2019) and SAR polarimetry (Plank et al. 2017)
to improve the delineation of flooded vegetation. InSAR uses two or more SAR images to
generate maps of displacement, using differences in the phase of the waves returning to the
sensor. However, such applications are still limited as a consequence of constraining data
and computational requirements.
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In terms of classification methods, most of the approaches for flooded vegetation map-
ping are supervised, limiting their transferability and application in real time. For example,
manual thresholding has been used by Cazals et al. (2016) and Gallant et al. (2014), while
user-defined decision trees (Evans et al. 2010; Arnesen et al. 2013) and machine learning
techniques, such as random forest (Chaabani et al. 2018; Tsyganskaya et al. 2018a) and
support vector machines (Brisco et al. 2013; Whyte et al. 2018), have also been tested.

Moving to unsupervised approaches, different methods have been proposed, including
automated thresholding, fuzzy sets and unsupervised clustering. For example, Cian et al.
(2018) suggested an automated thresholding method based on normalized vegetation index.
Pulvirenti et al. (2013), Martinis et al. (2015) and Grimaldi et al. (2020) used fuzzy sets to
account for various sources of classification uncertainty, while unsupervised clustering has
been tested by a number of authors, including, among others, Schlaffer et al. (2016), Irwin
et al. (2018), Refice et al. (2020).

3.3 Urban Areas

Flood mapping in urban areas represented a challenge until recently. Urban areas appear
very bright in SAR imagery due to the presence of structures that cause double-bounce
scattering between streets and buildings. Geometric effects like layover and shadows are
also typically very pronounced in urban areas. Additionally, elements like streets might not
be wide enough or properly oriented to be visible to the SAR sensor, limiting the ground
surface visible to the sensor (Mason et al. 2011, 2012).

Approaches based on intensity change have been applied for a certain time. Mapping
flood water in urban area based on the expected low backscatter of open water has been
applied by both Giustarini et al. (2013) and Mason et al. (2014), using a region growing
approach. Both obtained reasonable results in the less densely built areas but reported
underdetection in the more densely built ones. Indeed, flooding close to building enhances
the double-bounce backscattering. Such an enhancement has been proven to be detecta-
ble by Mason et al. (2014), comparing measured and modeled backscatter. Using inten-
sity change together with topography and contextual information, Pierdicca et al. (2008)
mapped flooding in urban area using fuzzy sets. However, it has been shown (Pierdicca
et al. 2018) that backscatter in flooded urban areas already approaches saturation in non-
flooded conditions.

As a consequence, InSAR coherence is increasingly used in urban flood mapping. For
application examples, see, e.g., Chini et al. (2016), Pulvirenti et al. (2016), Kwak et al.
(2017), Chaabani et al. (2018), Li et al. (2019a, b).

Recently, the complementarity between SAR intensity and InSAR coherence has been
explored. Chini et al. (2019) investigated coherence drops in double-bounce areas, com-
puted based on intensity, coherence time series and information on local incidence angle.
On a different note, Li et al. (2019a, b) used a Bayesian network to combine intensity and
coherence, followed by a refinement based on conditional random fields (CRF) (Fig. 4).
CRFs are a class of statistical modeling methods often applied in pattern recognition and
machine learning that can also account for context.
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4 Altimetry

Satellite altimetry data have great potential for hydrology studies of remote and poorly-
gauged catchments and are considered the most promising technology for monitoring the
water surface elevation as well as the river discharge from space (International Altimetry
Team 2021). Satellite altimeters measure the distance between the satellite and Earth’s sur-
face based on the time of travel between signal transmission and sensor reception (Calmant
et al. 2008). There are two types of satellite altimeters, the laser and the radar altimeter.

Laser altimetry or LiDAR (Light Detection and Ranging) is best known as airborne sen-
sor technology used for acquisition of high-resolution, high-accuracy topography datasets.
Such digital elevation models (DEM) are typically available at a spatial resolution of 50 cm
and provide vertical accuracies of 10-20 cm root mean squared error (Mason et al. 2011).
Although a costly resource and only available at regional level and in some countries,
these DEMs provide the best topographic input data for local highly accurate flood model
simulations.

On satellites, such as ICESat-1 and -2, LiDAR has been employed to correct river dis-
charge gauges using local slope of water surface elevations (Hall et al. 2012), to measure
river gradients with a high precision (O’Loughlin et al. 2016), and to monitor reservoir and
lake water storage (Xu et al. 2021).

However, since satellite missions carrying laser altimetry sensors are still very few in
number, satellite radar altimetry is much more frequently used in hydrological studies
(Cretaux et al. 2017; Papa et al. 2022), albeit their much lower footprint resolution.

Radar altimeters use several different frequencies depending on mission objectives and
they have different spatial (along track sampling and between track distances) and temporal
resolution based on the satellite orbit. For example, altimeters on TOPEX/Poseidon and the
Jason’s family (Jason-1, Jason-2, Jason-3, Sentinel-6A Michael Freilich) operate in Ku and
C bands, with a measurement every 10 days and inter-track distance of 315 km at the equa-
tor. Altimeters on ERS-1 and ERS-2 (frequency Ku), ENVISAT (frequencies in Ku and S
bands) and SARAL/AItiKa (with frequencies in the Ka band), have temporal resolution of
35 days and inter-track of 80 km at the Equator. Altimeters on the Sentinel-3 constellation
operate in Ku and C bands, with a temporal resolution of 27 days and inter-track distance
of 52 km (if A and B are considered). CryoSat-2, operating on Ku band, has a drifting orbit
with a consequent high spatial sampling (7 km) but low temporal resolution (369 days).

The increased availability of all these sensors has encouraged the hydrology community
to use satellite altimetry data in river monitoring (see Fig. 5 as an example), addressing
numerous applications from water resource management to flood risk mitigation and flood
forecasting. In the literature, studies on river monitoring from satellite altimetry have been
conducted from large rivers, such as Amazon, Mekong, Congo and Brahmaputra (Da Silva
et al. 2010; Chang et al. 2019; Becker et al. 2014; Huang et al. 2018a, b), to small rivers
in Indonesia (from 54 to 294 m), in the Ogooué basin (from 180 to 1300 m) or in Italy
(from 170 to 450 m) (Sulistioadi et al. 2015; Bogning et al. 2018; Schneider et al. 2018),
crossing most climate classifications, from Arctic, temperate and/or tropical rivers (Kou-
raev et al. 2004; Da Silva et al. 2010; Biancamaria et al. 2017). The wide variety of appli-
cations induced to conclude that satellite altimetry is a versatile tool to be used in many
environments even if sometimes the quality of water level time series can be compromised
by several factors such as the land cover and topography near the channel and channel mor-
phology itself (Maillard et al. 2015).
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Several public online databases exist to obtain altimetry-based time series of water
levels over rivers and likes, such as HYDROWEB (https://hydroweb.theia-land.fr/), the
Copernicus Global Land Service (https://land.copernicus.eu/global/products/wl), or the
Database for Hydrological Time Series of Inland Waters (DAHITTI: https://dahiti.dgfi.tum.
de/en/products/water-level-altimetry/).

The major drawback in the use of altimetric height is still the temporal resolution (Cal-
mant et al. 2008). However, recent studies overcome the inadequate temporal sampling
through the combination of multiple satellite altimetry missions thanks to the develop-
ment of multi-mission merging approaches (Tourian et al. 2016, 2017; Zakharova et al.
2020; Boergens et al. 2017, 2019; Schwatke et al. 2015). The improved frequency, along
with the high accuracy of the altimetry spatial missions (i.e., Sentinel-3 and CryoSat -2),
and the recent re-elaboration of past mission focusing on inland water (FDR4ALT, Cryo-
TEMPO, HYDROCOASTAL projects funded by ESA) suggest the use of satellite altim-
etry data for hydrological and hydraulic applications (Birkinshaw et al. 2010; Getirana,
2009; Michailovsky et al. 2013; Domeneghetti et al. 2021; Tarpanelli et al. 2013): altime-
try-derived water levels, as traditional in situ river stage measurements, have several uses
in the estimation of flooded areas (Sanyal and Lu 2005), and river discharge (Bjerklie et al.
2003; Sichangi et al. 2016; Tarpanelli et al. 2017). As in the traditional procedure, by fitting
the satellite measurements of water stage (difference between the altimetry-derived water
level and the bottom of the section) with the simultaneous ground measurements of river
discharge is possible to establish the functional law, called rating curve. Once the rating
curve is fixed, the water levels measured in the future by satellite can be converted directly
to discharge (Belloni et al. 2021; Paris et al. 2016; Tourian et al. 2013). The drawback of
the procedure is the co-location of the virtual station (the intersection between the river and
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the satellite track) with the ground gauged station. Indeed, reliable rating curves are only
derived if no significant tributaries or disconnections (dam, reservoirs) are in between.

With the availability of more and more satellite data, traditional approaches were
adapted to these new data and empirical formulas, based on the hydraulic relationships
between river characteristics, have been revised and adjusted to the use of satellite obser-
vations (Bjerklie et al. 2003, 2005; Birkinshaw et al. 2010; Smith and Pavelsky 2008).
Water surface width, water level and slope derived by satellite data are used in the empiri-
cal relationship to provide estimates of discharge with an average uncertainty of less than
20% (Bjerklie et al. 2003; Sichangi et al. 2016; Tarpanelli et al. 2015). In this context the
combination between radar and optical sensors becomes fundamental and the two different
operative ways are merged and fused to overcome the limitations or single sensors (Tar-
panelli et al. 2019).

5 Passive Microwave Radiometry

The use of passive microwave systems over land surfaces, meaning that surface-emitted
wavelengths are measured by the satellite, is, however, difficult given the large angular
beams of such systems (Rees 2012), resulting in spatial resolutions as large as 20—100 km.
Interpretation of the wide range of materials with many different emissivities is thus ren-
dered nearly impossible. Nevertheless, as the sensor is sensitive to changes in the electric
field, very large areas of water, for instance, can be detected but their uncertainties may be
large. Successful flood application examples using (passive) microwave radiometry include
for example the work by Galantowicz and Picton (2014) for routinely mapping floods, or
for operational flood detection as described in De Groeve (2010; see also De Groeve et al.
2006).

The same principle is being applied by the Dartmouth Flood Observatory (DFO: https://
floodobservatory.colorado.edu/) to offer a discharge product from microwave brightness
temperature. The DFO hosts a database of virtual stations of discharge records from 1998
until present based on an integration of microwave radiometry measurements and global
hydrological modeling. The hydrological model (Water Balance Model, WBM (Fekete
et al. 2002)) is used for calibrating the microwave signal change (due to changes in surface
water area occupying a pixel) to discharge. Specifically, these “River and Reservoir Watch”
virtual stations gauge the state of potential large river flooding daily based on changes in
the brightness temperature of the passive microwave signal onboard the AMSR-E, TRMM,
AMSR-2 and GPM sensors (Brakenridge et al. 2012; http://floodobservatory.colorado.edu/
DischargeAccess.html).

6 Integration of EO and Flood Models

Before introducing how EO data is integrated with flood models, it is important to distin-
guish between a hydrologic and a hydraulic model, or most commonly referred to as flood
model. On the one hand, a hydrologic model, in its simpler form, a rainfall-runoff model,
is a model that is typically used to output discharge (Q) by simulating parts of the hydro-
logical cycle, and can be in the form of a lumped model or a spatially distributed model.
It often requires many parameters with often quite large levels of uncertainties, but can be
applied to simulate the evolution of water fluxes, water storage, and potentially associated
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chemical and physical properties of the surface and subsurface, largely based on the water
balance equation (Eq. 1). On the other hand, a hydraulic, or more commonly referred to
as a flood model, is a numerical 1-D or 2-D water flow model based on the Navier—Stokes
equation, which is a differential equation that describes the flow of fluids. These models are
used to simulate the flow of water through rivers, streams and canals and across adjacent
floodplain land. The input variable to these models is typically discharge, and the outputs
are typically water depths, flow velocities and water extents.

P=Q+ AET + GW + DS (1)

The long-term water balance equation for a catchment is depicted by Eq. 1, with all
terms expressed in mm/year, where P is Precipitation, Q is Runoff, AET is actual evapo-
transpiration, GW is exchange with groundwater aquifer and DS is change in soil storage.

Both hydrologic and hydraulic models can be run in historic event mode, nowcast, or
forecast mode, with the latter being the most uncertain of course. In the case of flood mod-
els, in order to mitigate forecast uncertainties, models have historically been calibrated
using in situ hydrometric measurements. However, data from distributed streamflow gaug-
ing stations are often not available or, when available, seldom publicly accessible in near-
real-time. Moreover, the number of gauging stations worldwide is in decline, and exist-
ing coverage is sparse. This has urged developments in complementary directions such as
remote sensing and crowdsourcing. Additionally, point measurements of streamflow and
water level are not commensurate with the now widely used 2D-models, and therefore can-
not effectively constrain model predictions in the floodplain. In recent years, EO data has
become a popular and attractive alternative for model implementation, calibration, and val-
idation, and to improve forecast skill through data assimilation.

6.1 Event Calibration and Validation

Real-time two-dimensional inundation patterns of flood events at a high spatial resolution
and over large scales is currently possible with aircrafts or satellite imagery. Model simula-
tions of floodplain inundation represent a complement to remote sensing data (see Fig. 6
for an example application). This is important both for re-analysis of past events and for
forecast of new inundations.

The previous sections have described in detail that valuable information can be retrieved
from flood area and water level. A variety of methods exist to integrate such information
with flood models. The most common use of flood area or extent information is for model
calibration or validation (see, e.g., Aronica et al. 2002, as one of the classic studies on this
topic).

Model calibration can be defined as the process of adjusting model parameters, such as
surface roughness or boundary conditions, in order to optimize the fit between model simu-
lations and observations. Validation, or verification, involves comparing model output with
observations and using this to deduce model performance. Satellite-derived information
is probably most useful to integrate with larger scale flood models (e.g., Neal et al. 2012;
Schumann et al. 2013; Wood et al. 2016; Schumann et al. 2016).

6.2 Data Assimilation

Hydrologic and hydraulic models represent powerful tools for simulating streamflow
and water levels along the riverbed and in the floodplain. However, input data, model
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Fig.6 Comparison between a wet season simulation of the Niger Inland Delta obtained from a 2-D flood
inundation model and a Landsat satellite image observation (after Neal et al. 2012)

parameters, initial conditions and model structure represent sources of uncertainty that
affect the reliability and accuracy of flood forecasts. Assimilation of satellite-based obser-
vations into a flood forecasting model are generally used to reduce such uncertainties. The
value that satellite flood maps can add to flood model depends on a number of factors,
including image characteristics, regional topography and model uncertainty. In a case
where model uncertainty is high, regional topography is complex (i.e., urbanized coastal
area) and satellite flood maps are available, assimilation of satellite data can significantly
reduce model uncertainty by identifying the “best possible” values of model input vari-
ables and/or model parameter sets. However, where oftentimes flood maps can be easily
derived, model uncertainty may be relatively low, such as in rural large inland river flood-
plains. Consequently, not much value from satellites can be added. Nevertheless, where a
large number of flood maps are available, model credibility can be increased substantially.

Different variables can be considered for assimilation, including flood extent (Hostache
et al. 2018), water levels (Garcia-Pintado et al. 2015) or water surface line derived with
the help of DEM, or also directly backscatter values (Cooper et al. 2019). Both real-case
studies and synthetic experiments have been analyzed in the literature. Most studies have
focused on assimilating synthetic (Matgen et al. 2010; Giustarini et al. 2011; Garambois
et al. 2020; Tuozzolo et al. 2019), in situ (Van Wesemael et al. 2019; Ziliani et al. 2019), or
remote sensing-derived water levels (RSD-WLs) (Lai and Monnier 2009; Giustarini et al.
2012). The accuracy of the retrieved water levels from remotely sensed flood extents is
highly dependent on the DEM accuracy and resolution. Since the DEM is used as an input
to the hydraulic model as well as for the retrieval of water levels, the assimilation of sat-
ellite-derived water levels may also introduce bias, because the observation and the model
are no long independent from each other. In terms of accuracy, this may still be insufficient
for application at local scales. Additionally, the spatial flood information is lost during the
interpretation of satellite-derived water levels, given that the integration of flood extents
and DEMs can only reliably deliver water heights at a few shoreline points.
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Given the limitations of water level assimilation, recent studies have focused on devel-
oping techniques to directly assimilate flood extent. Variations in modeled or observed
flood extents are typically only limited to the boundary of the flooded area. For instance,
Cooper et al. (2019) proposed the conversion of modeled binary flood extents into syn-
thetic SAR observations and inter compared the wet and dry backscatter observations at
the flood boundary with actual SAR images. While directly utilizing backscatter values
reduces the processing time, it discards any information contributed by the addition of
texture or coherence, which may reduce uncertainties. Therefore, Hostache et al. (2018)
proposed the assimilation of probabilistic flood maps from SAR images in their pioneer-
ing study whereby forecasts were updated through direct flood extent comparisons. More
recently, Dasgupta et al. (2021) proposed a novel model-data integration method, sensi-
tive to slight variations in the flooded area, and verified its performance through synthetic
experiments. At each time step shared information between the model predicted and the
observed flooded area was quantified and used to combine their information content,
obtaining persistent improvements in predictions of flood extent, depth, and velocity.

In terms of algorithms, the Particle Filter, the Ensemble Kalman Filter and the 4D-Vari-
ational technique are the most widely used in hydrology (Dasgupta, et al. 2021). In spite of
its popularity in hydrological data assimilation literature, one of the key limitations of the
EnKEF is the assumption of Gaussianity for model and observation errors. As this assump-
tion does not hold for assimilation of SAR-derived flood observations, some studies have
recommended the use of a particle filter framework. A particle filter uses a set of samples
to represent the posterior distribution of a stochastic process given the noisy and/or partial
observations.

6.3 Improving Simulations and Forecasts

For hydraulic models, the comparison of the several configurations (in situ stations only,
satellite altimetry data only, and a combination of in situ and satellite data) showed that
the integration of both in situ and radar altimetry data fosters the trustworthiness and reli-
ability of the hydraulic model (Domeneghetti et al. 2014). Among the various applications
of altimetry for hydraulic modeling, interesting results are derived by the use of CryoSat-2
satellite data. The small cross-sectional distance of CryoSat-2 tracks ensures distributed
observations almost continuously along the river providing added value to the definition of
hydrodynamic modeling parameters (i.e., calibration of the roughness coefficient) even in
a widely monitored rivers, where ground stations are typically located at longer distances
(i-e., 40 km vs 7 km of CryoSat-2). The study by Schneider et al. (2018) demonstrated that
high spatial resolution is more important than temporal resolution for calibrating param-
eters of large-scale river models. Despite the high performance, large uncertainties char-
acterize the modeling due to errors in the model structure, forcing data, parameterization,
and initial conditions. Data assimilation of satellite altimetry observations, by updating
the model state using independent observations, enables to reduce the uncertainty into the
hydrological/hydraulic models (Andreadis et al. 2007; Getirana et al. 2009; Paiva and Col-
lischonn 2013; Michailovsky et al. 2012, 2013).

An important application is represented by the flood forecasting models. Altimetry
(and more in general satellite data), if combined with weather, hydrological, and hydrody-
namic forecast methods, can mitigate the negative effects of a flood. Among the examples
of flood forecasting available in the literature, Hirpa et al. (2013), Tarpanelli et al. (2017)
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and Biancamaria et al. (2011) are valuable contributions for describing the use of satellite
altimetry for forecasting activities.

In this context, the first satellite mission dedicated to hydrology is planned for launch in
2022. The Surface Water Ocean Topography (SWOT, https://swot.jpl.nasa.gov/) mission
(Biancamaria et al. 2016) would be the first global survey of Earth’s surface water, observe
the fine details of the ocean’s surface topography, and measure how water bodies change
over time. Its single-pass interferometer will measure water levels and water surface slopes
of all main rivers, lakes, and reservoirs, larger than 50—100 m in width. Orbital repeat visits
will depend on location and data latency of some science products of more than a month
may not lend itself to operational applications, but it will be the first SAR mission that
is continuously “on” and will therefore ensure that every place in the satellite coverage
is continuously monitored. These novel data are of unprecedented value for monitoring
hydrological processes and for updating NWP-, flood-, rainfall-runoff models through data
assimilation, or for updating initial conditions in hydrological and hydraulic models.

7 Some New Developments

Artificial Intelligence (AI) and Machine Learning (ML) became the buzz words over the
last five years. In almost every industry, people are looking for ways to automate the ways
business is done. Reduce the manual labor, increase efficiency, reduce errors and increase
the impact of recorded, make the leap forward with the available data. How can we see
more, know more with this much ‘observed’? Can we teach the machines to see the intri-
cate details of existing data to give us better glimpse of the full picture? Looks like the
answer is yes.

With technology getting better and better each day, ML is finding its use cases in insur-
ance industry, specifically on flood risk. Flood risk, being one of the most complicated
natural perils we are dealing with, and the most fragmented ‘observed’ data we have, is the
ideal candidate to use Al to improve the understanding.

So far, we have seen Al applications in exposure datasets, satellite imagery, terrain
data corrections, near-real-time flood forecasting and even being trialed onboard cube-
sats for rapid disaster response assistance and other services. The latter application has
been developed by a group of researchers that participated in the Frontier Development
Lab (FDL) challenge in 2019. The FDL is an artificial intelligence research accelerator for
space science (https://frontierdevelopmentlab.org/; https://fdleurope.org/). It is an 8-week
space challenge sprint supported by NASA and ESA, along with associated partners. The
challenge sprint addresses a number of “hot topic” problem areas and works on solutions
based on the newest advances in AI/ML methods, space exploration, and Earth Observa-
tion. In the particular challenge in 2019 supported by ESA, the FDL team examined the
current limitations related to timely flood map production and delivery. As a solution, the
researchers created and curated a unique living database of flood events based on EO data
for training a ML model that is light enough to be deployed on a Graphics Processing Unit
(GPU) chipset onboard a (series of) CubeSat(s) (Mateo-Garcia et al. 2021). The goal is to
rapidly detect and map flooded areas all around the globe thereby eliminating the latency
in satellite image delivery. The ML model called WorldFloods (Fig. 7) is now being tri-
aled in orbit as part of an experimental flight project. If successful and when operation-
ally deployed in a not-so-distant future, WorldFloods could become game-changing for a
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number of sectors, including disaster response, the reinsurance and insurance industry, and,
more generally speaking, water resources management.

Another interesting flood mapping application making use of the latest advances in ML/
Al is an ESA-supported project called FloodSENS (https://incubed.phi.esa.int/portfolio/
floodsens/). FloodSENS develops a ML-based software application that will be deployed
on an online EO cloud-computing platform to rapidly reconstruct flooded area under cloud
cover in optical satellite images. This is achieved by training the ML algorithm using rel-
evant auxiliary geospatial datasets such as digital elevation models and water flow grids as
well as high-resolution and high-cadence flood labels from drones and very high-resolution
commercial satellite imagery. When operationally deployed on the online EO processing
platform WASDI (https://www.wasdi.net), the trained model would only use free lower
resolution satellite imagery and globally available auxiliary datasets to estimate flooded
area under clouds. The application can be run on an event basis or using an archive of flood
images. The resulting flood maps would massively increase the information available dur-
ing a high-impact flood event and also in terms of historical flood observations, allowing
us to build better global flood risk indicators.

Another interesting new development is the provision of an operational and freely-
available near-real-time Global Flood Monitoring (GFM) product based on the systematic
stream of Sentinel-1A/B data for the Copernicus Emergency Management Service (CEMS)
of the European Commission (Salamon et al. 2021) within less than eight hours after image
acquisition. The flood product is derived by an ensemble approach combining the results of
three independently developed flood mapping approaches of Chini et al. (2019), Martinis
et al. (2015), and Bauer-Marschallinger et al. (2021), which is integrated into the Global
Flood Alert (GloFAS) System (https://www.globalfloods.eu/).

8 Conclusions

This article reviewed the utility of satellite remote sensing, popularly referred to as Earth
Observation (EO), to map and monitor floods and its integration with flood modeling
approaches. Many of the existing and future satellite missions and airborne platforms
provide rich data with great potential for enhanced monitoring, measuring, and map-
ping of floods, improving hydraulic models through new data assimilation techniques and
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parameter scaling behavior, and ultimately for an exploration of the ways in which new
data sources may reduce uncertainty in flood predictions.

This has led not only to a better understanding of flood processes at various spatial and
temporal scales and better flood forecasts, but also to global initiatives and applications
that utilize and promote remote sensing for improved decision-making activities.

With the recent advances in the use of machine learning models and interoperability
between models and data, the global user and research communities are entering an era of
ever-increasing opportunities but also many new challenges to solve along the way.
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