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Abstract: The coastline environment and urban areas of Peru overlooking the Pacific Ocean are
among the most affected by El Nifio-Southern Oscillation (ENSO) events, and its cascading hazards
such as floods, landslides and avalanches. In this work, the complete archives of the European
Space Agency (ESA)’s European Remote-Sensing (ERS-1/2) missions and European Commission’s
Copernicus Sentinel-1 constellation were screened to select synthetic aperture radar (SAR) images
covering the most severe and recent ENSO-related flooding events that affected Lima, the capital
and largest city of Peru, in 1997-1998 and 2017-2018. Based on SAR backscatter color composites
and ratio maps retrieved from a series of pre-, cross- and post-event SAR pairs, flooded areas were
delineated within the Rimac River watershed. These are mostly concentrated along the riverbanks
and plain, where low-lying topography and gentle slopes (<5°), together with the presence of alluvial
deposits, also indicate greater susceptibility to flooding. A total of 409 areas (58.50 km?) revealing
change were mapped, including 197 changes (32.10 km?) due to flooding-related backscatter variations
(flooded areas, increased water flow in the riverbed, and riverbank collapses and damage), and 212
(26.40 km?) due to other processes (e.g., new urban developments, construction of river embankments,
other engineering works, vegetation changes). Urban and landscape changes potentially contributing,
either detrimentally or beneficially, to flooding susceptibility were identified and considered in
the overall assessment of risk. The extent of built-up areas within the basin was mapped by combining
information from the 2011 Global Urban Footprint (GUF) produced by the German Aerospace Center
(DLR), the Open Street Map (OSM) accessed from the Quantum GIS (QGIS) service, and 2011-2019
very high-resolution optical imagery from Google Earth. The resulting flooding risk map highlights
the sectors of potential concern along the Rimac River, should flooding events of equal severity as
those captured by SAR images occur in the future.

Keywords: flooding; synthetic aperture radar; change detection; radar backscatter; urban remote
sensing; GIS-based analysis; risk classification

1. Introduction

Floods are among the impacts of recent extreme weather phenomena that highlight a significant
vulnerability and exposure of some ecosystems and many human systems to current climate
variability [1]. El Nifio-Southern Oscillation (ENSO) is believed to be the most likely driver of
such interannual variability on a global scale [2-5] and the increased frequency of floods, landslides
and avalanches in the Latin America [3,4,6].

Peru is one of the most affected countries, given its coastal location and exposure [3,7-11]. Between
1980 and 2008 there were 495,000 people affected by floods (equal to 15% of the total impacted by
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natural disasters) and at least 23% of the Peruvian population lives in flood-prone areas. In 1981
there were economic losses of 6 million US dollars for flood events [12]. The Peruvian government is,
therefore, committed to enhancing preparedness and resilience to floods [13].

There are scientific studies that can provide the necessary evidence base to achieve a better
understanding of this natural hazard and identify the appropriate mitigation measures. From a social
and psychological perspective, Rojas Portocarrero et al. [14] investigated the risk perception of people
living in vulnerable zones of Lima during floods. Son et al. [15] focused on diagnosing the Peru
floods of 2017 and examining possible large-scale forces, using precipitation record station and climate
indices. Bischiniotis et al. [16] assessed the capabilities of the Global Flood Awareness System (GloFAS)
using a holistic evaluation framework in Peru for the years 2009-2015. Soria-Diaz et al. [17], instead,
used pre-existing geomorphology cartography, soil use, soil economic assessment and human exposure
to define a proposal for management and territorial order for the city of Iquitos.

The geographic focus of the present paper is the capital city of Lima and its urban footprint
within the hydrological basin of the Rimac River. Various studies associate “El Nifio events” with
“anomalous” rains that occurred in Lima and its hydrological basin over the past four and a half
centuries [18-23]. The effect due to ENSO sums up with other different predisposing factors (natural,
geological and anthropogenic) and, consequentially, flooding risk is of great concern [9,11,24-28].
Villacorta et al. [28] conducted a spatial analysis of the geological hazards in the metropolitan area
of Lima and the Callao region, aiming to interpret the evolution of the geomorphological landscape,
identify processes that can cause disasters, and propose prevention and mitigation measures. The study
was based on the use of aerial photographs from the 1960s to 1970s, and satellite Landsat images for
the years 1995-2000 and 2003-2005.

These time intervals are of particular interest, because according to the historical records,
the most recent and catastrophic floods in Lima happened in 1997-1998 and 2017-2018 [8,9,11,21,23,26].
These events caused more than 600 fatalities, more than 2 million people affected, and over 7.5 million
US dollars of total damage [29]. Given their significance and impact, this study focuses on these
flood events.

The aim of the present research is to demonstrate that multi-temporal change detection analysis
of satellite synthetic aperture radar (SAR) images can provide spatial and temporal information of:
(i) environmental and anthropogenic transformations in urban settlements and the territory that may
contribute to increase (or decrease) the hazard and/or exposure to flooding risk, and (ii) damage
and impacts experienced in the urban areas that have been already flooded during recent events.
Alongside datasets of hazard factors and exposed elements, such information mined from SAR
images can then be used as a geospatial input to develop, within the geographic information system
(GIS) environment, a flooding risk classification map at basin scale. This mapping product embeds
the evidence of the local vulnerability to flooding and highlights the key areas of concern where events
of equal severity may happen again and cause similar (or even worse) impact, should no risk mitigation
measures be put in place.

With regard to the satellite data used, it is worth acknowledging the value of free and daily images
at global coverage such as those provided by the Moderate Resolution Imaging Spectroradiometer
(MODIS) sensor for flood delineation and monitoring over large areas (e.g., [30]), as well as services to
generate automatically near real-time flood maps using Suomi National Polar-Orbiting Partnership
(NPP)/Visible Infrared Imaging Radiometer Suite (VIIRS) imagery [31]. Well-known are the capabilities
of such space-borne sensors to provide high temporal resolution, wide spatial coverage and distinctive
discrimination at pixel level between flooded and non-flooded areas.

However, these data do not satisfy the technical requirements of spatial resolution
and independence from weather conditions for our study. Our scope is to assess flooding hazard and risk
within Lima and along the course of the Rimac River flowing across the urban environment of the city
using free data, document changes that occurred at the level of urban fabric, and delineate flooded
areas in a geographic region characterized by high frequency of cloudiness. Therefore, we intentionally
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exploited SAR imagery collected by the European Space Agency (ESA)’s European Remote-Sensing
(ERS-1/2) missions and the European Commission’s Copernicus Sentinel-1 constellation over the periods
1997-1998 and 2017-2018 when flood events occurred. Despite the spatial resolution limitations already
observed in the specialist literature [32] which could hamper the detection of flooded streets in densely
built-up areas, these SAR images can provide a better observation solution than MODIS and VIIRS
data in this environmental and landscape context.

In this regard, the present paper aims to bring a novel contribution to the scientific literature of SAR-based
assessment of flood hazard in Peru and, specifically, Lima. Recently Roman-Gonzalez et al. [33,34] have
analyzed a pair of Sentinel-1 SAR images over the city of Chosica (about 60 km from Lima) that was most
affected by landslides and floods in March 2017. A basic pre-processing technique (radiometric calibration,
speckle filtering, terrain correction) was applied prior to post-processing, the latter based on histogram
analysis and masking for landslide zone identification. The results showed a significant number of sites
with landslide and flood damage. However, this analysis relied on a single pair of SAR scenes only.

In our study, instead, we extend this single-pair approach (quite common in rapid mapping of
flood extent delineation [35-37]) to the whole archive of SAR images available over Lima, to create
the three separate sets: “pre-event”, “cross-event” and “post-event”. In this sense, we also align with
the efforts published in the recent literature to develop procedures making the best out of long time
series of satellite data for real-world applications (e.g., [38]). Furthermore, to the best of our knowledge,
no multi-temporal investigation of flood hazard in the hydrological basin of the Rimac River has been
conducted so far with SAR time series.

From an analytical point of view, while other more sophisticated techniques could
have been used for both data mining and pattern interpretation (e.g., pixel-based flood
mapping approaches including global and enhanced thresholding [39]; interferometric coherence
analysis [40]; expectation-maximization for separation between similar and non-similar patterns [38]),
we intentionally exploited SAR amplitude change detection and red, green and blue (RGB) color
composites [41]. This approach is quite established in applications of Earth and environmental
observations, risk management and security [42], and is easier to implement by a wider spectrum of
users (e.g., staff from technical offices of local administrations, practitioners, early responders with
duties of damage mapping).

Therefore, the present study has been conceived according to an applied research perspective,
by developing a method that is accessible to users and, as such, is more likely to be replicated
and transferred in GIS mapping, in support of natural hazard assessment and disaster risk management.
Additionally, because our approach of SAR data mining couples with a workflow of expert-led
interpretation of the observed patterns through the integration with geospatial datasets, this method is
suitable to complement more traditional GIS-based approaches of analysis of hazard, vulnerability
and exposure to flooding (e.g., [43]).

Section 2 outlines the environmental and meteorological settings of Lima, alongside
the methodology to mine the SAR archives, extract the radar backscatter changes from each SAR image
set, and label them according to two categories—i.e., “Flooding” and “No Flooding”—depending on
whether these changes were due to flood events or anthropogenic activity (e.g., urbanization). Section 3
showcases a representative selection of the results of the geospatial analysis carried out within the GIS
environment. Section 4 explains how the resulting flooding risk map can serve as an evidence base,
gathered from satellite data, of the sectors of potential concern along the Rimac River, should flooding
events of equal severity occur in the future. Accuracy and reliability of the results are finally discussed
by comparison with the map product that was generated by the Copernicus Emergency Management
Service (EMS) during the Risk and Recovery Activation EMSN-038 for flood delineation and damage
mapping of the same flooding event happened in mid-March 2017 [44], as well as with the map of
flooding susceptibility and fluvial erosion published by Villacorta et al. [28].
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2. Materials and Methods

2.1. Study Area and Susceptibility to Flooding

The Rimac River basin is located in the central-western region of Peru (Figure 1a), west of
the Cordillera of the Central Andes of Peru, between the Anticona, Pucacocha and Yuracocha
mountains and the Pacific Ocean. Hydrographically, the river belongs to the Pacific Ocean (Figure 1b)
and is formed by the confluence of the Santa Eulalia and San Mateo (or Alto Rimac) rivers at Chosica
(Figure 1c), 55 km from the estuary into the Pacific Ocean, and crosses the city of Lima running east to
west. Its main tributaries are the Huaycoloro, Bianco, and Aruri Rivers [45].

The catchment areas of the Alto Rimac and Santa Eulalia rivers at the confluence are 1228 km?
and 1085 km?, respectively. From a morphological point of view, the Rimac River basin has an elongated
shape (Figure 1b) which, compared to a round basin, should be less exposed to flooding, owing to a
better runoff of surface waters. The longitudinal slope (i.e., the ratio between the elevation difference
and the stream length) of the Alto Rimac is 1:23 upstream of the confluence, and 1/65 at the lower
reach after the confluence [46]. The valley is basically young, with a V-shape, steep banks and marked
physical conditions between the surrounding summits and the valley depth [47]. The topographic
configuration is narrow and steeper upstream, while it is wide and flat downstream, opening to
the geomorphological unit of the alluvial plain (Figure 1d), where the historic core of Lima developed
until 1924, and the first stages of modern urban expansion happened between 1940 and 1970 [48].

From a geomorphological point of view, the lateral dimension is not homogeneous along the river
course [49]. In the middle section, i.e., approximately around Chosica, the river configuration partly
widens, shaping a more open canyon with terraces along both riverbanks (Figure 1e). This is an ideal
location for agricultural activities and minor urban settlements. The low section in the alluvial plain is
instead characterized by the formation and consolidation of the floodplain.

However, this assessment does not consider the anthropogenic impact on the river and its effects on
increasing susceptibility to flooding and fluvial erosion. In this regard, itis worth recalling that the Rimac
River is the main source of water for domestic, agricultural and energy use throughout the coast,
including the capital Lima, the second largest city in the world located in a desert, after Cairo [50],
and where a third of the total country’s population resides (i.e., more than 9 million inhabitants censed
within the metropolitan area [51]).

As reconstructed by Kuroiwa et al. (2011) [52], in order to cope with the urban development
and the need to connect new neighborhoods, various bridges were constructed. The first was El Ejercito
Bridge (Figure 1f), completed in 1936 to allow communication between Downtown Lima and the recently
occupied northern sector. This engineering project led to an incision process downstream, started at
least since 1944. In time, this resulted in the formation and narrowing of the Rimac River urban canyon,
with the streambed deepening approximately 20 m downstream of El Ejercito Bridge (Figure 1f).
Nowadays, this canyon runs towards the city airport and is clearly visible along Villa Maria del
Perpetuo Socorro and Mirones, i.e., one of the shantytowns that formed without regulations on the left
bank of the Rimac River and is locally known as MIRR (Margen Izquierda del Rio Rimac) [53]. There,
the houses are perilously built at the top of steep, almost vertical cliffs, and thus are exposed to fluvial
erosion and collapses (Figure 1f). Additionally, uncontrolled sewage discharge into the river further
drives erosion of the cliffs, and thus of the foundation of houses [53]. Therefore, monitoring the increase
of water flow in this section of the river course is required to assess the impact of hydrometeorological
events and consequential sudden changes in water discharge.

According to the information released in 2013 by the Junta de Usuarios del Rio Rimac (i.e., Rimac
River Users Board) [54], the basin is made up of marine and continental sediments, as expected
for an alluvial valley. Sudden geomorphological changes also happen from one year to another,
due to the magnitude of the highly dynamic deposition processes in the tributaries of the Rimac
River. The tributaries pour the dragged material (blocks, stones, fine material) directly into the river,
increasing the load of sediments which, in turn, contribute to increase flood susceptibility.
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Figure 1. (a) Geographic location of the Rimac River basin in the central-western region of Peru and (b) its
boundaries, with the blue line marking the river course. (c) Hillshade and (d) slope of the basin
downstream of the confluence between the Alto Rimac and Santa Eulalia rivers, with indication of
locations and toponyms of interest. Google Earth StreetView pictures showing: (e) the geomorphology
of the open canyon at Chosica, as opposed to (f) the narrow urban canyon downstream at El Ejercito
bridge, with nearly vertical cliffs above which the Margen Izquierda del Rio Rimac (MIRR) shantytown
was built along the left riverbank.

From a climatologically point of view, the coastal part of the Rimac River basin stretches between
0 and 1000 m above sea level, and is characterized by a coastal desert climate, with a high frequency of
fog. The latter consists of an almost permanent layer of stratocumulus [27], as well demonstrated by
Sentinel-2 images (Figure 2a). This also explains why the application of SAR is ideal in Lima, not only
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under ordinary conditions, but especially in case of flood events, when the cloud cover can be higher
than normal. In this regard, Figure 2b shows the cloud cover of the Sentinel-2 scene of 22/03/2017
hampering the visibility (and thus the potential to carry out the damage assessment) of the urban areas
in Carapongo and Santa Maria de Huachipa that were severely affected by the catastrophic flooding
event analyzed in this research.
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Figure 2. Sentinel-2 images collected on (a) 28/12/2015 showing the typical cloud cover in Lima and on
(b) 22/03/2017 during the catastrophic flooding event analyzed in this paper. Contains Copernicus
Sentinel-2 data 2015, 2017.

Precipitation in the coastal part of the basin is one of the lowest in the whole South America,
with an average of 5 mm of accumulated annual rainfall [55] (Figure 3a). However, the air in the city
is relatively humid, due to frequent haze and strong dew. Differently, at elevations higher than
1000 m above sea level, i.e., the medium-upper part of the Rimac River basin, the climatic conditions
change to subtropical, dry desert climate, with accumulated annual values of precipitation equal to
750 mm [27,56]. This confirms that precipitation varies spatially across the basin depending on elevation,
with the highest intensity upstream of the river basin, over the Cordillera of the Central Andes.

Accounting that at these latitudes the hydrological cycle runs from September to August, the heavy
rain season falls between November and April. Such seasonal rains in the central highlands of Peru
cause an increase in the water flow of the Rimac River compared to the other months of the year.
This happened, for example, during the flood event in mid-March 2017. According to the regional
hydrological warning of “red level” issued by the Servicio Nacional de Meteorologia e Hidrologia del Perii
(SENHAMI) on the night of 17/03/2017, the maximum flow of the Rimac River was estimated to reach
95 to 100 m3/s, and 34 to 40 m3/s for the Chillén river, based on the measurements made at Chosica
and Obrajillo hydrometer stations, respectively [57]. A precipitation anomaly with respect to mean
historical records was indeed registered in the period December 2016-February 2017 (Figure 3b).

Throughout its history, the Rimac River has caused floods along its path many times,
as a consequence of such seasonal rains. There are logs of this type of events since 1578 [58].
While these flood events are recurrent phenomena, when they occur in conjunction with ENSO,
the Rimac River water flow exceptionally increases up to catastrophic level. Historically, 120 floods
have been documented and association with ENSO has been reported [58], particularly in the years
1578, 1650, 1728, 1750, 1790, 1828, 1876, 1891, 1925, 1982, 1997, 2002, 2004, 2006, 2009, 2015, and 2017.
With regard to the last hundred years, the chronological distribution of the flood events highlighted
that there have been three periods of higher intensity in Peru, i.e., 1982-1983, 1997-1998 and 2017-2018
(Table 1). The direct relationship with the activation of ENSO events is so strongly believed that
the whole period is referred to as “El Nifio Extraordinario (i.e., the extraordinary El Nifio event)” by
scholars [8,9,11,21,26,59]. As already mentioned in Section 1, these events caused significant damage,
hundreds of fatalities, and more than 2 million people were affected [29]. These recent events were
selected as the focus of this investigation, since they are representative of the destructiveness that these
hydro-meteorological events can bring. The satellite-based observations of the impact across the urban
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environment of Lima can therefore serve as an objective evidence of the areas at risk, if no hazard
and risk mitigation measures are undertaken.

Table 1. Extraordinary El Nifio events and dates of major floods in the Rimac River basin.

Extraordinary Events

Number of Flood Events

Dates of Flooding in Urban Areas

1982-1983
1997-1998

2017-2018

Data n.a.

6

13

December 1982-June 1983
09/02/1998
23/02/1998
14/01/2017
31/01/2017
16/03/2017
14/02/2018
22/02/2018

Mean annual precipitation
projected 2030 (mm)
510
1050
[ s0-100
[ ]100-200
C_J
[
e
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Figure 3. (a) Mean annual precipitation projected to 2030 (data source: [55]) and (b) precipitation
anomaly in the period between December 2016 and February 2017 (data source: [60]).
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2.2. Synthetic Aperture Radar (SAR) Data Mining

The methodological workflow adopted, and main processing activities carried out can be divided
into three components:

e  Processing of SAR satellite data and change detection products for image pairs.
e Creation of a project catalogue (database).
e  Creation of the spatial analysis project on a GIS platform.

2.2.1. Selection of SAR Data

Asmentioned in Section 2.1, SAR data were chosen for their independence from weather conditions
and owing to their availability with a certain continuity with respect to the dates of occurrence of
the flood events under study (see Table 1). Figure 4 shows the timeline of El Nifio events vs. the whole
archive of SAR data from the satellite missions ERS and ENVIronmental SATellite (ENVISAT) of
the ESA, and the Copernicus Sentinel-1 constellation. These data are free and their access is unrestricted
for registered users, through the open-source Earth Observation Link-ESA (EOLi-SA) for ERS-1/2
and ENVISAT (now via the ESA Online Dissemination tool), and the Copernicus Open Access Hub for
Sentinel-1. As can be seen in Figure 4, of the most intense El Nifio-related events, those occurred in
1982-1983 and 1987 could not be investigated since there were no SAR data available to cover those
years. Furthermore, given that no ENVISAT data covered any of the other two El Nifio-related events,
these data were not used in the end.

® ElNifio events ® ERS-1/2 ENVISAT Sentinel-1

Figure 4. Flood events and El Nifio phenomenon vs. availability of C-band synthetic aperture radar
(SAR) satellite data from the European Remote-Sensing (ERS-1/2), ENVIronmental SATellite (ENVISAT)
and Copernicus Sentinel-1 missions. The most intense events are indicated in blue.

Table 2 shows the main features of ERS-1/2 and Sentinel-1 data used for this research. The two
ERS satellites, ERS-1 and ERS-2, were launched into the same orbit in 1991 and 1995 and ceased
to collect data on 10/03/2000 and 05/09/2011, respectively [61]. Sentinel-1 is the SAR constellation
made of the two twin satellites, Sentinel-1A (since 03/04/2014) and Sentinel-1B (since 25/04/2016),
of the European Commission’s Copernicus programme, aiming to provide C-Band SAR data continuity
following the retirement of ERS-2 and the end of the ENVISAT mission. Of the four acquisition modes
of the Sentinel-1 SAR sensor, in this study we used the Interferometric Wide swath (IW) providing
5 m x 20 m (ground range by azimuth) resolution, over a 250 km swath [62].

Table 2. Key technical features of the SAR data used in this study. Notation: IM—Image
Mode; IW—Interferometric Wide; SLC—Single Look Complex; GRD—Ground Range Detected;
V—Vertical; H—Horizontal.

. Launch and End Product Revisit Time s Swath Ground Range
Satellite of Operations Level (Days) Polarization  Mode  Band (km) Resolution (m)
1991/1995 Level 1
ERS-1/2 20002011 SLC 35 \A% M C 100 25
Sentinel-1B 2016 hevel 1 12 VWHVH W C 250 5 (single look)

Compared to the nominal satellite mission parameters reported in Table 2, it is worth noting
that the number of ERS-1/2 images available over Lima and covering the entire Rimac River basin
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was less than expected, with revisit times sometimes higher than 35 days (i.e., 70 days at worst).
On the other side, the ERS-1/2 mission was the only SAR data resource to investigate the 1997-1998 El
Nifio event. By contrast, the revisit time of Sentinel-1 data was almost regular, equal to 12 days as per
the observation scenario over Peru in 2017-2018 [63]. Since the end of 2016, indeed, the programmed
Sentinel-1 acquisitions over Peru account for a 12 days revisit frequency provided by the Sentinel-1B
satellite only, with IW mode dual polarization data (Table 2).

In total, 39 images (13 ERS-1/2 and 26 Sentinel-1) were selected to investigate the flood events
listed in Table 1, and were categorized into working pairs according to the following three groups:
“Pre-event”, “Cross-event” and “Post-event” (Table 3). The full list of the working pairs is reported in
the Appendix A (see Tables A1-A3).

Table 3. SAR image working pairs made of ERS-1/2 and Sentinel-1 scenes over Lima, Peru.

SAR Image Working Pairs Pre-Event Cross-Event Post-Event Total Nur‘nber o‘f SAR
Working Pairs
1997-1998 1 4 4 9
2017-2018 10 10 10 30

2.2.2. SAR Data Pre-Processing

The whole pre-processing activity, for both ERS-1/2 and Sentinel-1 images, was performed with
the SentiNels Application Platform (SNAP) v6.0 software. The pre-processing allowed, for each
image, the correction of orbit errors and/or geometric distortions, all of which were introduced during
the acquisition of the SAR scenes. In particular, the pre-processing methodology included:

e  “Apply orbit file”: The orbit file (automatically downloaded by SNAP) provides an accurate
position of the SAR image, and the updating of the original metadata of the SAR product.

e  “Radiometric Calibrate”: Calibration allows the creation of a SAR image where the value of each
pixel is directly related to the radar backscatter of the surface, expressed in decibel (dB).

e  “Multilooking”: A characteristic of SAR images is the speckle, i.e., random noise that looks like a
“salt and pepper” effect across the image, and affects the quality of the image, thus making SAR
data interpretation more difficult. To remove such an effect, it is possible to use speckle filters or,
alternatively, to multilook the image. A speckle filter is a compromise between speckle removal
(radiometric resolution) and fine details preservation (spatial resolution). For Sentinel-1 images
we applied “Multilooking” with 2 looks in azimuth by 2 looks in range [64]. For the ERS-1/2
images we applied “Speckle Filtering” using a Lee filter, which was selected among the possible
filters to use according to the recommendations in [65], given that Lee filters are less degrading
for the SAR image.

e  “Terrain Correction”: We converted the data from slant range geometry to the map geometry
(UTM/WGS84 map projection) and corrected the main geometric distortions like layover, shadow
and foreshortening, due to terrain relief, using the 3 arcsec Shuttle Radar Topography Mission
(SRTM) [66] digital elevation model (DEM), as per the standard workflow of the SNAP software.

2.2.3. SAR Amplitude Change Detection

Change in the surface roughness is the key to detect inundation using SAR data. Where the ground
surface is covered with calm water, its low roughness exhibits an almost ideal specular reflection
and the backscatter is therefore very low (i.e., dark pixels in the SAR image), in strong contrast to
the scattering of natural surfaces in dry conditions (i.e., bright pixels) [67].

The most straightforward way to detect surface changes between two dates/acquisitions is
the comparison of the SAR radar backscatter. This approach is only sensitive to changes that impact
the backscatter of the object, and does not take the entire complex SAR information (i.e., also the signal
phase) into account [42]. Because floods alter the surface roughness, the change from dry to inundated
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conditions can be easily captured with SAR amplitude change detection. It is worth mentioning that
this is the most common method for flood identification. Many studies have demonstrated that SAR
systems are suitable tools for floodwater mapping on bare soil or scarcely vegetated areas where water
has its well-defined radar backscattering signature.

However, there are some aspects that need to be accounted for when floods happen in densely
built-up areas, and when medium resolution SAR images (such as ERS-1/2 and Sentinel-1) are used.
In such environments, given the double bounce effect produced by buildings, and specular reflection
of free-standing water, it may happen that flooded areas may exhibit stronger radar backscatter than
the adjacent non-flooded areas [68,69]. A further factor influencing the intensity of the radar backscatter
is the inundation depth vs. the height of the building. Depending on the extent of the building fagade
not flooded, double bounce may predominate over specular reflection.

Furthermore, it is known that, given the side-looking observation of space-borne SAR sensors,
areas of urban ground surface may not be visible to the SAR due to radar shadowing and layover caused
by buildings or taller vegetation and, therefore, urban flood extent may be not accurately detected [70].
These effects and interferences were taken into account during the interpretation of the change patterns,
either increased or decreased radar backscatter, in the RGB composite and amplitude change detection
maps that we generated for the periods 1997-1998 and 2017-2018.

In particular, the effects of local topography and the properties of the urban fabrics were considered
based on the 30 m resolution Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global DEM (GDEM v.2) and urban land cover ancillary data (see Section 2.2.4). The following
post-processing methodology for each SAR image pair listed in Tables 3 and A1-A3 was applied
according to the workflow described in [41]:

e  “Coregistration stack”: which allows to overlay two images (input), i.e., the reference (master)
and the secondary (slave), in order to ensure a perfect match between the pixels of the slave
onto the geometry of the master reaching sub-pixel accuracy and, at the same time, preserving
the original information contained in the slave [71].

e “RGB Composite”: a multi-channel image generation, allowing for an immediate visualization of
the changes in radar backscatter that occurred on the ground during the analysis period between
the master and one or more slaves. Each of the R (red), G (green) or B (blue) channels (RGB)
is allocated to either the master or the coregistered slave according to a specific combination of
colors, thus obtaining a composite image where the different colors highlight different features.
The assignment of the three RGB colors to the bands can be freely chosen. For this study,
the assigned color scheme was as follows: R = master; G = slave; B = slave. When the slave is
the same in both G and B channels, the RGB is actually a red-cyan (RC) composite. This choice
allowed us to identify the changes due to the decrease in the backscatter signal in red (Figure 5a),
while the changes due to the increase in the backscatter signal in cyan (Figure 5c).

e  “Ratio”: through a subtraction operation between bands of the slave image and the master image
(values in both expressed in dB; see Section 2.2.2), the ratio map highlights any areas where
changes in the backscatter radar occurred. The output of this operation is in grayscale, which,
however, can be replaced by a freely chosen combination of colors for better viewing. The decrease
or increase of the backscatter signal is displayed with dark colors (Figure 5b) and light colors
(Figure 5d), respectively.

While the RGB/RC composites provide information on “where” the change occurred, the ratio
maps provide information on the magnitude of such changes. These two outputs were the basis to
identify the change patterns that have occurred in the Rimac River Basin and could inform about either
the extent of floods or presence of urban changes (e.g., new residential areas) that were relevant due to
their potential impact on local susceptibility to flooding.
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| |l

— RGB Composite — — Ratio

Figure 5. Example of change patterns in the radar backscatter: (a,b) decrease and (c,d) increase
of the radar backscatter, in (a,c) RGB composites (R = master; G = slave; B = slave) and in
(b,d) the corresponding signals in the ratio maps (slave/master).

2.2.4. Ancillary Data

The geospatial ancillary data (either vector or raster) related to topography, geology, permanent
and seasonal water bodies, urban footprint, new urban development, roads and infrastructures,
population at the district level, allowed us to access environmental and contextual information, gain
more understanding and achieve a reliable interpretation of the radar backscatter changes that took
place in the territory in 1997-1998 and 2017-2018. The details of the ancillary data are reported in
Table 4. Data were handled, intersected and geospatially analyzed to a common coordinate system in
the Quantum GIS (QGIS) platform (v. 3.2.3).

Table 4. Ancillary data over Lima (Peru) used in the geospatial analysis in the QGIS environment.
Acronyms: ASTER - Advanced Spaceborne Thermal Emission and Reflection Radiometer; GDEM -

Global DEM.
P Spatial Resolution
Typology Description Format and/or Scale Reference Date Source
Administrative boundaries Shapefile 1:100,000 - Geocatmin [72]
Anthropogenic Census data . R ;
(population/households) Shapefile 1:100,000 2011 Geocatmin [73]
Urban land cover Raster 12m 2011 Global Urban Footprint [74,75]
Open Street Map Raster - - QGIS desktop v.3.2.3 service
. . X X Ministerio del
Hydrographic basin Shapefile 1:175,000 Ambiente-MINAM [76]
Natural ASTER GDEM v.2 Raster 1553?; 2011 USGS-NASA [77]
Topographic contour lines Shapefile 1:100,000 - GEO_GSP_PERU [78]
Geology Shapefile 1:100,000 - GEO_GSP_PERU [79]
Global Surface Water V\éikr’i\i’ip - 1984-2019 EC JRC/Google [80,81]
Basemap Sentinel-2 image (cloud-free) Raster - 2016 Scihub
Google Earth basemap Html (cache) - - Google Earth

One Sentinel-2 cloud-free image was used as the optical basemap of the study area, to browse
and consult alternatively to the cache-file Google Earth basemap, to find a first visual correspondence
with the objects and shapes visible in the SAR images.

Figure 6 shows the three key spatial hazard datasets and risk elements that we examined to assess
the hydraulic risk in Lima:
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e  Terrain slope: this is a physical environment factor that contributes to the geological hazard
as the predisposition of the territory to being flooded during a flood event depending on its
elevation vs. the inundation depth. Initially, given that SRTM was used for the terrain correction
of the SAR data (see Section 2.2.2), both versions of the same dataset, i.e., SRTM 1 arc-second (30 m)
and 3 arc-seconds (90 m), were tested. However, they were replaced with the ASTER GDEM,
given the evidence that the SRTM products were affected by gaps in some areas of the Rimac River
basin and, as such, they were discontinuous and lacking information. Using the ASTER GDEM,
instead, a raster was obtained, with slope values 8 ranging between 0° and 89°, and subsequently
reclassified according to the following classes defined by 5-degree wide intervals: A: f < 5°,
B:5° < $<10° C:10° < g <15° D: 15° < f <20°, E: § > 20°, and finally vectorized. Class A,
in particular, includes the alluvial terraces as per the classification in [82]. Alongside terrain
slope, the ASTER GDEM has been used to characterize the (geo-)morphology and topography of
the areas of interest, and to derive a comprehensive understanding of the physical characteristics
that may make those areas prone to flooding, as per the standard practice in flood-risk research
(e.g., [83,84]). This analysis has been embedded in the interpretation process of the observed
change patterns (see Section 2.3).

e  Alluvial deposits: the material deposited or cemented into the lithological unit filling the fluvial
valley is the geological factor that testifies a historical predisposition of the territory to alluvial
events. The extent of alluvial deposits marks the lowlands of Lima and areas at the highest hazard
for inundation.

e Land cover: anthropogenic factor that indicates the spatial distribution and extent of the elements
(e.g., houses, infrastructure) potentially exposed to risk. For this study, this layer mostly matches
with the extent of the built-up areas and it was compiled by combining the information available
through the Open Street Map (OSM) accessed from the QGIS service and the Global Urban
Footprint (GUF) produced by the German Aerospace Center (DLR) with TerraSAR-X data [74,75].
Because these two datasets were updated until 2011, the OSM-GUF raster was complemented
with new urban areas built between 2011 and 2019 that were digitized from Google Earth imagery.

Alluvial
deposits

Figure 6. Geographic information system (GIS)-based analysis workflow: datasets showing spatial
distribution of hazard factors and elements at risk (i.e., alluvial deposits, slope and land cover)
are integrated with the SAR-based red, green and blue (RGB) composites to detect and interpret
the observed change patterns of radar backscatter as “Flooding” (F) and “No-Flooding” (NF) changes.
Satellite optical imagery from Google Earth is exploited for validation. The same approach applies to
the ratio maps.
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The shapefiles obtained from the aforementioned three datasets (Figure 6) were integrated in
QGIS, with the aim of producing basic thematic mapping (BTM) containing all the elements of hazard
and risk elements that were used, alongside the SAR change patterns, to generate the final flood risk
scenario map.

2.3. Hazard and Risk Analysis

The underlying concept behind this research is that the changes in SAR amplitude that
we see in the compared SAR pairs can inform us about changes due to either transformations
in the urban environment (e.g., new residential areas; terrain flattening; embankment) that
could have contributed to increase or decrease one of the factors composing the risk equation
(i.e., Hazard x Vulnerability X Elements at Risk), or impact of past floods. However, as it is well known
in the literature, change detection techniques show where and when the SAR backscatter changed,
and if it increased or decreased, but do not tell per se the reason that caused such change [41,85,86].
Furthermore, two SAR backscatter change patterns of similar magnitude and shape, either spatially
close or distant, may be due to different processes. To this purpose, a process of interpretation of
the observed SAR amplitude change patterns is needed.

In this regard, the brightness of features in a SAR image depends on the portion of the transmitted
energy that is returned to the radar from targets on the surface. The magnitude or intensity of
this backscattered energy depends on how the radar signal interacts with the surface, which in turn is
a function of several variables or parameters. These parameters include the particular characteristics
of the radar system (frequency, polarization, viewing geometry, etc.) as well as the characteristics
of the surface (land cover type, topographic relief, etc.). Because many of these characteristics are
interrelated, they cannot easily be separated into their individual contributions. The change in
the various parameters may have an impact on, and affect the response of other parameters, which
together affect the amount of backscatter [87].

SAR amplitude change patterns visible in the RGB composites and ratio colored maps (see
Section 2.2.3) were extracted and delimited. This first skimming, however, did not allow us to give an
accurate classification of the types of changes detected. For this purpose, a visual comparison with
other sources like the optical basemap was necessary to ascertain the kind of changes that occurred.
The changes were divided into two groups: “Flooding” if they could be attributed to issues of flooding;
and “No flooding” if the changes were not related to flooding but could influence in some way
the local susceptibility to flooding (e.g., motorway construction, landfill-earthworks, new building
constructions; see Figure 6).

In this regard, such relevance was assessed based on the spatial intersection, in QGIS, between
these changes and the factors (either anthropogenic or natural) as represented spatially by the vector
and raster ancillary data described in Section 2.2.4 (Table 4). Therefore, for example, if a new residential
area was found on alluvial deposits at low altitude, at closer distance from the Rimac River, this change
was considered as “negative” in the overall risk equation because, at equal hazard and vulnerability
conditions, it represents an increase of the local elements at risk. Vice versa, the construction of
an embankment to protect residential buildings was considered as “positive” because, at equal
vulnerability conditions and elements at risk, it contributes to decrease the local hazard to inundation.
Furthermore, areas where no changes were found, but the processed SAR pairs showed evidence of
flooding during previous events, were considered at risk and this information was translated into
the high risk level of the final flooding risk map at basin scale.

The spatial integration with the ancillary data was also helpful to remove false positives,
i.e.,, SAR backscatter changes that were not due to flooding. For example, permanent and seasonal
water bodies (either natural or anthropogenic, e.g., water treatment plants The Atarjea and Planta de
tratamiento de agua residual-PTAR Carapongo, as well as the reservoirs in Refineria Cajamarquilla),
that could have been mistakenly interpreted as flooded areas in the cross-event pairs, were masked
out and removed during the interpretation workflow, based on the externally validated ancillary data
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listed in Table 4 (e.g., Global Surface Water). Further verification of the correct identification of water
bodies via this approach was achieved by comparison with the signals and SAR backscatter patterns
found in the pre-event pairs, wherein the extent of water bodies was well visible and could not be
confused with signals due to flooding.

The geospatial comparison in QGIS between the RGB and ratio maps from the different SAR
image pairs covering all the three periods—i.e., pre-, cross- and post-event—was also exploited to
ascertain where change patterns observed in the cross-event were due to increased soil moisture or
wetting, and not to flooding. Furthermore, verification with coeval very high-resolution optical satellite
imagery was made when available, such as for the March 2017 event (see Section 3.1.1). In this regard,
it is worth noting that very few were the situations for which this check was necessary. As outlined
in the description of the geomorphology of the study area (see Section 2.1), floodplains are very
localized. Where present, they are either densely urbanized (therefore, no signal from soil moisture
can be retrieved) or, if bare, are located at a distance from the river course and at an elevation that
makes flooding quite unlikely, and (near-)surface wetting more plausible. In other situations (see
Section 3.1.2), the precise delineation and geolocation of the observed SAR change patterns confirmed
that the bare ground near the river course was not wet, or the soil moisture increase did not reach
levels that could be seen at C-band.

3. Results

3.1. Flooding

A total of 197 changes attributed to the “Flooding” (F) group were highlighted, for a total of
32.10 km?. These changes are distributed throughout the whole extent of the riverbed of the Rimac
River and, as expected, also include the areas that have been affected by the flooding events occurred
in the years 1997-1998 and 2017-2018.

The 197 changes identified in the study area were delimited by the use of polygons, which were
divided into three categories described in Table 5. Their spatial distribution is shown in Figure 7.

Table 5. Description of the categories of changes related to the studied flood events.

Category Code

. . 2
Flooding (F) Description Numbers of Changes Area (km?)

Areas that have been affected by the flood events in
the years 1997-1998 and 2017-2018.
Areas of the riverbed of the Rimac River which,
due to an increase in its flow rate, have been 175 12.70
submerged totally or partially.
Riverbed areas of the Rimac River (bordering
Riverbank collapses the banks) which, as a consequence of the increase in
and damage (F3) its flow rate, have been totally or partially removed,
causing damage to infrastructure or houses.

Flooded areas (F1) 15 18.90

Riverbed flooded by
increased water flow (F2)

7 0.50

In the following sections, change patterns are discussed and interpreted according to the above
categorization. For convenience and to avoid redundancies in figure legends, the same color coding is
used for all the RGB composites and ratio maps presented hereinafter, according to the representation
scheme described in Figure 5. Each figure is aimed to show a specific pattern, and not to be
comprehensive of all the SAR backscatter change patterns displayed in the whole extent of the figure.
Therefore, it should not be assumed that the neighbouring patterns were not interpreted, were excluded
arbitrarily, or were not considered as relevant changes despite their similarity of appearance with
the pattern that is highlighted in the figure and is commented in the respective caption.
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Figure 7. Distribution of the areas of the Rimac River basin where change patterns in the radar
backscatter that are likely related with flooding were observed and mapped. Where visible, dashed
lines indicate sections of rivers where no change patterns have been found (e.g., the narrow urban
canyon downstream displayed in Figure 1f).

3.1.1. Flooded Areas

The F1 polygons concentrate mainly in the district of Lurigancho-Chosica. This is mainly due
to the large residential and commercial areas that were flooded in mid-2017. In particular, Figure 8
shows the quarter in Carapongo lying on the right bank of the Rimac River, east of Av. Las Torres that
runs along the bridge crossing the river not far from the Cascada de Huachipa. The RGB composite
(Figure 8a) shows patterns of cyan color in correspondence with the area affected by the flooding
event. Consequently, in that area the ratio map shows an increase of radar backscatter (Figure 8b).
This outcome can be explained accounting that floodwater was not clear water, but rather contained
solid material transported by the strength of the water flow. Field photographs published in the media
show that, alongside wide flooded areas, there were several areas with debris accumulation, rubble,
uprooted trees, damaged cars and heavy vehicles. This has also likely contributed to increase both
the surface roughness and the soil moisture locally and, therefore, increase the radar backscatter.

This interpretation is also corroborated by comparing two very-high resolution optical images taken
on 22/02/2017 (pre-event; Figure 8c) and 21/03/2017 (post-event; Figure 8d) and accessed through Google
Earth. It is evident that the roads of the whole quarter were particularly muddy due to inundation.
Furthermore, the careful inspection of the photographs capturing the Carapongo area mentioned above
suggests that the effect of double-bounce backscattering resulting from the combination of inundation
depth and the local urban layout, typology, geometry of buildings and road networks, may have
contributed to the observed increase of radar backscatter. As recalled in Section 2.2.3, this complies
with the SAR imaging theory in flooded anthropogenic environments, where the inundation depth
and the height of the non-flooded portion of the building are sufficient to create the dihedral conditions
for backscattering [68,69].
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8672000

Figure 8. Example of F1 “Flooded areas” changes in relation to the 16/03/2017 flood event: (a) Sentinel-1
RGB composite and (b) ratio map. The blue rectangles indicate the path of the Rimac River, and the red
rectangle the urban area affected by the flood event. Google Earth imagery (© 2020 Maxar Technologies)
acquired (c) before (22/02/2017) and (d) after (21/03/2017) the event. Contains modified Copernicus
Sentinel-1 data.

It is worth noting that all the 15 F1 changes were found on alluvial deposits and within urban
areas. Of these areas, those closest to the riverbank have a B-class slope (5° < < 10°), while some of
those that are more distant (500 m) are located on a D-class slope (15° < § < 20°). Therefore, the satellite
evidence that these areas were flooded confirms the local susceptibility to this hazard, as expected for
areas located in lowlands and the alluvial valley.

3.1.2. Riverbed Flooded by Increased Water Flow

A total of 175 F2 type changes were identified, and they were all located within the riverbed.
As per the example in Figure 9, these changes show a decrease in the radar signal due to the increase in
the water flow and rise in the water level within the river, and typically occurred in correspondence
with the transition from the dry to the rainy season (e.g., between December 2016 and March 2017).
While these changes have a relative relevance for the flooding hazard itself (they occur in non-urban
areas, in A-class slopes, i.e., f < 5°), and are a typical consequence of the rainfall events and water
excess, they are important to mark the sections of the river course where waters rise but, depending on
the height of the riverbanks, may flow out and inundate the surrounding land, or not.

In this regard, it is worth noting the absence of change patterns along the long section of the urban
canyon flowing between El Ejército Bridge in the district of Lima, and Universitaria Bridge in the district
of San Martin de Porres (see the visible sections of the dashed line in Figure 7). There, the river flows
across a canyon-like morphology, and is flanked by very high and steep banks (see Figure 1f), so any
water flow excess is accommodated within the channel, and inundation is very unlikely.
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Figure 9. Example of F2 “Riverbed flooded by increased water flow” changes occurred in relation
to the 16/03/2017 flood event: (a) Sentinel-1 RGB composite and (b) ratio map highlight a clear
change pattern of radar backscatter decrease (light green polygon) caused by the increase in the flow of
the Rimac River. Google Earth images (© 2020 Maxar Technologies) show the condition of the riverbed in
(c) the dry (16/12/2016) and (d) rainy (17/03/2017) season. Contains modified Copernicus Sentinel-1 data.

3.1.3. Riverbank Collapses and Damage

Cross-event SAR pairs also allowed us to capture seven radar backscatter changes (i.e., decrease)
due to collapses of some sections of the riverbank that, in some cases, have also caused damage to
critical infrastructure (e.g., bridges). They are located on alluvial deposits, near urban areas and with
an A-class slope ( < 5°). Figure 10 shows the example of an area, in the district of Lurigancho-Chosica
at the intersection of Malecon Checa Eguiguren and Gran Chimu avenues, that has lost material due to
the increase in the Rimac River water flow and the collapse of part of the riverbank. The post-event
Google Earth image shows the detachment niche of the riverbank collapse and the new scarp cutting
one of the buildings (Figure 10c—e) and making the stability of the neighboring houses quite precarious.

Another example was found in the Talavera Bridge, in San Juan de Lurigancho. As also
documented in a video published online [88], the part of the bridge collapsed down into the river
water during the flood event occurred on 16/03/2017 (Figures 11 and 12). This bridge had been built
only six and a half years before.
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Figure 10. Example of F3 “Riverbank collapses and damages” changes in relation to the 31/01/2017
flood event: (a) Sentinel-1 RGB composite and (b) ratio map highlight a pattern of decreased radar
backscatter due to the increase in the water flow and level of the Rimac River (blue polygon) and local
collapse of the riverbank (pink polygon). Google Earth imagery (© 2020 Maxar Technologies) acquired
(c) before (28/01/2017) and (d) after (18/03/2017) the event, with (e) matching profile views evidencing
the detachment niche due to the riverbank collapse. Contains modified Copernicus Sentinel-1 data.

Figure 11. Google Earth imagery (© 2020 Maxar Technologies) acquired on (a) 28/01/2017
and (b) 21/03/2017 showing the Talavera Bridge prior and after the collapse due to the 16/03/2017 flood
event, respectively. In (b) the increase of the water flow of the Rimac River is apparent.
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Figure 12. Google Earth synoptic view of the riverbank (red circle; see Figure 10e) and the Talavera
Bridge (red square; see Figure 11) collapses on 26/03/2017.

3.2. No Flooding

The changes related to anthropogenic activities (hereafter named “No flooding”, NF) that occurred
in relation to the periods 1997-1998 and 2017-2018 and were identified in the 39 working SAR pairs,
are 212 in total (26.40 km?2). These are distributed throughout the Rimac River basin area, and many
of these changes are due to new urban settlements, growth in trade activities, and development of
new roads.

Changes related to anthropogenic activities have been divided into 13 categories, which are
described in Table 6. Figure 13 shows the distribution of the areas in which changes in the radar
backscatter have been observed as a consequence of anthropogenic activities (i.e., categories NF1, NF2,
NF3, NF7, NF9, NF12, and NF13).

To assess the risk of flooding:

e  Changes due to anthropogenic factors falling within the categories NF1, NF3, and NF13, were all
considered because of their spatial position with respect to the hazard factors (natural, geological
and anthropogenic) that could suggest a potential impact on increasing the risk locally;

o  Of the changes falling within the categories NF2, NF7, NF9, and NF12, we considered only those
located in areas that were very likely to be affected by any future flooding events, given the local
slope or because of their proximity to the Rimac River;

e In contrast, categories NF4, NF5, NF6, NF8, NF10, and NF11, were not taken into consideration
since they were changes not relevant for the hydraulic risk zoning.
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Table 6. Description of the changes categories in the radar backscatter related to anthropogenic events.
Numbers reported in parenthesis indicate how many changes of the total for the given category were
considered for the subsequent flood risk assessment due to their local slope or proximity to the Rimac
River. Grey background mark the categories of changes that were not relevant for flood risk zoning.

Category Code - 2
No Flooding (NF) Description Numbers of Changes Area (km?)
Motorway construction Construction of the highway called “Nuova Autopista 37 330
(NF1) Centrale (NAC)” (New Central Highway) i

. Increase or decrease in vegetation cover (sowing/harvesting).

Vegetation COV?;I_;;())P land changes Also included cultivated areas that have suffered a variation in 27 (18) 5.50
land use
Parked vehicles (e.g., trucks, goods loading/unloading

Ephemeral changes activities). They are located near the sales companies or 15 0.60

(NF3)

factories of different types of products

Landﬁli;e};;t)hworks Soil deposit, to prepare the area for a change in land use 7(2) 0.20
New building constructions

(NF9) New construction areas (sheds/new urban areas) 26 (5) 8.40

Road construction Roads under construction (Moralez

(NF12) duarez/Lurigancho/Gambetta) 7 0.18
Archaeologilcg ?’e)xcavatlons Archaeological remains 4 0.20
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Figure 13. Distribution of changes in the radar backscatter, likely due to human activities (anthropogenic),
observed and mapped within the Rimac River basin.

The above criteria led us to select 82 out of the total 212 NF changes for the hydraulic risk
interpretation. The key characteristics of the NF1, NF2, NF3, NF9, and NF13 changes can be
summarized as follows:

e  Motorway construction: the 37 radar backscatter changes corresponding to the construction
of the New Central Highway (NAC), show both increases and decreases in the radar signal,
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due to the movement of machinery, workers, landscaping, among others, thus resulting in a
non-homogeneous signal backscatter (Figure 14). These changes are located on alluvial deposits,
with slopes in A and B-class (23 and 14 changes, respectively), and in non-urbanized areas.

e  Vegetation cover—cropland changes: there are 18 changes, located in non-urban areas and on
alluvial deposits, and with A-class slope (8 < 5°), due to growing crops or land use changes,
e.g., transition to new residential/commercial buildings (Figure 15).

e  Ephemeral changes: increase in the radar backscatter was observed in 15 areas as a consequence
of an increase in the number of vehicles parked (Figure 16). These changes are located on a
slope between A and B-class, on alluvial deposits, with eight changes on non-urbanized areas,
and the other seven on urban areas.

e  New building constructions: these five changes are considered important for risk assessment, since
they have a low slope (A-class), and in conjunction with their proximity to the river, they match
with elements that can be easily flooded. They are located on alluvial deposits, and in urban areas
(Figure 16).

e Archeological excavations: four changes in the radar backscatter show decrease in the signal
in areas with archaeological remains. In one case, the decrease in the backscatter signal could
be influenced by the decrease in vegetation in the archaeological area due to a fire (Figure 17).
These changes are located on alluvial deposits, on a non-urban area with an A-class slope.

296800 297000 297200
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8672200

8672000
8672000
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Source: Google Earth Source: Google Earth

Figure 14. Example of NF1 changes “Motorway construction”: (a) Sentinel-1 RGB composite
and (b) ratio map show opposite patterns in the radar backscatter caused by (c,d) activities for
road construction, as indicated in the 23/11/2016 and 28/01/2017 optical imagery (Google Earth images
© 2020 Maxar Technologies). Contains modified Copernicus Sentinel-1 data.
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Figure 15. Example of NF2 change “Vegetation cover—cropland changes”: (a) ERS-2 RGB composite
and (b) ratio map of the cross-event pair 10/04/1996—20/05/1998 (see Appendix A, Table A1) show a
clear pattern of radar backscatter decrease in Las Praderas de Pariachi on the left bank of the Rimac
River that, until mid-1996, was occupied by agricultural fields and, afterwards, was subject to urban
sprawl, in specific for the development of the residential district [48]. The land-cover transition is
confirmed in the band combination 7-4-2 (“natural-like” [89]) of Landsat 4-5 Thematic Mapper (TM)

images collected on (c) 14/04/1996 and (d) 22/05/1998.
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Figure 16. Examples of NF3 change “Ephemeral changes” and NF9 change “New building
constructions”. (a) ERS-2 RGB composite and (b) ratio map highlight patterns of increased radar
backscatter, in one case matching with (c) vehicles parked near the principal wholesale fruit market in
Lima, in the other with (d) the start of the construction activities of the Jockey Plaza shopping center

(April 1996) [90].
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Figure 17. Example of NF13 change “Archaeological excavations”: (a) Sentinel-1 RGB composite
and (b) ratio map highlight a decrease in radar backscatter (dark lilac polygon) in an archaeological site
where fires may have altered the vegetation coverage, as identified in the optical imagery acquired on
(c) 08/02/2017 and (d) 03/03/2017 (Google Earth images © 2020 Maxar Technologies). Contains modified
Copernicus Sentinel-1 data.

3.3. Zoning of Areas at Risk in Case of Events of Equal Severity

For the generation of the Rimac River basin flood risk map, three risk levels were defined:
high, medium and low risk. The factors determining the level category were, first of all, the terrain
slope, the surface occupied with alluvial deposits, and/or the presence of urban or non-urban area.
For this reason, the characteristics of the changes taken into account for risk analysis are summarized
in Table 7. At a glance, it can be noted that all the changes are located onto alluvial deposits, their most
common slope class is A to B, and they split among urban and non-urban areas.

Table 7. Characteristics of the observed change patterns in the radar backscatter.

Type of Change Slope (Class) Alluvial Deposits Urban Non-Urban

F1 B-D v v
F2 A-B 4 4
F3 A-B v v

NF1 A v v

NEF2 A v v

NF3 A-B v v v

NF7 B v v

NF9 A v v

NF12 A v v

NF13 A v v

The areas identified at a high risk of flooding are those that in the years 1997-1998 and 2017-2018
were directly affected by the flooding event, and where satellite data and/or ground evidence suggest
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that material loss occurred (e.g., collapse of riverbanks), slope was classified as A or B, and urban
fabric is onto alluvial deposits. Categories F1 and F3 correspond to this description, with a total of
22 changes and a total area of 19.44 km?.

The medium risk was attributed to non-urban areas that could be affected by flooding events as a
result of the combination between slope class A to B and presence of alluvial deposits. The categories
that correspond to this description are F2, NF1, NF2, NF3, and NF13. The medium risk classification
was also applied to those urban areas, characterized by slope class A or B, and the presence of alluvial
deposits, that changed during the studied period and that due to their proximity to the Rimac River
could be affected by flooding events (i.e., change categories NF7, NF9, and NF12).

In the end, urban areas where neither previous evidence of flooding nor changes in the satellite
data were found, and where it is very unlikely that they would be inundated due to their slope
characteristics (up to D) and/or local geology, were classified at low risk. A total of 158 polygons of
the newly identified urban areas fall within this category (15.54 km?).

Figure 18 shows the obtained risk map for the hydrographic basin of the Rimac River and city
of Lima. Because this map is the outcome of combining hazard and risk factors (i.e., via analysis of
the BTM), and the changes (both due to flooding or not) found in the SAR data, it provides the zoning
of the areas at risk with respect to flooding events of equal or greater magnitude than those occurred in
1997-1998 and 2017-2018, if no hazard and risk mitigation measures are undertaken.
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SAR-based flooding risk classification
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Figure 18. Map of flooding risk classification at basin scale over Lima, based on the combination of
satellite SAR evidence and natural (Figure 7) and anthropogenic factors (Figure 13) of flooding hazard,
vulnerability and exposed elements.

4. Discussion

In its history, Lima has experienced many flooding events. In the last few years many cartographic
mapping efforts have been conducted to identify the areas affected by these events. These mapping
exercises were made in-situ, with field inspections, or with the aid of satellite and aerial optical images
(e.g., [28]). The studies published by [33,34] were the first to approach the use of SAR data, and aimed
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to highlight areas affected by landslides and flooded in the city of Chosica, located 60 km from Lima in
the mid-upper part of the Rimac River basin.

Based on the current state-of-the-art on these events (see also Section 1), our study is the first that
attempts the hydraulic risk mapping for the urban areas of the Rimac River basin, with the use of
satellite SAR data. The risk mapping obtained as a result of the change detection methodology has
demonstrated the ability of this approach to extract valuable information relating to the changes that
have developed in the territory over time. This methodology has been very useful in analyzing changes
due to flooding and other types of processes (here called “No Flooding”, NF), especially in an area like
the Rimac River basin that is characterized by sudden geomorphological changes (from one year to
the next), due to the severity of geodynamic phenomena occurring along the Rimac River tributaries.

RGB color composites and ratio maps mutually complemented in enhancing the areas of the basin
where changes have occurred, through patterns of decrease vs. increase of the radar backscatter.
As recalled in Section 1, from an analytical point of view, this is the practical advantage of this change
detection approach compared to other more sophisticated methods.

To assess the accuracy of this approach in detecting changes due to flooding, we have compared our
results with the map product that was generated by the Copernicus Emergency Management Service
(EMS) during the Risk and Recovery Activation EMSN-038 for flood delineation and damage mapping
of the flooding event that happened in mid-March 2017 [44]. The activation was under the Framework
Service Contract No. 259811 (“Emergency Management Service — Risk and Recovery Mapping”) and,
alongside optical satellite images, the same Sentinel-1 ascending (17/03/2017) and descending (18/03/2017
and 24/03/2017) mode images were used for flood detection. The mapping team reached similar
conclusions as in our study, i.e., that the traditional approach based on detecting the decrease of radar
backscattering and combined thresholding/region-growing could not work, given the characteristics of
the urban environment in Lima, as well as the character, timeline and extent of the flood event [44].
For this reason, a change detection approach was employed for the EMS activation, using the shortest
available temporal baselines (i.e., 12 days for both tracks).

Figure 19 allows the spatial comparison between our ratio map (Figure 20a) and the EMSN-038
potential maximum flood extent (Figure 19b) in the area of Carapongo/Santa Maria de Huachipa
and Cajamarquilla that were the first and second largest areas to be inundated, respectively. The two
mapping products provide different, but complementary and interlinked information: while the EMS
map focuses on those areas at potential maximum flood, our ratio map documents all the SAR
backscatter changes captured in the cross-event pairs of the analyzed interval and, as such, shows many
more changes. From the geospatial intersection between the two products, it comes out that the higher
concentrations of SAR change patterns found for the 2017 flood event, and interpreted as due to
inundation from the Rimac and Huaycoloro rivers, fall where the EMS spatial mapping delineated
the most affected areas. Therefore, the change detection methodology based on SAR data provides a
robust and validated input to the risk classification presented in this study (Figure 18). While the above
comparison reassures about the accuracy of our change detection approach, the classification of
the observed “Flooding” (F) and “No Flooding” (NF) changes could not have been achieved
reliably without the image analyst interpretation of the patterns and magnitude of the changes
in the radar backscatter based on the integration with the ancillary and BTM data. As such,
given that flood products of international programs (e.g., Copernicus Emergency Services) exploit
different image-based approaches for flood detection, the methodology presented in this paper could
complement them, provide value-added and be disseminated in national and international disaster
risk reduction/emergency mapping frameworks.
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Figure 19. Comparison between (a) the Sentinel-1 ratio map of the areas inundated during the March
2017 flooding event and (b) the potential maximum flood extent (cyan polygon) produced by Copernicus
Emergency Management Service (EMS) during the Risk and Recovery Activation EMSN-038 [44].
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Figure 20. Comparison between (a) the flooding risk classification map generated in this research
and (b) the map of flooding susceptibility and fluvial erosion published by Villacorta et al. [28],
to highlight (c) the mutual spatial overlap and risk classification differences.

To assess the accuracy and reliability of our risk map (Figure 18), we compared it (Figure 20a) with
the map of flooding susceptibility and fluvial erosion published by Villacorta et al. [28] (Figure 20b).
Both maps have a very similar distribution for the areas classified as at low risk, while they show
significant differences for the areas classified as at high and medium risk. In particular, two main
differences exist. First, some areas that in Villacorta et al.’s map (Figure 20b) are identified as at
medium risk, in our map are classified as at either low or high risk. Second, our map encompasses
some larger areas at high risk along the river course that have been flooded. In the first case, it is
very likely that the areas at higher risk classification in Villacorta et al.’s map reflect the availability
of more granular and higher detailed geological and topographic information to assess the flooding
susceptibility than the open data (that were accessed for this research) could provide. In the second
case, it is clear that, the information derived from the SAR images emphasizes the areas that have been
already flooded and/or where urban changes that may increase risk have occurred. Therefore, our risk
classification map embeds event-based information and knowledge of the impacts of urbanization that
allow the improvement of the hazard mapping made solely based on geological factors. Therefore,
the observed difference between the two maps should not be interpreted as a discrepancy, but instead
as an objective demonstration of the benefits that information mined from SAR time series can bring in
to improve hazard mapping products, as well as the value of high resolution geospatial information in
flood hazard mapping.

By knowing the temporal variability of the flooding events, it is possible to understand their impact
at the basin, public safety and urban infrastructure level. If produced on a regular basis, such SAR-based
mapping of urban and environmental changes would be a key instrument of disaster prevention.
Early identification of areas potentially at risk of flooding is a prerequisite for the preparation of
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effective risk prevention and/or mitigation measures, with the effect of improving policies in the area,

and consequently paving the way for the reduction of socio-economic impact that a flood would cause.
For the case study of Lima, it is worth noting that the hydraulic risk map presented here

was developed a posteriori, since the flood events had already happened. Therefore, it embeds

information that was captured from SAR satellites during past events. As such, it represents a zoning

of the hydrological risk of the urban areas that have been affected by the flood events under study,

and provides an indication of risk should events of similar magnitude affect Lima again in the future.
Some limitations were found during the study with regard to the following aspects:

e  The quality of archive satellite imagery available for the area was uneven. In addition to the ERS-1/2
scenes used for the analysis (see Section 2.2.1), 29 more ERS-1 images were downloaded from
the EOLi-SA catalogue and pre-processed but, in the end, they could not be used due to
issues affecting the raw data and their geolocation (due to Doppler Centroid values >2000 Hz),
as reported by ESA’s EO Help team. These images were not included in the input dataset catalogue,
and therefore the amount of archive data that could be incorporated in the change detection
analysis was reduced.

e Information gaps (missing values) were found in the DEM obtained by the Shuttle Radar
Topography Mission (SRTM; see Section 2.2.4). For the case of Lima, data from the ASTER
Global DEM (GDEM v.2) was used to address this problem. Alternatively, to remedy the lack of
information in the SRTM DEM, measurements taken directly in the field in areas of uncertainty,
or by interpolation of level curves, could have been used, but this was outside the scope of
the present research.

e  The lack of ancillary information with which to carry out a complete analysis. Specifically,
the absence of updated information on urban land cover was a limit that had to be overcome at
the beginning of this research by creating an ad hoc spatial layer through the union of data from
the Global Urban Footprint (GUF) and manual digitization of new urban areas, the latter based
on very high-resolution optical satellite images accessed through the basemap service of QGIS
and Google Earth.

e  The nominal revisit time of the SAR satellites used for this study, i.e., 35 days for the ERS-1/2
and 12 days for the Sentinel-1 (because since October 2016 the area is surveyed by Sentinel-1B
satellite only, according to the constellation observation scenario currently operating [63]),
which did not allow for acquiring data on the specific days when the flood events occurred,
or with shorter site revisits. However, the multi-temporal approach based on multiple pre-,
cross- and post-event SAR pairs has increased the possibility of identifying changes relevant to
the analysis.

e  Bothnatural and anthropogenic changes have been identified in the SAR images used for this study.
Therefore, an expert-led interpretation operation was needed to correctly classify the observed
changes into the different categories of “Flooding” (F) and “No Flooding” (NF) and, therefore,
to identify the occurred variations in the urban fabric that had some relevance for the purposes of
flood risk zoning.

5. Conclusions

The Rimac River basin in the city of Lima in Peru is susceptible to flooding as demonstrated by
the history documented in the natural disaster catalogues, due to both its intrinsic hazard factors
(natural, geological and anthropogenic) and geographic location, which together lead to greater
exposure to hydro-meteorological events triggered by the EI Nifio.

The present study of the flooding events occurred in 1997-1998 and 2017-2018 demonstrates
that the radar signal amplitude information extracted from ERS-1/2 and Sentinel-1 satellite SAR
images can allow the identification of changes in the territory and, consequently, can be used as an
objective information to improve the assessment of susceptibility to flooding hazard and corroborate
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what is known from in-situ observations and mapping of damage on the ground. By integrating
the information mined from the SAR scenes with ancillary data on land cover, urbanized areas extent
and geological information, the various sectors and zones of the Rimac River basin were classified
in relation to the potential impact of flooding on the built environment and urban infrastructure,
in light of the recent natural hazard events and urban development. Therefore, we developed a map of
flooding risk classification at basin scale that, compared to existing hazard maps, has the advantage of
using SAR data to enhance areas at high risk based on the evidence that they were already flooded
during recent events, and warn about the consequent likelihood to be flooded again, should no risk
mitigation measures have been put in place and events of equal severity occur in future.

The comparison with the official map product that was generated by the Copernicus EMS during
the Risk and Recovery Activation EMSN-038 for flood delineation and damage mapping of the same
flooding event that happened in mid-March 2017 proves the accuracy and reliability of our change
detection method, and reassured us that it provides a robust and validated input to the risk classification.

The hydraulic risk mapping carried out in this study was developed a posteriori, that is,
after the 1997-1998 and 2017-2018 flood events had already happened. However, the methodological
approach presented in this paper can be applied in future for regular monitoring of the Rimac River basin,
with the aim of updating the knowledge and understanding of flood risk factors and the consequent
susceptibility. The SAR-based methodology is indeed suitable to be iteratively applied, should newly
acquired SAR images be analyzed and/or other events occur. In this regard, it is worth recalling that
such regular mapping of changes (either natural or anthropogenic) is a key element in the framework
of disaster risk management, as it contributes to preparedness, resilience building and reduction of
impacts of such natural hazard events on socio-economic levels.
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Appendix A

This appendix provides details of the ERS-1/2 and Sentinel-1 SAR image pairs used to study
the flood events that occurred in Lima in 1997-1998 (Table A1) and 2017-2018 (Tables A2 and A3).

Table A1l. ERS-1/2 SAR image pairs analyzed to map the urban changes in 1996-1998 and assess
the impact of the El Nifio-related flooding events that occurred on 09/02/1998 and 23/02/1998.

Track Pre-Event Cross-Event Post-Event
218 - 10/04/1996-20/05/1998 20/05/1998-29/07/1998
397 - 22/04/1996-01/06/1998 01/06/1998-19/10/1998
447 - 26/04/1996-01/05/1998 01/05/1998-14/08/1998

125 03/04/1996-15/10/1997 15/10/1997-22/07/1998 22/07/1998-26/08/1998
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Table A2. Sentinel-1 SAR image pairs analyzed to map the urban changes in 2016-2017 and assess
the impact of the El Nifio-related flooding events that occurred on 14/01/2017, 31/01/2017 and 16/03/2017.
It is worth noting that in a few cases the same pair (e.g., 17/01/2017-10/02/2017) can be used as cross-
and/or post-event in relation to the dates of the events.

Relative Orbit Pre-Event Cross-Event Post-Event
30/11/2016-24/12/2016 24/12/2016-17/01/2017 17/01/2017-10/02/2017
18 24/12/2016-17/01/2017 17/01/2017-10/02/2017 10/02/2017-22/02/2017
22/02/2017-06/03/2017 06/03/2017-18/03/2017 18/03/2017-30/03/2017
05/11/2016-29/11/2016 29/11/2016-16/01/2017 16/01/2017-09/02/2017
171 23/12/2016-16/01/2017 16/01/2017-09/02/2017 09/02/2017-05/03/2017

09/02/2017-05/03/2017

05/03/2017-17/03/2017

17/03/2017-29/03/2017

Table A3. Sentinel-1 SAR image pairs analyzed to map the urban changes in 2018 and assess the impact
of the El Nifio-related flooding events that occurred on 14/02/2018 and 22/02/2018. It is worth noting
that in a few cases the same pair (e.g., 16/02/2018-28/02/2018) can be used as cross- and/or post-event in
relation to the dates of the events.

Relative Orbit Pre-Event Cross-Event Post-Event
18 24/01/2018-05/02/2018 05/02/2018-17/02/2018 17/02/2018-01/03/2018
05/02/2018-17/02/2018 17/02/2018-01/03/2018 01/03/2018-13/03/2018
171 23/01/2018-04/02/2018 04/02/2018-16/02/2018 16/02/2018-28/02/2018
04/02/2018-16/02/2018 16/02/2018-28/02/2018 28/02/2018-12/03/2018
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