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Abstract: Extreme meteorological events hit our planet with increasing frequency, resulting in an
ever-increasing number of natural disasters. Flash floods generated by intense and violent rains are
among the most dangerous natural disasters that compromise crops and cause serious damage to
infrastructure and human lives. In the case of such a kind of disastrous events, timely and accurate
information about the location and extent of the affected areas can be crucial to better plan and
implement recovery and containment interventions. Satellite systems may efficiently provide such
information at different spatial/temporal resolutions. Several authors have developed satellite tech-
niques to detect and map inundated areas using both Synthetic Aperture Radar (SAR) and a new
generation of high-resolution optical data but with some accuracy limits, mostly due to the use of
fixed thresholds to discriminate between the inundated and unaffected areas. In this paper, the RST-
FLOOD fully automatic technique, which does not suffer from the aforementioned limitation, has
been exported for the first time to the mid-high-spatial resolution (20 m) optical data provided by
the Copernicus Sentinel-2 Multi-Spectral Instrument (MSI). The technique was originally designed
for and successfully applied to Advanced Very High Resolution Radiometer (AVHRR), Moderate
Resolution Imaging Spectroradiometer (MODIS), and Visible Infrared Imaging Radiometer Suite
(VIIRS) satellite data at a mid-low spatial resolution (from 1000 to 375 m). The processing chain was
implemented in a completely automatic mode within the Google Earth Engine (GEE) platform to
study the recent strong flood event that occurred in May 2023 in Emilia Romagna (Italy). The out-
going results were compared with those obtained through the implementation of an existing inde-
pendent optical-based technique and the products provided by the official Copernicus Emergency
Management Service (CEMS), which is responsible for releasing information during crisis events.
The comparisons carried out show that RST-FLOOD is a simple implementation technique able to
retrieve more sensitive and effective information than the other optical-based methodology ana-
lyzed here and with an accuracy better than the one offered by the CEMS products with a signifi-
cantly reduced delivery time.
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1. Introduction

Climate change is one of the main causes of the catastrophic natural events occurring
on our planet: landslides, floods, fires, and extreme drought are now widespread phe-
nomena that can be observed at any latitude. Among all these disastrous events, the flash
floods generated by intense and violent rains are the most dangerous ones, occurring with
destructive force and causing irreversible damage both in terms of economic conse-
quences and the loss of human lives [1]. During the emergency phases linked to such a
kind of event, a monitoring system able to retrieve timely information about the location
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and extent of the affected areas is crucial for the authorities, in order to prioritize the right
actions for containing and mitigating the impacts.

When the involved areas are not easily accessible by traditional ground surveillance
systems, as usually happens in these cases, satellite observations may provide valid sup-
port. Several satellite techniques have been developed to detect and map flooded areas,
using both active [2-8] and passive [9-18] sensors, with the ground resolution and accu-
racy of the final products being highly variable depending on the data source type and
the performances of the methods. The satellite data to be used for this purpose are selected
according to spatial (i.e., ground resolution) and temporal (i.e., revisit time) requirements.
In addition to the data, the products’ accuracy and timeliness must also be carefully con-
sidered and assessed. In particular, as far as the satellite products must be delivered dur-
ing the emergency phase, completely automatic and unsupervised methods may speed
up the analysis and significantly reduce the delivery time of the relevant information,
which can then be available for end users and decision makers almost immediately after
the satellite data acquisition.

The microwave data coming from active sensors provide a high spatial resolution (up
to 5 m with no commercial satellite [19] products) and are generally available in all
weather conditions with a temporal repetition of 6-12 days at mid-latitudes. However, the
methodologies implemented for flood detection [2-6] are mostly semi-automatic, allow-
ing for user-assisted products, whose accuracy is strictly dependent on the expertise of
the operator [20,21]. Recently, a new study presented one of the first algorithms exploiting
active microwave data, designed for monitoring flood events in a completely automatic
way [7]: the algorithm was designed to work with Sentinel-1 Synthetic Aperture Radar
(SAR) data, and it was operationally implemented in the Global Flood Monitoring (GFM)
system and integrated in the Global Flood Awareness System (GloFAS) [22] and within
the European surveillance system, the Copernicus Emergency Management Service
(CEMS) [23]. The algorithm proved to be quite robust but needed to be improved to re-
spond to the false alarms generated by seasonality effects, such as crop rotation in agri-
culture causing progressive land cover changes, which can produce signal backscattering
variations erroneously interpreted as flood presence [7].

The satellite data acquired in the optical band, due to their own characteristics, can
be more simply exploited in automatic applications for ground surveillance, even if these
data can provide information only in cloud-free conditions [6,10,24]. The poor spatial res-
olution (from 1000 to 375 m) traditionally offered by the old generation of optical sensors
(e.g., the Advanced Very High Resolution Radiometer — AVHRR; the Moderate Resolution
Imaging Spectroradiometer —MODIS; and the Visible Infrared Imaging Radiometer
Suite— VIIRS) typically used for this kind of application [11,25-29] has been significantly
improved with the launch of the new generation of sensors operating aboard the last Earth
Observation (EO) missions (e.g., the Copernicus Sentinel platforms). These sensors pro-
vide a spatial resolution up to 10 m in the visible channels [30] together with a revisit time
that, thanks to the constellation of two twin satellites, allows for a new image in 5 days on
average. The advent of such data has allowed the development of new techniques for
flood detection and monitoring [15-18] that are more accurate than previous ones and
with an ever-increasing degree of automation. Despite this, they show some limits when
implemented at a global scale, due to the need for ancillary information not always and
not everywhere available [17] and/or because of the employment of fixed, non-adaptive
thresholds [15,16], which may lead to a significant reduction in accuracy when exported
to different geographic environmental/observational conditions.

The official European EO-based emergency service currently in charge to provide
information worldwide during an emergency phase related to different kind of disasters
(e.g., floods) works with different observation data and models in order to overcome the
principal limits linked to data availability. This service is the CEMS [31], a global on-de-
mand service to support the actors involved in the management of disasters (e.g., na-
tional/regional civil protection offices and local/regional authorities); the goal is
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producing timely (rapid mapping) [32] and accurate (risk and recovery) [33] products use-
ful for the different crisis phases.

In this study, an existing fully automatic optical technique, namely RST-FLOOD [34],
has been ported for the first time to the Copernicus Sentinel-2 Multi-Spectral Instrument
(MSI) data. The technique, which by its construction does not exploit fixed thresholds,
was originally proposed for and successfully implemented on mid-low-spatial resolution
(300 m-1 km) satellite data [11,35]. Here, it has been exported for the first time to mid-
high-resolution (20 m) Sentinel-2 data. The selected study case is the devastating flood
event that occurred in May 2023 in Emilia Romagna (Italy), with 23 rivers overflowing,
huge economic damage, and several injuries. The quality of the results obtained were eval-
uated and discussed compared with the same arising from another existing satellite opti-
cal technique proposed in [16] and the microwave-based products provided by the official
CEMS service.

2. Materials and Methods

In this section, information about the flooding event analyzed, the satellite data, and
the existing products used are reported. RST-FLOOD and the techniques from [16] imple-
mented in this work to the specific study case are then fully described.

2.1. The Emilia Romagna (Italy) Flooding Event of May 2023

The study area selected in this work is the Emilia Romagna region in Italy (Figure
1a), which was affected by two intense flooding events that occurred during the month of
May 2023.

Figure 1. (a) Emilia Romagna region (Italy); Sentinel-2 false color RGB (R =2.1 um, G=1.6 pm, and
B =0.49 um) images of the study area acquired on (b) 28 April 2023 (pre-event) and (c) 23 May 2023
(post-event).
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Emilia Romagna is a highly vulnerable area to flood risk due to its arrangement and
to the presence of a complex system of drainage canals and watercourses [36]. In May
2023, the region was hit by severe rainfall: the first one occurred on 2 May and was defined
as the worst (over 200 mm of precipitation in 48 h) in the region since 1997 [36], causing
the first floods in the area. Afterwards, two even more intense episodes affected the region,
leading to a second destructive flood event on 16 May. The latter caused 23 rivers and
waterways to overflow [37], the death of 15 people [38], and the evacuation of over 36,000
citizens [39].

2.2. Data and Processing Techniques
2.2.1. Satellite Data and Products Used

The satellite data acquired by the Sentinel-2 MSI were used in this work to implement
the RST-FLOOD detection scheme together with the independent optical technique re-
cently proposed in [16] (hereafter mentioned as CAB). The MSI images were chosen for
the purpose because they are presently the best compromise between spectral, spatial, and
temporal resolutions among all the optical satellite data currently freely distributed. Sen-
tinel-2 is a multi-spectral optical mission for the high-resolution monitoring of the Earth
[40], counting on two platforms (i.e., Sentinel-2A and 2B) and offering 10 days of revisit
time in the single satellite configuration and 5 days in the constellation. The MSI sensor is
on board both satellites, providing multi-spectral imagery collected in 13 spectral bands
(from Visible (VIS) to Short-Wave Infrared (SWIR)), with the spatial resolutions ranging
from 10 m to 60 m [41]. Sentinel-2 provides different data products [42]: Top Of Atmos-
phere (TOA) radiance (i.e., Level 1B-L1B data) and reflectance (i.e., Level 1C-L1C data),
in addition to Bottom Of Atmosphere (BOA) reflectance, renamed as Surface Reflectance
(i.e., Level 2A-L2A data), obtained running the sen2cor model to correct the data from
atmospheric contributions [43].

The first Sentinel-2 cloud-free (i.e., no clouds over the flooded areas) image available
for the study area after the 16th of May event was the one acquired on 23 May 2023, which
is reported in false color (R =2.1 um, G=1.6 pm, and B = 0.49 pm, resampled at 10 m for
the spatial resolution) in Figure 1c. This image was used as the source image for both the
CAB and RST-FLOOD techniques here implemented. A second pre-event image, acquired
on 28 April 2023 and reported in the same false color of the previous one in Figure 1b, was
selected and used as representative of unperturbed conditions over the area for the CAB
implementation.

As already mentioned, the official CEMS products freely provided through the offi-
cial website [31] were used in this work to carefully assess the methodology presented.
The CEMS service was activated by the authorities for the Emilia Romagna event in the
rapid mapping mode on 16 May 2023 [44,45], providing the first information through the
delineation product. This product is a timely (18-34 h for delivery) floods map of the
whole area obtained from the SAR images, implementing semi-automatic techniques: in
Figure 2, the relative map as of 21 May 2023 is shown. During the emergency phase, the
authorities also defined specific areas of interest (AOls) (Figure 3) to pay attention to [46],
which have been used in this work to identify the most affected areas.
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Figure 2. Delineation product flood areas (in purple) as of 21 May 2023. The Google Maps (world
map service-WMS version) scene is used as the background.

Figure 3. Emilia Romagna region with the Sentinel-2 post-event image superimposed. The red pol-
ygons are the different AOIs defined by the authorities.

Due to the size of the Emilia Romagna event and its related damage, a second CEMS
phase was activated, i.e., risk and recovery (R&R), to obtain a more precise and detailed
estimation of the flooded areas necessary to start recovery actions [45]. The relative flood
delineation product was obtained by processing the Sentinel-1 SAR image acquired on 23
May 2023 through a supervised random forest classification, which was finally validated
by an operator [45]. The product was released two months after the event, starting on 11
July 2023, and it is shown in Figure 4, which follows.
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Figure 4. The risk and recovery (R&R) flood areas (in orange) as of 23 May 2023. The Google Maps
(world map service-WMS version) scene is used as the background.

2.2.2. RST-FLOOD

The RST-FLOOD [34] technique, here exported for the first time to the Sentinel-2 data,
is built on the Robust Satellite Technique (RST) [47] general approach: it is based on a
statistical characterization of the observed satellite signal, performed through the study
of a historical dataset of satellite images acquired in homogeneous conditions (i.e., with
the same spectral signal, same geographic location, and same sensing period). This statis-
tical characterization, carried out at pixel level, leads to the definition of the normal signal
behavior, which will be considered as a reference of unperturbed conditions and defined
through the so-called reference fields: (i) the expected value (i.e., the temporal mean— 1)
and (ii) the normal variability (i.e., the standard deviation—o). According to the RST pre-
scriptions, any statistically significant signal deviation can be evaluated, at pixel level, by
measuring the excess between the signal at hand and its expected value, then weighed
with respect to its normal variability.

In detail, for the implementation to the flooded areas mapping, the chosen signal is
the value resulting from the combination of the two spectral bands calculated through a
diagnostic index, the Normalized Difference Snow Index (NDSI) [34]. This parameter was
identified in [34] because it offers the best trade-off between reliability and sensitivity with
respect to the other metrics analyzed [34]. The NDSI computes the normalized difference
between the reflectance measured in the RED (0.6 um) and Short-Wave Infrared (SWIR)
(1.6 pm) bands, i.e., (RED-SWIR)/(RED+SWIR). Although first proposed to identify snow
coverage [48], it is also able to emphasize the different spectral behavior of the
flooded/non-flooded areas expected in these bands as deeply explained and discussed in
[34]. In summary, the presence of turbid waters (i.e., rich in sediments) leads to a signal
increase in the RED band and a decrease in the SWIR channel (which is more affected by
water absorption), with a resulting positive difference between the two. On the other
hand, in the absence of water, for all the soil and vegetation cover, this difference is ex-
pected to be negative.

To analyze the Emilia Romagna flood event, the RST-FLOOD process chain was im-
plemented within the Google Earth Engine (GEE) [49] through an ad hoc JavaScript code
created to perform the operations described below. Exploiting the open archives available
in the platform cloud, a historical dataset of the Sentinel-2 MSI L2A data over the study
area was built according to the RST requirements: all the images available within the GEE
for the month of May were collected, analyzing a six-year period (2017-2022). The dataset
obtained was composed of a total of 70 satellites. An accurate and original cloud mask
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procedure was then implemented at the pixel level using three different steps: (i) a first
masking phase was carried out using the QA60 quality band, available only till 2021, and
the Sentinel-2 Cloud Probability collection to filter the 2022 data. The QA60 is a bitmask
band available in the Sentinel-2 MSI data stream [50,51], while the Sentinel-2 Cloud Prob-
ability is a separate collection, available within the GEE, which provides the probability
at pixel level to be covered by clouds [52]. (ii) A second cloud mask step was implemented
in order to refine the output: the pixels flagged as clear in the previous phase were pro-
cessed through the RST-based one-channel cloud detection approach (OCA) method [53],
in order to obtain a more accurate output. (iii) The last step involved the pixels that passed
the previous phases, and it was a cloud shadow mask, i.e., a procedure that is able to
recognize and filter out cloud shadows through the use of the solar azimuth angle.

For each of the images collected and thus filtered, the NDSI index was then computed
using MSI band 11 (at 1.6 pum) automatically resampled by the GEE to 10 m for the spatial
resolution and band 4 (at 0.6 um) with 10 m for the spatial resolution, obtaining a historical
dataset of the NDSI maps of the area under investigation. Starting from this stack of NDSI
maps, the above-defined reference fields, i.e., pnosi(x,y) and onost (x,y), were computed.
Afterwards, to assess the statistical significance of the deviations between the NDSI(x,y,t),
measured at time ¢ at a single pixel (x,y) and the expected value for the same location,
unost (x,y), the Absolutely Local Index of Change of Environment (ALICE) [47] was com-
puted as follows:

NDSI(x,y,t) — unpsi (X, Y)
onpsi (X, Y)

where NDSI(x,y,t) is the snow index value measured at a pixel (x,y) of the image under
consideration acquired at time t and pnpsi(x,y) and onost (x,y) are the above-described ref-
erence field values computed for the same pixel analyzing the whole dataset of homoge-
neous NDSI maps. Considering that the ALICE indeX, in its construction, follows a stand-
ardized quasi-Gaussian distribution (with p =0 and o = 1) (see, for instance, [54]), the
value it returns can identify the occurrence of statistically anomalous events [55]. As men-
tioned before, the anomalous presence of turbid water on the ground is associated with
positive ®npsi(x,y,t) values. In particular, ®npsi(x,y,t) index values greater than 2, with a
very low occurrence probability (2.27%), can reveal statistically significant anomalies that
are likely to refer to inundated locations. A simplified scheme of RST-FLOOD as just de-
scribed is reported in the following Figure 5.

Qnpsix,y, 1) = (1)
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Figure 5. RST-FLOOD simplified scheme. The whole procedure reported was carried out at pixel
level.

The above-described RST-FLOOD process implemented within the GEE [49] is com-
pletely automatic and unsupervised, does not need ancillary data, does not exploit fixed
thresholds, and is able to generate the final product (i.e., anomalous pixels delineating the
map of inundated areas) in only 15 min (starting from the availability of the image at time
t to be investigated). The use of only satellite data makes the technique site-independent;
moreover, its construction within the GEE environment allows a fast and simple imple-
mentation of the technique itself wherever it is necessary.

2.2.3. The [16] Technique

The CAB technique [16] is a Sentinel-2 MSI-based procedure to map flooded areas by
using a combination of different spectral tests on the atmospherically corrected remote
sensing reflectance, Rrs(A) (L2 data). Operationally, the Sentinel-2 MSI Level 1C (S2/MSI-
L1C) data were downloaded from the European Space Agency (ESA) official science hub
[56] for the area of interest (Figure 1b,c) for the April-May 2022 period. Only the S2/MSI-
L1C data characterized by the same orbit track (with R022 and 32TQQ as the orbit and tile
numbers, respectively) and 20% maximum cloud coverage were retained for the subse-
quent L2 data processing. Among these data, the S2/MSI images of 28 April 2023 and 23
May 2023 were assumed to be the reference and target ones, respectively.

Then, the ACOLITE-based L1 to L2 data processing allowed the derivation of the at-
mospherically corrected Rrs(A) as the input L2 product for the subsequent fixed threshold
tests. In detail, the MSI-L1C data were re-sampled to a 10 m pixel size by the nearest neigh-
bor technique and were atmospherically corrected via the multi-band “dark spectrum fit-
ting” (DSF) method [57]. All the DSF setting options adopted in [16] were also imple-
mented in this work for a faithful export of the method. In particular, the retrieval of the
atmospheric path reflectance was performed by dividing the scene into 6 x 6 km tiles and
thus considering the interpolated values to better account for the atmospheric
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heterogeneity over the scene [16]. Furthermore, a user-tunable sun glint correction was

applied through a SWIR-based threshold (any reflectance at 1.6 um = 0.11 was excluded).
After deriving Rrs(A), a combination of fixed threshold tests was performed to mask

the non-water pixels. Four spectral tests were implemented, as follows:

- The first was the “Bright” spectral test:

Rrs(A) max > 0.2 (2)

where:
Rrs(A) max is the maximum value of Rrs()).

- The second was the “NIR peak” spectral test:

Max (Rrsgyg, RrSgreen, RrSgpp) < Rrsyig 3)

where:

Rrs sLug, Rrs creen, Rrs rep, and Rrs nir refer to 0.443, 0.560, 0.704, and 0.833 pum central
wavelengths, respectively.

- The third was the “Non-water” spectral test:

Rrsyig
——>0.9AND RrsNIR > 0.05 (4)
RrsRED

where:
Rrs rep and Rrs nir refer to 0.704 and 0.833 um, respectively.
- The fourth was the “White” spectral test:

Rrs (A)max—Rrs(A)min

<0.2 ©)

Rrs(A)max
where:
Rrs(M\) max and Rrs(A) min refer to the maximum and minimum values of Rrs(}).

The implementation of such tests and computing thresholds on the two satellite im-
ages (i.e., pre- and post-event) allowed the identification of the non-water pixels to be
masked. In particular, the data were masked if any one of the four spectral tests consid-
ered was set to true [16]. The final identification into flooded and non-affected pixels was
obtained by applying a change detection scheme between the images after and before the
flooding event. The time necessary for the whole process was 10 h [16].

3. Results

Here, the results achieved by the RST-FLOOD implementation as described in Sec-
tion 2.2.2 to the Emilia Romagna flood event are reported.

RST-FLOOD Results

The RST-FLOOD technique was implemented on the Sentinel-2 MSI L2A post-event
image reported in false color in Figure 1c. The unperturbed conditions, as mentioned be-
fore, are not represented by the pre-event image but are defined through the reference
fields obtained from the multi-temporal analysis of the historical data (see Section 2.2.2).
The results are presented in Figure 6, where the flooded areas (in blue) were identified
and mapped considering anomalies at the pixel level associated to ®npsi(x,y,t) > 2. In the
following, we can see the general situation of the inundated areas as of 23 May 2023.
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Figure 6. Flooded areas (in blue) identified by RST-FLOOD for Sentinel-2 L2A image of 23 May
2023. Black polygons are the different AOIs officially reported by the authorities. The Google Maps
(world map service-WMS version) scene is used as the background.

The pixels detected by RST-FLOOD (in blue) are widely distributed on the whole
analyzed scene: most of them fall within the principal AOIs (the black polygons) stated
by the authorities during the emergency phase. The technique therefore appears to be ef-
ficient, demonstrating that it is able to detect and map the most affected areas. Other pix-
els, more or less extensively, are detected and are clearly visible outside these specific and
already identified AOIs: this means the presence of further presumed floods, smaller in
size than the others and distributed throughout the territory, which could indicate areas
less involved but still affected by inundations. No in situ data are currently available for
the Emilia Romagna event, which are necessary to carry out an efficient validation phase
of what has just been presented, so the RST-FLOOD results have been evaluated and dis-
cussed in comparison with different sources of satellite technique/products.

4. Discussion

In order to assess the quality of the results obtained by exporting RST-FLOOD to the
Sentinel-2 data in the following sections, they were compared with the same output com-
ing from the independent CAB technique implementation of the same event/image and
from the CEMS products presented in Section 2.2.1.

The main characteristics of the methodologies just mentioned are summarized in the
next Table 1.

Table 1. Technical characteristics of the technique and products analyzed here.

Name Data Type Technique Type Delivery Time
CAB Optical Data Semi-automatic 10h
CEMS Delineation SAR Data Semi-automatic 18-34h
CEMS R&R SAR Data Semi-automatic 2 months
RST-FLOOD Optical Data Fully automatic 15 min

4.1. CAB Technique Implementation and Comparison with RST-FLOOD

The CAB technique was implemented in this work to the Emilia Romagna flood event
as described in Section 2.2.3. Two Sentinel-2 images were used, the one acquired after the
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event on 23 May 2023 (Figure 1c) and the other one recorded in unperturbed conditions
before the event, on 28 April 2023 (Figure 1b). The output map is shown in Figure 7, where
the brown pixels delineate the identified flooded areas, while the black polygons are the
different AQOIs officially reported by the authorities.

Figure 7. Flooded areas (in brown) identified applying [16] to the Sentinel-2 MSI image of 23 May
2023. Black polygons are the different AQOIs officially reported by the authorities. The Google Maps
(world map service-WMS version) scene is used as the background.

In order to evaluate the performance offered by the RST-FLOOD implementation
when compared to a traditional fixed threshold technique like the one proposed by CAB,
an overlap between the two is reported in the following Figure 8. The flooded areas iden-
tified only by RST-FLOOD are in blue, those only by CAB are in brown, while the areas
reported by both of them are depicted in green. Some significant areas are shown in the
magnified images in the same figure.
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Figure 8. (a) Overlap between the RST-FLOOD and CAB maps; (b) magnified image of the Val-
lesanta area; (c) magnified image of the Pialassa dei Piomboni area; and (d) magnified image of the
Pialassa della Baiona area. The Google Maps (world map service-WMS version) scene is used as the
background.

In order to perform a quantitative comparison, all the flood-affected pixels identified
by the two methods were considered separately, counting the common and exclusive de-
tections. Therefore, the relative percentages were calculated, as reported in Table 2.

Table 2. Quantitative metrics relative to the RST-FLOOD and CAB comparison.

Flood Pixels Shared by Both Methods =~ RST-FLOOD Exclusive Detections CAB Exclusive Detections

29.3%

58.9% 11.8%

The green pixel distribution in Figure 8a and the metrics reported in Table 2 (i.e., the
flood pixels shared by both) demonstrate a quite good agreement between the two tech-
niques in identifying the largest affected areas. However, some inconsistencies are also
present and highlighted in Figure 8 as brown (i.e., the CAB exclusive detections in Table
2) and blue (i.e., the RST-FLOOD exclusive detections in Table 2) pixels. Some examples
of these mismatches are shown in Figure 8b,c, where it is possible to observe that brown
pixels partially cover areas of permanent water bodies (identified in cyan on the Google
Maps scene used as the background). In detail, in Figure 8b, CAB identified as a flooded
part of the Vallesanta (FE, Italy) a natural oasis that belongs to the Argenta Valleys, a Spe-
cial Protection Area (SPA) characterized by natural vast geomorphological basins [58].
Likewise, in Figure 8c, the subcoastal lagoon of the Pialassa dei Piomboni (RA, Italy) SPA
[59] is erroneously flagged as inundated.

Through these examples, it is clear that the CAB technique suffers from some limita-
tions: the use of fixed non-adaptive thresholds does not allow an accurate differentiation
between permanent water bodies and newly inundated areas on a single image; in addi-
tion, the simple change detection phase (exploiting the pre- and post-event images) may
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lead to recognizing and reporting signal variations due to cyclic/seasonal phenomena that
occur on the water surface (e.g., algal blooms), which are expected and are not related to
an event occurrence. RST-FLOOD does not suffer from such limitations, because it does
not work with fixed limit values and identifies the observed signal variation, comparing
it with an expected value obtained through a historical analysis of the signal itself (see
Section 2.2.2), rather than a single reference image.

Moving to another similar situation, in Figure 8d, the natural area of Pialassa della
Baiona (RA) is shown: this area is a complex system connected by artificial canals and
made up of seawater basins and freshwater ponds [60]. Within the basin in the figure,
there are both brown pixels, corresponding to CAB exclusive identifications, and blue pix-
els, which relate to RST-FLOOD exclusive detections, which are mostly concentrated
along the artificial canals and partially within the basin. In this case, the anomalies de-
tected by RST-FLOOD are likely related to the presence of a large amount of sediment
transported by the rivers during the previous rain events, which lead to a signal increase
in the RED band resulting in the significantly positive values of the NDSI index compared
to normal ones.

There are then other areas reported as floods only by RST-FLOOD (blue pixels).
These areas are mostly located in the central and southern parts of the map, far from the
largest inundated zones, identified well by both techniques (in green), but along the way
of the rivers and waterways that overflowed during the event. Focusing on some of these
spot areas (Figure 9a,b), it is possible to see that the blue pixels redraw the rivers and
irrigation canals that typically lap the fields in this region, highlighting the realistic break-
ing of the banks and the flooding of the nearby fields.

Figure 9. RST-FLOOD vs. CAB maps. (a,b) Magnified images of the spot fields reported as floods
only by RST-FLOOD. The Google Maps (world map service-WMS version) scene is used as the
background.

In order to better clarify the situation just described, a deeper analysis of some of
these spotted areas was carried out. In the absence of in situ ground truth data, a sort of
validation of the observed data was performed through the following procedure. After
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having identified some control points (numbered in Figure 10) chosen as examples of the
areas exclusively reported by RST-FLOOD, a historical analysis was implemented on each
of them in terms of the land cover variation and, in particular, in terms of the Normalized
Difference Vegetation Index (NDVI) [61]. The NDVI returns a different value depending
on the land cover observed and its relative spectral response [62], moving in a range be-
tween -1 and 1: the highest positive values are related to vegetation presence and the neg-
ative ones are related to water, while the intermediate ones are representative of bare soil
(a low positive) and clouds (around 0). Studying the historical index variation is useful to
obtain information on how the land cover has changed during time and at a given point.
The NDVI was computed as the normalized difference between the Sentinel-2 MSI L2A
Near-InfraRed (NIR) (0.8 um) and RED (0.4 um) bands, i.e., (NIR-RED)/(NIR+RED), and
it was implemented for all of May’s data from 2017 to 2023. The results obtained for the
control points identified are reported in the following Figure 10a—f.
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Figure 10. Location of control points identified as representative of the RST-FLOOD exclusive de-
tections and the relative results of the NDVTI historical analysis for (a) point 1, (b) point 2, (c) point
3, (d) point 4, (e) point 5, and (f) point 6. The Google Maps (world map service-WMS version) scene
is used as the image background.

Looking at the NDVI temporal trend graph for each point reported (Figure 10a—f), it
is worth noting a similar behavior for all of them: the NDVI values remain within a very
small variation range over time, and the situation changes only on 23 May 2023 when, for
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all the control points, a sharp drop in the index value is observed. These behaviors just
described highlight how the land cover on each observed surface has remained almost the
same over time, with small variations mainly due to a greater/lesser vegetation lushness
or to some changes in the cultivation of the area. The sudden decrease registered on 23
May 2023 shows how the normal land cover was likely perturbed by the water presence,
with a strong reduction in the NDVI values.

At the end of this analysis, which was carried out by choosing different control points
in different areas and conditions in order to make the results as general as possible, it is
clear that the RST-FLOOD technique is able to even locate areas covered by smaller water
surfaces, demonstrating a greater sensitivity than CAB.

It is interesting to focus on the last control point shown in Figure 10f, which repre-
sents a slightly different situation than the others: in this case, the RST-FLOOD exclusive
detection (the blue area) is close to the one shared with CAB (the green area). The relative
NDVI trend demonstrates the correct water identification in the area, thus highlighting a
greater sensitivity of the RST technique in delimiting even the full-blown flooded areas.
This high accuracy can be seen not only in the area just shown but also around all the
areas recognized as flooded by both techniques and reported in green in the previous Fig-
ures 9 and 10.

In summary, RST-FLOOD, even though it has some issues, appears to be more accu-
rate and sensitive than a traditional approach technique, such as the here-analyzed CAB
one. The result achieved by RST-FLOOD is, in addition, faster (15 min from satellite image
availability) with respect to the one declared in [16] (10 h from satellite image availability),
which makes it more suitable for use in emergency phases to rapidly return useful infor-
mation.

4.2. Comparison between RST-FLOOD and CEMS Products

RST-FLOOD was also compared with the products generated starting from a differ-
ent source of satellite data, i.e., the SAR microwave one provided by the official CEMS
service, both in the rapid mapping and risk and recovery configurations. These two com-
parisons are particularly important to test the performance of the technique presented
here when compared with the independent outputs produced as quickly as possible
(CEMS rapid mapping) and with the greatest possible detail (CEMS risk and recovery).

In Figure 11, the overlap between the RST-FLOOD and CEMS rapid mapping delinea-
tion product presented in Section 2.2.1 is shown: here, the outputs of the first technique
are in blue, those produced by the second one are in purple, and the results shared by
both are in green.

Figure 11. Overlap between RST-FLOOD (in blue) and CEMS delineation product (in purple) maps.
The Google Maps (world map service-WMS version) scene is used as the background.
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In this case, it is worth noting that the two maps are representative of different days
and situations; in particular, the delineation map relates to 21 May 2023 while RST-
FLOOD derives from 23 May 2023. In order to make the comparison as realistic as possi-
ble, the match between the RST-FLOOD technique and the CEMS delineation was verified
and discussed for the largest affected areas, i.e., those where major changes were unlikely
to occur in such a short time and, in particular, the ones within the 02-Lugo and 07-Ra-
venna AOQIs (see Figure 3). In Figure 11, these areas are reported as black polygons and
here the two independent outputs show a good agreement, with the most affected areas
depicted in green to represent a detection shared by both the RST-FLOOD and CEMS de-
lineation products. However, close to the extent of these greens, some inconsistences are
present (purple or blue pixels), which are difficult to justify due to the different acquisition
times of the relative source data. From a broader perspective, the RST-FLOOD returning
information is almost completely comparable in terms of sensitivity to those provided by
rapid products like the CEMS one, demonstrating a high performance.

In order to assess the accuracy with which this information has been provided, a sec-
ond CEMS product was used, the R&R one, which is defined as the most detailed between
all the products produced by the service. In this case, the satellite image used to retrieve
the relative R&R map was acquired on 23 May 2023, the same day of the Sentinel-2 data
used for RST-FLOOD, and this allows for a better comparison between them. The results
of the two methods are shown in Figure 11, where the joint detections are in green and
the RST-FLOOD exclusive identifications in blue, while the CEMS R&R recordings are in
orange.

The two products agree quite well over the largest affected areas, as confirmed by the
wide green areas in Figure 12. Looking at the rest of the scene, other considerations can
be drawn: unlike the CAB product, the CEMS R&R map also reports a certain number of
floods in the central and southern parts of the map (Figure 13). In detail, in Figure 13a,b
the same areas already highlighted in Figure 9a,b are shown.

Figure 12. Overlap between the RST-FLOOD and CEMS risk and recovery product maps. The
Google Maps (world map service-WMS version) scene is used as the background.
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Figure 13. As in Figure 12 with (a,b) a magnified view of the spot fields reported in Figure 8a,b. The
Google Maps scene is used as the background.

Some of those areas reported as floods exclusively by RST-FLOOD in Figure 9a,b are
now matched with the CEMS R&R in Figure 13a,b and here depicted in green, confirming
again the sensitivity of the method presented here. However, not all the RST-FLOOD de-
tections match the CEMS ones, but these cases are mostly the same as already presented
and discussed in Section 4.1, Figure 10, where the effectiveness of the technique was amply
demonstrated.

It is also worth noting in Figure 12 the presence of some exclusive detections made
by CEMS R&R (in orange): in order to better clarify these situations, the same procedure
explained before for the match with the CAB technique was carried out. Some representa-
tive points were selected and then analyzed through the construction of the relative NDVI
historical trend (Figure 14).
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Figure 14. Location of the control points identified as representative of CEMS R&R exclusive detec-
tions and the relative results of the NDVI historical analysis for (a) point 1, and (b) point 2. The
Google Maps (world map service-WMS version) scene is used as the image background.

The first control point (Figure 14a) was selected as an example of the isolated field
reported as water-covered by the CEMS R&R and located far from the largest inundated
areas: the NDVI trend in Figure 14a shows fluctuating values along the whole historical
period, which could probably be attributable to crop rotation. It is possible to note a sud-
den NDVI decrease at the beginning of May 2022, which then remains almost the same
the next times, with no significant value variation on 23 May 2023, the time of the flood
event occurrence. The second control point (Figure 14b) is another example of an isolated
area reported as a flood: the NDVI trend, in this case, takes values ranging between very
low negative ones (-1) and slightly greater than 0 ones, suggesting that this is not a new
inundated area but rather a permanent water body, as also testified by the Google Maps
scene in the background.

The analysis that was carried out and that has just been presented allowed us to un-
derstand that in these cases RST-FLOOD does not make any sensitivity errors but testifies
that some lack in accuracy (in terms of false identifications returned) is therefore made by
the most reliable product produced by the official service. It is the CEMS itself that high-
lights some limitations of the R&R flood delineation product [45]: they are mainly related
to the interpretability of the used SAR image, due, as an example, to the vegetation pres-
ence, which backscatters the microwave signal before reaching the soil, together with the
scattering mechanisms and SAR geometric effects occurring in an urban environment,
which affect the correct detection, resulting in an underestimation of the total flood extent
[45].

At the end of all the considerations just made, it is possible to conclude that the RST-
FLOOD technique, despite the simplicity and automaticity of its implementation, returns
a precise mapping in rapid mode, with such sensitivity as to be able to quickly return
useful information and with a better degree of accuracy than that which is currently
achieved after months of analysis. However, the main drawback of the optical band, due
to the lack of information on the presence of clouds, may limit the applicability of the RST-
FLOOD technique. Therefore, its integration with other active SAR-based monitoring
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techniques during crisis phases would improve the accuracy, sensitivity, and timeliness
of the provided information.

5. Conclusions

Flash floods are nowadays widespread phenomena, which occur at any latitude with
devasting consequences for human life and nature. Timely information about ongoing
emergency phases are crucial to manage the crisis, protect the environment, and save hu-
man lives. In this paper, an existing satellite-based unsupervised technique for automatic
flood detection and mapping, namely RST-FLOOD [34], was ported for the first time to
mid-high-spatial resolution (20 m) Sentinel-2 MSI data. Its characteristics and main
strengths, i.e., its implementation speed and lack of need for fixed threshold values, were
tested on the recent Emilia Romagna (Italy) flood event that occurred in May 2023. The
performance and quality of the final product were evaluated and discussed together with
the results obtained by an independent optical technique developed in [16] and here im-
plemented to the study case and the official SAR-based flood delineation products pro-
vided by the CEMS service for the same event.

RST-FLOOD was demonstrated to be more accurate and sensitive than traditional
fixed threshold-based techniques, like the CAB one analyzed here, managing to recognize
and map the affected areas with more effectiveness and also with a faster delivery time of
the final product (i.e., only 15 min against 10 h declared by CAB).

A good performance was also showed when the technique was compared with the
official SAR-based CEMS products, both in terms of the final map production speed and
the accuracy of its content. RST-FLOOD, using the first post-event satellite images availa-
ble, was able to delimit the most affected areas returning similar information in terms of
sensitivity to those provided by the CEMS rapid mapping products but with an accuracy
and degree of detail comparable and in some cases better than the CEMS R&R product
obtained after a long two months of the data interpolation process and improvement of
the analysis techniques.

In conclusion, RST-FLOOD, being effective and fast, is demonstrated to be a good
analysis instrument, allowing an increase in the speed of the usability of accurate infor-
mation on ongoing events, which currently take months to be released. However, due to
the limitations of the optical band in the presence of clouds, a full and systematic integra-
tion of RST-FLOOD within larger monitoring systems based on different sources of data
is recommended. Its own structure of using only satellite images without the need for
ancillary data allows it to be easily exported and implemented in any geographical area
with different characteristics without losing performance. The processing chain and full
implementation within the GEE environment allows this global-scale implementation in
a very fast mode.
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