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Abstract

Today, resilience in the face of cyclone risks has become a crucial issue for our societies.
With climate change, the risk of strong cyclones occurring is expected to intensify sig-
nificantly and to impact the way of life in many countries. To meet some of the associated
challenges, the interdisciplinary ReNovRisk programme aims to study tropical cyclones
and their impacts on the South-West Indian Ocean basin. This article is a presentation of
the ReNovRisk programme, which is divided into four areas: study of cyclonic hazards,
study of erosion and solid transport processes, study of water transfer and swell impacts
on the coast, and studies of socio-economic impacts. The first transdisciplinary results of
the programme are presented together with the database, which will be open access from
mid-2021.

Keywords Tropical cyclone - Cyclonic hazards - Interdisciplinary programme - Indian
Ocean

1 Introduction

The South-West Indian Ocean (SWIO) is the second-to-third most active tropical
cyclone basin in the world. Approximately 10%—12% of the world’s total cyclonic activ-
ity takes place in the SWIO, where two regions are particularly involved: the Mozam-
bique Channel and the open ocean east of Madagascar (Neumann et al. 1993). Mavume
et al. (2008) and Leroux et al. (2018) confirmed this high activity and showed that
the basin has an annual average of 9 to 10 tropical storms, half of which develop into
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tropical cyclones (TC). Particularly intense TCs have developed in this part of the world
recently. Very Intense Tropical Cyclone (VITC, WMO (2016), maximum of the aver-
age wind speed greater than 60 m s~'; Hellen (2014)) and Intense Tropical Cyclone
(ITC, maximum of the average wind speed between 46 and 59 m s~1); Kenneth (2020))
were the two most intense tropical cyclones ever observed in the Mozambique Channel.
More recently, ITC Idai (2019) caused more than 1000 deaths in Mozambique. VITC
Fantala (2016) was the second most intense tropical cyclone ever recorded in the whole
basin and devastated the Farquhar archipelago of the Seychelles. VITC Gafilo (2004)
made landfall first on the north-eastern region of Madagascar and then on its south-
western part, affecting more than 200 000 people and killing more than 350. In 2017,
ITC Enawo also landed in North-East Madagascar and killed ~ 50 people (more than 300
000 people affected).

Two essential elements make the SWIO particularly sensitive to cyclonic risks. The first
is large number of developing countries with fragile infrastructures and food and water
supply systems, where a significant proportion of the population is living in extreme pov-
erty. The second is due to the topography of some regions in the basin. Several islands
of volcanic origin have steep slopes that locally reinforce convection, wind channelling
effects and precipitation. Reunion Island, for instance, lays claim to several world records
for cumulative rainfall: 1.1 m and 1.8 m over 12 h and 24 h, respectively, for TC Denise
in 1966 (Holland 1993), and 3.9 m and 4.9 m over 72 h and 96 h, respectively, for TC
Gamede in 2007 (Quetelard et al. 2007). Its orography has been shown to significantly
influence the track and intensity of TCs passing nearby (Barbary et al. 2019). Terry et al
(2013) also showed that in January and February a large proportion of storms in the SWIO
had curving and sinuously moving trajectories. This track sinuosity is found to increase
the storm longevity and the difficulties in forecasting, which reinforce the exposure of the
territories.

Such intense precipitation generates landslides, ground movements and flash floods. In
general, following the passage of a cyclone, several hundreds of landslides can impact the
infrastructures (more than 200 landslides, rock falls or erosion phenomena were counted
during TC Berguitta (2018) in Reunion Island (Aunay et al. 2018)). Sudden slope collapses
and accelerations of slow-moving landslides are driven by the duration and intensity of pre-
cipitation (e.g. Caine 1980; Iverson 2000). Beyond the number of landslides, the moving
masses involved can be considerable: two landslides of over 350 Mm? each, in the Salazie
area of Reunion Island, move up to 1 m per year and more than 1,000 people live directly
on their surfaces (Belle et al. 2014).

In some regions of Mozambique and Madagascar, which have vast plains or highlands
as well as catchment areas sensitive to flooding, the impact of cyclonic rainfall can be par-
ticularly tragic. In 2019, for instance, floods caused by the landfall of TC Idai affected
more than 2.6 million people in Mozambique, Malawi and Zimbabwe, with a devastating
cost in human lives (more than 1000 deaths and 2450 persons declared missing), as well
as significant economic damage (2 billion dollars estimated in 2019). Furthermore, TCs
induce indirect economic impacts—both in time and space, and throughout the different
levels of the economic fabric—whose magnitudes may compete with direct ones (Cama-
rgo and Hsiang 2015; Meyer et al. 2013). Such phenomena are especially relevant in the
context of the SWIO insofar as the combination of both kinds of economic impacts has the
potential to compromise a given country’s long-term capacity to grow and develop (Hsiang
and Jina 2014).

Regarding the strong impact of cyclonic hazards on lives and territories of the SWIO,
a crucial question arises concerning the evolution of this risk with climate change. One
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key aspect is the expected increase in ocean temperatures, future projections for which are
described by the Intergovernmental Panel for Climate Change (IPCC). According to their
scenario RCP8.5 describing "business-as-usual" high emissions, CMIP5 and CMIP6 cli-
mate models (i.e. those in the Coupled Model Intercomparison Project Phases 5 and 6)
predict a global average increase in ocean surface temperatures of 2.6 °C—4.8 °C by 2100
(ICCP, 2013). In the SWIO basin, this increase could exceed 4 °C in the northern Mozam-
bique Channel and have the direct consequence of significantly increasing the energy
available for TCs. Associated with this temperature evolution, the tropical band deline-
ated by the seasonal displacement of the inter-tropical convergence zone is expanding by
0.25°-0.5° latitude per decade (Lu et al. 2009; Staten et al. 2018, 2020). This expansion
significantly widens the geographical zones conducive to cyclogenesis and thus increases
the potential for cyclonic impacts on territories that are currently at low risk. It also affects
the evolution of cyclone intensity. Kosin et al. (2014) highlight a year-on-year poleward
shift in the latitude at which cyclones reach their lifetime maximum intensity. More
recently, based on an analysis of 39 years of data, Kosin et al. (2020) have shown an 8%
increase per decade in the occurrence of the most intense cyclones (categories 3—5 on the
Saffir—Simpson scale).

High-resolution numerical modelling studies that re-simulate historical cyclones using
projected future climates also point to an increase in cyclone risk. Most studies highlight
an increase in intensity of the order of 10 hPa and an increase in precipitation of 15%-27%
(Lackmann 2015; Parker et al. 2018; Mittal et al. 2019). However, to date, no regional or
mesoscale studies have been carried out to study the climatic evolution of cyclone hazard
in the SWIO basin.

With regard to future cyclone risk, in its ARS report of 2014 (Impacts, Adaptation and
Vulnerability, https://www.ipcc.ch/report/ar5/wg2/), the IPCC recommends (i) strengthen-
ing early warning capabilities, (ii) developing cyclone and flood shelters, (iii) improving
building codes and practices, (iv) strengthening transport systems and road infrastructure,
and (v) developing rainwater and wastewater management.

In response to some of these challenges, the ReNovRisk programme (REunion NOVa-
tive research on cyclonic RISKs, € 6 M) was launched in 2017. It is funded by the Euro-
pean Union (FEDER and INTER-REGS5 funds), Région Reunion, the French government
(CPER funds), the BRGM (French Geological Survey), and the CNRS (French National
Centre for Scientific Research). ReNovRisk is developing an integrated study of the vari-
ous risks associated with tropical cyclones in the SWIO basin by integrating mapping and
economic analysis of the damage.

Coordinated by the Université de La Reunion, BRGM and IRD (French Research Insti-
tute for Development), ReNovRisk brings together a large consortium of research laborato-
ries and scientific institutes from several countries in the western Indian Ocean, including
France, Madagascar, the Seychelles, Mozambique, and Mauritius. Drawing on this wide
pool of resources and expertise, the objectives of the ReNovRisk programme are multiple:
(i) to improve observations and numerical forecasting systems for tropical cyclones in the
SWIO, (ii) to study the cyclonic risks associated with winds, rainfall, ground movements,
floods, submersion and swell over several target regions, and (iii) to develop a methodol-
ogy suited to the SWIO that can estimate the direct and indirect economic costs associated
with cyclonic damage.

This article is intended to present an overview of the ReNovRisk programme by detail-
ing the presentation and strategy of its sub-programmes (Sect. 2). Some preliminary results
from the various sub-programmes are presented in Sect. 3, and the ReNovRisk open data-
bases are described in Sect. 5.
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2 Organization and strategy of ReNovRisk programmes

The ReNovRisk programme is divided into four interactive sub-programmes (Fig. 1).
ReNovRisk-Cyclone (RNR-C) is divided into two components referred to as “Cyclones
and Climate Change” and “Cyclones and Precipitation”. It aims to (i) improve the spatial
coverage of TC observations over the SWIO, (ii) develop high-resolution TC forecasting
models and (ii) analyse future TC activity at both basin and local scale from high-reso-
lution climate and mesoscale simulations. The RNR-C outputs feed the other ReNovRisk
programmes with swell fields, high-resolution winds and precipitation and also climate
projections on the intensity and occurrence of cyclones. The aim of ReNovRisk-Erosion
(RNR-E) is to study landslides, floods and solid transport in two sensitive catchment areas
of Reunion Island. ReNovRisk-Transfer (RNR-T) analyses the transfer and connection of
cyclonic risks across the western volcanic plateau of Reunion Island, which slopes down
through temporary semi-urbanized ravines (flood risks) to the coastline of either the ocean
or the back reef lagoon (risks of sediment transport, erosion, and submersion). RNR-T also
provides other ReNovRisk programmes with high-resolution maps of rainfall over Reunion
Island. ReNovRisk-Impacts (RNR-I) aims at mapping and analysing the economic vulner-
ability of, and the damage caused by TC in Reunion Island and Madagascar. Furthermore,
RNR-TI also approaches societal impacts of TC. The geographic area of the ReNovRisk
programmes is shown in Fig. 2.

2.1 ReNovRisk-cyclone (RNR-C)

Given the colossal impact of TCs on local populations, infrastructures and economic
development in the SWIO, it is essential to improve the prediction of cyclonic events
at all spatial and temporal scales in order to adapt public development policies to the
present and future risks faced by the territories. In this respect, research work carried
out in recent decades has significantly improved the prediction of TCs at all time scales
(DeMaria et al. 2014). The advent of coupled ocean—atmosphere models, in particu-
lar, constitutes a major step forward in assessing the impact of cyclonic activity at the

ReNovRisk-Cyclones (C3 - CP)

ReNovRisk-Erosion 3

e  HR wind data and X
regional swell data > ReNovRisk-Transfer

= HR rain data

Climate change : l
regional simulation > ReNovRisk-Impacts
2017 2018 2019 | 2020 | 2021 2022

Fig.1 Scheme of development times of the various ReNovRisk sub-programmes and data-feeding links
between them
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regional level (e.g. Eyring et al. 2016; Vitart et al. 2017). Nevertheless, it is commonly
agreed that current models do not yet have the technicality and sophistication required
to accurately assess the impact of TCs at the local scale.

Coupled numerical weather prediction (NWP) and climate models also require exten-
sive observations to constrain and thoroughly assess the performance of their atmos-
pheric and oceanic components. Because TCs develop, evolve and propagate primarily
over oceanic areas, which are generally poorly equipped with conventional observing
systems, collecting observations in TC basins can be extremely difficult. Due to the
small proportion of land masses and also to the difficulties of sustainably operating
observation systems in this poor area, the SWIO is the least instrumented of the six TC
basins. Although satellite imagery has now made it possible to track the trajectories
and general evolution of TCs all around the world, additional measurements are still
urgently needed to study the mechanisms governing the evolution and impacts of low-
pressure tropical systems in this particularly active basin.

In this respect, RNR-C has been built along three principal lines:

e An observation component, aimed at providing additional TC observations to cali-
brate, initialize and evaluate the performance of coupled models in this particularly
under-instrumented region;

e A modelling component, aiming at developing a coupled, high-resolution (0.5
km-2 km), ocean—wave—atmosphere modelling system to represent the interactions
between a TC and its environment as exhaustively as possible;

e A climate component, aiming at assessing the consequences of climate change on
the properties (trajectories, intensity and structure) and potential impacts of tropical
cyclones at both local and basin scales.
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2.1.1 Observations

The observation component of RNR-C aims to provide accurate observations of TCs
and their environments by reinforcing regional- and local-scale observing capabilities in
the SWIO. To achieve this objective, RNR-C was built around three approaches.

The first is a conventional and ideally sustainable approach, based on the deployment
of regional observation networks and the acquisition of new satellite observations of
wind and sea swell in the SWIO. Regarding ground-based observations, a water vapour
observing network composed of Ground-based Navigation Satellite System (GNSS)
receivers and weather stations was deployed throughout the western part of the basin
from November 2017 to September 2020 within the framework of the RNR-C’s sub-
programme “Indian Ocean GNSS Applications for Meteorology” (IOGA*MET). This
important achievement has significantly enhanced water vapour observation capabilities
in the SWIO and provides a new tool to thoroughly investigate the water vapour cycle in
this area (Lees et al. 2020; Bousquet et al. 2020a).

Regarding space-borne observations, a collaboration with ESA (European Space
Agency) and IFREMER (Institut Frangais de Recherche pour I’Exploitation de 1a MER)
has enabled a unique set of high-resolution (1 km) satellite images of sea surface wind
and roughness to be collected from synthetic aperture radars (SAR) deployed onboard
the Sentinel 1A/1B satellites of the European Earth Observation programme Coperni-
cus. Throughout 2018 to 2020, SAR data have been acquired on demand (with 48 h
notice) for about two-thirds of the TCs that developed in the basin over this period.
(About one hundred images were collected, nearly half of which were acquired in the
eye-wall regions of TCs and tropical storms.)

The second, an experimental approach, is based on the temporary deployment of
various atmospheric and oceanic observation systems at different points in the basin.
Several temporary atmospheric and oceanographic observing campaigns have been
organized to validate the performance of coupled ocean—wave—atmosphere systems
developed within the RNR-C programme (Sect. 2.1.2) the main achievement of which
has been the organization of a regional field campaign that took place in various places
of the SWIO from January 21 to April 8, 2019. During this field experiment, various
sensors were deployed in and around Reunion Island, and in Madagascar, Mozambique,
and Mayotte, to sample atmospheric and oceanic environmental conditions during the
2018-2019 TC season. A regional radiosonde network (RS) was deployed in Mayotte
(France), Toamasina (Madagascar), and Maputo (Mozambique), enabling 700 sound-
ings to be collected over this 2 ¥2-month period. Two ocean gliders were launched from
Reunion Island to sample the thermodynamic properties of the tropical Indian Ocean
up to 500 km from the island. An unmanned airborne system (UAS https://www.borea
l-uas.com/), equipped with high-frequency aerosol, wind, and temperature sensors, was
deployed for several weeks to measure ocean—atmosphere fluxes and aerosol concentra-
tions in the immediate environment of TCs up to several hundred km from Reunion
Island.

The third, an exploratory approach, is based on the deployment and evaluation of
new and original methods of investigation to collect oceanic observations in the SWIO
from biologging and seismic observations. A particularly original approach, based
on biologging technology, has been explored to collect oceanic data from sea turtles
equipped with autonomous environmental tags. A first experiment was carried out from
January 2019 to September 2020 in the western part of the tropical Indian Ocean, with
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the aim of assessing the relevance of low-cost sea turtle borne observations for ocean
monitoring and modelling (Bousquet et al. 2020c). Another original approach, based
on previous work by Davy et al. (2014, 2016) and Barruol et al. (2016), was also fur-
ther investigated to evaluate and quantify extreme swell events from microseismic noise
measurements recorded by ground-based and underwater seismometers. The analysis of
data collected in RNR-C (Rindraharisaona et al. 2020) has demonstrated that terrestrial
seismic stations could also be a great alternative for sampling Austral swell events by
behaving as ground-based wave gauges.

2.1.2 Mesoscale modelling: improvement of mesoscale numerical models for TC
forecasting

An important objective of RNR-C is to design, develop, and evaluate a high-resolution
(0.5 km— 2 km) integrated modelling system based on the coupling of state-of-the-art
atmosphere, ocean, and wave models. This tool, intended to prefigure fine-scale operational
NWP systems to be used by WMO/RSMC Reunion (http://severeweather.wmo.int) in the
medium term, will, in particular, investigate the internal physical processes responsible for
TC intensification and produce realistic TC simulations over the most densely populated
regions of the SWIO basin.

Based on the conceptual model of a tropical cyclone as a Carnot heat engine, the the-
ory formulated by Emanuel (1986, 1988) predicts that the maximum potential intensity
depends on the sea surface temperature and the outflow layer air temperature (Bister and
Emanuel, 2002). In this context, an ocean—wave—atmosphere (OWA) coupled system has
been developed for high-resolution modelling of tropical cyclones in the SWIO (Fig. 3).
The coupling between the atmospheric model Meso-NH (http://mesonh.aero.obs-mip.ft/,
Lac et al. 2018), the surface model SurfEX (https://www.umr-cnrm.fr/surfex/, Masson

conshEatoR, Radiation scheme )
SSA, concennau‘on,
A e mixing ratio,
asymeiry actor; effective radius
. optical depth
Analysis used ’ cloud droplets and

for initial A Iechome ____rain mixing ratio 2-moment microphysics
and Iateral, poundary s sea salt and dust scheme
conditions concentration
sea salt aerosol flux
f“éncor\:wﬁfslsxgg&ee Sea salt emission Atmosphericlsurface model
7 parameterization Meso-NH / SurfEX
Aerosol
- CAMS
significant wave height, 10 wind speed
Waves Charnock parameter P wind siress
- ECMWF/IFS evaporation, sea surface currents
precipitation, and temperature
Ocean Wave model heat and solar fluxes
- ECCO2, Mercator WW3
sea surface purrents
|4 and height Ocean model
significant wave height, CROCO, NEMO
mean wave period and direction

Fig.3 Schematic diagram of the coupling systems in cyclone numerical modelling. The OWA coupling is
shown in blue while the coupling inside the atmosphere/surface model is shown in red. Fields exchanged
among the atmospheric, wave, and oceanic models are shown in blue italics; they are exchanged at intervals
defined by the user (typically ~ 10 min). Fields exchanged among the atmospheric schemes are shown in red
italics; they are exchanged at each time step
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et al. 2013), the wave model WaveWatch III (http://polar.ncep.noaa.gov/waves/wavewatch/)
and the ocean model CROCO (http://www.croco-ocean.orgref) was realized through the
OASIS coupler (https://portal.enes.org/oasis, Craig et al. 2017) as described by Voldoire
et al. (2017) and Pianezze et al. (2018). This coupled system is particularly innovative since
it enables the user to represent (i) the air—sea interactions, which have long been recog-
nized as a key issue in improving the accuracy of tropical cyclone intensity (e.g. Rotunno
and Emanuel, 1987), (ii) the swell generated by the strong winds, and (iii) the sea salt
aerosol emissions induced by the combined effects of strong winds and waves (Andreas
et al. 1995). In non-polluted environments, these sea salt aerosols are the main source of
condensation nuclei for cloud formation. A parameterization of such aerosol emission as a
function of atmospheric, oceanic, and wave parameters (Ovadnevaite et al. 2014) has been
introduced in the atmospheric/surface model. Once emitted, these aerosols are integrated in
the ORILAM aerosol scheme (Tulet et al. 2005): they are transported by advection and tur-
bulence and can be lost by sedimentation, and dry or wet deposition. The aerosol scheme
was then coupled with the two-moment bulk microphysics scheme LIMA (Vié et al. 2016)
as described in Hoarau et al. (2018a). Since cloud-radiation interactions are suspected to
influence the track (Fovell et al. 2016), the structure (Bu et al. 2014) and the intensity (Tra-
bing et al. 2019) of a tropical cyclone, specific developments on the secondary formation,
and habits of ice crystals (Hoarau et al. 2018b) in the LIMA microphysics scheme are in
progress. This will enable a better description of the ice water content, the ice crystal effec-
tive radius and the ice crystal shape, which are used as input for the radiation scheme.
Attention has also been paid to initial and lateral boundary conditions for each component
(atmosphere, surface, aerosol, wave and ocean) of the coupled system (see the box on the
left in Fig. 3). This coupled system can be viewed as a prototype for the French operational
model AROME. It has been run on several tropical cyclones (Bejisa, 2014; Fantala, 2016;
Berguitta, 2018; Idai, 2019) to produce high-resolution precipitation, wind and wave fields
all over the SWIO, and deliver some of these fields to the other sub-programmes.

2.1.3 Climate modelling

While it is generally accepted that global warming will have a significant impact on ocean
surface temperatures, which is a factor favouring the development of TCs, no one really
knows how the other ingredients involved in the formation of tropical low-pressure systems
will evolve in the future. While disaster scenarios suggest an increase in intense events,
some scenarios also suggest a "benevolent nature" that could counteract this pessimistic
trend. In this respect, a key objective of RNR-C is to assess the consequences of climate
change on the properties and potential impacts of tropical cyclones in the SWIO basin.
The experimental strategy is based on two complementary approaches: (i) the use of high-
resolution global and regional climate simulations to estimate the evolution of cyclonic
activity at basin scale (changes in TC trajectory, intensity and structure; impact on water
resources) and (ii) the use of high-resolution mesoscale coupled simulations to assess the
potential impact of climate change on the structure and the impacts of TC in specific target
areas such as Reunion Island.

To address this issue, high-resolution (~20 km-25 km) global climate simulations found
with the French climate model ARPEGE-Climat (https://www.umr-cnrm.fr/spip.php?artic
le124&lang=en) have been run to assess the impact of climate change on the frequency,
distribution and, to a lesser extent, intensity of future tropical cyclones (Cattiaux et al.
2020). Higher-resolution simulations have also been carried out using the limited-area
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climate model ALADIN-Climat and the integrated OWA model developed in the pro-
gramme (Fig. 3) to analyse the response of TC to climate change in terms of structural
development and determine whether changes in storm activity and/or structure will pose an
additional threat to coastal areas and islands of the SWIO basin in the future (Thompson
et al. submitted). The first results obtained from the analysis of the various simulations car-
ried out in the programme are presented in Sect. 3.5.

2.2 ReNovRisk-erosion (RNR-E)

Among the impacts of cyclones landing on Reunion Island, hydrological floods, sediment
fluxes and erosional processes are causes of major concern to population and infrastruc-
tures. The hydrological regime of the island’s rivers stands out for the coexistence of sev-
eral major parameters that predispose it to extreme vulnerability. Holding almost all the
world records for rainfall between 12 h (1170 mm) and 15 days (6083 mm), the island pre-
sents a very marked relief with a peak at 3,069 m, exceptional escarpments up to 1500 m in
height and having an average slope of over 70°, and very steep natural valleys and cirques.
As a result, all the processes that can lead to erosion and ground movements are particu-
larly active in Reunion Island.

The objective of the sub-programme RNR-E falls within this major issue regarding fore-
casting of and protection against torrential floods. Liébault et al. (2010) point out that the
characterization of erosion and sediment transport in Reunion Island rivers requires better
knowledge of the hydrological-hydraulic and geomorphological processes that control the
production and transfer of liquid and solid flows.

To meet this target, RNR-E involves the monitoring and data acquisition at various
scales of two representative hydrological catchment areas on Reunion Island: Salazie
cirque and Riviere des pluies (Fig. 2b). New instrumentation has been set up in the aim of
analysing and quantifying the interactions between upstream and downstream in the fol-
lowing processes:

e Formation of the sedimentary stock: this is linked to erosion phenomena in the
upstream parts of the catchment areas and to gravity destabilization (in particular
rampart collapses and landslides). GNSS, a network of geodetic markers, LIDAR and
seismic surveys are being implemented on the six major large-scale landslides in the
Salazie cirque and in the Riviere des Pluies watershed. We are also carrying out hydro-
logical, hydrogeological and geochemical monitoring of groundwater and surface water
at the level of these landslides. In addition, the structure from motion technique has
been applied using historical aerial images, image correlation techniques and SAR
interferometry to characterize landslide dynamics.

e Flow processes: completing the hydrological monitoring equipment of the experimen-
tal catchment “La Riviere des Pluies”, which is part of the French OZCAR network
(https://www.ozcar-ri.org/observatories/the-network/), RNR-E proposes to detail the
variability of the contribution of tributaries to the flash flood processes. Specific pho-
togrammetric discharge monitoring stations are used in order to document an accurate
rainfall-runoff model (Stumpf et al. 2016).

e Bedload transport: as direct measurements of the bedload transport are extremely dif-
ficult to make during a tropical cyclone, RNE-E uses the high-frequency seismic noise
generated by the rivers as a proxy for the sediment transport. Eleven broadband seis-
mometers have been deployed along two rivers, both located in the northern side of the
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island (Riviere des Pluies and Riviere du Mét, Fig. 2b), in the framework of the “Riv-
iere des Pluies” temporary seismic network (Fontaine et al. 2015). This has allowed
us to analyse the spatial and temporal variations of the seismic noise along these riv-
ers with respect to the rainfall and hydrological data, and to characterize the bedload
variations during tropical storms and cyclones (Gonzalez et al. 2017; Gonzalez 2019;
Gonzalez et al. submitted). A very good correlation was obtained between the seismic
noise amplitude and the water level during the river flood related to TC Dumazile in
March 2018 (Gonzalez 2019; Gonzalez et al. submitted). Preliminary results show that
the amplitude of the high-frequency seismic signal (>1 Hz) recorded at the seismom-
eters may be used as a proxy for the water level during a cyclone. Spectral and polariza-
tion analyses of seismic data were also used in order to decipher the seismic signature
of water flow and bedload transport.

Firstly, it was shown that the behaviour of landslides can be modelled by inverse models
with a bimodal transfer function using a Gaussian-exponential impulse response, linked
to the rain and piezometric level (Belle et al. 2014). Then, the recharge of the large Grand
Ilet landslide (350 Mm?®) in the humid tropical season was characterized through a robust,
multidisciplinary hydrological approach, notably comprising a precise water budget of
the landslide. It appears that surface processes play a major role in the landslide recharge
regime (Belle et al. 2018).

Then, landslide displacement mapping based on ALOS-2/PALSAR-2 data using image
correlation techniques and SAR interferometry was applied to the Hell-Bourg landslide
(Raucoules et al. 2018). The capability of space-borne high-resolution L-band synthetic
aperture radar (SAR) images (ALOS-2/PALSAR? data in StripMap SM1 mode) for deriv-
ing and mapping two components of the deformation of slow landslides has been investi-
gated. The deformation was characterized on the basis of sub-pixel correlation offset track-
ing techniques and differential SAR interferometry. On the Hell-Bourg landslide (Fig. 2b,
with displacements up to about 1 m year™!), the deformation maps produced performed
significantly better than the C-band or lower-resolution SAR data used in previous stud-
ies. A comparison was carried out with GNSS data acquired on the test site. Even with
a reduced image set (seven acquisitions), detailed deformation maps and information on
deformation evolution during 2014-2016 could be generated.

Finally, RNR-E has implemented a new methodology based on structure-from-motion
processing of archive aerial photographs to quantify geomorphological changes in Reun-
ion Island since 1978 (Rault et al. 2020). Photographic archives indeed hold a decades-
long 3D history and, for the first time, our measurements reveal the cumulated signature of
landslides on the Cirque de Salazie from 13 cyclones over the 37 years investigated. Such
an approach demonstrates that the structure-from-motion technique is a game changer for
landslide risk mitigation planning.

Most of the acquisition of the data presented above is still ongoing (as of September
2020) and is ready for the next cyclonic event in Reunion Island.

2.3 ReNovRisk-transfer (RNR-T)

RNR-T focuses specifically on the study of cyclonic hazard transfer in natural environ-
ments. It focuses on the natural risks associated with cyclones landing on Reunion Island
and more specifically on the western micro-region, taking its workshop area as the Maido
massif, the coastal strip between Saint-Paul and Saint-Leu, the back reef lagoon and the
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open ocean, depending on the position along the coast (green area in Fig. 2b). The gen-
eral objective is to analyse how cyclonic hazards are transferred between the natural envi-
ronments of the atmosphere, the hydrosphere, the littoral zone and the open ocean. With
regard to the transfer from the atmosphere to the hydrosphere and the coastline, the atmos-
pheric hazards are the wind gusts and precipitation associated with cyclonic events. These
hazards depend on many factors intrinsic to the cyclone and other factors in relation with
the landfall area. Cyclonic winds are, by nature, the most intense in the upper reaches of
Reunion Island, an area where the most intense cyclonic precipitation is generally also
found. The scientific questions associated with these themes arise at the interfaces of the
natural environments.

Between the atmosphere and the hydrosphere, the challenge concerns the quality of
the precipitation data that are delivered to hydrologists to initialize hydrological models.
Whether the issue is the rainfall observations or the forecasts by numerical models, the
difficulties lie in the validation of the quality of the data. The spatial representativeness of
rainfall and wind observations is a key factor for studying natural hazards, especially in
the complex topographical context of Reunion Island. These scientific questions are being
attacked by meteorological observations at the OPAR observatory (https://opar.univ-reuni
on.fr/) using new data fusion and numerical modelling methodologies to produce high-
resolution rain and wind data of landfalling TCs over Reunion Island, with a focus on the
Maido massif.

For this purpose, a numerical modelling method to produce low-cost high-resolution
wind fields of landfalling TCs has been developed. To produce wind fields consistent with
both the position and intensity of the system, the large-scale environment and the topogra-
phy of the targeted region, the Meso-NH atmospheric model was implemented with Hol-
land’s parametric approach (Holland 1980) coupled with the use of meteorological analy-
sis from the IFS (Integrated Forecasting System) model of ECMWF (European Centre for
Medium-Range Weather Forecasts). The parameters used in the Holland formulation are
deduced from the RSMC Reunion Island best-track. This so-called bogus method was set
up within the framework of the SPICy programme (Systéme de Prévision des Inondations
en contexte Cyclonique, http://spicy.brgm.fr/fr) and tested on 5 historical cyclones that
affected Reunion Island (Bejisa, Dumile, Felleng, Gamede and Dina). The structure repro-
duced was shown to be realistic as long as the information on the radius of the maximum
winds injected into the bogus was relevant. The wind fields reconstructed by the bogus
method showed good agreement with in situ observations as soon as the orography of the
island was well reproduced. This method was deployed in the framework of the ReNovRisk
programme (Véremes 2020, Technical Report). To date, high-resolution wind fields of 6
tropical cyclones at landfall on Madagascar and Reunion Island have been produced. 10 m
wind gusts were provided at a horizontal resolution of 500 m on Reunion Island for Dina
(2002), Berguitta (2018) and Bejisa (2014), and on Madagascar for Enawo (2017). A hori-
zontal resolution of 2 km was used on Madagascar for Gafilo (2004) and Ava (2018). This
approach enables us to produce high-resolution wind fields at low numerical cost. It should
be noted that this tool does not permit the precipitation fields to be produced since the rain-
bands are not reproduced by the bogus method.

Additionally, the operational product ANTILOPE (ANalyse par spaTlaLisation hOr-
aire des PrEcipitations) archived by the French meteorological office (Météo-France) has
been implemented over Reunion Island. ANTILOPE estimates the quantity of rainfall at
the scale of a 1 km?-grid from radar data corrected by rainfall data (Laurantin 2008). The
archived product is calculated for a 1-h time step. It is a hybrid product of the PANTHERE
quantitative precipitation estimate (QPE) (Parent du Chatelet et al. 2005) and a kriging
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interpolation of the rain gauges available at the time of QPE (Pauthier et al. 2016). The
variation of the radar reflectivity over the hour is analysed for each pixel of 1 km? and in
steps of 5 min. This variation automatically associates a fraction of the current hour with a
convective rainfall (between 0 and 60 min) and its complementary fraction to a stratiform
rainfall. The stratiform part is obtained by kriging the large-scale rainfall values, whereas
the convective part is obtained by detecting cells on the radar images and is corrected using
the convective accumulations of the rain gauges located under these cells. The ANTILOPE
data were not produced and archived by Météo-France until 2016. However, for Reunion
Island, the PANTHERE rain data have been available since the end of 2013, so a repro-
cessing of the ANTILOPE data over the 2014-2019 period for Reunion Island is possible.
ANTILOPE almost fully corrects the underestimation of the precipitation obtained from
PANTHERE (Fig. 4). Within the framework of RNR-T, an external service was therefore
entrusted to Météo-France to reprocess the entire database for the Reunion Island area. The
15-min time-step ANTILOPE dataset has been generated for the 2014-2019 period with
a horizontal resolution of 1 km?. It provides a view not only of cyclonic rains but of all
rainfall on Reunion Island and will thus make it possible to assess the exceptional nature of
past or future events. The ANTILOPE database is also expected to provide input data for
econometric models developed by RNR-I.

Along the western slopes of the Maido massif, the challenge in the hydrosphere stems
from a lack of knowledge of the behaviour of temporary ravines of the Maido massif, in
particular their disconnection from the underground reservoirs and their very large infiltra-
tion capacities at the beginning of the rainy season. Time series of stream flows in these
ravines are very sparse and most often uncorrelated with the simultaneous availability of
good rainfall series. RNR-T will attack these obstacles, firstly by setting up hydrological
instrumentation along two ravines in almost ungauged catchments and, secondly, by using
a semi-distributed rainfall-runoff model (Rojas-Serna et al. 2016; De Lavenne et al. 2019).
This model has fine spatial resolution (square kilometre) and hourly time steps, suited to
the nonlinear behaviour of this type of ravines, and is sequentially calibrated considering

(a) PANTHERE (b) ANTILOPE
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Fig.4 Cumulative rainfall (mm.day-1) observed on January 1, 2018 during TC Beguitta with PANTHERE
a and ANTILOPE b. Rain gauge data are superimposed (coloured circles)
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the observations available at the outlet of the catchment and at different gauging points
inside the catchment (De Lavenne et al. 2019).

The Maido watershed is characterized on the sea side by the largest fringing reef of
Reunion Island (400 m wide). Although the contributions of the watershed are weak on
a yearly scale, allowing the development of the reef life, in a cyclonic context the forc-
ing of the watershed, is not negligible. The inputs of fresh water loaded with suspension
and nutrients modify the reef environment and can alter the calcification and therefore the
growth of the coral. Oceanic forcings (swell) on the reef barrier remove pieces of coral,
which can feed the beaches with coral debris. Water masses that submerge the reef barrier
and pass through the reef system are the vector of a strong littoral drift. The instrumented
site of “La Passe de I’Hermitage” (coral reef area on Fig. 2b) has been set up to quan-
tify the processes and impacts of cyclonic events. The interdisciplinary scientific team in
charge of this site is developing tools and indicators to observe, monitor and model the
impacts of climate change in the coastal reef zone, and the possible synergy with local
anthropogenic pressures. The measurement activity includes (1) monitoring global and
local anthropogenic pressures (ocean acidification, freshwater groundwater flow, beach fre-
quentation), and (2) monitoring indicators of beach morphological dynamics and loss of
resistance and/or resilience (reproduction and recruitment of scleractinian corals and mille-
pores, carbonate balance), and mapping the trajectories of benthic communities in response
to disturbances. These activities are partially approved at the national or international level
(SNO Dynalit; https://www.dynalit.fr/).

2.4 ReNovRisk-impacts (RNR-I)

The main goal of RNR-I is to assess both the economic vulnerability and the potential
economic impacts of cyclones. Such evaluations are intended to serve as decision support
tools in policy- and decision-making.

Among the impacts of natural hazards (see, for example Hallegate (2014)), RNR-I will
pay special attention to two distinct effects. On the one hand, immediate direct effects,
namely the direct monetary costs of destruction/reconstruction due to the damage caused
by a TC event, will be considered. On the other hand, indirect long-term effects (belated
observable effects caused by the consequences of a TC over the territory) will be studied
focusing on i) the macroeconomic repercussions of the aforementioned damage throughout
the territory (cross-sectoral effects) and ii) the consequences on socio-economic determi-
nants (e.g. fertility or education).

For direct effects, RNR-I seeks to develop a general protocol largely based on spatial-
ized analysis, which can include bottom-up (Reunion Island) as well as top-down (Mada-
gascar) cases. At the core of this protocol is the idea that impacts are a combination of haz-
ard, exposure and vulnerability. Regarding hazard, a TC presents particularities that should
be taken into account, as characteristic rainfall and high-speed winds of TCs (multi hazard-
inputs) can induce storm surges, flooding events and landslides (cascading hazard outputs),
which are also likely to significantly amplify the vulnerability of the territory. Intersect-
ing hazard maps with land-cover information, RNR-I produces exposure maps (of enti-
ties likely to be impacted by the hazards-output). Building from these maps, we will focus
on the physical and economic dimensions of vulnerability evaluated by means of damage
functions. The physical vulnerability approaches the variable degrees of individual damage
that, e.g. buildings, infrastructures or crops, suffer depending on the intensity of the hazard
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(confirmed by remote sensing). The economic valuation of the level of destruction, linked
to the value of the land use, determines the economic vulnerability.

For the characterization of cascading output hazard, monitoring the spatial footprint of
the TC impacts by remote sensing offers great potential for assessing the extent of impacted
areas. For this purpose, RNR-I has developed two automated processing flows, based on
high spatial resolution optical and radar satellite data (10 m), that detect changes between a
reference image before the cyclone and post-event images. These two analyses are comple-
mentary. Changes detected with Sentinel-1 data, based on the normalized difference ratio,
allows the extent of flooded areas to be monitored as close as possible to the cyclone event
(Alexandre et al. 2020). Changes detected with Sentinel-2 data, based on the use of change
vector analysis (CVA) (Mouquet et al. 2020), which has shown its potential for monitoring
changes in surface states (Hussain et al. 2013), allow a better characterization of land-cover
change over longer time periods. Various events in the SWIO have been processed, and the
results have been made available to the public.

For indirect effects, the negative impacts are not as obvious, especially because propa-
gation mechanisms within socio-economic dimensions remain mostly undisclosed. RNR-I
tackles this issue through two complementary approaches. We first rely on modern econo-
metric techniques (Dell et al. 2014 or Camargo and Hsiang, 2016) together with the oppor-
tunity of merging geolocated data on the magnitude of TCs, and also on both economic and
social features. The econometric strategy enables us to focus on how households reorgan-
ize their lives in the aftermath of TCs. One innovation of RNR-I is to focus on the causal
effect of TCs on birthrate. The second approach undertakes the construction of theoreti-
cal models (CGE), accounting for the interdependence among economic agents, to explain
the transmission channels through which the indirect effects take place (Narayan (2003) or
Botzen et al. (2019)).

The data of RNR-C and RNR-T will be used by RNR-I for direct comparisons with the
outputs of the system detecting changes in satellite images following the passage of a tropi-
cal cyclone. Furthermore, the simulated wind fields will also be used by RNR-I as output-
hazard data for the development of either simulation models—computational laboratories
devoted to the ex-ante evaluation of shocks—or econometric models—statistical models
based on ex-post data in the aim of uncovering relations between relevant variables—to
evaluate the potential socio-economic impact of cyclones (see Sects. 3.1 and 3.4). In the
particular case of TC Enawo, the cross-analysis of the modelled wind field with the results
of the change detection algorithms on Sentinel 2 satellite images shows good correlations
between the maximum winds and the decrease in vegetation cover over a hundred kilo-
metres around the landfall point, despite the difference in resolution and the presence of
numerous clouds at this period (not shown).

3 Presentation of cross-disciplinary results
3.1 Floods following TC Ava in the Miandrivazo region

Coming from the north-east of the island, TC Ava landed on 5 January 2018 near the
city of Toamasina on the east coast of Madagascar, with sustained winds of more than
150 km h™'. Overall, the cyclone severely hit and caused heavy rainfall throughout the
central part of the country and particularly in the studied region of Miandrivazo (Fig. 2a).
Rainfall image maps computed from RNR-C meteorological models showed that TC Ava
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Fig.5 Detection of changes between two remote-sensed images associated with TC Ava. a Location map
of the Miandrivazo study site in Madagascar and meteorological conditions during TC Ava. b Sentinel-2
imagery of the region before the cyclone (25/12/2017) and ¢ after cyclone Ava (09/01/2018). d Magnitude
of changes between images (b) and (c) (the lighter the shade, the greater the change). e Classification of the
main categories of changes just after the cyclone impact (09/01/2018) and f ten days later (19/01/2018)

brought about 20% of the total annual rains and reached the maximum daily precipitation
for the whole 2017-2018 cyclone season in this area (Fig. 5a).

With the image of 25 December 2017 as a reference, we used the CVA algorithm to
highlight areas of greatest change and compute classification maps of the impacts on two
post-event images, 9 and 19 January 2018, respectively, 4 and 14 days after the event
(Fig. 5b and c).

The results show a first rapid flooding of the entire floodplain, covering agricultural
and forest plots, but sparing buildings and urban areas located on higher ground (day +4,
Fig. 5d and e). Two weeks after the event, most of the flooded areas were replaced by bare
wet soils, mainly affecting the agricultural parcels, which suffered strong decreases in crop
cover. The main riverbed was deeply and durably modified, with the appearance of sand-
banks and new water bodies (Fig. 5f).

3.2 Cyclonic heavy precipitations on landslides

A forced atmospheric high-resolution (500 m) simulation of TC Bejisa initialized and
coupled at the lateral boundaries by the ocean—wave—atmosphere system (Meso-NH-OVA
described previously with a 2 km resolution) has been carried out in order to obtain higher-
resolution wind and rainfall maps over Reunion Island. The 24-h cumulative rainfall on 1
January 2014 during TC Bejisa shows three zones with cumulative rainfall greater than
250 mm in both the observations and the simulation (Fig. 6). The rainfall observations are
a merged product of rain gauges and radar data given by the ANTILOPE QPE product. The
zone of heavy rainfall in the centre of the island is relatively well reproduced by the model,
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Fig.6 Cumulative rainfall over 24 h for the day of January 1, 2014 (mm) given by ANTILOPE QPE (radar
and rain gauge observations, (a) and modelled by Meso-NH with a horizontal resolution of 500 m (b)

although the simulation tends to give slightly higher maximum values (~500 mm) than the
merged data (~450 mm). In the simulation, the maximum rainfall is located on the south-
eastern flank of Piton de la Fournaise (Fig. 2b) with values greater than 700 mm, whereas
they barely reach 400 mm in the observations. This tendency of the models to overesti-
mate rainfall on the south-east flank of the volcano has been found in other simulations of
intense precipitation events. It should be noted, however, that the density of rain gauges is
quite low and that radar acquisition in this area is partially masked by the orography. The
third, northernmost, zone of maximum cumulative rainfall is overestimated by the model.
While the cumulative rainfall is relatively well represented by the model on the west coast
of the island, with values between 10 and 100 mm, the model tends to underestimate the
cumulative rainfall over the north-east and east. This may be due to the slight shift of the
modelled TC to the west compared to observations. Even though the rainfall restitution
is not perfect, and taking into account the uncertainties in the production of an observed
2D rainfall field (especially in areas with low coverage in observations such as the south-
eastern flank of the volcano), using a resolution of 500 m significantly improves the spatial
distribution of rainfall (not shown).

During TC Bejisa (January 2014), beyond many small “normal landslides”, a significant
one (1.1 million m?) occurred in the centre of Reunion Island in the Salazie area (Fig. 2b
and Fig. 7). After regular field observations, its volume was calculated by comparing two
high-resolution DEM (LiDAR surveys). This landslide resulted in the accumulation of
a large amount of various materials in the “Roche a Jacquot river” bed (Salazie cirque),
most likely creating a temporary dam in the river. The dam vanished rapidly during Bejisa
because of the strong river flow (a few tens of m® s™!). Fortunately, neither the landslide
nor the rupture of the dam had an impact on infrastructure or people.

In the next step, rainfall data produced by ANTILOPE will be used to estimate the
slope instabilities. Groundwater is one of the multiple and various factors that significantly
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Fig.7 1.1 Mm? landslide triggered by the cyclone Bejisa in 2014 in Salazie. (a) DEMs of Difference
(DOD) at 5 m resolution in the area affected by the landslide, surrounded by the dotted line; the red (ero-
sion) and blue (accumulation) zones reveal major topographic changes between 2011 and 2015 (acquisition
years of the DEMs). The black line A—A’ marks the ends of the 2011 and 2015 topographic profiles pre-
sented in (b) showing clear mass transfer

influence landslide displacement. A rise in water tables during aquifer recharge (e.g. after
rainfalls) increases hydrostatic pressure in the media, which tends to decrease the landslide
shear strength and cause the landslide to accelerate (Iverson and Major 1987; Baum and
Reid 1992; Van Asch et al. 1999; Coe et al. 2003; Cappa et al. 2004; Corominas et al.
2005; Schulz et al. 2009).

The prediction of the movement pattern of landslides is assessed using physically based
numerical modelling approaches (Corominas et al. 2005; Malet et al. 2005; Tacher et al.
2005; van Asch et al. 2007; Fernandez-Merodo et al. 2012) or inverse numerical modelling
that combines both numerical approaches and observations (Belle et al. 2014; Bernardie
et al. 2015; Vallet et al. 2015). For both techniques, accurate spatial and temporal rainfall
data are required.

3.3 Cyclonic swell impact on beach profile morphology

The ReNovRisk programme seeks to relate the evolution and distribution of cyclonic wave
heights to the evolution of the coastline and the coastal sedimentary stock on Reunion
Island. The first exploratory study was based on TC Bejisa.

The swell field was extracted from a simulation at 2 km horizontal resolution using
the coupled ocean—waves—atmosphere system (CROCO, WW3 and Meso-NH) (Pianezze
et al. 2018). The significant wave height and direction are shown in Fig. 8. On 1 January
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Fig.8 Top: Significant wave height and direction simulated by Meso-NH-WW3-CrOCO during TC Bejisa.
a 01 January 2014 at 18 UTC, b 02 January 2014 at 06 UTC, and ¢ 02 January, 2014 at 18 UTC (Based
on Pianezze et al. 2018). Bottom: Morphosedimentary evolution of beach topographic profiles caused by
cyclone Bejisa at three sites:d Boucan Canot, e Cap Homard and f Les Aigrettes. Pre-storm topographic
profiles (black lines) correspond to the date of 14 December 2013, post-storm (red lines)—17 January 2014
and the black dotted line corresponds to 4 months after Bejisa, that is, to 27 May 2014

at 18 UTC (Fig. 8a), the system was located north-west of Reunion Island and moving
southwards, the maximum significant wave height, between 8 and 9 m, being concentrated
under the wall of the system. When it passed closest to the island on 2 January at 06 UTC
(Fig. 8b), the whole coastline was exposed to waves, and the maximum significant wave
height of the cyclone was around 9 m. After Bejisa had passed close to the island’s coasts,
the south and west facades were still affected by strong swell as the wave fields also propa-
gated northwards (Fig. 8c).

At the same time, within the framework of DYNALIT, the seasonal and paroxysmal
morphosedimentary dynamics of beaches were monitored (Mahabot et al. 2017a, b)
along three cross-shore profiles of the carbonate sandy beaches that were impacted by the
cyclonic swell of TC Béjisa: “Boucan Canot”, “Cap Homard” and “Les Aigrettes” (loca-
tion on Fig. 2b).

Close to these three beaches, the temporal evolution of the cyclonic swell was char-
acterized by a coupled simulation. The simulated significant wave height exceeded 3 m
for 37 h from 1 January at 19 UTC to 3 January at 9 UTC. Since this swell was directly
produced under the TC, as the TC passed along Reunion Island, the wave direction varied
from south to east, affecting these beaches differently. To assess the impact of TC Bejisa on
these three beaches, measurements by Differential Global Positioning System were made
one month before the cyclone, two weeks after and 4 months after the cyclone. Profiles
were established on a radial between the foreshore and backshore. The profile of Bou-
can Canot (Fig. 8d) presents the main morphological and volumetric change induced by
Bejisa. The toe of beach retreat attained 7.5 m and very significant erosion can be observed
along the profile, which reaches a thickness of 2 m between 20 and 25 m cross-shore dis-
tance. Along the profile, the volume change rate attained — 42.53+ 1.6 m®. Four months
after Bejisa, during fair-weather conditions, waves slowly carried material back on shore
to rebuild—more or less—the original profile. However, the lower foreshore still retains the
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after effects of the cyclonic swell and the head of the beach profile also shows a slight loss
of sediment thickness, which can be expected to be perennial as there is no more dune
recharge on this built-up coastline. After Bejisa, the Cap Homard (Fig. 8e) profile essen-
tially shows a displacement of the beach berm by about 10 m, resulting in an advance of the
beach profile of about+ 7.2 m. In addition, the whole profile underwent a decrease in sedi-
mentary thickness of about 40 cm on average. In addition to this transfer between the back-
shore and foreshore, the cumulative sediment loss was — 6.76 +2.21 m>. Four months later,
the beach was rebuilt with a convex berm that was larger than before Bejisa hit. Finally,
the Les Aigrettes profile (Fig. 8f) shows a sediment transfer from the backshore to the
foreshore and the nearshore, resulting in an advance of the beach profile by about+6.7 m.
However, this advance was the result of the transfer from the backshore/foreshore to the
nearshore zone. The volume change of — 23.42+1.71 m? after Bejisa is a good indicator of
the lowering of the beach profile. Four months later, the profile had not recovered its initial
morphology. Although beach recovery from severe storms has been shown to spread over
years to decades (Dodet et al. 2018), in Reunion Island, on coral reef beaches, no long-term
reconstruction of beach profiles has been demonstrated (Mahabot et al. 2017a, b).

3.4 Integration of simulated wind fields in the evaluation of direct economic
impacts

Wind-induced physical damage to buildings and infrastructures can be very severe and
increase their vulnerability—and the vulnerability of the assets they may contain—to TC
induced hazards, such as floods. The identification of such damage, and its consequences in
the socio-economic fabric, is therefore essential for the evaluation and quantification of TC
impacts (Tamura 2009; Camargo and Hsiang 2015).

The simulations of high-resolution wind fields produced by ReNovRisk using the Bogus
method (Sect. 3.2), given their dynamic character (output every 15 min), can be used to
finely identify entities exposed to potentially damaging winds.

In the computational models for the ex-ante evaluation of economic impacts under
development in RNR-I, the utilization of the high-resolution wind fields simulated ena-
bles both the entities exposed and the duration of the exposure to be identified. In turn,
this thorough identification of exposed entities should allow fine estimations to be made
of potential damage to buildings, infrastructures and plots. Figure 9 illustrates the poten-
tial of the simulated high-resolution wind fields in the analysis of exposure. The figure
represents three snapshots of the simulation of cyclone Bejisa, over a layer of urban land
use composed of buildings and infrastructures, in which the changes in wind speed can be
appreciated as the cyclone moves southward (wind speeds represented have been limited
to those that can cause damage, i.e. those higher than~25 m s~ (Tamura 2009)). As can
be appreciated, the identification of entities exposed to damaging winds, together with an
estimation of the duration of the exposition, is fairly straightforward with this method and
highly valuable for a fine evaluation of potential direct damage.

3.5 Cyclonicimpact on human reproduction in Madagascar

Estimated wind fields generated by TCs can be used within an econometric frame-
work to investigate questions related to their impacts on social or economic charac-
teristics (Dell et al. (2014), Hsiang and Jina (2014) or Strobl (2012)). As an exam-
ple of TC social impact, RNR-I studies whether TCs may change parents’ decisions
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Fig.9 Example of a GIS-based method for the evaluation of the dynamic exposure. Top from left to right:
evolution of damaging wind fields (speed equal to or higher than 25 m s™!) over Reunion Island taken from
the simulation of TC Bejisa. Bottom from left to right: close-up maps (15 km X 15 km) enabling the identi-
fication of buildings and infrastructures exposed (location and duration) to damaging winds

about having children in Madagascar. This is being done by using geolocated micro-
data from the Malagasy Demographic and Health Survey, together with wind field data
generated by tropical cyclones hitting Madagascar during the 1985-2009 period (Gei-
ger et al. 2017). Merging geolocated data with the full fertility history of the women
interviewed enables a unique dataset to be constructed, potentially emphasizing links
between births and the mothers’ TC experiences. RNR-I then applies panel economet-
ric techniques, exploiting year-to-year variations in exposure to TCs, to estimate the
causal effect of TCs on mothers’ likelihood of giving birth. The main result of this
study is that, on average and all other things being equal, exposure to wind speeds of
27.8 m s~! (approximately 100 km h™") implies a total fall in the probability of giving
birth of 25.6 points in the current year, together with a further decline of 5.9 and 2.0
points, respectively, one and two years after being exposed. Alternative estimations
of the empirical model show that the adverse effect of TC exposure on the number
of births is persistent. The estimated effect is shown to be robust to many alternative
specifications of the econometric model. This new empirical evidence is consistent
with economic mechanisms suggesting that TC exposure is perceived as an adverse
shock—generating uncertainties in many aspects of daily life (loss of income, crops,
livelihood)—that leads couples to postpone their decision to have children.
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3.6 Evolution of TCs in the SWIO in the context of climate change

The evolution of tropical cyclones (frequency, intensity, trajectory, seasonality, etc.) in
a warmer climate remains largely uncertain: the theory is poorly known, the series of
observations are heterogeneous in time and space, and most of the multi-model climate
projections available so far are too poorly resolved (100 km or more) to properly repre-
sent these phenomena. Nevertheless, two options are available: (i) to perform dedicated
high-resolution simulations (50 km or less) and detect tropical cyclones using object
tracking algorithms, or (ii) to exploit existing low-resolution climate projections by
looking for links between cyclone activity (in monthly mean) and the large-scale envi-
ronment (cyclogenesis indices).

In Cattiaux et al. (2020), we explored these two approaches, with a focus on the
Southern Indian Ocean. On the one hand, we performed dedicated experiments with
the CNRM-CM6-1 atmospheric model in a rotated-stretched configuration (resolu-
tion up to 12 km over the area of interest), capable of producing realistic cyclones. In
a 2 K-warmer world, the model simulates a 20% decrease in the frequency of tropi-
cal cyclones in the basin, associated with a slight poleward shift in their trajectories
(Fig. 10a), together with an increase in their maximum intensity and a reduction of
about one month in the period of cyclonic activity (later onset, Fig. 10c). On the other
hand, we calculated the cyclogenesis indices in these dedicated simulations and in the
CMIP5 multi-model projections (lower resolution). The indices do not capture the
decrease in frequency, but partially represent the changes in geographical (Fig. 10b) and
seasonal (Fig. 10c) distribution.

(a) SIO-F TC tracks (difference wrt. SIO-P) -22.9 (-7.5)
T T 5T T
1’? b \{ ¢ (C) Annual distribution of cyclone activity (high-res)
° 7 SNy e
\ 1 | - | Sonats - -
SIO al
s ( ‘ /“77\1\\ 25[—e— SIO-P1ACGI (14.8) m b
f i ‘ | —e— SIO-F1 ACGI (15.2) = L
) —
N | el | 1
| 5]
| | |
30E 602 S0E 120E 150E i &-t i

BT T[T . % i /
-0.84 -06 -0.36 -0.12 0.12 036 06 0.84 g
3
5
(b)SIO-F Average-CGl (difference wrt. SIO-P) 4.3(0.4) & 10- 7
T T 0 v . p{‘) -
) S\
7 { o .LJ. Q% | Eld T
U I
a0l 4{? PR s I /‘/fw\\ o= im =1
T * * % %
L" Il 1 1 Il @ 1 1 Il Il 1 1
e 1 1 =5 J A S O N D J F M A M J
e i £ TaoE e

5 O O
-0.0015 -0.0009 -0.0003 0.0003 0.0009 0.0015

Fig. 10 Future evolution of TCs in the Indian Ocean. a Difference in track densities between future and
present simulations. On average over the basin, we find a 20% decrease in the number of cyclone days (i.e.
7.5 days less). b Difference in cyclogenesis indices between present and future simulations. The indices
miss the average decrease (they give+0.4 days over the basin), but suggest the southward shift observed
in a). ¢ Annual distribution of cyclones (bars) and cyclogenesis indices (lines) for present (grey/black) and
future (red) simulations. A significant decrease at the beginning of the season (October) and a significant
increase at the end of the season (February to April) are visible
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These results are consistent with a similar study on the North Atlantic (Chauvin et al.
2019), and, more generally, with the scientific literature (e.g. Camargo et al. 2014). The
originality here lies in the focus on the South Indian Ocean (little studied so far) and the
evidence of the reduction in the length of the cyclone season (important for monitoring
and vigilance systems). Ongoing studies will give a better understanding the origins of the
decrease in frequency projected by the model.

Further to the use of global climate models, another approach for evaluating future
cyclonic risk is to estimate how damaging a recent historical cyclone could be if a similar
one were to recur in the future (Schir 1996; Lackman 2015; Patricola 2018). In our case,
we investigated Cyclone Bejisa, a climatologically typical cyclone that affected Reunion
Island in early January 2014. Future environments for simulations of Bejisa-like cyclones
were constructed using CMIP5 models to calculate changes in atmospheric and oceanic
conditions, such as humidity and SST, between the recent climate and that of the end of the
twenty-first century.

These changes were then added to ECMWF atmospheric and Mercator ocean analyses
to create modified analyses of a future environment, thus permitting present versus future
simulations. We conducted such simulations using the non-hydrostatic model Meso-NH
with 3-km grid spacing, coupled to the ocean model CROCO for six different future envi-
ronments derived from six different CMIP5 models.

Our findings suggest that future Bejisa-like cyclones will be 7% more intense, as meas-
ured by their maximum surface wind speed (Fig. 11a). Furthermore, the latitude at which
future cyclones attain their lifetime maximum intensity will be displaced 2° further pole-
ward, in line with an expansion of the tropics. In terms of trajectory, no substantial change
was detected, as the present-day wind pattern was left unperturbed in order to maintain
a north—-south track that impacted Reunion Island. However, future cyclones were found
to produce more intense rainfall, with the rainfall rates increasing by 29% on average
(Fig. 11b). Additionally, future cyclones are predicted to be 9% smaller, as measured by the
radius of their 17.5 m s~ winds. However, further high-resolution studies are still needed
to constrain this characteristic change, as large variability persists in the literature (Knutson
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Fig. 11 Mean sea level pressure (a) and average rainfall rate within 100 km (b) of Bejisa-like cyclones
simulated in Meso-NH coupled to the ocean model CROCO. A resimulation of Cyclone Bejisa in its histor-
ical environment (blue) is compared to Bejisa-like cyclones simulated in future environments derived from
Coupled Model Intercomparison Project 5 (CMIPS5) models (thin red lines) and their ensemble mean (red
line). Projections indicate that such a typical cyclone could be characterized by significantly lower pressures
and significantly heavier rainfalls in the future
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2020). In addition to these atmospheric-related characteristics, we project a 0.2 m aver-
age increase in the significant ocean wave height, calculated by running the wave model
WAVEWATCH III using hourly surface wind output. To the best of our knowledge, this
is the first time that future changes in ocean waves have been projected for this basin.
Although the change found here is modest, larger changes are anticipated for simulations
based on stronger historical cyclones, with Cyclone Bejisa representing only a moderate-
strength cyclone.

4 ReNovRisk database

The Sentinel remote sensing images produced during the RNR-I project have been pro-
cessed and are stored on the servers and storage spaces of the SEAS-OI station, on which
the project team relies (http://www.seas-oi.fr/en/web/guest/accueil). The SEAS-OI station
is part of the French SEAS network of direct reception antennas for satellite data.

The SAR Sentinel-1 database is made up of data in the raw state or after different levels
of pre-processing (spatial cropping and tiling, time filters) and processing (NDR, binary
images, temporal summaries, etc.). Sentinel-2 optical data consist of raw L1C images,
reflectance L2A images, cloud masks, multiple indices, and the results of change detection
algorithms (classifications, temporal summaries, etc.). For each tile, covering an area of
100 km by 100 km, the entire time series (2015-2020) represents approximately 2 TB and
more than 10,000 images. These numbers must be multiplied according to the geographical
area and the number of S2 tiles monitored in the frame of the ReNovRisk programme.

These data from change detection chains therefore occupy very large volumes, which
should be well organized to ensure a good perennial management. Work is underway to
secure their storage and archiving, which currently rely mainly on the SEAS-OI infrastruc-
ture with a capacity of a few hundred TB. In addition, the metadata for each processing
level is being produced to allow the harvesting of this image database. Finally, reflection
is in progress to facilitate the availability of this data and, in particular, the final products
(indices, change detection products), through a mapping web platform.

OSU-R (Observatoire des Sciences de I’Univers de la Reunion, CNRS, Météo-France
and Université de la Reunion) organizes and supports transdisciplinary environmental
research and operates a service unit (operation and maintenance of the stock of instru-
ments, data analysis and processing). One goal of the services is the management of
long-term observational data performed by its stations (that are part of European research
infrastructures) and of measurement campaign datasets like the one produced in the frame-
work of ReNovRisk. This data management is organized around 4 themes: data storage,
metadata management, data processing, and data accessibility. The data storage provides
long-term support and a backup guarantee, with an access by FTP for scientists and URL
for data in open access. Metadata management is performed by means of OSU-R soft-
ware, which allows information describing instrumentation and processing to be stored.
The data processing is done through a data flow management service based on the Apache
Airflow software (https://airflow.apache.org/), which pushes data to processing servers
and data processing libraries, and classifies the data thus created. Finally, accessibility is
achieved through the "GeOsur" tool (https://geosur.univ-reunion.fr), a web interface that
aims to ensure the visibility of all the data produced. It is based on the open source soft-
ware GeoNetwork (https://geonetwork-opensource.org) and allows the user to navigate eas-
ily through the database, using a search engine to visualize the different information on
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the datasets, as well as the download links. This tool is based on standard data exchange
protocols (ISO19139, OGC https://www.ogc.org), which allows it to be harvested to other
institutional portals.

The ReNovRisk programme participates in an open science approach by making the
data produced on cyclone risk available to the public. All this data management allows us
to reference all the project data within the same catalogue. It will group together the data
stored locally, and also data found in other databases. Finally, thanks to its interoperability,
GeOsur will facilitate the transversal use of this data, both in the research field and for a
wider audience. A demonstration of this interoperability is the harvesting of ReNovRisk
data by another portal: PEIGO (http://peigeo.re), which is managed by AGORAH (http://
www.agorah.com), the urban planning agency of Reunion Island, which aims to restore
observational data in the form of cross-analyses to inform public policies.

5 Conclusions and perspectives

ReNovRisk is the first transdisciplinary programme dedicated to the study of cyclonic haz-
ards in the Western Indian Ocean. It is composed of 4 different sub-programmes.

The first component, RNR-C, has enabled the development of new observation net-
works in the basin and numerical models for tropical cyclone modelling on the SWIO.
The deployment of a GNSS network is intended to improve the state of the atmosphere in
numerical weather prediction models through data assimilation. An intensive observation
campaign was deployed in 2019 in the SWIO. New observation tools, in particular installed
on marine and aerial drones, were tested in the environment of tropical cyclone Joaninha.
Important numerical developments focused on the ocean—wave—atmosphere interactions,
and on the representation of clouds and precipitation. The first studies have demonstrated
the robustness of the modelling system, and a significant improvement in the track and
intensity of the modelled tropical cyclones. ReNovRisk has also enabled high-resolution
regional climate simulations for the SWIO, which have provided first answers to questions
concerning the occurrence and geographical distribution of tropical cyclones in the com-
ing decades. Moreover, high-resolution simulations of tropical cyclone Bejisa in a future
climate have shown that its maximum intensity would be attained 2° further poleward, its
intensity would increase by ~7%, and the precipitation rate would be strongly increased
(~30%).

While RNR-C is planned to end in June 2021, the three other ReNovRisk sub-pro-
grammes are still in progress. Although they have not yet presented their final results, sev-
eral scientific advances can be highlighted.

RNR-T is a first attempt to describe the integrated chain of tropical cyclone risks along
a transect extending across the western volcanic plateau of Reunion Island (2000 m asl)
and sloping down through ravines to the coastline. Infrastructures and preserved natural
sites along the western coastal line of Reunion Island are particularly prone to overlap-
ping cyclonic hazards (wind gusts, high precipitation, floods by ravines, transport of sedi-
ment, sea swell and submersion). A novel approach will involve cross-expertise in differ-
ent domains (atmospheric physics, hydrology, sedimentology, geomorphology, coral reef
growth, and ocean sciences). Complementary datasets will be required for calibrating
model tools. Rainfall based on radar data corrected with rain gauge data will be estimated
for catchments for which only a small number of point flow measurements are available.
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RNR-E is a programme that focuses on the consequences of cyclones with the study,
from upstream to downstream, of the sedimentary stock linked to ground movements
and to flood-induced solid transport. The dynamics studied are characterized by differ-
ent complementary methodologies. Thus, high-precision topographic surveys (GNSS
network, geodetic marker, photogrammetry, and LiDAR) and seismological and electro-
magnetic measurement campaigns are being carried out on several landslides and riv-
ers. Hydrological and geochemical monitoring of groundwater and surface water has
also been implemented, and a broadband seismic network is monitoring the continuous
transport of erosion products in rivers through the associated seismic noise. These data
have made it possible to quantify, in particular with numerical modelling, precipitation
and groundwater contributions to the acceleration of landslides during cyclonic events
(Belle et al. 2014, 2018).

The remote sensing part of the RNR-I project has focused on the development of change
detection algorithms to highlight the direct impacts of cyclones from satellite data. In order
to promote their use by the largest possible number of interested parties, the processing
chains developed are based on freely accessible Sentinel satellite data and are themselves
published and open source. The data used come from the ESA Sentinel 1 and 2 satellites,
acquired at high spatial (10 m) and temporal (5-10 day) resolutions with global coverage.
Sen1Chain is the first processing chain developed that is based on SAR Sentinel 1 satellite
data. It allows rapid detection of flooded areas by computing the normalized difference
ratio (NDR) between two images, pre- and post-event. Based on radar data, SenlChain
has the advantage of being insensitive to clouds, often numerous in a cyclonic context.
The second processing chain developed, Sen2Chain, uses Sentinel 2 optical data to detect
changes in land cover with a change vector analysis (CVA) method. As with Sen1Chain,
Sen2Chain makes it possible to highlight floods linked to rainfall, but also modifications
in plant cover under the action of the wind, or the appearance of bare ground. The greater
sensitivity of this method to clouds is partly compensated by the high temporal acquisi-
tion frequency (5 days) increasing the probability of obtaining better quality images. Since
2015, the availability and historical depth of the Sentinel image database have allowed both
processing chains to operate large time series of hundreds of images to place events in
a seasonal context and highlight their exceptional nature. Several recent cyclonic events
have been analysed in Madagascar (Enawo-2017 / Ava-2018), as have other events and
geographical areas (Idai in Mozambique-2019, Dorian in the Bahamas—2019), on which
the processing chains have demonstrated their effectiveness (Alexandre et al. 2020).

Beyond these thematic results, a significant contribution of ReNovRisk has been the
networking of many scientists from different domains around collaborative programmes.
ReNovRisk has brought together atmospheric physicists, hydrogeologists, geomorpholo-
gists, geophysicists, geomaticians, and economists to jointly analyse cyclonic hazards and
impacts on Reunion Island and on the SWIO. These transdisciplinary collaborations have
led to the development of a large set of tools to characterize the cyclonic hazards (wind,
precipitation, swell) and their impacts after landfall (floods, landslides, coastline, sedimen-
tary stock).

Furthermore, an important action of ReNovRisk is training and the communication of
results. Two interoperable databases (GeOsur and Seas-OI) are under construction for free
open access to the programme data with a horizon of mid-2021. Specific products devel-
oped for decision-makers and land-use planning institutes in Reunion Island will support
adaptation to cyclonic hazards. Training activities are being carried out on the various sci-
entific themes and on the tools deployed during ReNovRisk for students from SWIO coun-
tries (Mozambique and Madagascar).
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ReNovRisk is intended to continue as the stakes are high for countries subject to
cyclonic hazards, particularly in the SWIO, where the economic and health consequences
of cyclones are significant in terms of poverty and infrastructure. As far as possible, ReNo-
vRisk will be expanded more broadly into the fields of ecology, health, and social sciences,
as the adaptation of territories to cyclone risks is a key element in building resilience to
climate change.
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