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ABSTRACT: Monitoring the spatial footprint of cyclone impacts by remote sensing offers great potential for assessing the
extent of damage and monitoring the resilience of the affected territories. For this purpose, as part of the Renovrisk-Impact
project, we have developed two change detection processing chains based on optical (Sentinel-2) and SAR (Sentinel-1) data.
These chains have been used to track different events in different regions of the world. In this article we focus on two study
sites in Madagascar: the city of Miandrivazo, which was heavily affected by severe rainfall from Cyclone AVA in January
2018, and more recently the town of Marovoay which suffered a major disaster following the passage of tropical storm
DIANE in January 2020. The obtained results were evaluated and compared with the Copernicus Emergency Mapping
Service product, showing good consistency with this product and between them. These results confirm the potential of these
Sentinel data and the developed processing chains for monitoring the impacts of cyclones, but also open up prospects for

longer-term monitoring.

1. INTRODUCTION

With an average of nine cyclones per year during the last
six decades, countries bordering the South West Indian
Ocean (SWIO) are particularly exposed to this risk.
Multiple long-term climate analysis predicts a stagnation
or a slight decrease in the number of tropical cyclones
worldwide with a potential increase in their intensity, and
a probable displacement towards the poles of their
trajectories (Christensen et al., 2013). Even if no
significant changes in frequency could be highlighted in
this region during this period, future impacts for
populations could increase as there is a large global
consensus on cyclone intensity predictions (maximum
intensity reached for a cyclone, number of cyclones
reaching high intensities, frequency of landfalls for high
intensity cyclones (Kuleshov et al. 2010)). Climate
change will induce even more intense hurricanes and new
affected areas. Not only should these severe weather
phenomena be better understood, but there is also a
necessity to improve the assessment of their impacts. In
addition, climate change is modifying multiple types of
climate-related hazards in terms of occurrence, intensity
and periodicity. It increases the likelihood of compound
hazards that comprise simultaneously or sequentially
occurring events to cause extreme impacts in natural and
human systems (Collins et al., 2020). This calls for
reflection on the conditions for observing the impacts of
extreme events.

Floods are one of the most common and stronger impacts
of hurricanes. Remotely-sensed data such as Sentinel (1
and 2) time series offer unique capabilities for the
spatiotemporal assessment of hurricane-related floods and
monitoring the resilience of impacted territories. Thanks to
their technical specifications (for Sentinel-2: spatial
resolution of 10 m, temporal repetitivity of 5 days, global

coverage), their high availability and accessibility, and the
complementarity of the sensors, the Sentinel constellation
represents a powerful tool for the long-term assessment of
natural hazard consequences all over the world.

In this study, we developed two complementary automated
processing chains respectively based on Sentinel-1 (S1)
and Sentinel-2 (S2) time series in the frame of the
INTERREG Renovrisk- Impact project dedicated to the
continuous monitoring of hurricane impacts in the SWIO,
and the assessment of the associated economic
consequences. Given the large amount of available
Sentinel data to be processed, covering a wide extent of
potentially impacted areas with a high repetitivity, the
automation of data processing was a necessary step for the
production of weekly up to date flood maps.

2. PROCESSING CHAIN AND STUDY AREA
2.1 Processing chain

The first processing chain (Sen1Chain) integrates S1 time
series in a change detection approach based on the
Normalized Difference Ratio (NDR) for the mapping of
floods. The operation and the results obtained with this
processing chain have recently been published (Alexandre
et al., 2020). In brief, the tool allows users to download
and clip S1 images on S2 tiles or study area footprints,
perform multi-temporal filtering, and threshold NDR
images to produce a mask of flooded areas. Applied on two
different study zones in Mozambique and The Bahamas
subject to cyclones, this chain has proven to be reliable and
simple to implement. With the rapid mapping product of
EMS Copernicus (Emergency Management Service) as
reference, the method confers up to 95% accuracy and a
Kappa value of 0.75. Improvements are still being actively
made in the processing chain, for example with a new
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multitemporal filter (Lee vs Quegan) and new statistical
analysis tools for long time series (maximum flood extent,
cumulative number of days flooded). This chain is
implemented in Python, and based on freely available tools
(peps download, S1Tiling, OrfeoToolBox (OTB) from
CNES and SNAP from ESA)! for preprocessing
operations.

The second processing chain (Sen2Change) uses S2 time
series images as input and is based on a 3D Change Vector
Analysis (CVA) for the mapping of hurricane-related
impacts. Complementary to the S1 chain for flood
detection, this change-vector approach applied to high
spatial resolution satellite imagery has shown its interest in
monitoring land-cover and land-use changes (Varshney et
al., 2012; Hussain et al., 2013). Compared to more
conventional processing techniques like classification
comparisons, this method does not accumulate
segmentation or classification errors.

While the CVA is typically based on two dimensions
(Malila, 1980), we computed CVA from the 3 indices
NDVI, NDWI (Gao, 1996) and the brightness index thanks
to the characteristics of S2 images. The use of these indices
allows us to observe a wide range of phenomena related to
changes in vegetation, water and bare soil or urban areas.
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Figure 1. CVA principle scheme.

The resulting vectors are characterized by (i) their length
(magnitude of change); (ii) their direction (the nature of
change); (iii) their median to discriminate parallel vectors
in the three dimensional space (Figure 1). They are then
classified by euclidean distance with a training data set

1 https://github.com/olivierhagolle/peps_download
https://github.com/CNES/S1Tiling
https://www.orfeo-toolbox.org/
https://step.esa.int/main/toolboxes/snap/

built by photo interpretation. Each classified vector is
thresholded according to its magnitude, highlighting only
the significant impacts.

The final result is a land cover change map with nine main
change classes among which we can find changes from
vegetation to bare soil or from bare soil to water etc. For a
better comparison between processing chains, we focused
this study on flooded areas, and change categories not
related to floods are gathered in the single class “Other
changes” (Figure 4 and 6).

Input indices were produced using the free open source
processing chain  Sen2Chain?, which allows the
downloading, preprocessing and the production and
extraction of various indices from S2 time series (Figure
2).
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Figure 2. General architecture and data flow between
Sen2Chain and Sen2Change.

2.2 Study area

Sen1Chain and Sen2Change have successfully been tested
to assess recent cyclone impacts in various sites around the
world. After very convincing results obtained on cyclones
DORIAN (Bahamas) and IDAI (Mozambique) with
SenlChain and S1 data (Alexandre et al., 2020), we
focused here on two events that took place in Madagascar.
The first study site is located around the city of
Miandrivazo, chief town of his district, following the
passage of cyclone AVA in January 2018. The second
study site is located in the Marovoay District south of
Mahajanga which was strongly impacted by rainfall during
the passage of the Severe Tropical Storm DIANE in
January 2020 (figure 3).

2 https://framagit.org/espace-dev/sen2chain
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Figure 3. Location map of the 2 study sites in
Madagascar, Miandrivazo and Marovoay.

2.2.1 Miandrivazo. Cyclone AVA hit Madagascar
severely in January 2018 with sustained winds of more
than 150 km/h gusting up to 190 km/h. Coming from the
northeast of the island, the cyclone made landfall near the
city of Toamasina on the east coast on January 5. Overall,
the cyclone caused heavy rainfall throughout the central
part of the country and particularly in the studied region.
Heavy rains in the Miandrivazo region caused a dike to
break in the north of the city, leading to an extensive
flooding of the Mahajilo river on the rural periphery. The
cyclone killed 51 people and caused more than 50,000
homeless throughout Madagascar, the eastern part of the
country being particularly affected.

2.2.2 Marovoay. Strong tropical storm DIANE hit the
northwest of Madagascar around January 20, 2020.
Although the winds remained fairly moderate, the
torrential rains caused impressive flooding over a vast
area, particularly along the Betsiboka River. The multiple
floods following the passage of Diane caused more than
35 deaths and 160,000 people were affected.

To highlight the significant impacts of this disaster, we
focused on Marovoay, a municipality south of Mahajanga,
because of its great agricultural importance. It is one of the
rice granaries of the country and the food security depends
in part on maintaining the productivity of these agricultural
areas.

2.3 Data

Our methodology is based on a diachronic analysis of one
image before and one image after the event.

For the two S2 images, they have to be chosen according
to three main criteria to ensure the best quality of the
results. Reference image has to be as close as possible
before the event to prevent changes possibly occurring
during this time laps not directly linked to it. Both images

have to contain very few clouds (as their masking effect is
cumulative), which could be difficult to obtain for the post-
cyclone image as it needs to be very close after the event,
during a period often very cloudy.

S1 images are less constraining. We have chosen the dates
closest to the optical images in order to be able to compare
them as much as possible with each other.

Table 1. Sentinel-1 and 2 images used for change

detection.

Reference Post-event

S1  2017-12-12 2017-01-18
Miandrivazo

S2  2017-12-25 2018-01-09

2018-01-19

S1  2019-12-02 2020-01-31
Marovoay

S2  2019-12-05 2020-02-03

Copernicus, thanks to the EMS Rapid Mapping program,
is able to produce flood maps of major meteorological
events. When SAR images are exploited, the used
methodology is mainly based on photo-interpretation and
thresholding. In the studied zones where the waterways are
in perpetual evolution and the water areas often semi-
permanent, these emergency products, focusing on post-
event water covered areas are in many places just an
inventory of water areas without considering temporality /
seasonality, leading to local possible over-detection
(confusions between rice fields and floods for example).

Urban areas, roads and waterways are directly extracted
from OpenStreetMap data, whose boundaries may not
always be up-to-date and are sometimes imprecise, but
give a good idea of the general organization of the area.

3. RESULTS
3.1 Miandrivazo

On Miandrivazo study site, the two processing chains were
applied on several S1 and S2 images to follow the
maximum flood extent and the subsequent progressive
recession (Figure 4).

The obtained results are a good illustration of the sequence
of events that happened on the field. The first post-event
S2 image of January 9th is just a few days after the cyclone
hit, revealing the flood extent near its maximum (figure 4,
B and D). The failure of the Mahajilo dam flooded almost
all agricultural areas south of the river, leaving the main
urban area on higher grounds relatively unaffected, while
the lower neighborhoods closest to the agricultural areas
were partially affected.
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Figure 4. AVA cyclone impacts in Miandrivazo region in January 2018. Sentinel-2 imagery from (A) 2017/12/25, (B)
2018/01/09, (C) 2018/01/19; (D) CVA results from 2018/01/09; (E) NDR result from 2018/01/17; (F) CVA result from
2018/01/19 (© OSM contributors, © Copernicus data (2017-2018)).

Analysis of the S1 RADAR image of 2018/01/17 (figure
4E) shows that most of the areas flooded during the event
were no longer flooded ten days later. Some areas close to
the river, and in the lower parts of the agricultural plains
remain under water after this period.

Similarly, the CVA analysis of the Sentinel-2 image of the
following day 2018/01/19 (figure 4, C and F) shows the
same pattern, with agricultural areas to the South and East
of the city being durably affected. This CVA analysis,
giving more details than the NDR, shows that most of the
vegetated areas in this sector have been uprooted, replaced
by bare soil, more or less moist.

Cross-comparison of the results from the two change
detection methods on the images of the same period allows
further refinement of the analysis (Figure 5). The areas
detected jointly by the two methods are located around the
main river bed and are still under water 10 days after the
cyclone, durably modified by the flooding of the river.
There are relatively more water areas detected on the S1
image than on the S2. This phenomenon can have several
explanations, like a rapid change in the water level
between images, or misinterpretation of very humid low
reflectivity and fast moving sandbanks in the riverbed or
mudslides in the agricultural areas on S1 imagery.
Additional flooding zones detected on S2 image mainly
correspond to small areas that could be difficult to detect
with S1 image, because of the spatial filter used to reduce

speckle on this kind of SAR data. This last point tends to
be confirmed by the calculation of the total flooded area
(Table 2), which is larger on the S2 image, even if it has
been acquired two days after S1.

N

¢ v e 2km
. ‘J“'/"-"'F
Roads [ common area

Urbanarea [l CVA flooded area

Waterways [l NDR flooded area

Figure 5. Comparison between Sentinel-2 CVA, Sentinel-
1 NDR and Copernicus products (© OSM contributors).
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Table 2. Evolution of the flooded areas in the region of 3.2 Marovoay
Miandrivazo (within a 100 km2 square reference).

Figure R £ F G Flooding was particularly severe in the municipality of
Marovoay following the passage of storm DIANE, which
Method CVA NDR CVA  Common brought heavy rain for almost a we_ek. 10 days afte_r the
flooded  flooded  flooded (E and event more than 40% of the area is still under water (figure
F 6, C and table 3). These floods concern a large part of the
southern and western areas of the municipality, mainly rice
Date after  2018-01- 2018-01- 2018-01- EandE plains but also residential areas on the periphery of the
09 17 19 urban area. The NDR carried out on the S1 data acquired
a few days before the S2 data gives similar trends (Figure
Flooded 24.6 5.7 km? 7.14 2.1 kmz2 6, D). The result of these analyses is consistent with field
area km? km? observations, the disaster is such that humanitarian and

state aid has been mobhilized to assist the local population®.

bad

The slow retreat of the waters may also be due to the
ageing hydro-agricultural infrastructures (dykes, locks),
whose maintenance and renewal is difficult for the local
population to afford (Droy, 1997).

Marovoay Il Clouds A
Roads No change N
Urban area B Others changes 0 1 Zkm
Waterways B Flooded areas

Figure 6. DIANE storm impacts in Marovoay municipality in January 2020. Sentinel-2 imagery from (A) 2019/12/05 (B)
2020/02/03; (C) CVA results from 2020/02/03; (D) NDR result from 2020/01/31 (© OSM contributors, © Copernicus data

(2019-2020)).

3 http://www.midi-
madagasikara.mg/societe/2020/01/30/inondation-a-
marovoay-lassociation-fitia-vient-en-aide-aux-sinistres/
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Figure 7. Comparison between Sentinel-2 CVA, Sentinel-
1 NDR and Copernicus products (© OSM contributors,
Copernicus Emergency Management Service (© 2020

European Union)).

Table 3. Evolution of the flooded areas in the
municipality of Marovay (93 km?).

Figure C D E E

Method CVA NDR Common EMS
flooded flooded

Date after 2020-02-  2020-01- CandD 2020-
03 31 01-31

Flooded 44 km2 30 km? 29 km? 43 km?
area

The comparison of the CVA, NDR and Copernicus EMS
results show a good overall spatial agreement along the
northwest riverbanks and the south rice fields. The CVA
seems to be more sensitive and allows the detection of
complementary small size flooded agricultural areas. As
for Miandrivazo, the spatial resolution and filtering
processes of the analysis again explains the difference in
results between the different techniques.

4. DISCUSSION

Our results in Miandrivazo and Marovoay showed that the
two developed chains Sen1Chain and Sen2Change, made
it possible to detect and precisely map the flooded areas in
a post-cyclonic context. Results are in good
agreement with other recognized mapping sources (EMS
Copernicus), and locally even more efficient thanks to the
use of reference data, recent and coherent with the
processed data. The consistency of the detected flooded
areas between both processing chains makes them
complementary, allowing to envisage a temporal
monitoring of events, from the short term
maximum impact of the cyclone to the complete resilience
of the area over a longer period.

Using S1 and S2 images, covering all of the planet's land
and coastal surfaces, with a wide swath and at high
temporal frequency, seems to be perfectly suitable to
monitor events like cyclones occurring regularly and over
extended areas. The CVA technique on S2 images was
successfully applied to several study sites worldwide and
is quite insensitive to local reflectance variations as it
enhances and detects large changes in land cover. Its very
good performance is however to be put in perspective with
its high sensitivity to clouds, unlike NDR on SAR images.
In tropical zones, where most cyclones occur, the
cloudiness can be very important at certain times of the
year or just after these events, our approach coupling
multiple sensors / multiple processing chains therefore
shows here all its interest.

This detection of flooded areas is not necessarily bound to
cyclonic contexts, and these results on water zones and
their variations, could be used over longer periods for
seasonal, annual or multi-annual hydrological wetland or
flooded areas monitoring.

5. CONCLUSION

In this paper we have therefore shown a good
complementarity between the two detection techniques on
S1 and S2. This makes it possible to monitor the extent of
floods and their evolution over time very accurately. In
addition, a finer monitoring of areas impacted by floods is
possible thanks to CVA when S2 images without too many
clouds are available. The persistence or not of cloudiness
after a rainy event determines the respective contribution
of the sensors. It allows the categorization of impacts by
observing the evolution of land use over time.

In the frame of Renovrisk-Impact project, the products of
these chains will be used as input data for economic
models in order to evaluate the cyclonic impacts and the
resilience of the study areas in the South-West Indian
Ocean (SWIO).

Both processing chains Sen1Chain and Sen2Change are
still under active development and code optimization in
order to improve algorithms and processing speeds. These
two processing chains use and are under open source
licenses, and will be freely released on git platforms before
the end of the project.
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