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Abstract: The international research program “ReNovRisk-CYCLONE” (RNR-CYC, 2017–2021)

directly involves 20 partners from 5 countries of the south-west Indian-Ocean. It aims at improving

the observation and modelling of tropical cyclones in the south-west Indian Ocean, as well as to foster

regional cooperation and improve public policies adapted to present and future tropical cyclones

risk in this cyclonic basin. This paper describes the structure and main objectives of this ambitious
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research project, with emphasis on its observing components, which allowed integrating numbers

of innovative atmospheric and oceanic observations (sea-turtle borne and seismic data, unmanned

airborne system, ocean gliders), as well as combining standard and original methods (radiosoundings

and global navigation satellite system (GNSS) atmospheric soundings, seismic and in-situ swell

sampling, drone and satellite imaging) to support research on tropical cyclones from the local to

the basin-scale.

Keywords: tropical cyclone; south-west Indian Ocean; gliders; unmanned airborne system; bi-

ologging; sea turtles; global satellite navigation system; ReNovRisk; numerical modelling; climate

modelling; austral and cyclonic swells; seismic data

1. Introduction

Due to their highly destructive potential, tropical cyclones (TCs) have long been
considered a major risk for populations, territorial economies, and biodiversity. In this
regard, predicting their outcome and impacts at present and future times is one of the
major concerns of both the Intergovernmental Panel on Climate Change (IPCC) and the
World Meteorological Organization (WMO).

As highlighted in the latest reports of WMO’s International Workshop on Tropical
Cyclones (IWTC), research carried out over the last four years has considerably improved
our understanding of TC intensification processes [1,2], as well as TC tracking and inten-
sity forecasting [3,4]. The operational implementation of coupled ocean-atmosphere (OA)
numerical weather prediction (NWP) systems by many national weather services has, in
particular, played a key role in reducing forecasting errors at all space and time scales [5–8].
Despite these important advances, additional efforts are still needed to accurately predict
and characterize the potential impacts of tropical cyclones on a given territory, especially
during landfall. Such efforts include, for instance, the collection of novel atmospheric and
oceanic observations, to better constrain (and verify) the performance of coupled NWP
systems [9,10], as well as the implementation of wave models and specific microphys-
ical parameterizations to improve roughness, swell, wind speed, and momentum flux
representation in TC forecasting systems [11–13].

Accurate modelling of OA interactions is particularly crucial in areas such as the
tropical south-west Indian Ocean (SWIO) basin (30–90◦ E, 0–40◦ S), where the atmospheric
variability is associated with a particularly strong oceanic response (and vice versa). The
SWIO (Figure 1), which contributes to approximately 10–12% of the worldwide cyclonic ac-
tivity [14–16], is indeed widely considered as the cyclonic basin with the highest prevalence
of OA interactions [17] due to the unique structure of the thermocline in the Seychelles-
Chagos Thermocline Ridge area (55–70◦ E, 5–15◦ S) [18,19]. Like most TC basins, the SWIO
includes many fragile countries, whose economic development and infrastructure, as well
as food, medicine and water supply chains, are regularly impacted by tropical cyclones.
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Figure 1. Map of the south-west Indian Ocean (SWIO) tropical cyclone basin (30–90◦ E, 0–40◦ S). The
principal locations discussed in the paper are indicated by dark blue (France), light blue (Mozam-
bique), green (Mauritius), red (Madagascar), and pink (Seychelles) circles.

In very recent years, countries bordering the Mozambique Channel (MC) have indeed
been struck by a series of extremely intense and devastating events, whose economic
impact will be felt for many years to come. Heavy rains associated with TC DINEO (2017)
have caused 700,000 refugees and tens of millions of USD of damage in Mozambique,
while the overall cost of TCs ENAWO (2017) and AVA (2018), which affected nearly one
million people in Madagascar, was estimated to be more than USD 600 million (about 7%
of Madagascar’s average annual gross domestic product). These heavy tolls are, however,
out of all proportion to those of TCs IDAÏ (considered by the United Nations as the worst
natural disaster ever in the MC) and KENNETH (the most intense TC ever reported in the
MC [20]), which both made landfall in Mozambique in 2019 [21]. According to the latest
economic reports, these two storms have affected a total of nearly 1.7 million people and
caused damage and losses estimated at ~USD three billion—plus a further recovery cost
estimated at USD 3.4 billion—by the World Bank and Mozambican officials [22].

Given the colossal impact of TCs on the local populations, infrastructure, and economic
development of many countries in the SWIO basin, the European Union (EU), together with
the Regional Council of Réunion Island and the French State, have designed the transdisci-
plinary research program "Réunion NOVative research on cyclonic RISKs" (ReNovRisk), to
improve the resilience of SWIO countries to TC hazards and mitigate associated economic
vulnerability, damages, and risks (e.g., winds, rainfall, landslides, submersion) in inhabited
areas. To achieve these objectives, ReNovRisk has been divided into four interlinked
research projects, referred to as ReNovRisk-Cyclone, -Erosion, -Impacts and -Transfer,
whose overall objectives are described in [23]. The present paper focuses on the Cyclone
component of this program, which involves a large international consortium of research
institutes, universities, and weather services originating from France (e.g., universities of
Réunion Island and Toulouse, Centre National de Recherche Scientifique (CNRS), Météo-
France, Institut de Physique de Globe de Paris (IPGP), Institut National de l’Information
Géographique et Forestière (IGN), Institut Français de Recherche pour l’Exploitation de
la MER (IFREMER)), Mozambique (Eduardo Mondlane and Pemba Unilurio universities,
Mozambique Weather Service (INAM)), Madagascar (Institut Supérieur de Technologie
de Diego Suarez, Université d’Antananarivo), the Seychelles (Seychelles Meteorological
Authority, Seychelles Islands Foundation), Mauritius (Mauritius Oceanography Institute),
as well as international institutions such as the European Space Agency (ESA) and WMO,
among others.

Through its observing, modelling, climate and outreach components, ReNovRisk-
Cyclone (hereafter referred to as RNR-CYC) aims to improve the observation and modelling
of TCs, as well as to provide inputs for other components of the global ReNovRisk program
focusing on hydrological (RNR-Erosion and RNR-Transfer) and economical (RNR-Impact)
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consequences of tropical cyclones [23]. Another key objective of RNR-CYC is to foster re-
gional cooperation and improve public policies adapted to present and future TC risks faced
by territories bordering the SWIO. The latter is all the more essential because predicted
changes in the coupled OA system due to global warming are likely to generate significant
modifications of the cyclonic activity in the coming decades. Consequently, regions that are
currently spared or moderately affected by TCs, and that often lack experience-based adap-
tation strategies, may soon have to face potentially increasing TC-related hazards [24,25].
Such changes include, for instance, the widening of the tropical belt resulting from ocean
warming [26,27], which has already been shown to induce a poleward migration of TC’s
lifetime maximum intensity (LMI) in both hemispheres [28–31], or significant modifications
in TC frequency and/or length of the TC season [32].

This paper aims to describing the structure and main objectives of the project RNR-
CYC, as well as to present an overview of the main applications and results of its obser-
vation component—modelling aspects are presented in more details in the companion
paper [33]. This article is organized as follows: Section 2 provides an overview of the
four components of RNR-CYC (observation, mesoscale modelling, climate modelling,
cooperation, and outreach). Section 3 presents the major achievements of RNR-CYC re-
garding oceanic and atmospheric observations, while Section 4 concludes and discusses
new research topics to be investigated beyond the end of this program.

2. Structure and Objectives of RNR-CYC

The project RNR-CYC focuses on the meteorological and oceanographic impacts of
TCs in the SWIO (Figure 1) at both present and future horizons. It aims, in particular, to
better apprehend the impacts of these extreme storms on the main inhabited islands of
this oceanic basin by providing innovative modelling and observing products that will
also feed the cascade risk analysis tools deployed in the other research components of
the global ReNovRisk program [23]. In order to achieve these objectives, RNR-CYC has
been divided into four components (Figure 2): (i) an observation component, to improve
both long-term and temporary observations of TCs and their atmospheric and oceanic
environments; (ii) a mesoscale modelling component, to improve modelling and short-term
forecasting of TCs; (iii) a climate component, to evaluate the consequences of climate
change on the variability and structure of TCs at both local and basin scales; and (iv) an
outreach component, aimed at improving capacity building in the three aforementioned
research areas through strengthening cooperation between SWIO countries. An overview
of the structure and objectives of these four components is described hereafter.
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Figure 2. Structure and main objectives of ReNovRisk-CYCLONE.

2.1. Observing Component

The observing component of RNR-CYC is aimed at providing additional observations
of TCs and their environment by improving regional and local observing capabilities in the
SWIO. It has been built around three complementary approaches:
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(i) A “conventional” approach, based on the reinforcement of regional ground-based
meteorological observation facilities and, in particular, of the water vapor Global Navi-
gation Satellite System (GNSS) observation network operated by the International GNSS
Service (IGS). Starting in November 2017, 10 new public observation sites (composed
of ground-based GNSS receivers and collocated surface weather stations) have been de-
ployed in Madagascar, Eparses Islands, and the Seychelles in the frame of RNR-CYC’s
sub-program “Indian Ocean GNSS Applications for Meteorology” (IOGA4MET [34]) to
increase the number of tropospheric GNSS measurements (e.g., zenithal delay, integrated
water vapor amounts) and positioning data throughout the western part of the basin (see
Section 3.2.2.). The first analysis of GNSS-derived observations collected during RNR-CYC
have already demonstrated the benefit of these new permanent stations to investigate the
water vapor cycle at diurnal to inter-annual time scales [34,35], but also to provide new and
continuous observations to investigate the dynamics of the Earth’s crust in this particularly
active part of the world [34,36].

(ii) An “experimental” approach, based on the temporary collection of atmospheric
and oceanic observations at various locations in the basin. For this purpose, several atmo-
spheric and oceanographic field campaigns have been organized throughout the 3.5-year
duration of RNR-CYC, with the goal to provide novel datasets to evaluate numerical
model developments and simulations performed in the frame of the project [33]. The main
achievements include:

• A three-year satellite acquisition campaign (2017–2020), set up in collaboration with
ESA and IFREMER, to collect high-resolution (1 km) observations of surface winds and
sea roughness from spaceborne synthetic aperture radars (SARs) deployed onboard
the satellites Sentinel 1A/1B of the European Earth Observation Program Copernicus
(https://www.copernicus.eu/fr, see Section 3.3., accessed on 20 March 2021);

• A regional field campaign, organized from late January to early April 2019, to inves-
tigate atmospheric and oceanic environmental conditions prevailing in the vicinity
of TCs during the 2018–2019 TC season. During this 2.5 month period, a regional
radiosounding network, allowing for the collection of nearly 500 soundings, was
deployed in Mayotte (France), Toamasina (Madagascar) and Maputo (Mozambique)
to both sample the atmospheric environment of TC and train students and academics
in experimental meteorology (see Section 2.4.);

• The deployment of two ocean gliders from Réunion Island to sample the vertical
properties of the upper ocean layers in the Mascarene Archipelago (see Section 3.1.4.);

• The deployment of an unmanned airborne system (UAS), equipped with aerosol,
turbulence, sea state, and meteorological sensors to measure OA fluxes and aerosol
concentrations off the shore of Réunion Island (see Section 3.2.1.);

• The organization of several local observation campaigns to sample sea swell properties
during austral winters and summers using acoustic Doppler current profilers (ADCP)
and wave gauges deployed near the shore of Réunion Island (see Section 3.1.1.).

(iii) An “exploratory” approach, based on the deployment and evaluation of innova-
tive methods to collect oceanographic observations. A particularly original approach,
based on biologging technology, has been evaluated for two years to collect data from
sea turtles (ST) equipped with dedicated ARGOS environmental tags in the frame of
RNR-CYC’s subprogram “Sea Turtle for Ocean Research and Monitoring” (STORM, see
Section 3.1.3.). Another original approach, based on the previous work of [37–39], was
also further investigated to quantify extreme swell phenomena from microseismic noise
measurements recorded by ground seismometers (see Section 3.1.2.). The preliminary
assessment of terrestrial seismic observations collected in Réunion Island against oceano-
graphic records and offshore wave model data have demonstrated that land-based seismic
stations could be particularly useful to observe both austral [40] and cyclonic swell [41]
(this Special Issue).

https://www.copernicus.eu/fr
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2.2. Modelling Component

Protecting life and property requires a precise estimate of the environmental changes
associated with the passage of TCs in the vicinity of inhabited areas. The challenge in the
face of the cyclonic threat is to simultaneously predict the track and intensity of the storms,
but also the consequences resulting from their landfall, or transit near inhabited areas.
Hence, damages caused to a given territory, which are essentially related to rainfall intensity,
wind strength and sea state (e.g., swell), could significantly differ depending on whether it
is affected by a tropical storm (TS), a monsoon depression, or a more or less intense TC. To
this end, many operational meteorological services and research centers concerned with
TC hazards have made considerable efforts to develop deterministic and ensemble coupled
NWP systems providing high spatial resolution forecasts in all TC basins [42–46]). Another
fundamental element to improve TC impact predictions, which is partly addressed in the
hydrological component (RNR-Erosion) of the global ReNovRisk program, is to also take
into account the role of land surface and hydrological processes even after the dissipation
of the storm. The recent case of TC IDAÏ, whose catastrophic damage in Beira was mainly
caused by flooding occurring days after the storm had passed over the city, is a perfect
example of the urgent need to also improve hydrological forecasting.

Improving TC forecasting first and foremost implies a proper representation of the
interactions between the storm and the ocean, and vice versa [47]. During the propagation
of a TC over an oceanic area, mixing caused by surface winds usually induces a signifi-
cant drop in surface temperature [48,49] that strongly reduces surface enthalpy and heat
fluxes [50,51]. These air–sea fluxes can also be significantly impacted by waves, which
redistribute momentum in the near-surface layer and modify the enthalpy fluxes through
the emission of sea spray [52–57]. In this regard, new parameterizations reproducing the
impact of marine aerosols on turbulent heat exchanges have been proposed and validated
in recent years [58,59], but are yet to be implemented in atmospheric models to thoroughly
evaluate their impact on TC behavior.

Radiative cooling [60,61], evaporation [62,63] and latent heat release [64] have long
been recognized to play a key role in the development and intensification of tropical
cyclones; therefore, particular attention must also be paid to microphysical schemes im-
plemented in NWP systems. These schemes must, in particular, allow for an efficient
representation of the radiative cooling at the top of the storms (which is a constraining
criterion of TC intensity) and of the vertical distribution of latent heat (which represents
the main source of energy of TCs). They should thus also be able to realistically take into
account the role of atmospheric aerosols, that (indirectly) affect the radiation balance by
impacting on the radiative and precipitating properties of the clouds. Improving TC fore-
casting therefore also implies the development of coupled aerosol–microphysical–radiation
schemes to be integrated in fully coupled ocean–wave–atmosphere (OWA) models.

An important objective of RNR-CYC was to develop high-resolution OWA and OA
modelling systems capable of representing, as exhaustively as possible, the multitude of
physical interactions that control the variations of intensity of TCs, as well as their impacts
(wind, rain, swell) at the scale of SWIO territories. The main modelling developments
made in the frame of this project can be found in [11,65], (this Special Issue, [66]) and in the
companion paper [33].

2.3. Climate Component

Evaluating the impact of climate change on the frequency and intensity of tropical
cyclones is considered as one of the top five issues of concern by the IPCC. Currently,
regional and global climate models make it possible to identify the preferred areas of cyclo-
genesis and occurrence of tropical low-pressure systems at the basin scale, but cannot yet be
effectively relied upon to investigate potential changes in their structure and intensification
mechanisms. Although it is now widely accepted that the global increase in sea surface
temperatures in tropical areas will be a favorable element for TC development, it is not
clear how other ingredients involved in their formation and intensification will evolve in
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the future. In this regard, another important objective of RNR-CYC was to evaluate the
global evolution of cyclonic activity in the SWIO, but also to investigate potential structural
and intensity changes of TCs resulting from the ongoing modification of their oceanic and
atmospheric environments.

The modelling strategy was based on two complementary approaches, allowing to
both estimate the evolution of cyclonic activity at the basin scale (i.e., changes in trajectory,
intensity, and frequency of TCs at different time scales), and to assess potential structural
changes and impacts of TCs at the local scale. This strategy relies on the exploitation of
unprecedented high-resolution global climate simulations [32], as well as of mesoscale
coupled simulations to estimate the impact of climate change on the intensity, behavior,
and consequences of TCs at the scale of a given territory. Examples of results obtained
from such high-resolution model runs are discussed in [33,67] (both in this Special Issue).

2.4. Regional Cooperation

Another important objective of RNR-CYC is to provide enhanced tools and knowledge
to SWIO countries facing cyclonic hazards. Responding to this strong societal issue requires
a better structuring of the regional scientific community, as well as significant reinforce-
ment of the cooperation between countries bordering the SWIO basin. While regional
collaboration already exists through WMO’s regional structures (e.g., Tropical Cyclone
Programme (https://public.wmo.int/en/our-mandate/focus-areas/natural-hazards-and-
disaster-risk-reduction/tropical-cyclones, accessed on 20 March 2021) and Réunion Is-
land’s Regional Specialized Meteorological Center (RSMC La Réunion, http://www.meteo.
fr/temps/domtom/La_Reunion/webcmrs9.0/anglais/index.html, accessed on 20 March
2021)) and the Indian Ocean Committee (https://www.commissionoceanindien.org/, ac-
cessed on 20 March 2021), interactions remain essentially focused on operational and
technical applications, and only modestly promote research development in this area.

One of the strengths of RNR-CYC consists of the implementation of a partnership
involving many regional research institutes, universities, and meteorological services that
agreed to pool their resources and expertise to strengthen the resilience to TC hazards, and
develop public policies better adapted to the risks faced by SWIO territories. RNR-CYC is
thus a fundamentally collaborative project that is not only based on the large sharing of
data and experiences, but also on training programs and capacity-building initiatives in the
fields of observation and forecasting. These actions include, for instance, the organization
of forecasting training sessions at RSMC La Réunion, of training courses in climatology and
climate change, as well as numerous co-supervised MSc internships based on the analysis
of experimental measurements collected in the project.

For instance, the project’s field phase, which involved nearly one hundred participants
from late January to mid-April 2019, was an opportunity for many students and researchers
to initiate themselves to the technique of atmospheric radiosounding (RS). During this
2.5-month campaign, ~500 radiosoundings were performed from three experimental sites
specifically deployed for this occasion in Maputo (INAM’s headquarters, Mozambique),
Mayotte (Météo-France weather center, France), and Toamasina (Toamasina international
airport, Madagascar). On this occasion, nearly 60 students and academics from Antana-
narivo (Madagascar), Eduardo Mondlane (Mozambique) and Réunion universities came
to Toamasina and Maputo to conduct RS measurements, while many senior forecasters of
INAM and Météo-France Mayotte had, for the first time, the opportunity to operate and
familiarize themselves with an RS station (Figure 3).

https://public.wmo.int/en/our-mandate/focus-areas/natural-hazards-and-disaster-risk-reduction/tropical-cyclones
https://public.wmo.int/en/our-mandate/focus-areas/natural-hazards-and-disaster-risk-reduction/tropical-cyclones
http://www.meteo.fr/temps/domtom/La_Reunion/webcmrs9.0/anglais/index.html
http://www.meteo.fr/temps/domtom/La_Reunion/webcmrs9.0/anglais/index.html
https://www.commissionoceanindien.org/
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Figure 3. The Toamasina (Madagascar) radiosounding campaign. (a) Training of students from Antananarivo University
at Toamasina airport. (b) Statistical analysis of the 140 RS measurements performed in Toamasina: mean altitude of the
tropopause, ascending speed, and maximum RS altitude. Picture: Olivier Bousquet

The involvement of the French consular services in the project also made it possible
to communicate widely to the general public, the scientific community, and the media in
Mozambique, Madagascar and the Seychelles on the issues of adaptation to climate change
and natural hazards. As will be seen in Section 4, these regional collaborations will continue
for many years to come through several new research projects initiated by RNR-CYC.

3. Results

3.1. Oceanic Observations

3.1.1. In Situ Swell Observations

One of the main objectives of RNR-CYC is to assess the impact of tropical cyclones on
land, including possible submersion resulting from cyclonic swell surge along coastlines.
In many tropical islands, the latter are bordered by coral reefs that can serve as a defense
against flooding. These reef systems, particularly fringing reefs, protect the coastline by
acting as low-pass filters that can reduce the energy of wave flows reaching the coast by
up to 98% in the gravitational part of the wave spectrum [68]. The physical processes
underlying coral reef coastal protection consist of a complex combination of incident waves,
tides, and wind-induced surges [69–71].

Ocean wave energy is concentrated in the gravitational frequency band of the wave
spectrum, generally between 0.04 Hz and 0.25 Hz. These gravitational waves (GWs) are
the main drivers of the hydrodynamics of reef systems, as well as of beaching, runup, and
submersion. During and after breaking at the edge of reef systems, GWs are dissipated
while low frequency waves (infragravity waves (0.004 < IG (Hz) < 0.04) and very low-
frequency waves (0.001 < VLF (Hz) < 0.004) propagate to the shore. Previous analyses of
these propagation and transformation processes across various coral reefs have shown that
wave dynamics could vary considerably depending on the characteristics and location of
reef systems [71,72].

In order to both quantify the physical processes linked to severe sea states and assess
the protective role of reef systems, a cross-shore transect, composed of bottom-fixed wave
gauges and ADCPs, was deployed in Réunion Island from February to April in 2019 and
2020. Instruments were installed at the fringing reef of “Trou d’Eau”, located along the
west coast of the island (Figure 4a). At the near-shore site, reef-base (RS) and reef-flat
(RF) stations were deployed through the fringing reef along a cross-shore transect. The RS
station was installed at the base of the reef slope at an average depth of 12 m, while three RF
stations (RF1, RF2 and RF3 in Figure 4a) were aligned on the flat reef inside the lagoon at a
depth of 1 m (Figure 4b,c). RS and RF stations were all equipped with synchronized ocean
sensor system instrument (OSSI) wave gauges, enabling continuous recording pressure at
a sampling frequency of 10 Hz. The RS station also featured an upward-looking Nortek
AQuadopp (AQP) profiler configured to measure current profiles every 20 min, with a
2 Hz hourly burst mode to record wave parameters. In 2020, an ADCP (RDI Sentinel V100)
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was also deployed at an ocean offshore (OC) site at a depth of 45 m. This instrument was
configured to record incident wave parameters from hourly bursts of 2100 samples at 2 Hz,
and current profiles from the bottom to the surface.
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Figure 4. Overview of the experimental setup deployed in “Trou d’Eau” (Réunion Island) in February–April 2019 and 2020.
(a) Coastal study area, (b,c) details of the cross-shore transect instrumented during the experiments. The stations are labeled
OC for ocean offshore, RS for reef-slope, and RF for reef-flat. In (c), labels OSSI, AQP and RDI ADCP correspond to wave
gauges, Nortek AQuadopp current Profiler, and RDI ADCP current profiler, respectively. Instrument deployment dates are
indicated in (c).

Observations collected at the offshore stations OC and RS were relied upon to describe
and quantify the main properties (height, period, and direction) of the waves impinging
on the reef in the GW frequency band (wave periods ranging from 4 to 25 s), while data
gathered at RF stations were used to investigate wave transformation (across the fringing
reef) and propagation (from outside the lagoon to the shore). Observations collected at OC
and RS stations were processed with the RDI software “Velocity” and the PUV method [73],
respectively. All OSSI pressure data were corrected from atmospheric mean sea level
pressure data recorded at the surface weather station of “La Rivière Des Galets” (located
20 km northward of the experimental site, RDG on Figure 4a) and non-hydrostatic pressure
following the linear wave theory [74].

The mean surface elevation was computed from a 20 min moving average of the
signal, while the wave spectrum and average wave parameters were obtained through the
application of a fast Fourier-transform (FFT). The latter was applied over 4096 data points
for incident gravity wave band or swells (0.04 < SW < 0.25 Hz), and 32,768 data values for
infragravity (0.004 < IG < 0.04 Hz) and very low frequency (0.001 < VLF < 0.004 Hz) bands.
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The recorded signal was not perfectly periodic; therefore, a Hamming window, leading to
zero value at the edges, was also applied to mitigate artifacts resulting from leakage issues.
To avoid resulting loss of information at the edges, a 30-min (resp. 3 h) time average was
then performed for the incident (resp. IG and VLF) bands. Time series of power spectra
density deduced from data collected in 2019 along the cross-shore transect are shown in
Figure 5, together with the associated mean power spectra at each station.
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Figure 5. Spectral wave characteristics observed along the instrumental transect presented Figure 4b.
The plots are organized in the shoreward direction from the top to the bottom (reef slope RS1 station
on the top, and reef flat station RF1 closest to the shore on the bottom). The left panels show the
temporal variation of the wave spectrum recorded at each station from February to April 2019. The
black solid line indicates the frequency cut at 0.04 Hz between the gravity frequency band (GW) and
the infragravity (IG) frequency band. The right panels show the mean power spectral density for
each station averaged over the whole period, with the frequencies band GW, IG and VLF (for very
low frequency) indicated.

Measurements collected at the reef slope station RS clearly show that the wave energy
spectrum is concentrated in the gravity band, with an averaged peak period of 13.5 s over
the whole period. After breaking at the reef crest, most of this energy is dissipated (by
breaking and/or by friction on the reef bottom), while the remaining part (in IG and VLF
bands) is transferred inside the reef system. For the two strong wave events observed in
February (likely associated with TC GELENA to the north of Réunion Island) and April
2019 (austral swell event), the total wave energy reduction between the reef slope station RS
and the adjacent reef flat station RF3 reaches 98%, a value in good agreement with previous
meta-analyses [68]. Within the reef, the transfer of the remaining energy between the three
stations was nevertheless slightly different for these two events. In February (TC event),
the wave energy reduction reached 64% from RF3 to RF2 and 2% from RF2 to RF1, but only
47% from RF3 to RF2 and 15% from RF2 to RF1 in April (austral swell event). The main
difference between these two events is related to the period of the incident waves (11.8 s
for the TC-related event and 16 s for the austral swell event); this result suggests that the
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generation and propagation of IG waves inside the reef might be less important for short
waves, induced by the wind, than for longer-period swells. This shoreward propagation
with less energy reduction is also noticeable in the average spectra, which show a small
translation of the peak frequency toward higher frequencies in the IG band, between the
RF2 and RF1 station, and a reduction in the peak amplitude.

These preliminary analyses show that Réunion Island’s fringing reef plays a strong role
in protecting the shore against incident waves. Further investigations will be conducted in
order to thoroughly investigate the physical processes and the role of both reef topography
and roughness on the dynamics of IG waves. This includes, for instance, the impact of
shoreward-propagating IG waves on onshore suspended-sediment transport [75], and the
relationship between long wave propagation (and transformation) across the reef and sea
water level above the reef—the remaining long waves propagating through the reef have
been shown to increase the back-reef set-up and beach runup, which could lead to increased
coastal erosion during extreme events such as tropical cyclones or strong storms [76,77].

3.1.2. Ground-Based Swell Observations

The global monitoring of swell activity induced by tropical storms (TS) and TCs is
of major interest to quantify the risk associated with extreme swells, but also to validate
numerical models used to predict ocean activity. Direct swell observations such as those
presented in the previous section are, however, strongly limited by the low number of
oceanographic sensors available in this area, as well as by their deployment (and servicing)
costs and their vulnerability during tropical cyclones. These limitations motivated the
use of indirect observations as alternative and complementary observables to quantify the
swell parameters. In this regard, the analysis of wave-induced seismic noise is known
to be an interesting substitute for monitoring ocean activity and has been proven to be
particularly relevant for assessing the impact of waves on coastal environments [38]. The
possibility to derive swell measurements from the seismic noise generated by ocean swell
and transmitted to the solid earth as seismic waves recorded by terrestrial seismological
instruments [78], is discussed hereafter from data collected in RNR-CYC.

Microseisms recorded by seismic stations worldwide are known to be generated by
ocean gravity waves [79]. Seismic energy spectra at terrestrial seismic stations showed two
clear peaks in separate frequency bands, known as primary and secondary microseisms
(hereafter named PM and SM, respectively), originating from different physical processes
involving local or distant sources of ocean wave activity [80]. Primary microseisms (PM)
are mostly visible at coastal and island stations and are assumed to be generated by direct
interactions of swell-induced pressure variation with the coastal seafloor [81–83]. PM noise
has the same periods as the ocean swell (i.e., between 8 and 20 s), providing a powerful
way to characterize the local impact of swell approaching the shore. On the other hand,
SM noise is generally generated in the deep oceans and at larger distances from coastal
areas [37,84–86]. It dominates seismic noise at both continental and oceanic stations and
exhibits a large peak at half the period of ocean waves (i.e., between 3 and 10 s), generated
by the interference of swells of similar periods travelling in opposite directions [79] and
generating seismic surface waves travelling horizontally within the solid crust.

In the Indian Ocean, most remote sources of seismic noise are located in the south-
ernmost part of the Austral Ocean basin and are associated with storm systems moving
around Antarctica [84,87,88]. Some noise sources may also develop at tropical latitudes
in association with tropical cyclones [41] (this Special Issue). Recent seismic deployments
on the ocean floor enabled the making of in situ observations of SM underneath TCs in
the neighborhood of Réunion Island [37] and confirmed the possibility to track TC and TS
from the ocean bottom. Although SM are generally created by distant storms, they can also
be generated by the coastal reflection of waves if incident and reflected waves propagate
in opposite directions [89,90]. In this latter case, the incoming swell may interfere with its
reflected swell, resulting in the generation of standing waves close to coastal areas that
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oscillate at twice the frequency of the propagating wave [91]. Some studies suggest that
local and distant sources of noise in the SM frequency peak may coexist [39,92,93].

Previous seismic analyses conducted in the Pacific and Indian Oceans have already
demonstrated that several swell parameters can be derived from the seismic data. This
includes: (i) the swell peak period Tp, derived from the dominant frequency of the PM and
SM using the power spectral density analysis of the seismic records; (ii) the local or distant
wave significant height Hs (in the case of the PM or SM band, respectively), obtained
by measuring the microseism amplitudes through hourly Root Mean Square (RMS); and
(iii) the wave peak direction Dp for the case of the PM band, or the source direction in
the case of the SM band, which can both be deduced from the polarization analysis of the
three seismic data components, to determine the dominant direction and strength of the
recorded microseismic noise.

To illustrate this innovative approach, we analyse hereafter seismic observations
collected during the tropical storm (TS) ELIAKIM that developed in March 2018. This
storm has clear signatures, despite not reaching tropical cyclone intensity, and developed
at a large distance from Réunion Island, demonstrating the potential of the method in
quantifying remote systems. As mapped on Figure 6a, TS ELIAKIM started as a depression
located north-east of Madagascar on 13 March 2018. It then intensified to a tropical storm
on 14 March and to a strong tropical storm on 15 and 16 March while approaching the
eastern coast of Madagascar, where it made landfall on 17 March. TS ELIAKIM continued
its southward motion and returned over the ocean on 18 March. After a final burst on
19 March, the storm collapsed on 20 March, while entering its extratropical transition phase.

Our analysis was performed from data recorded by seismic stations of the permanent
seismic network of the Piton de la Fournaise Volcano Observatory (OVPF, seismic code PF,
red triangles on Figure 6b) and from a temporary seismic network deployed in the frame of
the RNR program (code ZF, blue triangles on Figure 6b). Seismic data were compared with
swell parameters issued from the WaveWatch3 (WW3) model [94,95] at nodes surrounding
the island from the global wave model hindcast [96], indicated by stars on Figure 6b.

The seismological energy content of the vertical ground displacement of station MAT
(Figure 6b) is shown in the spectrogram of Figure 7a. It displays the temporal variation
of the Power Spectral Density (PSD) during the period 10 to 25 March 2018 over the
frequency band of the ocean activity (0.05–0.5 Hz, i.e., 20–2 s periods). Superimposed
to the spectrogram is the distance curve of the storm center to Réunion Island (dashed
line), together with the storm intensity curve (black line indicating the mean wind speed
and the colored dots the storm classification, as in Figure 6a). The seismic energy at this
station shows good correlation with the storm intensity, despite its large distance, varying
from 500 to 1500 km with two pulses of energy with the maximum at a frequency range of
0.1–0.3 Hz, i.e., in the SM band, culminating on 16 and 19 March during maximum storm
intensity. Below 0.1 Hz, i.e., in the PM band, the PSD still displays clear energy increasing
during the two storm peaks.
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Figure 6. (a) Track of TS ELIAKIM as derived from RSMC La Réunion best-track data. The colored circles indicate the
position and intensity of the storm every 6 h. (b) Locations of the seismic stations (blue triangle, temporary ZF network, and
red triangle, permanent PF stations) and WaveWatch3 nodes [96] surrounding the island, where wave height Hs (colored
stars) is extracted. Vectors indicate the average azimuth on March 19, 2018, obtained from the polarization analysis in the
SM frequency band (green) and computed from the storm track and the RER seismic station (pink).

The hourly RMS amplitudes of the seismic noise recorded at the various seismic
stations on the island are shown in Figure 7b,c, for both the SM and the PM bands, respec-
tively. Note that the vertical axes are different, and that the SM amplitude is almost one
order of magnitude larger than the PM. The 21 seismic stations analyzed over Réunion
island display similar variation patterns. This indicates that this noise is not a purely local
source; the storm acting as a distant SM source, or that the source—if local—is larger than
the size of the island, which is the case for the swell generating the PM. The observed
station-to-station variability in RMS amplitudes suggests the influence of local site effects
such as the installation, the coupling of the seismic sensor with the ground, the nature of
the bedrock, and the attenuation around the station.

The RMS peaks at seismic station MAT (Figure 7b) are observed on 16 and 19 March.
This period corresponds to the maximum intensity of TS ELIAKIM and to the local variation
of the swell height, as visible on Hs data issued from the WW3 model at various points
around Réunion island (Figure 8). The maximum Hs observed on 19 March (corresponding
to the nodes at the longitude of 55◦ E) interacted with the local bathymetry slightly later,
which explains the small delay with the PM. A small peak was also observed on 21 March
in both SM and PM data with dominating energy at period ~10s, likely originating from a
distant source and not related to any local swell activity increase.



Atmosphere 2021, 12, 544 14 of 412021, , x FOR PEER REVIEW 14 of 43 
 

 

Figure 7. Temporal variation of the microseismic noise recorded during TS ELIAKIM. (a) Spectrogram at seismic station
MAT (see location in Figure 6b) between 10 and 25 March and up to 0.5 Hz, together with the storm intensity (continuous
black line) and distance between the storm center and the seismic station (dashed black line). The colored circles indicate
the intensity of the storm every 6 h, as on Figure 6a). (b) Secondary microseisms RMS amplitude variations measured at the
island seismic stations (left axis, in micrometers), together with the distance between the storm and seismic station (right
axis, in km). (c) PM RMS amplitude variations (left axis) at Réunion Island seismic stations.

If one accepts that the SM is generated in the vicinity of the storm center and that the
PM is generated in coastal areas closer to the seismic stations, one should observe a delay
between the two curves. Such a delay was previously observed for austral swells generated
by distant storms [40] and proposed as a precursor for predicting coastal submersion in
Réunion island. In the present case, considering the involved distances (TS ELIAKIM was
located ~800 km of the coast of Réunion Island on 16 March, and 500 km on 19 March)
and the involved velocities (3 km s−1 for the surface waves carrying the SM signal, and
~50 km h−1 for the long period waves at the surface of the ocean), one should expect a
delay of >10 h for each peak. However, Figure 8 shows a delay of only ~4 h between the
SM and PM. This may indicate that the SM is not generated at the storm center, but likely
closer to the island. Alternatively, it may also indicate a slow wind–wave growth that
may take from a few hours to few days [97]. The swell–noise amplitude correlation can be
used to build a transfer function to translate the amplitude of the seismic noise in terms of
swell height. Although such a relation is station-related, and therefore not universal, it was
nevertheless shown to provide particularly good results for strong swell events [40,41,81].
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Figure 8. Seismic and swell amplitudes recorded during TS ELIAKIM in March 2018. SM (black dots) and PM (pink dots)
RMS amplitude at seismic station MAT (see location Figure 6b) versus the significant wave heights (Hs) at different nodes
around La Réunion (colored lines). Note that the amplitude of the PM is multiplied by 8 to reach about the same scale as
the SM. The green and magenta dots indicate the maximum SM and PM, respectively, showing a delay of 4 h between the
two. The significant waves heights Hs extracted at the various model nodes around the island (Figure 6b) are plotted in
continuous colored lines with the same color codes as the stars in Figure 6b.

The recordings of the three components of the ground motion also make the seis-
mic noise a vectorial observation for measuring the direction and strength of the signal
polarization. In the case of the SM band, the polarization is expected to point towards
the noise source, i.e., the storm center, whereas it should indicate the very local swell
propagation direction in the case of the PM. In this PM case, some angle may exist between
the swell propagation direction at a large distance offshore and the swell at the coast,
due to refraction of the swell and the coastal bathymetry. In the case of TS ELIAKIM,
the polarization was measured on an hourly basis in the SM frequency band. Figure 6b
displays the average polarization recorded on 19 March at the various land seismic stations
in the 0.1–0.33 Hz frequency band (pink) that can be compared to the azimuth computed
from the storm center position. This map illustrates a very homogeneous orientation of the
noise polarization across the island, pointing to the SW (toward the storm center location
on that date) and confirming that the SM originated in the vicinity of the storm center.

These results confirm that seismic noise may provide a useful proxy to quantify the
swell parameters. In the PM band (10–20 s period), the seismic noise amplitude allows for
a robust quantification of the swell height Hs through a transfer function, the spectrogram
allows deciphering the swell dominant period Tp, and the polarization analysis allows
retrieving the local swell direction Dp. In the SM band (3–10 s period), the amplitude
revealed the storm strength and the polarization indicated the storm azimuth. Terrestrial
seismic stations therefore provide alternative and complementary observations of both TC
and ocean activities. In some cases, the availability of several decades of seismic archives
may also provide new opportunities to derive cyclone climatologies [41].

3.1.3. Biologging Observations

Observing the vertical structure of the ocean is essential to improve knowledge of both
the coupled OA system and marine ecosystems. In this regard, an increasingly common
alternative to gather high-resolution hydrographic profiles in the world’s oceans is to rely
on animal-borne sensors (a.k.a. biologging) to collect in situ observations in remote and
under-instrumented areas. Compared to conventional oceanographic in situ observation
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approaches (e.g., gliders, ARGO drifters, buoys, research cruises), animal-borne electronic
ARGOS tags are relatively inexpensive to operate and can be deployed in remote areas
with limited human resources. This approach offers all countries the possibility to actively
contribute to the collection of ocean observations; therefore, biologging is expected to
grow considerably in the future. The recent decision, in August 2020, of the Global Ocean
Observing System (GOOS)’s Executive Committee to create a new observing network
exclusively dedicated to animal-borne ocean sensors (“ANIBOS”) is definitely in line with
this perspective and clearly attests of the immense potential of this approach.

The potential of biologging for sampling the thermal structure of the tropical Indian
Ocean was evaluated in the frame of RNR-CYC’s sub-program “Sea Turtle for Ocean Research
and Monitoring” (STORM). STORM was initiated in January 2019 by Réunion’s University
and Réunion Island’s Sea-Turtle Observatory (Kelonia), with the goal of monitoring the
state of the tropical Indian Ocean down to several hundred meters below the surface in
near-real-time and at high spatial (<100 m) and temporal (5’) resolutions. As of March 2021,
22 animals have been equipped with Temperature–Depth (TD) ARGOS tags before being
released from Réunion Island (Figure 9). Note that all animal manipulations were made
by accredited ST biologists and that all STs were accidentally captured in fisherman’s nets
in the vicinity of Réunion Island and brought back to Kelonia’s care center to be healed
and rehabilitated.
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Figure 9. Trajectories and names of the 18 loggerheads and Olive Ridley STs equipped with Wildlife
Computers SPLASH10 tags released from Réunion’s Island as of 10 March 2021. Circles next to the
ST names on the right-hand side indicate active tags as of 20 March 2021. The insert on the left-hand
side shows a zoomed view of ST Union trajectory between 28 August and 17 December 2020. Four
additional animals, equipped with LOTEK Kiwisat tags, were also released from Réunion island in
2019 (not shown). Plots are extracted from Wildlife Computers’ real-time ARGOS tracking platform.

During this experiment, two species of late juvenile sea turtles (loggerhead and Olive
Ridley) were equipped with Argos TD tags. While some animals stayed in their pelagic
habitats, some loggerheads also began their first homing migration to the Oman Gulf, thus
enabling the collection of data both in tropical areas, from loggerheads, and subtropical
areas, from Olive Ridleys (Figure 9). STs released from Réunion Island principally swam at
(or slightly below) the surface (~50% of the time) and near the bottom of the ocean mixed
layer (OML, ~25% of the time). They were found to dive up to 100 times a day, sometimes
up to 350 m, allowing the collection of numerous hydrographic profiles within and far
below the OML [9]. The analysis of data collected during the first year of this experiment
has confirmed the great potential of this approach for sampling the vertical structure of



Atmosphere 2021, 12, 544 17 of 41

the ocean, validating ocean models and spaceborne sensors, as well as to investigate the
intra-seasonal variability of the tropical Indian Ocean [9].

Sea turtles are known to generally swim in rings and frontal areas in between, and
often travel by moving from one ring to another [98]. These rings and eddies are numerous
in the Mozambique Channel [99,100], but less common north of Réunion Island, which
may explain that loggerhead STs released from there generally tend to follow a straight
trajectory (Figure 9)—another explanation (currently under investigation) is that STs rarely
feed during their reproductive migration, so as to reach their breeding areas as fast as
possible. Nevertheless, according to its circular trajectories, ST Union (Olive Ridley), which
moved south-east of Réunion Island in late 2020, apparently travelled in oceanic gyres and
eddies (Figure 9).

The surface current analysis of Mercator Ocean’s operational model NEMO-PSY4
(a.k.a Glo12, [101]), averaged from 15 October to 15 December, confirmed that ST Union
indeed swam in cyclonic and anticyclonic eddies of variable sizes during this period
(Figure 10a). Vertical cross-sections of the ocean temperature field across the center of
the main eddy (Figure 10b,c) show strong upwellings at the edges of the vortex (while
downwelling can be observed at the center), resulting in significant temperature gradients
at the surface (Figure 10a). This vertical transport, which brings nutrient-rich waters from
the thermocline up to the surface, makes these eddies prime feeding areas for many marine
species and are particularly appreciated by sea turtles. Equipping STs with environmental
tags is thus an easy and relatively affordable way to sample the properties of these impor-
tant transient mesoscale features, which will be further investigated in the continuation of
the STORM program (see Section 4).
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Figure 10. GLO12 model analyses in the area of evolution of ST Union averaged from 15 October to 15 December 2020.
(a) surface currents and sea surface temperature superimposed on ST Union track over the 2 month period (green dots),
(b,c) vertical cross-sections of ocean temperature through the center of the main vortex travelled by ST Union.

During this experiment, three sea turtles were also caught in the immediate vicinity
of tropical cyclones during TC seasons 2018–2019 and 2019–2020: ST Brice, which moved
in the vicinity of TC KENNETH (April 2019) during its cyclogenesis (Figure 11a), and STs
India and Tom that were trapped in TC HEROLD (March 2020) during its intensification
phase (Figure 11b). Spaceborne oceanic observations are generally unavailable under
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cloudy conditions; therefore, data collected by these animals also represent a fantastic
opportunity to investigate the impact of TCs on the surface and subsurface structure of
the ocean.

Sea surface temperature data collected by ST India in TC HEROLD from 14 to
20 March 2020 are shown in Figure 11c. During these six days, the animal remained
trapped in the immediate vicinity of the storm center (~ 30 km from the TC eye) and only
moved ~50 km in the north/north-west direction. In situ surface temperature observations
collected from 14 to 17 March showed SST cooling of ~3.5◦C (29 ◦C to 25.5 ◦C) in 72 h—
during these three days, the animal remained quasi-stationary. As the storm progressively
moved south-eastwards, ST India began to slowly move to the north-west, over the area
previously affected by the tropical cyclone. Observations collected from 17 to 20 March
showed that the temperature surface layer in this area quickly returned to pre-storm condi-
tions, to regain its initial temperature of 29 ◦C on 19 March. As shown in [33], surface and
subsurface observations collected by STs in tropical cyclones can also provide key data to
evaluate coupled model forecasts in cyclonic conditions.
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Figure 11. Satellite images of (a) TC KENNETH on 15 April 2019 and (b) TC HEROLD on 15 March
2020. Sea turtle symbols show the location of ST Brice during the cyclogenesis of TC KENNETH
(left panel) and of STs India and Tom during the intensification phase of TC HEROLD (right panel).
(c) Evolution of sea surface temperature (◦C) in the vicinity of TC HEROLD, as measured by ST India
between 14 and 20 March 2020 within the area (51.93–52.62◦ E; 13.9–14.67◦ S).

3.1.4. Glider Observations

On 22 January 2019, two SlocumG1 gliders operated by CNRS were deployed from
Réunion Island for a period of two months. The two instruments were programmed to
follow a north-east (glider GLNE) and a north-west (glider GLNW) trajectory to reach
the northernmost region of the Mascarene Archipelago, where a high probability of TC
formation was suggested about 400–600 km north of Réunion Island (Figure 12). The data
acquisition strategy was set in order to complete a saw-tooth navigation pattern, allowing
the gliders to dive with an angle of 26◦ between 5 m and 980 m depth (resulting in an
along-track resolution of about 4 km once the profile was normalized on the vertical).
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Figure 12. Trajectories of the two gliders deployed from Réunion Island between 22 January 2019 and 22 March 2019.
(a) Trajectories of glider GLNE (blue) and GLNW (red), together with the trajectory and intensity (colored dots) of TC
GELENA between 5 and 9 February. The positions of the gliders during the TC period are indicated by black ellipses.
Right panels show cast depth range and mean current velocities along the glider tracks estimated from glider drift for (b)
GLNE and (c) GLNW. Table 1: Glider instrumentation, sampling rate (Hz), vertical resolution (m) and depth range (m) of
collected data.

The two gliders were programmed to sample the ocean during descending (downcast)
and ascending (upcast) profiles. Observations were transmitted in real time by satellite
telemetry after each upcast, when directives for modifying the sampling strategy and glider
navigation (based on operational ocean model forecasts) were also received. Each glider
was equipped with various physical and optical biogeochemical instruments for sampling
the ocean temperature, salinity, oxygen, turbidity, and chlorophyll-a concentration at
different rates according to depth, as shown in Table 1. All sensors were operational for
glider GLNW, but the oxygen and optical sensors were turned off on glider GLNE.

The primary objective of this experiment was to investigate OA kinetic energy ex-
changes in cyclonic conditions, with emphasis on the fraction of kinetic energy transmitted
to the ocean. As shown by [102], who analyzed the vertical structure of the ocean in
a tropical cyclone sampled during the CIRENE field phase [103], this kinetic energy is
generated on the left side of the TC track in the southern hemisphere, and later consumed
by strong vertical mixing resulting from surface water cooling [104]. Due to the presence
of strong currents (>0.25 m s−1) along the glider trajectories, an important surface drift
prevented the full application of the initially planned northward navigation strategy. The
navigation parameters were then modified early in the mission to mitigate the battery
consumption by reducing the depth range of the glider (because the oil pump that controls
the glider buoyancy is the device that consumes the most energy). The gliders profiles were
thus reduced to 500 m and 300 m depths (as shown by the colored tracks on Figure 12b,c).
Real-time data transmission was also turned-off at some points to reduce the time spent at
the surface, when drifting was maximized. The slower-than-expected displacement speed
of the gliders prevented them from intercepting the core of TC GELENA, which developed
in the area between 5 and 9 February 2019 (Figure 12a). Thanks to real-time trajectory
optimization, both systems were nevertheless able to approach relatively close to the storm,
as shown by black ellipses displayed in Figure 12a. For instance, glider GLNE was able
to move to a distance of about 290 km from the TC center and to collect ocean data in the
direct vicinity of this storm.
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Table 1. Glider instrumentation, sampling rate (Hz), vertical resolution (m) and depth range (m) of
collected data.

Parameter Instrument Sampling Resolution Depth

GLNE

Temperature
Salinity and Depth

CTD Seabird SBE-41cp 1/8 1.5 −5 to −980

Oxygen Aanderaa Optode 5013 - - -

Fluorescence
Turbidity

Wetlabs flbbcd - - -

GLNW

Temperature
Salinity and Depth

CTD Seabird SBE-41cp 1/8 1.5 −5 to −980

Oxygen Aanderaa Optode 4831 1/8 1.5 −5 to −980

Fluorescence
Turbidity

Wetlabs flbbcd 1/8 1.5 −5 to −980

Vertical profiles of temperature, salinity and density collected by the two gliders
between 0 and 150 m and 23 January and 17 February 2019 (along the two northward
segments of the tracks) are shown in Figure 13, together with corresponding mean profiles
for each parameter. The mixed layer depth (MLD), indicated by a black solid line, is
estimated as the depth where the temperature differs by 0.2 ◦C from a surface reference
value of 10 dbar [105,106]. Due to the significant distance separating the two gliders from the
TC core, and because the maximum kinetic energy generated in the upper ocean occurred
on the left side of the TC track, no significant change in the surface temperature could
be noticed during the pre-cyclonic, cyclonic, and post-cyclonic phases (Figure 13a,d,g).
A relatively constant temperature of 29 ◦C was observed between the surface and 30
to 40 m depth, but quickly decreased to reach 22 ◦C at a depth of 150 m. Salinity
measurements (Figure 13b,e,h) indicated a freshening of the water within the top 100 m
layer, starting around 6 February (−19.22◦ N) for the GLNW track, and from 28 January
(−20.15◦ N) for the GLNE track. While part of this freshening can be explained by the
rainfall generated by TC GELENA between 15◦ S and 5◦ N, another possible explanation
is related to the advection of fresher water originating from the southern branch of the
South Equatorial Current, which flows westward with a 20 Sv transport to feed the East
Madagascar Current [107]. The velocity field computed from Mercator-Ocean’s global
reanalysis model PHY-001-030, which indicated the presence of strong westward currents
between 28 January and 9 February (not shown), and the vertical extent of this freshwater
lens, both seem to support this hypothesis. Density measurements (Figure 13c,f,i) did not
seem to be impacted by this freshening and showed a well-mixed layer within the top 40 m
of the ocean and a well-stratified layer underneath.

The mixed layer depth shows significant frequency variations in relation to the diurnal
cycle, and also appears deeper along the GLNW track until 8 February. GLNW was always
located southward of GLNE before this date; therefore, these observations suggest a sloping
up of the MLD in the northward direction. As GLNW moved northward of GLNE after
8 February, the MLD measured by GLNE became deeper, thus reinforcing the hypothesis
of a northward sloping-up of MLD. A significant rise of the MLD of up to 20 m (on 5 and
6 February for GLNE and GLNW, respectively) could also be observed almost immediately
after the TC formation (4 February). The MLD then returned to its initial value between
9 February (for GLNW) and 12 February (for GLNE).
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Figure 13. Time series of vertical temperature (top), salinity (middle), and density (bottom) profiles within the top 150 m
ocean layer from 23 January 2019 to 17 February 2019 for (a–c) GLNW and (d–f) GLNE tracks. Panels (g–i) show the
associated mean vertical profiles over the same period. The vertical white dashed line in (a–f) indicates the date of formation
of the Tropical Cyclone GELENA (4 February). The vertical blue dashed line shows the closest position of each glider to the
TC core (around 9 February). The top axis indicates the latitudinal location of the profiles.

The temperature–salinity (TS) diagrams collected along the full glider tracks (23 Jan-
uary to 23 March 2019) are shown in Figure 14. The water masses sampled by the two
instruments, known as the Indian Central Water, were formed and subducted in the Sub-
tropical Convergence area of the southern gyre of the Indian Ocean [107,108]. The OML
in this water mass was generally between 50 and 150 m in depth, with temperature be-
tween 25 and 30 ◦C and salinity in the range of 34.9–35.4 psu. Observations collected from
the bottom of the OML to 1000 m showed salinity values between 34.5 and 36 psu and
temperatures decreasing from 25 ◦C to 5 ◦C.
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Figure 14. Temperature–salinity (TS) diagram along (a) GLNW and (b) GLNE tracks from 23 January
to 23 March 2019. Inserts show corresponding glider tracks.



Atmosphere 2021, 12, 544 22 of 41

3.2. Atmospheric Observations

3.2.1. UAS Observations

During RNC-CYC field phase, a UAS system called “BOREAL” was operated from
Réunion Island to sample the lower part of the atmosphere (Figure 15). The main ob-
jective of this experiment was to provide in situ measurements of air–sea interactions
in cyclonic and pre-cyclonic conditions to evaluate numerical models and microphysical
parameterizations developed in the frame of the program.

The BOREAL UAS (Boréal SAS, Toulouse, France) is a fixed-wing aircraft with a
4.2 m wingspan propelled by a thermal engine (Figure 15b) that has a maximum take-
off weight of 25 kg and can fly in winds up to 25 m s−1. For this experiment, a 5 kg
scientific payload was developed to study air–sea interactions using an optical particle
counter for measuring the aerosol number and size distribution (0.3 < diameter < 3.0 µm;
MetOne), a custom-designed multi-hole probe for measurements of turbulence and three-
dimensional winds, a radar altimeter for wave height and sea state measurements, a
broadband shortwave pyranometer for downwelling solar radiation (Licor), an infra-red
temperature sensor to measure sea-surface temperature, as well as standard meteorological
measurements (atmospheric pressure, temperature and relative humidity). With this
payload, the endurance and range of the BOREAL UAS was ~7 h, 700 km, and 2000 m
above sea level (asl). A live video was also streamed up to 40 km from the ground-station
to provide additional safety during low-altitude segments when the UAS flew ~40 m asl.
The BOREAL UAS is autonomous, although its flight plan could be adapted at any time to
accommodate weather conditions or air traffic via a radio or a satellite link. A transponder
mounted on its wing also allowed it to integrate into international airspace.

The BOREAL UAS flew over the Indian Ocean in two exclusive zones allocated by
the French aviation authority to the southeast and northwest sides of Réunion Island
(Figure 15a). These two areas were dedicated for scientific flights over the international
waters up to 250 km from the ground station and with a ceiling at 1067 m above sea level.
BOREAL UAS operations were conducted from the airfields of Cambaie (when flying
towards the north of the island) and Bras Panon (when flying towards the south). In total,
12 scientific flights were carried out between February and March 2019, for a total of 53.7 h
of research flights and 5012 km of observations over the ocean. Three flights of more than
200 km from the ground station were carried out, the longest of which lasted 6 h and 18 min
and covered 610 km. Examples of observations collected by the BOREAL UAS during this
two-month operating period are presented below.
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Figure 15. (a) The 12 BOREAL flights operated from Réunion Island during the RNR-CYC campaign in February and March
2019. The yellow and orange polygons represent the authorized flight zones to the northwest and southeast of Réunion
Island. The outer red circle denotes an operating radius of 250 km around Réunion Island. (b) The BOREAL UAS leaving
the catapult for a scientific mission from Cambaie, Réunion Island. Sources: (a) Google Earth; (b) Greg Roberts.



Atmosphere 2021, 12, 544 23 of 41

Figure 16 summarizes the BOREAL UAS measurements of aerosol concentrations for
particle diameters >0.3 µm and >1.0 µm within 200 m above the ocean surface, compared
to horizontal wind speed (Figure 16a) and wave height (Figure 16b) for conditions en-
countered during the two-month campaign. As expected, there was an increase in particle
concentrations (diameter > 0.3 µm), which is often associated with primary marine aerosol
(PMA) emissions, over the observed range of wind speed (2.2 to 13.5 m s−1) and wave
heights (2 to 3.7 m). However, the range of wind speeds and wave heights encountered in
the vicinity of Réunion Island during the RNR-CYC field campaign remained relatively
small, partly because the paths of the TCs were never closer than a few hundred kilometers
to the ground station during the observed period.
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μ μFigure 16. Aerosol concentrations (diameter >0.3 µm and >1.0 µm) measured during the BOREAL
flights as a function of (a) the averaged horizontal wind in the marine boundary layer and (b) the
measured wave height.

Although strong cyclonic conditions were not encountered in the vicinity of Réunion
Island during the 2019–2020 TC season, several BOREAL UAS flights were nevertheless
impacted by the presence of TC JOANINHA, which developed in the eastern part of the
Mascarene Archipelago in March 2019 (Figure 17a). The signature of this storm could be
seen up to several hundred kilometers away in observations of ocean waves, atmospheric
turbulence structures, and enhanced PMA emissions. These emissions, which occur over a
much larger domain than the cyclonic system, have been shown to modify the TC’s track
and intensity [11].

As TC JOANINHA moved to the east of Mauritius, the BOREAL UAS flew to the
west of Réunion Island to sample the TC’s perimeter (see flight track in Figure 17a and
wave crests, swells and clouds generated by the cyclone recorded by the on-board camera
in Figure 17b). In situ measurements were used, in particular, to assess parameterizations
of air–sea interactions simulated with the OWA coupled system developed in RNR-
CYC (see [33] for details about this system). Results presented hereafter are derived
from a coupled OWA simulation based on the ocean model Coastal and Regional Ocean
Community (CROCO, http://www.croco-ocean.org, accessed on 20 March 2021), the
wave model Wave Watch 3 (WW3) [94,95], and the atmospheric model Meso-NH (http:
//mesonh.aero.obs-mip.fr/, accessed on 20 March 2021), which was developed specifically
for comparisons with the BOREAL UAS.

Figure 18 presents a vertical profile of aerosol particles conducted during the 25 March
flight from near the ocean surface (<50 m asl) to above the marine boundary layer (~1000 m asl).
Observed aerosol concentrations (diameter > 0.3 µm) were found to be relatively constant
throughout the marine boundary layer (up to ~800 m asl) and decreased above the inversion.
A surface layer with enhanced emissions, similar to the profiles observed at the surf zone
in the frame of project Miriad [109], was also observed at the lowest part of the vertical
profile (~50 m asl).

http://www.croco-ocean.org
http://mesonh.aero.obs-mip.fr/
http://mesonh.aero.obs-mip.fr/
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Figure 17. (a) Satellite image of TC JOANINHA on 25 March 2019 in the vicinity of Mauritius and
Réunion Island. (b) picture from the BOREAL on-board camera showing the ocean sea-state and the
TC on the horizon. Sources: (a) MSG satellite; (b) Christophe Mazel

This surface layer, which was not captured in the model simulation (Figure 18), has not
been well-documented so far and has important implications for the transport of aerosols
into the well-mixed boundary layer. In addition, the simulations tend to overestimate
the aerosol emissions near the ocean surface (i.e., an approximate factor of two enhance-
ment in aerosol concentrations) and show a pronounced vertical gradient throughout
the marine boundary layer with an underestimate of aerosol concentrations in the free
troposphere. These large differences between observed and simulated vertical profiles
of aerosol concentrations suggest that mixing timescales in the marine boundary layer
may perhaps be too slow in the model—resulting in an excessive gradient in the aerosol
concentration—but could also be related to a possible bias in the CAMS/COPERNICUS
analyses used to initialize sea salts in Meso-NH. Although a mass distribution calculation
was made to adjust the consistency of aerosol distributions in CAMS and Meso-NH, a
small remaining mass difference in the finest modes can also lead to large differences in the
number of aerosols, especially in areas with low primary aerosol production, i.e., where
aerosol number concentrations mostly arise from initial conditions.
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onboard Optical Particle Counter (green) and simulated with the OWA model (orange).
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A few days later, a southern swell event occurred when winds shifted to the north-east
direction as TC JOANINHA continued its eastward progression through the Indian Ocean.
Flight operations were moved to Bras Panon and the BOREAL UAS flew along a southern
curtain for more than 200 km to the east of Réunion Island on 29 March 2019 from 6:33
to 12:04 UTC (Figure 19a). The platform followed a flight plan with ascents from 100 to
1000 m asl followed by straight-level legs at 400 and 100 m asl for at least 10 km each.
Mean and significant wave height observations collected during this flight by the onboard
radar altimeter showed that wave height increased by about one meter (from ~2.5 to 3.5 m)
between locations A and D (Figure 19b).
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Figure 19. (a) WW3 simulation of significant wave height on 29 March 2019 with the BOREAL UAS
flight overlaid on the image (black line). The blue crosses correspond to A, B, C and D legs of the
flight at 100 m asl. (b) Significant wave height (H_m0) and mean wave height from the BOREAL
UAS observations compared to wave height simulated by WW3.

A similar increase in wave height was also obtained from the simulations of this
case study (Figure 19a). The associated modelled (Figure 20a) and observed (Figure 20b)
spectral density functions provide insight on the composition of the southern swell and
show two peaks for both observations and simulations. Azimuth plots from WW3 based
on the wave elevation spectrum (Figure 20c) indicate that these peaks corresponded to
distinct components of the southern swell; the first component was generated by the
northerly winds (red arrow in Figure 20c), and the second component was generated by
TC JOANINHA to the east (black arrow in Figure 20c). In spite of the observed increase
in wave height (and relatively constant wind field), a horizontal gradient in the aerosol
concentration and size distribution at 100 m asl was not observed during this swell event.
These results were predictable because the 1 m increase in wave height is relatively small
and not expected to generate a significant difference in PMA emissions.
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Figure 20. (a) Spectral density function of wave height simulated with WWW3 for legs A, B, C, and D. (b) Spectral density
function of wave height from BOREAL UAS observations for legs A, B, C, and D. (c) Corresponding azimuth plot to wave
elevation spectrum for leg A. The black (resp. red) arrow represents the wind direction (resp. current direction), and the
scatter color are the wave crests. The length of the arrows has been scaled by 2.
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Due to the low number of TCs passing in the immediate vicinity of Réunion Island
during the TC season 2018–2019, the range of wind speeds and ocean wave conditions were
not as large as expected to fully assess parameterizations for PMA emissions. Neverthe-
less, the datasets collected during this campaign have clearly demonstrated the scientific
potential of the BOREAL UAS, and of its associated payload, to collect key observations in
remote oceanic areas and in the vicinity to tropical cyclones.

3.2.2. GNSS Observations

A well-known (indirect) atmospheric application of GNSS measurement consists of
measuring the atmospheric integrated water vapor (IWV) content from the delay induced
by water vapor during the crossing of the earth’s atmosphere by the GNSS signal [110].
Due to the fundamental role of water vapor in climate and weather dynamics, tropospheric
GNSS measurements have rapidly become one of the main tools used by climatologists
to monitor the evolution of the water vapor field at all spatio-temporal scales, but also
to improve NWP model forecasts (see [111] for a recent review of current GNSS weather
applications). The creation of the International GNSS Service (IGS) network in 1994 [112],
which now includes more than 500 stations worldwide, has also enabled GNSS-derived
measurements collected in all parts of the world to be widely disseminated to the scientific
community. However, with only eight operational stations available prior to RNR-CYC
(Figure 21), the density of public GNSS stations in the SWIO was the lowest of all TC basins.

During RNR-CYC, 10 new permanent stations were deployed, including one in the
Seychelles (Aldabra), four in the Eparses Islands (three RNR-CYC stations at Juan de Nova,
Tromelin and Europa and one shared station installed by OPGP in Glorieuses), and five in
Madagascar (Diego-Suarez, Toamasina, Sainte-Marie, Nosy Be and Fort-Dauphin), with the
goals of increasing the density of the GNSS network in the SWIO and to provide additional
near-real-time IWV measurements at various locations in the basin (Figure 21). Although
these stations have not yet been included into the IGS network (pending), most collected
GNSS observations are transmitted at hourly time steps to IGN’s data center, which already
allows for routine real-time GNSS calculations and the wide dissemination of derived
meteorological and geophysical products through IGN’s permanent GNSS network (RGP,
ftp://rgpdata.ign.fr/pub/gnssmayotte, accessed on 20 March 2021).

These new stations have already been shown to represent a fantastic asset for monitor-
ing the spatio-temporal evolution of the water vapor field at local and regional scales [34,35],
as well as to evaluate NWP forecasts [34]. A further modelling application is shown in
Figure 22, which presents differences between GNSS-derived IWV observations and daily
6 h analyses of AROME-IO operational NWP systems [42] at 00:00, 06:00, 12:00, and 18:00
UTC at Aldabra (ALBR, The Seychelles), Antananarivo (ABPO, Madagascar), Réunion
Island (RUN, France) and Sainte-Marie (MASM, Madagascar) during the year 2019. In
order to evaluate the performance of the model at various time scales, 30-day (red), 10-day
(yellow) and 3-day (black) moving averages were applied to both the model and GNSS
data. GNSS observations were processed following the approach proposed by [35].

ftp://rgpdata.ign.fr/pub/gnssmayotte
ftp://rgpdata.ign.fr/pub/gnssmayotte
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Figure 21. Map of public GNSS stations available in the SWIO as of March 2021 (top). Red squares
show current IGS stations, green dots show GNSS stations installed during RNR-CYC, and blue
triangles show stations to be installed in 2021 in the frame of the new project ESPOIRS (see Section 4).
Pictures show GNSS stations installed in Fort-Dauphin (MAFD, upper-left), Tromelin (TRML, lower-
left) and Aldabra (ALBR, lower-right). Sources: Google Earth (top); Olivier Bousquet (pictures)

Whatever the time scale, the bias error remained relatively constant at Sainte Marie
(MASM, approximately −0.3 kg m−2), Réunion (REUN, approximately 0.5 kg m−2) and
Antananarivo (ABPO, approximately −2 kg m−2), but showed more variations in Aldabra
(ALBR, between 0.6 and 1.14 kg m−2). Model–observation differences did not show a
clear seasonal dependency, except at Aldabra where maximum errors were observed in
the middle of the winter, spring, and fall seasons. In the case of this atoll, consisting of
land strips of 1–3 km width encircling a lagoon of nearly 30 km × 15 km, the land is
considered as submerged by the model, which does not allow taking into account the effect
of vegetation and of the diurnal cycle on the atmospheric moisture content. At Aldabra,
atmospheric moisture changes in the model thus mostly depend on the variation of ocean
temperatures. Interestingly, the sign of the bias error is location-dependent, suggesting
that the model is not affected by systematic errors. The associated standard deviation
errors also tends to decrease with the length of the smoothing period, because the latter
minimized the impact of short-term variations. At short time scales (three days), one can
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notice that the strongest discrepancies mostly occur during the TC (wet) season (days 1–120
and 330–365), in relation with the passage of tropical cyclones in the vicinity of the GNSS
ground-based stations.
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Figure 22. Time series of the differences between IWV contents observed by GNSS and AROME-IO analyses at Réunion
Island (REUN, upper left), Sainte-Marie (MASM, upper right), Antananarivo (ABPO, lower left) and Aldabra (ALBR, lower
right) throughout the year 2019. 30-day (red), 10-day (orange), and 3-day (black) moving averages were applied to IWV
data to evaluate the impact of short and mid-term moisture variations on the model performance.

As already pointed out by [34], who investigated the seasonal variations of AROME-
analyzed IWV errors at Diego-Suarez (DSUA), model–observation differences seem exacer-
bated for stations located in the vicinity of complex orography. Except for the particular
case of Aldabra, the same behavior can be noticed here for the high-altitude stations of
Réunion (600 m asl, REUN) and Antananarivo (2000 m asl, ABPO), which showed higher
errors than for the flat island of Sainte-Marie (MASM). These errors might be related to
the difficulties of the model to properly capture the modifications of air masses caused
by the orography (lifting and subsiding motions) at the local scale due to an insufficient
resolution of its topography. A possible way to correct for such errors could be to assimilate
GNSS observations (zenithal delays) into the model. While the operational version of
the AROME-IO NWP system does not allow for data assimilation, its research configura-
tion includes a 3D-Var scheme that can be used to perform assimilation experiments [34].
Some studies are currently ongoing to determine whether the assimilation of observations
collected from these new GNSS stations can help to reduce this moisture bias.

3.3. Spaceborne Observations

Visible and infrared satellite observations have long been the main source of knowl-
edge for estimating some of the parameters (e.g., radius of maximum wind, various wind
radii) characterizing the structure of tropical cyclones—these parameters are, in particular,
inputs of the Dvorak method [113], used by TC forecast centers to produce best-track
data and issue TC advisory and forecasts. Since the launch of the first Earth observation
satellite in the early 1970s, the quality of ocean surface wind estimates in the vicinity of
TCs has constantly been improved.This includes, for instance, the deployment of wind
scatterometers [114,115] as well as of multifrequency radiometers [116,117] that both allow
for a direct, and more precise, estimate of surface winds under TCs. More recently, a new
generation of microwave radiometers has also been put into operation by ESA and the
National Aeronautics and Space Administration (NASA) in the frame of the Soil Moisture
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and Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP) space missions,
respectively. Thanks to their large coverage and revisit times, these new sensors, which
allow for high-resolution (~40 km) surface wind speed sampling in all weather conditions,
provide a unique description of TC structure during its whole lifetime [118], and have thus
become a key source of information for TC forecasting centers.

In addition to these more or less conventional sensors, a new approach, based on
the use of spaceborne synthetic aperture radars (SARs), is also being increasingly used
to probe and quantify sea surface properties under extreme wind conditions. Designed
in the mid-1990s, SAR systems were initially used for land applications [119], especially
for monitoring earth deformation rates ranging from a few millimeters per year (e.g., for
glaciers) up to 1 m per h (e.g., earthquakes and landslides). SAR potential for marine
applications was already known since the launch of the first SAR satellite [120], but has
significantly emerged with the launch of the Canadian Space Agency (CSA)’s RADARSAT-1
(1995) and ESA’s Envisat (2002) satellites. Thanks to their unique capability to gather very
high-resolution (up to a few meters) surface wind and roughness data in swaths of several
hundred kilometers, spaceborne SARs have become key observing systems for monitoring,
forecasting, and investigating the properties and evolution of TCs [120,121].

The deployment of a new generation of SAR systems equipped with polarization
diversity on-board CSA’s RADARSAT-2 (RS2, 2007) and ESA’s Sentinel-1 (S1, 2014) satellites
has allowed further improvements in the capabilities of these instruments to accurately
map the variations of ocean surface winds in TC eyes and eyewalls [122,123]. Acquisitions
made by ESA’s satellites had, however, never been used to probe tropical cyclones until
the implementation of the Satellite Hurricane Observations Campaign (SHOC, 2016–2017),
in the Pacific and Atlantic basins. The intercomparison of aircraft reconnaissance wind
data against S1 SAR measurements collected in CAT-5 hurricane IRMA (2017) during
this experiment definitely demonstrated the capability of these instruments to thoroughly
describe TC ocean boundary layer structures at high spatial resolution [124].

The extension of the SHOC program to the SWIO basin (referred to as SHOC-V2)
was initiated in 2017, under the frame of RNR-CYC. SAR missions cannot continuously
acquire wide swaths of data in high-resolution modes; therefore, a dedicated acquisition
procedure was set up to collect data without impacting the operational duty cycle of the
satellites. Acquisition requests were passed along to both MDA (MacDonald Dettwiler and
Associates, the private company that owns the satellite RS2) and ESA S1 mission planner
portals on a 24-to-48 h notice, based on satellite orbit and five-day track forecasts provided
by RSMC La Réunion. In order to reduce the workload of participating space agencies,
which contributed to this experimental program on a voluntary basis, acquisition requests
were also generally limited to storms presenting a threat to SWIO populations.

Between 2017 and 2021, about 150 SAR images were acquired by S1A, S1B and RS2
satellites, allowing the sampling of 20 tropical storms and cyclones over four TC seasons
(raw S1 data are available at https://scihub.copernicus.eu, accessed on 20 March 2021).
Among these acquisitions, nearly 40% were directly obtained within the eye or the eyewall
of the systems (Table 2, “hits”). SAR images were collected throughout the SWIO basin
(Figure 23) at various storm evolution stages (cyclogenesis, intensification, dissipation).
Collected wind data were used for nowcasting and best-track data reanalysis purposes at
RSMC La Réunion, model verification [33] and assimilation in NWP systems [125] (this
Special Issue).

https://scihub.copernicus.eu
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Table 2. Number of Radarsat-2 and Sentinel-1 SAR acquisitions within the eyewall/eye (hits) of
tropical storms (TSs) and tropical cyclones (TCs, ITC) that developed in the SWIO between February
2017 and 2021. * Acquisitions performed from 2021 onwards were made in the frame of the CYMS
program (see Section 4).

Storm Name Date Hits Storm Name Date Hits

Dineo (TC) 02/2017 2 Idaï (ITC) 03/2019 3
Enawo (ITC) 03/2017 1 Joaninha (ITC) 03/2019 7

Ava (TC) 01/2018 3 Kenneth (ITC) 04/2019 1
Berguitta (ITC) 01/2018 4 Lorna (TC) 04/2019 4

Cebile (ITC) 01/2018 8 Belna (TC) 12/2019 5
Dumazile (ITC) 03/2018 5 Calvinia (TC) 12/2019 1

Eliakim (TS) 03/2018 1 Diane (TS) 01/2020 1
Alcide (ITC) 11/2018 1 Francisco (TS) 02/2020 1

Kenanga (ITC) 12/2018 2 Herold (ITC) 03/2020 1
Gelena (ITC) 02/2019 4 * Chalane (TS) 12/2021 3
Haleh (ITC) 03/2019 6 * Eloise (TC) 01/2021 2
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Figure 23. Location of Sentinel-1 (A and B) and RADARSAT-2 swaths listed in Table 2.

Examples of SAR-derived surface wind fields obtained through the application of
the retrieval algorithm proposed by [126] are presented hereafter. The first example was
taken within TC JOANINHA, which developed in the northeastern part of the Mascarene
Archipelago (Figure 17a) and reached its LMI in the vicinity of Rodrigues Island on 26
March 2019, with 10 min of maximum sustained winds of nearly 60 m s−1 (Figure 24a).
The core structure of this system was observed seven times by the SAR systems deployed
onboard satellites S1A/S1B and RS2 (Table 2) at various stages of its life cycle. Of particular
interest is the image taken by RS2 on 28 March 2019 at 00:52 UTC (Figure 24b), when
the system started to experience an eyewall replacement cycle (ERC). The latter, which
often occurs when a TC reaches an intensity of 50 m s−1, has long been recognized as one
of the main mechanisms for intense TCs to intensify further [127,128]. During an ERC,
outer rainbands strengthen and organize themselves into a ring of thunderstorms that
progressively encircle the TC eyewall. The formation of this outer ring, usually referred to
as the outer eyewall, eventually cuts off the supply of moisture and angular momentum
that maintain convection around the eye, causing a weakening of the system and the
eventual dissipation of the inner eyewall. The former ring is then replaced by the outer
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ring, which gradually contracts and intensifies, often resulting in a more intense TC than
prior to the ERC.

The analysis of the SAR-derived surface wind field shown in Figure 24b clearly
indicates the presence of two concentric areas of maximum wind located both around
the eye and in the east-to-southeastern quadrant of the system core. The inner structure
(maximum wind speed of ~50.2 m s−1) corresponds to the eyewall of the storm, and the
outer one (maximum wind speed of ~45 m s−1) to the cyclonic rainbands progressively
wrapping around the eyewall that will eventually replace the inner wall. As mentioned
previously, the completion of an ERC is often followed by a re-intensification of the system.
However, in the present case, such re-intensification did not occur because TC JOANINHA
rapidly encountered a strongly sheared environment that caused its dissipation a couple of
days later.
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Figure 24. Intensity of TC JOANINHA (color scale at bottom). (a) Wind speed evolution with respect
to time as given by ATCF and (b) SAR wind retrieval (RS2) on 28 March 2020 at 00:52 UTC.

The second example is taken from TC IDAÏ (Figure 25), which is considered as the
worst natural disaster that has ever affected Mozambique (as well as the surrounding
countries of Zimbabwe and Malawi), and the deadliest storm ever recorded in the SWIO.
This exceptional TC initiated as a tropical depression along the northern coast of Mozam-
bique on 3 March 2019 (Figure 25a) that initially moved inland in the northwestern part
of the country for a few days, with peak winds in the order of 10–15 m s−1. On 7 March,
it made a half-turn near the Mozambique–Malawi border and moved back towards the
ocean. After entering the Mozambique Channel, on 9 March, the storm experienced a rapid
intensification to reach intense TC intensity (10 min maximum sustained wind >46 m s−1),
with winds gusts estimated at up to 70 m s−1 on 11 March. IDAÏ then reversed its track
back for the second time in the immediate vicinity of the Eparses island of Juan de Nova
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(located approximately 150 km off the west coast of Madagascar) and began its south-
westward progression towards Mozambique. Shortly after this half-turn, it entered into
a slight weakening trend following the beginning of its ERC. Right after its completion,
IDAÏ immediately re-intensified and reached its LMI on 14 March, with a minimum central
pressure of 940 hPa and (estimated) 10 min maximum sustained winds of ~55 m s−1. The
storm then gradually weakened while progressing towards Beira, where it made landfall
on 15 March at the TC stage.
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Figure 25. As in Figure 24, but for (a) TC IDAÏand (b)SAR images collected by S1A on 11 (02:43 UTC)
and 14 (03:08 UTC) March 2019.

Numerous acquisitions were made in this system by S1 satellites, including three
images collected directly in the core of the storm (Figure 25b). Two of these hits were made
over the ocean by S1A, at the stage of intense TC (11 March at 02:43 UTC and 14 March
at 03:08 UTC), while a third one was made at landfall by S1B on 14 March at 16:00 UTC
(because 90% of this swath occurred over land, this third acquisition is not exploitable).
SAR wind data shown in Figure 25 are the only high-resolution wind observations collected
during the oceanic phase of this system—WMO’s JDN weather station broke down a week
before the passage of the storm over the island and the weather station deployed at Beira
in the frame of RNR-CYC was lost during landfall—therefore, these observations represent
an invaluable asset for accurately assessing numerical model simulations of this storm [33].

SAR data collected in IDAÏ and other tropical cyclones can also meaningfully comple-
ment best-track (BT) data produced by RSMC La Réunion. According to RSMC La Réunion
best-track, TC IDAÏ reached its LMI on 14 March 2019 at 00:00 UTC with maximum winds
of nearly 55 m s−1. This value is in good agreement with the maximum intensity measured
by S1B a few hours later (~52 m s−1). SAR data, however, show that these strong wind
values were only observed in the eastern quadrant of the storm’s core, but that the average
wind speed throughout the eyewall was significantly less intense and mostly comprised
between 42 and 45 m s−1. On 11 March, the agreement between best-track and SAR-derived
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wind data was less good, with maximum wind speed in the order of 50 m s−1 for the BT
and 60 m s−1 for SAR observations. According to SAR observations, the strongest wind
speed values were also more or less uniformly distributed throughout the eyewall. Hence,
the comparison of the two SAR images suggests that the destructive potential, and overall
global intensity of the system, was probably much greater on 11 March, despite a 10%
lower maximum wind speed (50 m s−1 vs. 55 m s−1) in BT data.

4. Conclusions and Perspectives

ReNovRisk-Cyclone (RNR-CYC) is an ambitious international research program aimed
at developing regional cooperation in the SWIO with emphasis on the observation and
modeling of tropical cyclones at both current and future time horizons. The observation
component of RNR-CYC, presented in detail in this paper, has enabled the collection of
numerous innovative oceanic (gliders, sea-turtle borne and seismometer-derived data)
and atmospheric (UAS and SAR-derived wind data) measurements, together with more
conventional observations (GNSS-derived IWV, atmospheric radiosoundings, ADCP, and
wave gauge swell measurements) to investigate tropical cyclones and their environment
from the local to the basin scale. Its mesoscale modelling and climate components, pre-
sented in more detail in the companion paper [33], also allowed for the development of
innovative modelling systems, while its outreach component significantly increased re-
gional collaboration between SWIO countries affected by TC hazards. The innovative data
collected in the SWIO during RNR-CYC have also proven particularly useful to evaluate
the performance of both research and operational TC forecasting models in this under-
sampled region of the world. SAR measurements, which allow for accurate evaluations
of TC forecasts, can also be assimilated into NWP systems [126]; in situ and remote swell
measurements can be relied upon to evaluate wave model performance; while biologging
measurements are priceless to assess ocean model representation of the ocean mixed layer
in cyclonic conditions.

The promising results obtained during the 3.5-year observation component of RNR-
CYC have already led to the development of numerous new research projects aimed at
maintaining some of these novel measurements and further reinforcing overall observation
capabilities in the SWIO beyond the end of this program (July 2021). Among the principal
new research projects directly arising from RNR-CYC, one can mention STORM-IO (Sea
Turtle for Ocean Research and Monitoring in the Indian Ocean), ESPOIRS (Etude des
systèmes précipitants de l’océan Indien par radar et satellites—Studies of Indian Ocean
precipitation systems by radars and satellites), and MAP-IO (Marion Dufresne Atmospheric
Program—Indian Ocean).

STORM-IO (starting May 2021) will enable the extension ST-borne measurements
conducted from Réunion Island to the whole Indian Ocean (Figure 26), in collaboration with
the Terres Australes et Antarctiques Françaises (TAAF) administration (in Eparses Islands
of Juan de Nova and Tromelin), Kelonia (Réunion Island), and five marine reservations
in Comoros (Moheli), Madagascar (Nosy Tanikely), Seychelles (Aldabra), Mozambique
(Ponto di Ouro), and South Africa (iSimanliso). This transdisciplinary project, constructed
in close cooperation with ST specialists and oceanographers, will extend the research
initiated during RNR-CYC to: (i) investigate Indian Ocean properties and spatio-temporal
variability; and (ii) improve knowledge of the ecology of the five species of sea turtles living
in the Indian Ocean. A particular emphasis will be put on the observation of mesoscale
eddies and coastal currents that develop in the Mozambique Channel (to assess their
impact on water mass distribution, transport, and mixing, as well as their role in the
dynamics of the Greater Agulhas current system), and on the assimilation of collected
ST-borne data in global and limited-area configurations of the ocean model NEMO [129].
This new component of the global STORM program, which is now strongly supported by
the EU, UNESCO (through the GOOS/AniBOS), CNES and CNRS, among others, will be
conducted for the many years to come, and is likely to be extended to other ocean basins in
the mid-term.
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Figure 26. Release locations and sea turtle species to be equipped in the frame of the STORM-IO 
Figure 26. Release locations and sea turtle species to be equipped in the frame of the STORM-
IO project: Ei:Eretmochelys imbricata (Hawksbill); Cm: Chelonia mydas (Green); Cc: Caretta caretta

(Loggerhead); Lo: Lepidochelys olivacea (Olive Ridley); Dc: Dermochelys coriacea (Leatherback). Sources:
background, Google Earth; Pictures, Kelonia

ESPOIRS (started in December 2020) will carry on with the densification of the GNSS
water vapor observation network initiated in the framework of RNR-CYC’s sub-program
IOGA4MET through the deployment of five additional stations in Madagascar and Mozam-
bique (Figure 21). Some existing, or soon to be deployed, GNSS stations will also be
upgraded with co-located oceanographic sensors to monitor sea level on a regional scale.
In the mid-term, these instruments will be integrated into the Global Sea Level Observing
System (GLOSS, https://www.gloss-sealevel.org/, accessed on 20 March 2021) network,
which monitors sea level rise on a global scale, and into the IGS network, which dis-
seminates GNSS data to the worldwide scientific community. ESPOIRS also includes an
ambitious local component aimed at collecting wind and precipitation measurements
in tropical cyclones with a transportable polarimetric weather radar to be deployed in
Réunion Island (2021), the Seychelles (Mahe, 2022), and Madagascar (Tamatave or Diego
Suarez, 2023). This weather radar component will notably focus on the impact of orography
on tropical cyclones (or outer cyclonic rainbands in the Seychelles) [130], and will help to
develop regional cooperation in the field of atmospheric remote sensing.

The goal of the MAP-IO program (started in January 2021) is to deploy an atmospheric
and marine biology observatory in the Indian and Southern Oceans onboard the French
vessel Marion Dufresne (Figure 27), operated by the TAAF administration (for its logistical
needs in the Eparses Island and French Austral Territories) and IFREMER (for scientific
campaigns in the IO). With the deployment of nearly 20 new sensors on-board this RV
(e.g., cytometer, titrator, thermosalinograph, cytometer, titrator, NOx, CO, CO2, O3 and
CH4 analyzers, GNSS, UV radiometer, CCN, photometer, weather station), observations at
the OA interface and within the atmospheric column will be collected over the long term in
this region particularly sensitive to the impact of climate change (note that all observations
will be transmitted in near-real-time through the RV onboard satellite communication
system). The data collected in the Southern Ocean for sea and wind conditions close to
those encountered in tropical cyclones will also be used to carry on with the evaluation
of OA exchange parameterizations (turbulent fluxes, aerosol, and sea-spray emissions)
in extreme conditions [33]. This exploratory research project, which benefits from strong

https://www.gloss-sealevel.org/
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support from the EU, IFREMER, CNRS, TAAF and Réunion University, among others, is
likely to be maintained in the long term.
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Figure 27. Picture of the RV Marion Dufresne anchored at Mayotte during TAAF’s Eparses Island
rotation in April 2019. Source: Olivier Bousquet

Finally, one can also mention ESA’s pre-operational program CYclone Monitoring
Service based on Sentinel-1 (CYMS, https://www.esa-cyms.org, accessed on 20 March
2021), which is aiming to extend SAR acquisitions to all TC basins and provide real-time
ocean surface wind measurements to further demonstrate SAR potential for operational
TC forecasting. This new program, motivated in large part by the results obtained in
RNR-CYC, will further develop understanding of the impact of TCs on the earth system,
and likely open new scientific applications of SAR measurements.
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Abstract: In November 2016, a 95 GHz cloud radar was permanently deployed in Reunion Island

to investigate the vertical distribution of tropical clouds and monitor the temporal variability of

cloudiness in the frame of the pan-European research infrastructure Aerosol, Clouds and Trace gases

Research InfraStructure (ACTRIS). In the present study, reflectivity observations collected during

the two first years of operation (2016–2018) of this vertically pointing cloud radar are relied upon to

investigate the diurnal and seasonal cycle of cloudiness in the northern part of this island. During

the wet season (December–March), cloudiness is particularly pronounced between 1–3 km above

sea level (with a frequency of cloud occurrence of 45% between 12:00–19:00 LST) and 8–12 km (with

a frequency of cloud occurrence of 15% between 14:00–19:00 LST). During the dry season (June–

September), this bimodal vertical mode is no longer observed and the vertical cloud extension is

essentially limited to a height of 3 km due to both the drop-in humidity resulting from the northward

migration of the ITCZ and the capping effect of the trade winds inversion. The frequency of cloud

occurrence is at its maximum between 13:00–18:00 LST, with a probability of 35% at 15 LST near

an altitude of 2 km. The analysis of global navigation satellite system (GNSS)-derived weather

data also shows that the diurnal cycle of low- (1–3 km) and mid-to-high level (5–10 km) clouds is

strongly correlated with the diurnal evolution of tropospheric humidity, suggesting that additional

moisture is advected towards the island by the sea breeze regime. The detailed analysis of cloudiness

observations collected during the four seasons sampled in 2017 and 2018 also shows substantial

differences between the two years, possibly associated with a strong positive Indian Ocean Southern

Dipole (IOSD) event extending throughout the year 2017.

Keywords: cloud radar; BASTA; Indian Ocean Subtropical Dipole; Reunion Island; integrated water

vapor; Southwest Indian Ocean; GNSS; cloudiness variability; tropical clouds

1. Introduction

Because cloudiness plays a major role in distributing the radiative energy available in
the atmosphere [1,2], knowledge of cloud properties is crucial for anticipating the impacts
of cloud cover and, in particular, low-level cloud feedbacks in climate change projections [3].
A better knowledge of the vertical distribution of clouds is also important for numerical
modelling, as errors in the location and vertical structure of clouds, which directly impact
the radiative balance, are considered among the main sources of uncertainty in climate and
weather numerical weather prediction (NWP) models [4–6].

In the tropics, cloudiness is principally determined by the space–time distribution of
the lower-tropospheric moisture, which controls the total water content and buoyancy of
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atmospheric parcels. Humidity is essentially driven by the seasonal migration of the Inter-
Tropical Convergence Zone (ITCZ), and its associated circulation shifts, as well as by large
scale anomalies that influence atmospheric circulation at both intra-seasonal (Madden–
Julian Oscillation [7,8]), and interannual (e.g., El Nino Southern Oscillation, Indian Ocean
Dipole, Indian Ocean Subtropical Dipole) timescales.

Thanks to their ability to cover vast areas of the globe, spaceborne cloud radars
(e.g., CloudSat) have significantly improved our understanding of the spatio-temporal
distribution of clouds throughout the planet and are widely considered as one of the
most efficient tools to study cloud properties at the global scale [9]. These space-borne
observations are nevertheless subject to some limitations, especially at low-level, due to
ground (or sea) clutter echoes [10–12] and difficulties to penetrate thick mid-level clouds
to observe the low cloud beneath (due to their short wavelength). In this regard, ground-
based cloud radars, which feature higher spatio-temporal time resolution than space-borne
sensors, are essential to complete (and evaluate) space-borne observations, especially at the
local scale [13]. Relatively few studies have however been conducted so far to investigate
tropical cloud properties from ground-based cloud radars. Moreover, if one except a
few studies conducted from the Atmospheric Radiation Measurement (ARM) Tropical
Western Pacific (TWP) sites [14–16], the latter were essentially conducted in the northern
hemisphere due to the overall lack of observation facilities available south of the equator.
This includes measurements conducted in Niger [17], in the Indian Western Ghats [18],
or from the Barbados Cloud Observatory (BCO [19]) to investigate the seasonality and
vertical distribution of low-level clouds [20,21]. This lack of observations was further
exacerbated in the last few years following the dismantling, in 2013 (Nauru) and 2014
(Darwin and Manus) of the three permanent Pacific ARM TWP sites [22]. As a consequence,
the Atmospheric Physics Observatory (OPAR) of Reunion Island, a small (2512 km2)
volcanic French overseas territory located in the Southwest Indian Ocean (SWIO), has now
become the principal atmospheric research facility in the southern hemisphere.

Due to its location, located both at the edge of the subtropical jet and in the subsidence
region of the southern hemisphere Hadley cell, Reunion Island (20.8◦ S, 55.5◦ E) is particu-
larly well suited to study tropical and subtropical influences on the general circulation. For
this reason, OPAR’s instrumentation is principally designed to observe high troposphere—
low stratosphere interactions from a unique ensemble of lidars and radiometric sensors
deployed at the high-altitude Maïdo observatory [23]. In order to extend cloud and pre-
cipitation observation capabilities, a new coastal experimental site was, however, recently
integrated to OPAR in the frame of the pan-European research infrastructure “Aerosol,
Clouds and Trace gases Research InfraStructure” (ACTRIS, https://www.actris.eu, ac-
cessed on 1 July 2021), a programme aiming at collecting high-quality observation data
to constrain predictive models and improve global forecasts of the atmosphere. This new
observation facility, located on the northern coast of the island at Saint-Denis de La Réunion
(Figure 1), was notably equipped, in 2016, with a 95 GHz radar BASTA (Bistatic rAdar
SysTem for Atmospheric Studies; [24]) to collect cloud observations at high spatial and
temporal resolutions. This new site is, in particular, well-adapted to investigate coastal
tropical clouds, which are known to occur over different mid-tropospheric conditions than
over the open ocean and continental areas due to the combined effects of land–sea breeze
interactions [25].

In this study, reflectivity observations collected during the two first years of operation
of the cloud radar BASTA are used to investigate the characteristics of cloudiness in
Reunion Island as well as its relationship with local and regional tropospheric humidity
patterns inferred from radiosounding, Global Navigation Satellite System (GNSS) and
high-resolution reanalysis data. Although limited in time, the 2-y cloud radar dataset
used in this study allows us to investigate, for the first time in the SWIO, the vertical
cloud properties over a remote and climatologically important location of the Southern
Hemisphere, which was identified as a key component in the climate system by ACTRIS
research infrastructure.

https://www.actris.eu
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Figure 1. The cloud radar BASTA-REUNION located in Saint-Denis de La Réunion on the rooftop of
Reunion University (55.48◦ E, 20.9◦ S).

This paper is organized as follows: information about data used in this study are given
in Section 2; the distribution and analysis of the seasonal cloud cover over Saint-Denis
between November 2016 and October 2018 are presented in Section 3; possible relationships
between observed cloud patterns and large-scale environment are thus investigated in
Section 4, while Section 5 presents our conclusions and perspectives.

2. Data and Methods

2.1. Cloud Radar Observations

The present study is principally based on continuous observations collected between
November 2016 and October 2018 by a cloud radar BASTA. BASTA is a 95 GHz verti-
cally pointing bistatic Doppler radar (distinct antennas for transmission and reception)
developed by LATMOS (“Laboratoire Atmosphère, Milieux et Observations Spatiales”)
for cloud and fog studies [24,26]. A dedicated version of this radar (referred to as BASTA-
REUNION) was deployed in Reunion Island in November 2016 at the main campus facility
of Reunion University, located in Saint-Denis approximately 100 m above ground level
(Figure 1). BASTA-REUNION provides times series of vertical reflectivity and Doppler
velocity profiles up to an altitude of 24 km. Reflectivity profiles consist of a combination
of data collected in four distinct operating modes that are each activated over a period of
integration of 3 s and later recombined to reconstruct the cloud structure throughout the
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tropospheric layer every 12 s. The first operating mode, dedicated to fog and low cloud
observations, runs at the resolution of 12.5 m and provides information up to an altitude of
12 km. The second mode, which features a vertical resolution of 25 m, is used to investigate
mid-level clouds between 6 km and 18 km. Finally, the last two modes (100 m vertical
resolution) are used to sample high-level clouds up to 18 km and 24 km, respectively—the
latter mode, which is slightly more sensitive, was specifically implemented for tropical
regions. Nearly four million reconstructed vertical reflectivity profiles are used in this
study, which represent ~80% of the total number of profiles theoretically expected over a
2-year period.

Due to its operating frequency, BASTA-REUNION can be strongly affected by radar
attenuation resulting from the absorption or reflection of transmitted signals in precipitation
areas. This phenomenon, which occurs at most radar frequencies, reflects the fact that some
of the energy is often lost to scattering and absorption when the radar pulse penetrates in
heavy precipitation areas. At 95 GHz, the frequency of BASTA-REUNION, uncertainties
can be introduced in the observed cloud properties and occasionally can result in the
extinction of the radar signal in a heavy precipitation regime. As will be seen later, this
phenomenon nevertheless remains relatively uncommon in the Saint-Denis area and does
not significantly affect the statistical analysis of cloud radar data that will be presented
hereafter. We thus chose to not discriminate between precipitating and non-precipitating
clouds so as to be able to also identify the occurrence of rainfall in radar observations—as
fog and low-level stratus never occur over Saint-Denis, radar data collected below 1 km
always reflect the presence of precipitation.

During the austral summer, the presence of the Intertropical Convergence Zone
(ITCZ) nearby Reunion Island induces low-level convergence of highly buoyant air that
favors the development of deep convection. The interactions of these unstable air masses
with the complex orography of the island can generate very intense precipitation due, in
particular, to the passage of tropical cyclones nearby [27]. In winter, as the ITCZ moves
back northwards, the local weather becomes mostly influenced by the subsided southern
branch of the Hadley cell. The resulting temperature inversion tends to inhibit atmospheric
upward vertical motion above ~3 km [28,29] and is further amplified by the trade wind
inversion [30–32]. Due to its complex orography, Reunion Island is also affected all year
long by thermally induced sea breeze circulations that can force onshore moist flow at
low levels and further favors the development of low-level clouds during daytime [30,33].
Examples of observations collected by BASTA-REUNION in Austral summer (26 March
2017), Austral winter (1 August 2017) as well as during cyclonic conditions (4–6 March
2018) are presented hereafter to illustrate the general cloudiness conditions associated with
the various large-scale circulation patterns that drive cloud formation in Reunion Island.

In Austral summer (Figure 2a, 26 March 2017), radar observations show the existence
of a strong diurnal cycle characterized by low-level clouds forming early in the morning
and eventually dissipating in the late evening. Convective clouds, resulting from the high
convective instability that prevails over the tropical SWIO basin during summer, develop
in the early afternoon and extend up to the altitude of 10 km (all heights are given above
mean sea level). Precipitation, as evidenced by associated time series of collocated rain
gauge measurements, is maximised around mid-day (9–11 UTC, 13–15 LST) and dissipates
in the early evening. During winter (Figure 2b, 1 August 2017), low-level clouds also form
in the early morning (near 03:00 UTC/07:00 LST), but never evolve into deep convective
clouds due to the strong capping effect. These low-level clouds, which consist of small,
non-precipitating, scattered cumulus, are not advected from the ocean, but develop over
the slopes before expanding northwards towards the coast in the middle of the afternoon.

The third example (Figure 3) shows radar observations collected during the passage
of tropical cyclone Dumazile over the Mascarene Archipelago in early March 2018. On
4 March (top panel), radar observations were collected within an outer rainband located
about 700 km southeast of the TC center. Time series of vertical radar reflectivity profiles
show numerous convective cells extending forward and backward up to an altitude of
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15 km. On 6 March (bottom panel), radar data are collected within a cirriform region, at
the back of the tropical cyclone. Vertical reflectivity profiles collected in this area (indicated
by the red circle on the associated MODIS image) show a layer of cirrus clouds extending
from 11 to 14 km that is characteristic of pre- and post-convective tropical cyclone regions.
As shown by collocated high-resolution (6 min) rainfall measurements, brief but extremely
strong rainfall occurred on 4 March around 09:00 UTC (up to 50 mmh−1) and 10:15 UTC
(up to 95 mmh−1). These heavy precipitation periods are associated with data gaps in radar
observations, which can also be observed in Figure 2a (between 8 and 11 UTC). These gaps
reflect the aforementioned attenuation of the radar signal by strong precipitation, which
principally occurs for instantaneous rain rates higher than 15 mm h−1 (Figures 2a and 3).
According to the climatological study of [31], which provides a detailed analysis of the
spatio-temporal variability of local rainfall patterns over Reunion Island, such situations are
nevertheless uncommon in the Saint-Denis area, and not frequent enough to significantly
impact the results that will be presented in the following.
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Figure 2. Time series of radar reflectivity vertical profiles (dBZ) collected on (a) 26 March 2017 (summer) and (b) 1 August
2017 (winter). The black line in (a) shows collocated rainfall measurements every 6 min expressed in mmh−1 (scale
to the left).

2.2. Other Datasets

Additional sources of data are also relied upon to describe the local and regional
weather conditions prevailing over Reunion Island and the SWIO basin during the 2-year
period of analysis:

(i) In situ observations of relative humidity inferred from Saint-Denis’ airport (20.88◦ S,
55.51◦ E) operational daily radiosounding data collected between 2014 and 2018;

(ii) Time series of integrated water vapor (IWV) columns, inferred from the analysis of
GNSS data collected from the IGN (Institut Geographique National) station STDE
(20.88◦ S–55.51◦ E) and the International GNSS System (IGS)’ station REUN (21.2◦ S,
55.57◦ E). GNSS data are processed following the approach used by [34,35] to produce
IWV data at various locations in the SWIO basin (a complete description of GNSS
IWV retrieval and associated uncertainties can be found in the former papers).
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(iii) Reanalysis data extracted from European Center for Medium-Range Weather Forecast
(ECMWF)’s 5th generation reanalysis (ERA5) are used to investigate the regional
atmospheric conditions prevailing over the SWIO basin. ERA5 provides hourly esti-
mates of numerous atmospheric, land and oceanic climate variables on a 0.25 × 0.25◦

horizontal grid [36]. Reanalysis data used in this study consist of wind, humidity, sea
level pressure and vertical velocity fields extracted over the period 1990–2020.
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Figure 3. Left panel: Satellite images (MODIS TERRA) of Tropical Cyclone Dumazile, recorded on
4 March 2018 (top, 9:00 UTC) and 6 March 2018 (bottom, 6:00 UTC). Right panel: corresponding
time series of BASTA-REUNION vertical radar reflectivity profiles (dBZ, UTC) with superimposed
collocated rainfall measurements every 6 min (expressed in mmh−1, scale to the left). The red circle
indicates the cirriform region sampled by the radar on 6 March.

3. Diurnal and Seasonal Variability of Cloudiness over Saint-Denis in 2017 and 2018

In the following, reflectivity data collected by BASTA-REUNION are used to investi-
gate the vertical structure of winter and summer clouds over Saint-Denis. For simplicity,
the four seasons investigated hereafter will be referred to as summer 2017 (November 2016–
March 2017), winter 2017 (June–September 2017), summer 2018 (November 2017–March
2018) and winter 2018 (June–September 2018).

Diurnal Cycle

The seasonal composite analyses of radar reflectivity profiles aggregated over the two
sampled summer and the two winter seasons are shown in Figure 4a,b, respectively.
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Figure 4. Time series of cloud occurrence (%, normalized to 1) as a function of the time of the day (hours) and altitude (km)
for (a) aggregated summer seasons 2017 and 2018, (b) aggregated winter seasons 2017 and 2018, (c) summer 2017, (d) winter
2017, (e) summer 2018, (f) winter 2018, (g) summer 2018 minus summer 2017 and (h) winter 2018 minus winter 2017. White
lines near the altitudes 2, 5 and 10 km correspond to data gap layers of ~25–50 m resulting from the recombination of data
collected in the different radar acquisition modes.

In summer (Figure 4a), aggregated radar observations show two cloud layers, asso-
ciated with the diurnal cycle (leading to the formation of low-level cumulus clouds) and
convective instability (leading to the development of thunderstorm systems in mid to late
afternoon). In the lowest layer, which extends from ~0.5 to 3 km, the maximum cloud
occurrence is observed between 08:00 UTC (12 LST) and 15:00 UTC (19 LST) at an altitude
of 2 km, with a maximum probability of nearly 45% near 12 UTC (16 LST). The upper
layer, comprised between ~6 and 15 km, corresponds to deep convective and ice clouds
associated with local storms, as well as tropical storms and cyclones that passed nearby
Reunion Island. The probability of occurrence is maximised between 10:00 UTC and 15:00
UTC (14–19 LST) and reaches up to 15% at an altitude of 10 km near 14 UTC (18 LST).

In winter (Figure 4b), one can still observe a layer of low-level clouds extending from
approximately 0.5 to 2.5 km. The frequency of cloud occurrence is highest between 09:00
UTC (13 LST) and 14:00 UTC (18 LST), with a maximum probability of about 35% near
2km altitude at 11 UTC (15 LST). While the frequency of occurrence of low-level clouds
appears similar during summer and winter periods, the depth of the low-level cloud layer
is lower in winter (maximum height of 2.5 km vs. 3 km in summer). High-level clouds are
also up to three times less frequent in winter (5% occurrence vs.15% occurrence in summer)
as a result of the stronger stability of the atmosphere during this season.
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To further assess the diurnal variability of cloud cover from one year to the next, time
series shown in Figure 4a,b were also individually aggregated for each of the four sam-
pled seasons: summer 2017 (Figure 4c) and 2018 (Figure 4e), and winter 2017 (Figure 4d)
and 2018 (Figure 4f). From a qualitative standpoint, one can observe strong similarities
between both summers and both winters. However, a closer look at the field of differences
(Figure 4g,h) shows important disparities from one year to the next. Hence, low-level
cloudiness appears significantly higher and deeper in winter 2017 (Figure 4h) than during
the following winter season, while significant differences could also be observed through-
out the troposphere between the two summer seasons (Figure 4g), with significantly deeper
cloud cover in 2018.

Mean vertical profiles of cloud occurrence inferred from the high-resolution BASTA-
REUNION profiles collected during the four sampled seasons shown in Figure 4c–f are
shown in Figure 5. During summer, the probability of occurrence shows much larger values
in 2018 (solid blue line) at both low-level (frequency of cloud/precipitation occurrence
below 3 km ranging from 20–22% vs. 15–20% in 2017) and mid-to-high level (frequency of
cloud occurrence of 10% vs. 5% in 2017 at 6 km). These differences are even more striking
in winter. In 2017 (red dashed line), low-level cloudiness is for instance twice as large as in
2018 (blue-dashed line, 20–22% vs. 10%) and actually bears strong resemblances with that
observed during the previous summer (solid blue line). Furthermore, one can also observe
large differences occurring at mid-levels. While the vertical cloud extension is more or less
limited to 4 km in 2018, in good agreement with previous climatological studies of [30,31],
clouds occur in much more significant proportions up to an altitude of 6 km and even
beyond (frequency of occurrence of 1% at 8 km) in 2017. In the following, large-scale
environmental conditions inferred from the analysis of ERA5 data are investigated in order
to understand the possible origins of these differences.
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Figure 5. Probability of cloud occurrence (%, normalized to 1) observed during summer (solid line)
and winter (dashed line) 2017 (red) and 2018 (blue) as a function of height.

4. Analysis of Local and Large-Scale Environmental Conditions Prevailing in 2017
and 2018

4.1. IOSD Patterns

In the SWIO basin, the main climatic phenomenon that drives large-scale oceanic and
atmospheric circulation is the Indian Ocean Subtropical Dipole (IOSD [37]). This climate
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anomaly controls the structure of the ocean’s surface layer, which, in turn, impacts the
atmospheric circulation and rainfall at the regional scale. It is characterized by three distinct
phases that are defined by a reference index computed from SST anomaly differences
between the western and eastern parts of the basin: a neutral phase, corresponding to the
mean state of the ocean, a negative phase and a positive phase. Positive events, which
are characterized by above-normal SSTs in the southwestern part of the basin and below-
normal SSTs off western Australia, generally start at the beginning of the Austral summer
and die off in April/May.

The evolution of the IOSD index from 2013 to 2019 (Figure 6) shows that a particularly
strong positive event occurred in early 2017. The latter started in November 2016, peaked
in January (with a high index value) and finally died off in late March 2017 (index value of
0.2). However, one can observe that index values started to re-increase significantly at the
beginning of the winter, with an average value of ~1 throughout the rest of the year, before
finally collapsing in early 2018.
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Figure 6. Averaged weekly (black) and quarterly (red) IOSD index between January 2013 and Decem-
ber 2019. Blue and green squares highlight index values during winter 2017 and 2018, respectively.

4.2. Large Scale Anomalies

Corresponding large-scale atmospheric and oceanic anomalies prevailing during
summers (DJF) and winters (JJA) 2017 and 2018 are shown in Figures 7 and 8. In good
agreement with the occurrence of a positive IOSD event, a positive SST anomaly, centered
near 30◦ S and extending from the East African coast to ~90◦ E, can be observed over the
SW part of the basin in summer 2017 (Figure 7a). Enhanced midlevel subsidence is also
observed over Madagascar and the central part of the basin (Figure 7e), resulting in both
positive pressure anomalies (Figure 7c) and dryer conditions in the mid-troposphere (as
inferred from IWV anomalies, Figure 7g) in these areas. Over the Mascarenes and Reunion
Island, these large-scale conditions result in a slightly positive SST anomaly, of nearly
0.5 ◦C, and a below-normal (negative) humidity anomaly of ~ 6–8 kg m−2.

During the next summer, a positive SST anomaly can still be observed in the southern
part of the basin (Figure 7b). The latter is however shifted southeastwards with respect to
summer 2017 and no significant surface pressure (Figure 7d) or mid-level vertical velocity
(Figure 7f) anomalies are longer observed over the central part of the basin. A moist tongue
extending northwestwards towards Madagascar could be observed, in good agreement
with the location of the positive SST anomaly (Figure 7h). Over the Mascarene Archipelago,
these large-scale conditions resulted in positive SST and moisture anomalies of up to 1 ◦C
and 8 kg m−2, respectively.
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Figure 7. (a,b) Sea Surface Temperature (SST), Mean Sea Level Pressure (MSLP), Vertical velocity at
500 hPa (W) and Integrated Water Vapour (IWV) anomalies in summer (DJF) 2017 (left panel) and
2018 (right panel), computed from ERA5 reanalysis data over the period 1990–2020.

During winter 2017 (Figure 8a), ERA5 data show SST anomalies of up to 1 ◦C over
the Mascarene Archipelago, likely inherited from the IOSD event that started earlier in the
year. The Mascarene anticyclone also moved south-eastwards resulting in strong positive
pressure anomalies over the central and southern parts of the basin as well as slightly
below normal sea level pressures over the Mascarenes (Figure 8c). These anomalies are also
accompanied by a decrease in the large-scale midlevel (500 hPa) subsidence over this area
(Figure 8e), resulting in higher humidity content at 850 hPa (Figure 8g). While this positive
SST anomaly is also present in winter 2018 (Figure 8b), the other atmospheric parameters
(Figure 8d,f,h) are nevertheless globally in phase with the climatology.
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Figure 8. (a,b) Sea Surface Temperature (SST), Mean Sea Level Pressure (MSLP), Vertical velocity at
500 hPa (W) and Integrated Water Vapour (IWV) anomalies in summer (DJF) 2017 (left panel) and
2018 (right panel), computed from ERA5 reanalysis data over the period 1990–2020. As in Figure 7,
but for winter (JJA) 2017 and 2018.

4.3. Local Observations

Humidity observations inferred from the analysis of GNSS data collected at the IGS
station of REUN (21.2◦ S, 55.57◦ E) and radio sounding data collected at Saint-Denis’
airport (20.88◦ S, 55.51◦ E) are shown in Figure 9. According to time series of monthly
averaged GNSS-derived IWV columns (Figure 9a), significantly dryer conditions occurred
over Reunion Island during the first 4 months (Nov–March) of the wet season 2017, with
differences of up to 12 kg m−2 (+/−30%) compared to the same period one year after.
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This tendency however inverts at the end of the summer, a period that corresponds to the
dying of the 2017 positive IOSD event. GNSS-derived IWV observations also confirm that
tropospheric humidity was significantly higher during winter 2017 (JJAS, blue line) than
during winter 2018 (red line), with differences of up to 3.5 kg m−2 (+/−35%) between July
and September. A strictly similar tendency (not shown) was also observed at other GNSS
stations located along the west coast and central area of Reunion Island, indicating that
these tropospheric humidity anomalies have impacted the whole island.
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Figure 9. (a) Monthly mean of GNSS-derived IWV content at station REUN in 2017 (blue) and 2018
(red). (b) RS-derived relative humidity at Saint-Denis during summer (plain) and winter (dashed)
2017 (blue) and 2018 (red). The green line in (b) shows corresponding average RH profiles for the
period 2014–2018.

According to seasonally averaged relative humidity data inferred from operational
radio sounding observations in Saint-Denis (Figure 9b), absolute moisture conditions in
summer 2018 (red solid line) were higher throughout the troposphere compared to summer
2017 (blue solid line), with an increase ranging from 10% at low levels to 100% at mid and
high levels. The 5-y average (2014–2018) humidity profile (green solid line) also indicates
that humidity conditions were significantly below (resp. above) normal in summer 2017
(resp. 2018), in good agreement with moisture anomaly patterns deduced from the analysis
of ERA5 data (Figure 7g,h). In winter 2018, the seasonally averaged relative humidity
profile (red dashed line) shows good agreement with the climatological mean (green dashed
line) up to 6 km, and above normal relative humidity at higher levels. In 2017 (blue-dashed
line), one can however observe a significant increase in the low-level relative humidity
between 2 and 4 km altitude, ranging from +50% to +80% at a given level.

To further investigate relationships between cloudiness and humidity over Saint-
Denis, Figure 10 shows hourly relative anomalies (difference between the hourly value
and the daily average, divided by the daily average) of integrated water vapour (IWV, %),
radar-derived low- (LLC, 1–3 km) and mid-to-high-level (HLC, 5–10 km) cloudiness (%)
as well as insolation, during summer (left panel) and winter (right panel) 2018 (as GNSS
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observations collocated with BASTA-REUNION only started to be available in January
2018, we can only compare cloud occurrence and IWV for this year).
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Figure 10. Diurnal cycle of high level (HLC) and low-level (LLC) clouds, Integrated water vapour
(IWV) and insolation at Saint-Denis in 2018. Top panel: low-(1–3 km, plain) and mid-(5–10 km,
dashed) level cloud anomaly (%) during (a) summer 2018 and (b) winter 2018. Bottom panel: Diurnal
cycles of GNSS-derived (STDE station) IWV anomaly (%, black) and insolation (hours, orange) during
(c) summer 2018 and (d) winter 2018.

The ground starts to heat up in the early morning (3 UTC/7 LST) with sunrise
(Figure 10c,d), which increases the air temperature and initiates thermal instability in
the boundary layer. As water vapour generated by evapotranspiration starts to condense,
a positive cloudiness anomaly appears near 7:30 UTC (11:30 LST) at both low- and mid-
to-high levels. A positive IWV anomaly, which remains positive throughout the daytime,
can also be observed at nearly the same hour. In both summer (Figure 10c) and winter
(Figure 10d) this positive moisture anomaly is maximum near 12 UTC (16 LST) and reaches
about 4.5% (~2 kg m−2 in summer and 1.06 kg m−2 in winter). The time of this maximum
likely reflects the existence of a sea breeze regime, which is strongest in mid-afternoon,
when the difference in temperature between the land and ocean is highest. This IWV
anomaly maximum also corresponds to that of the observed maximum in low-level cloudi-
ness anomaly, which reaches up to 60% in summer (Figure 10a) and 50% in winter. This
agreement suggests that the sea breeze regime may act to reinforce low-level cloud forma-
tion along the slopes through the advection of additional moisture originating from the
ocean towards the island.

5. Discussion and Conclusions

The permanent deployment, in 2016, of a 95 GHz vertically pointing cloud radar
BASTA in Reunion Island is an important achievement in order to reinforce cloud observa-
tions and atmospheric science research capabilities in the SWIO.

Data collected by this radar during its two first years of operation show a strong
seasonal cycle with significant variation of cloudiness between summers and winters.
During Austral summer, a bimodal mode characterized by two cloud layers extending
respectively from 1–3 km (maximum daily frequency of cloud occurrence of 45%) and
8–12 km (maximum daily frequency of cloud occurrence of 15%) is observed. During
Austral winter, cloudiness is mostly limited to the low levels (maximum daily probability
of occurrence of about 35%) due to both the northward migration of the ITCZ and the
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strong trade wind inversion prevailing at this time of the year (which further limits vertical
cloud extension). These results are globally in line with those obtained by [19] over the
tropical island of Barbados (using ground-based cloud radar data collected over a similar
period of two years), which have also shown the existence of a bimodal mode (in the
vertical) in summer that disappears in winter due to the circulation shifts accompanying
the seasonal migration of the ITCZ. As in [19], we also observed a slight variability in the
lower troposphere cloudiness across the seasons on a diurnal scale. In summer, medium
and high clouds associated with convective developments over the island’s relief show
a maximum occurrence between 10 and 15UTC (i.e., between 14 and 19 LST), while low-
level clouds are maximised between 8 and 15 UTC (12 and 19 LST) in summer and 9 and
14 UTC (13 and 18 LST) in winter. As in Barbados, this variability appears somewhat more
important in summer (maximum value of cloud occurrence of 45% at a height of 2 km at
both locations) than during winter (25% in Barbados vs. 35% in Reunion Island at a height
of 2 km). The diurnal cycle of the cloudiness is also strongly correlated with the diurnal
cycle of IWV regardless of the season and the cloud layer considered.

The comparative analysis of seasonal cloudiness observations collected in 2017 and
2018 also shows strong differences from one year to the next, with significantly higher
(resp. lower) cloud cover in winter (resp. summer) 2017 than in 2018. The analysis of ERA5
reanalysis data and local humidity measurements derived from radio soundings and GNSS
observations suggests that these differences could be attributed to a different large-scale
context between the two years. In summer 2017 a strong positive SST anomaly, which
formed in relationship with a positive phase of the subtropical Indian Ocean dipole (SIOD),
could be observed south of Madagascar and was accompanied by positive (resp. negative)
anomalies of subsidence (resp. humidity) over the center part of the basin. This large-scale
subsidence, and associated dry air, acted to limit the vertical extension of clouds and likely
explains the significant differences in cloud cover observed between the two summers. The
two winter seasons also show important differences in terms of the large-scale environment.
In 2017, a zonal dipole of large-scale subsidence anomaly was observed, while conditions
were closer to normal in 2018. The eastward shift of high subsidence values resulting from
the presence of this dipole resulted in a wet anomaly over the western part of the basin
in winter 2017 that was further amplified by a positive SST anomaly over Reunion Island
(increased evaporation). As a consequence, the vertical structure of the cloudiness and
the probability of cloud occurrence in the lower half of the troposphere were surprisingly
similar throughout the year 2017.

According to regional and local humidity data, one can hypothesize that the 2017 IOSD
event significantly impacted moisture conditions over Reunion Island throughout the year
2017, resulting in lower (resp. higher) than normal humidity conditions at low- and mid-
level in summer (resp. winter). These distinct moisture conditions may have accounted
for the large differences observed in terms of cloudiness between Austral summers 2017
and 2018 (Figure 4). The thermodynamic structure of the atmosphere over Reunion Island
was also more unstable during Austral winter 2017 than during Austral winter 2018, thus
favouring low-level cloud development, which eventually happens to overshoot the trade
wind inversion. In this regard, an exceptional and extremely intense storm, which locally
produced more than 105 mm of rainfall in one hour in the northeast part of the island,
occurred on 29 and 30 August 2017. BASTA-REUNION reflectivity measurements collected
at Saint-Denis during this event (Figure 11) show convective cells with vertical development
above 7 km altitude, which is extremely uncommon in this season. Instantaneous rainfall
data collected next to the radar on 30 August around 1:30 LST confirms that particularly
intense rainfall (up to 70 mmh−1) occurred over Saint-Denis even though the rainfall
maxima was observed about 15 km SE of the radar. Additionally, note the extinction of the
radar signal at the same hour, as already observed in Figures 2 and 3.
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Figure 11. As in Figure 2, but for data collected between 29 August (10 UTC/14 LST) and 30 August
(5 UTC/9 LST) 2017.

Decreased moisture at low levels during summer 2017 can also account for the limited
development of deep local convective events with respect to 2018. The observed differences
in terms of cloudiness were also exacerbated by the significant cyclonic activity that
occurred over the Mascarene Archipelago during the wet season 2018. Between January
and April 2018 (see Figure 1 in [38]), four tropical cyclones grazed the island (TC Berguitta
and Fakir) or passed in its immediate vicinity (TC Ava and Dumazile)—which drained a
large amount of mid-to-high level clouds over Reunion Island—whereas only two tropical
storms (TS Carlos and Fernando), which passed more than 200 km away from the island,
occurred in 2017.

Cloud radar observations are key to investigate the properties and variability of
tropical clouds, to evaluate cloud fraction forecasted by NWP systems [39] and derived
from space-borne measurements, as well as to evaluate climate model performance [40].
Although limited in time, the preliminary analysis of the 2-y dataset of cloud radar observa-
tions analysed in this study already allows us to better understand the various and complex
processes that drive cloudiness in the tropical island of the SWIO such as Reunion Island.
More efforts are nevertheless obviously needed in order to thoroughly characterize the
properties of the clouds in this tropical area as well as to fully exploit the rare observations
provided by research cloud radars in the Southern hemisphere.

In this regard, observations of clouds and precipitation in Reunion Island will con-
tinue to be reinforced in the frame of ACTRIS through the deployment, in late 2021, of a
second, volumetric (i.e., 360◦ scanning), BASTA cloud radar at the Maïdo observatory. A
transportable polarimetric X-band radar, aiming at complementing observations provided
by Reunion Island’s two operational S-band weather radar systems, will also be installed at
Saint-Joseph (southern part of the island) in September 2021, in the frame of the Interreg-V
Indian Ocean research project ESPOIRS (“Etude des Systèmes Precipitant de l’Océan Indien
par Radars et Satellites” [41]). The deployment of this additional cloud radar, together
with the enhancement of the ground-based weather radar network, will allow for further,
long-term, studies of the seasonal and inter-annual variability of tropical clouds, but also
to benefit from multi-frequency radar observations to better understand the formation and
life cycle of clouds and precipitation over this unique tropical area. This new setup will
thus permit us to study all sorts of cloud patterns, ranging from orographic, cirrus and
low-to-mid level trade clouds to deep convective storms associated with tropical cyclones
passing nearby. Altogether, these instruments will also contribute to make OPAR and
Reunion Island a precious satellite validation testbed in the southern hemisphere for Earth
observation programs, such as the upcoming EARTHCARE [42] space mission.
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Abstract: This article explores the relationship between vertical wind shear (VWS) and tropical

cyclone (TC) genesis in the Mozambique Channel (MC) for the period 1979–2019. Additionally,

SST, low-level relative vorticity, 700 hPa relative humidity and upper-level divergence were also

analyzed for the peak cyclogenesis months to explore their relative contributions. The analyses were

done using NCEP/NCAR Reanalysis-1 for the atmospheric fields, monthly Optimum Interpolation

SST V2, and for the cyclogenesis the TC best track data from the La Reunion–Regional Specialized

Meteorological and Joint Typhoon Warning Centre. A total of 43 TCs generated in the MC were

observed for the analysed period. The maximum frequency of cyclogenesis in the MC was observed

during January and February and the spatial location of maximum TC genesis was coincident

with the minimum values of the VWS. The VWS showed significant correlations with TC intensity,

particularly when considering the upper atmosphere (200–500 hPa) or the bulk (200–850 hPa) VWS.

The mean composites of the cyclogenesis months over the MC of SST, relative humidity at 700 hPa,

divergence at upper atmosphere, showed significant values. However, linear correlations between

these factors vs. TC genesis frequency and intensity were not significant. Analyses of interannual

correlations between VWS and Niño-3.4 (subtropical southwest Indian Ocean dipole-SIOD) showed

statistically significant positive (negative) correlations at different lags, suggesting that La Niña and

the positive phase of SIOD conditions are favorable to weaker VWS and thus to intensification of TCs

in the Mozambique Channel. Thirteen landfall cases were observed with seven over the Madagascar

west coast and six over the Mozambique coast. The landfall over the Madagascar (Mozambique)

coast was associated with strengthened (weakened) VWS.

Keywords: cyclogenesis; vertical wind shear; Mozambique Channel

1. Introduction

The process by which tropical cyclones (TCs) form and intensify, often referred to
as tropical cyclogenesis, is strongly dependent on the existence of several environmental
conditions. Gray [1] listed six basic conditions favoring TC genesis, namely: (i) sea surface
temperature (SST) exceeding 26 ◦C, (ii) enhanced mid-troposphere (700 hPa) relative
humidity, (iii) conditional instability, (iv) enhanced lower troposphere relative vorticity,
(v) weak vertical environmental wind shear (VWS) and (vi) a displacement by at least 5◦

latitude away from the equator. Chan et al. [2] suggested that VWS is one of the main
governing factors of both tropical cyclogenesis and tropical cyclone intensity. Moreover,
some studies indicate that the uncertainties in forecasting the environmental wind shear
values prevent the improvements in TC intensity forecast [3,4]. Over the tropical Pacific,
some studies have indicated that VWS is a key environmental variable that determines
the TCs development [5,6]. Jones et al. [7] considered the VWS a key predictor of seasonal

Atmosphere 2021, 12, 739. https://doi.org/10.3390/atmos12060739 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-1057-5206
https://orcid.org/0000-0003-3000-9850
https://doi.org/10.3390/atmos12060739
https://doi.org/10.3390/atmos12060739
https://doi.org/10.3390/atmos12060739
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12060739
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12060739?type=check_update&version=1


Atmosphere 2021, 12, 739 2 of 15

TC activity. Although some literature has shown cases of cyclones intensifying under
moderate to strong VWS (e.g., [8–10]), in general large values of VWS are considered to be
detrimental to the formation as well as the intensification of TCs, due to the “ventilation”
effect [1,11–13]. Chan et al. [2] have indicated that the reduction of ventilation above the
boundary layer due to vertical alignment is crucial to accumulate the energy within the
inner core region of a TC. Nolan and McGauley [6] studied the relationship between VWS
and TC genesis events within the latitudes 20◦ S and 20◦ N from 1969 to 2008, and found
that VWS values in the range of 1.25–5 m/s are the most favorable for TC genesis, although
previous studies suggested VWS values between 5–10 m/s (e.g., [14]). Some studies also
suggested that there is a VWS threshold value above which TCs may not develop, for
example, a threshold value of 12.5 m/s was determined for the western North Pacific
by Zehr [15].

The Southwest Indian Ocean (SWIO) is one of the major basins of TCs formation and
intensification. TCs forming in this region account for about 14% of the global total, with an
average of 12–13 TCs forming each year in the cyclone season running from November to
April [16–18]. SWIO TCs, especially those forming in the Mozambique Channel (MC) have
been poorly studied so far although they frequently impact island nations and countries on
the mainland of southeastern Africa [19–21]. Leroux et al. [21] stated that over the cyclone
seasons from 1999/2000 to 2015/16, on average, Mozambique was hit by tropical systems
once per year and by TCs about once every 3 years, and that those numbers are even
worse for Madagascar, which was hit twice per year by tropical systems and was hit once
every 2 years by TCs. These countries are listed as the world’s least developed, with high
levels of vulnerability to climatic shocks. This study aims to contribute to the improvement
of monitoring and seasonal forecast of TCs in the SWIO and thus to mitigation of the
destructive impacts of TCs in the affected countries, which is one of the main objectives of
the research project ReNovRisk-Cyclone [22].

Previous studies [23–25] have described several characteristics of the VWS and its
association with tropical cyclone activity in the SWIO. Their results showed a band of
weak VWS located near the Equator with a tendency to move (south–north) accompanying
the displacement of the Inter-Tropical Convergence Zone (ITCZ) which is an important
mechanism for tropical cyclogenesis. During the cyclone season in the SWIO, the ITCZ
stretches across the MC between 15–20◦ S and the area of weak VWS along it can enhance
the positive vorticity needed for tropical cyclogenesis in the region [18,26,27]. Matyas [28]
indicated that given the displacement of the ITCZ in the MC during the cyclone season,
TC formation frequency, location and environmental conditions by month. Ho et al.
and Kuleshov et al. [17,25] suggested that during the cold phase of El Niño–Southern
Oscillation (ENSO), there is a reduction of TC genesis in the western part of the South
Indian Ocean (SIO, west of 75◦ E) and an increase in the eastern part (east of 75◦ E) as well
as displacement of the area favorable for TC genesis further away from the equator and an
inverted scenario is observed during the warm phase. The impact of VWS on TC genesis
and intensification has been significantly explored globally, however, to our knowledge
over the SWIO there are few studies, and none focusing on the MC. The MC has unique
environmental conditions for TCs genesis, namely the presence of a summer trough which
is associated with moist convection (e.g., [29]) the summer convergence zone, known as
the South Indian Convergence Zone, which is associated with zonal wind convergence and
moisture convergence [30] and the relative higher SST as compared to the same latitude
east of Madagascar [18]. Moreover, the topography of Madagascar has a shielding effect,
thus affecting the low-level circulation in the channel (e.g., [31]). Given these peculiarities,
it is of interest to explore how the environmental factors contribute to the cyclogenesis
in this region. The main objective of this study is to assess the relationship between the
seasonal to interannual variability of the VWS and TC genesis frequency and intensity in
the MC.
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This paper is organized into five sections as follows: Section 1 presents the introduc-
tion, Section 2 describes the datasets used and the methodology, Section 3 presents the
results and Sections 4 and 5 present the discussions and conclusions, respectively.

2. Data and Methodology

TC intensity and track data were obtained from La Reunion–Regional Specialized
Meteorological Centre (LR-RSMC) freely available at http://www.meteo.fr/temps (ac-
cessed on 16 December 2019) and Joint Typhoon Warning Centre (JTWC) freely available at
http://www.npmoc.navy.mil/jtwc.html (accessed on 16 December 2019). The data used
cover the seasons 1978/79 to 2018/19 (the TC season in the SWIO is considered to be
November to April) and the main region of analysis is restricted to the MC (10–27.5◦ S e
30–50◦ E). The datasets contain TC centre position (latitude and longitude) and intensity at
6-h intervals. In this study, a cyclogenesis point is defined as the first centre position along
a cyclone track where the system reaches storm intensity (i.e., 1 min maximum sustained
wind (MSW) > 17 m/s in JTWS data and 10-min maximum sustained wind > 15.4 m/s in
LR- RSMC data). These data sets were used to plot the spatial distribution of cyclogenesis
events and to analyze the seasonal and interannual frequency of cyclogenesis in the MC
and the relationship with VWS. The JTWC dataset was used as the basic sample and the LR-
RSMC dataset was used to fill in gaps encountered in JTWC data. A similar approach was
previously used for the same region by Mavume et al. [18] and Bessafi and Wheeler [24].
Linear correlations were used to explore the statistical relationship between the number of
TC cyclogenesis and VWS and also the maximum intensity and VWS. For years, with more
than one TC system only the one with the maximum intensity has been considered, but if
all have had the same category then all have been considered.

Monthly mean gridded atmospheric fields are obtained from the National Center
for Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR)
Reanalysis-1 [32]. The datasets include zonal and meridional wind fields at the 200 and
850 hPa pressure levels, 850 hPa relative vorticity, 700 hPa relative humidity and 200 hPa
divergence, available on a 2.5-degree global resolution in both latitude and longitude, from
January 1948 to the present. Monthly mean Optimum Interpolation Sea Surface Temper-
ature (OI SST) V2 [33] datasets are sourced from the National Oceanic and Atmospheric
Administration (NOAA), and are available on a 1.0-degree global resolution in both latitude
and longitude, from December 1981 to the present (accessed 10 March 2021).

The wind data were used to calculate the VWS, defined here as the magnitude of
the vector difference of the 200 and 850 hPa horizontal winds. The magnitudes here
are divided as in Rios-Berios and Torn [34], into three groups: weak (VWS < 4.5 m/s),
moderate (4.5 ≤ VWS ≤ 11 m/s) and strong (VWS > 11 m/s). Mean maps of SST, 850 hPa
relative vorticity, 700 hPa relative humidity, and 200 hPa divergence of the months with
cyclogenesis in the MC are used to explore their potential contribution to the TC genesis.

Correlation analyses were used to explore the VWS versus El Niño and VWS versus
SIOD relationships. The Niño 3.4 index is freely available at https://origin.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ONI_v5.php (accessed on 22 April 2021),
The SIOD index is defined as in Behera and Yamagata [35] and it was computed based
on (OI SST) V2. Unless stated, all correlations shown in this study are above the 95%
confidence level.

3. Results

The analyses of VWS and TC genesis were particularly focused on the MC for the
December–March (Dec–Mar) period. This period covers more than 85% of TC activity in
the MC [18,28].

3.1. Spatial and Temporal Variability of Vertical Wind Shear

The mean Dec–Mar VWS for 1979–2019 and the respective circulation are shown in
Figure 1. The prominent feature is the area of weak to moderate shear (not exceeding

http://www.meteo.fr/temps
http://www.npmoc.navy.mil/jtwc.html
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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6 m/s) extending across the SWIO between the latitudes 10–21◦ S. The VWS values are
even smaller (equal or below 3 m/s) in some parts of the strip of low VWS, namely over
central SWIO, northern Madagascar, the central Mozambique Channel and central parts
of Mozambique.

Figure 1. Mean (Dec–Mar 1979–2019) vertical wind shear. Colors indicate the magnitude (m/s) and
vectors the direction.

Figure 2 shows the upper and lower-level Dec–Mar wind fields. It is noticeable that
the band of weak VWS observed in the mean Dec–Mar (Figure 1) is associated with a band
of weak winds at the 200 hPa level which separates the up-level subtropical westerlies
and tropical easterlies (Figure 2a). At 850 hPa a similar band of weak winds observed,
however, with less latitudinal extension, and with the wind direction on both side of the
band reversed, i.e., with the westerlies over the tropical region associated with the cross-
equatorial northeasterly monsoons and easterlies over the subtropical region accompanying
the southward movement of the Indian Ocean high-pressure cell (see e.g., [29]). Over the
MC a region of weak low-level wind associated with the MC trough (e.g., [29]) is observed.
This region extends in a diagonal band from the central MC towards northern Mozambique.

Figure 2. Mean (Dec–Mar 1979–2019) wind fields at 200 (a) and 850 hPa (b). Colors indicate the
magnitude (m/s) and vectors the direction.
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The seasonal progression of the band of weak VWS is shown in Figure 3. The band
moves southward in November and December and reaches its maximum southward
position between January and February and then reverses equatorward.

Figure 3. Same as Figure 1, but for mean monthly VWS.

3.2. Correlations between Vertical Wind Shear vs. El Niño and Subtropical Indian Ocean
Dipole (SIOD)

Correlations were performed at different lags for December–March VWS (200–850 hPa)
vs. Niño-3.4 and SIOD indices. Table 1 shows the correlation coefficients. The Niño-3.4
(SIOD) index showed significant and positive (negative) correlations with 200–850 hPa
VWS at different lags.

Table 1. Correlation coefficients of 200–850 hPa VWS vs. Niño-3.4 and SIOD.

Period Niño-3.4 vs. 200–850 hPa VWS SIOD vs. 200–850 hPa VWS

September–November (SON) 0.34

October–December (OND) 0.37 −0.34

November–January (NDJ) 0.40 −0.40

December–February (DJF) 0.43 −0.41

January–March (JFM) 0.50 −0.38

3.3. Vertical Wind Shear vs. Tropical Cyclone Genesis and Intensity

The spatial distribution of TC genesis over the MC for the 1978/1979 to 2018/2019
TC seasons, are presented in Figure 4. TC genesis in the MC is observed between around
12–24◦ S. A total of 43 TC genesis were observed, with maximum occurrence over the region
of weak VWS which coincides with a region of low-level winds (compare with Figure 2b).
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Figure 4. Geographical distribution of tropical cyclogenesis events over the MC during the 1979–2019
period. The colors distinguish the events by month (dots) and the monthly mean position is repre-
sented by triangles.

Monthly anomalies of 200–850 hPa VWS were computed together with TC genesis
for January to March (Figure 5), to explore their relationship. It is observed from
Figure 5 that most TC genesis are located in regions with negative anomalies of VWS.
Few cases are observed in regions with positive anomalies, particularly in February,
with cases that developed to TC intensity. A total of 15 cases developed to at least
TC intensity.

The monthly mean VWS in the MC (10–27.5◦ S e 30–50◦ E) and the number of monthly
totals of cyclogenesis are shown in Figure 6. The lowest values of VWS and higher number
of cyclogenesis are observed between January and February. The average shear for the
SWIO cyclone season is 11.64 m/s, and during the cyclone season months, the shear
remains below this value, except in November and April. January and February show
the lowest values of VWS and are also the most active in terms of tropical cyclogenesis,
representing about 72% of the events. Although November and April are part of the
cyclone season in the SWIO basin, cyclogenesis is not observed during these months, which
is consistent with the observed strong shear.

The interannual variability of Dec–Mar VWS and the number of TC genesis per season
in the MC are shown in Figure 7. For the period considered here, the maximum VWS is
10.63 m/s observed in 1992 and the minimum is 5.36 m/s observed in 2017. The number of
TC genesis per season is between 0–3, the maximum number of cyclogenesis occurred in
2014, 2015 and 2019, there were fourteen years in which no TCs formed and an average of
1.1 TCs occurred per season.
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Figure 5. VWS monthly anomaly (contours in m/s) and the geographical distribution of TC genesis
events (blue dots indicate monthly distribution and red dots the systems that intensified to at least
TC intensity) for the period 1979–2019. Doted lines indicate negative values.

Figure 6. Monthly totals of cyclogenesis events in the MC (bars) and monthly mean VWS (m/s).
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Figure 7. An overlay of the number of cyclones (blue bars) and 200–850 hPa VWS (red solid line) per
season (Dec–Mar) over the MC between 1978/1979 and 2018/2019 TC seasons. The long-term linear
trend and seasonal cycle have been removed in both time series.

VWS vs. TC Genesis and Intensity Correlations

Correlations were performed between the VWS in different layers and the number
of TC genesis in the MC and also between the VWS in different layers and TC maximum
intensity. The VWS and number of TC genesis correlations were in general weak. The
VWS and TC maximum intensity correlations exhibited significant values for the bulk
(200–850 hPa) and upper (200–500 hPa) atmosphere VWS (values above −0.4) while for
the lower (500–850) atmosphere there were no significant correlations. Figure 8a,b shows
plots of TC max intensity vs. VWS anomalies with the correlation coefficients shown on
the top of the panels for 200–850 hPa (a) and 200–500 hPa (b). The long-term linear trend
was removed from both time series.

Figure 8. Plots of TC maximum intensity and VWS anomalies for 200–850 layer (a) and 200–500 hPa
layer (b) for December–March over the MC. Green and red colors indicate the TC maximum intensity
and VWS, respectively. The time series correlation coefficients (at zero lag) are shown on the top of
the panel.
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3.4. Vertical Wind Shear vs. TC Landfall Coast

During the analyzed period, 13 TC systems formed in the MC made landfall (six over
Mozambique coast and seven over Madagascar west coast). Only systems with a storm
intensity (equal or greater than 17 m/s) during landfall were considered. Composite
anomalies (mean months with TC events making landfall-long term mean) of December–
March 200–850 hPa VWS were analyzed to explore the potential role of VWS in the landfall
position (Mozambique coast or Madagascar west coast). Figure 9 shows the composite
anomalies. The VWS anomalies associated with landfall over Madagascar coast exhibit
higher values over the MC, between 4 and 5 m/s (Figure 9a) as compared to values
associated with landfall over the Mozambique coast, between 1 to 2 m/s (Figure 9b). The
pattern of VWS direction is in general similar for the two cases, however, in case of landfall
over Madagascar west coast the VWS is more zonal while for the Mozambique coast a
meridional component is also observed. Significant (weak) low level geopotential and
wind composite anomalies (figures not shown) are observed when the landfall is over the
west coast Madagascar (Mozambique coast).

Figure 9. Composite anomalies of December–March 200–850 hPa VWS associated wind landfall over
Madagascar west coast (a) and Mozambique coast (b).

3.5. Potential Role of Different Environmental Factors to the Cyclogenesis in the MC

January and February composite mean (only months with cyclogenesis events in the
MC) of SST, relative vorticity at 850 hPa, relative humidity at 700 hPa and divergence
at 200 hPa were calculated and mapped to explore their potential role on TC genesis
over the MC (Figure 10). Mean SST (Figure 10a,b) exhibit high and significant values
while the vorticity (Figure 10c,d) values are in general not significant over the MC during
cyclogenesis. The relative humidity at 700 hPa (Figure 10e,f) and upper-level divergence
(Figure 10g,h) also exhibit significant values (45–60% and 2–3.5 × 10−5 s−1 respectively)
over the central and northern parts of the MC. However, correlation analyses between
time series of the elements considered here and TC genesis and intensity did not show
significant values.
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Figure 10. Composite mean of SST (a,b), vorticity at 850 hPa (c,d), relative humidity at 700 hPa (e,f)
and divergence at 200 hPa (g,h) for January (left panel) and February (right panel) cyclogenesis (dots
indicate 95% t-test confidence level).
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Scatter plots analyses of January and February are used here to explore the relationship
between the VWS and the environmental factors indicated above, averaged over the
region (16–22◦ S and 39–43◦ E) of TC genesis maximum occurrence (Figure 11). All the
environmental factors show a good and consistent relationship with the 200–850 hPa VWS.
The SST and vorticity at 850 hPa show a negative linear relationship while relative humidity
at 700 hPa, and divergence at 200 hPa show a positive linear relationship with the VWS.

Figure 11. Cont.
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Figure 11. Relationship between VWS and SST (a), vorticity at 850 hPa (b), relative humidity at
700 hPa (c) and divergence at 200 hPa (d) for January (red line and black dots) and February (blue
line and white dots).

4. Discussion

Lower values of mean 200–850 hPa VWS over the SWIO are observed during the
period December–February, with a distinct band (values below 6 m/s) extending across
central South Indian Ocean towards southern Africa. In the MC, the mean position of
this band is located between the latitudes 16−22◦ S. The region is also coincident with the
highest cyclogenesis in the MC, above 40 TC formed in the period here considered. January
to March monthly VWS anomalies maps, plotted together with TC genesis, show that most
TCs are formed in regions of negative anomalies, although some developed to at least TC
intensity in regions with positive monthly anomalies. However, it is important to note
that the February mean VWS, over the region where all the cyclogenesis was observed, is
within the values considered to be favorable for TC genesis (e.g., [5]). The region in the MC
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with maximum cyclogenesis events is coincident with the mean location of the center of the
MC trough and the months (January and February) with highest events are also coincident
with the period of the peak of strength of the trough. Barimalala et al. [29] indicate that the
interannual variability in the MCT is associated with moist convection over the MC and is
modulated by the location of the warm SST in the south Indian Ocean. These environmental
conditions, as indicated in the introduction, are also important for cyclogenesis. Mean
composite analyses of SST, relative humidity at 700 hPa and divergence at 200 hPa for
January and February (with cyclogenesis) showed significant values, however, at the
interannual timescale, no significant correlations were observed with TC genesis and TC
maximum intensity. Statistically significant correlations were only observed between TC
maximum intensity and VWS (200–850 hPa and 500–200 hPa) suggesting the influence
of upper atmosphere vertical wind shear at interannual time scales in the development
of TCs.

Correlation analyses of interannual variability of 200–850 hPa VWS (December–March)
with Nino 3.4 (SIOD) index at different lags (SON, OND, NDJ, DJF and JFM), shown in
Table 1, were significantly positive (negative). This suggests that high values of VWS are
associated with El Niño, hence not favorable for TC intensification. Most of the 15 cases of
TC that developed to at least TC intensity, developed under La Niña or neutral conditions
(six under La Niña, six under neutral and three under El Niño conditions). It is noteworthy
that four cases of the neutral condition were under the negative Niño-3.4 index. On the
other hand, the negative correlation with the SIOD, suggests that warm SST over SWIO,
linked to SIOD, is associated with weaker VWS over the MC. These results may indicate
that both La Niña and positive SIOD are favorable to weaker VWS and to intensification of
TC in the Mozambique Channel.

Analysis of composite anomalies of 200–850 hPa VWS for landfall events suggest that
higher values over the MC are favorable to landfall over Madagascar west coast while
weaker values are more favorable to landfall over the Mozambique coast. Composite
analyses of low level geopotential height and wind suggest a significantly strengthened
MC trough during landfall over the Madagascar west coast.

5. Conclusions

This study analyzed the seasonal to interannual relationship between vertical wind
shear and the cyclogenesis and TC development in the Mozambique Channel. The cyclone
activity in the MC has not been much studied, particularly the cyclogenesis, however,
there is a significant number of cyclones making landfall or affecting Mozambique and
Madagascar that are generated in the MC. The VWS over the SWIO is characterized by a
band of minima magnitude, propagating southward and reaching its maxima southward
position between January and February. Over the MC, the region of minima is associated
with the highest number of cyclogenesis. A total of 43 cases of TC genesis were observed
in the MC and 15 developed to at least Tropical Cyclone intensity. The VWS showed signif-
icant correlations with TC intensity, particularly when considering the upper atmosphere
(200–500 hPa) or the bulk (200–850 hPa) VWS. The lower atmosphere VWS (500–850 hPa)
did not show statistically significant correlation, a similar result was observed with the cor-
relations between the TC genesis frequency and VWS. Analyses of interannual correlations
of VWS and Niño-3.4 (SIOD) showed significant positive (negative) correlations at different
lags suggesting that La Niña and positive phase of the SIOD conditions are favorable to
weaker VWS and to intensification of TC in the Mozambique Channel. Thirteen landfall
cases were observed with seven over the Madagascar west coast and six over the Mozam-
bique coast. The landfall cases over the Madagascar (Mozambique) coast were associated
with strengthened (weakened) VWS. The landfall events over Madagascar appear to also
be associated with a significantly stronger MC trough.
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Abstract: Despite having contributed the least to global warming and having the lowest emissions,

the African region is the most vulnerable continent to climate change impacts. To reduce the levels of

risk arising from climate change, it is mandatory to combine both mitigation and adaptation. While

mitigation can reduce global warming, not all impacts can be avoided. Therefore, adaptation is

essential to advance strategic interventions and reduce the impacts. As part of the international effort

to cope with changing climate, a set of Coordinated Regional Downscaling Experiment (CORDEX)

domains have been established worldwide. The CORDEX-Africa initiative has been developed

to analyze downscaled regional climate data over the African domain for climate data analysis

techniques and engage users of climate information in both sector-specific and region/space-based

applications. This study takes outputs of high-resolution climate multi-models from the CORDEX-

Africa initiative constructed at a spatial resolution of 50 km to assess climate change projections

over Mozambique. Projected spatial and temporal changes (three 30-year time periods, the present

(2011–2040), mid (2041–2070), and the end (2071–2100)) in temperature and precipitation under the

Representative Concentration Pathways RCP2.6, RCP4.5, and RCP8.5 are analyzed and compared

relative to the baseline period (1961–1990). Results show that there is a tendency toward an increase

in annual temperature as we move toward the middle and end of the century, mainly for RCP4.5

and RCP8.5 scenarios. This is evident for the Gaza Province, north of the Tete Province, and parts of

Niassa Province, where variations will be Tmax (0.92 to 4.73 ◦C), Tmin (1.12 to 4.85 ◦C), and Tmean

(0.99 to 4.7 ◦C). In contrast, the coastal region will experience less variation (values < 0.5 ◦C to 3 ◦C).

At the seasonal scale, the pattern of temperature change does not differ from that of the annual scale.

The JJA and SON seasons present the largest variations in temperature compared with DJF and MAM

seasons. The increase in temperature may reach 4.47 ◦C in DJF, 4.59 ◦C in MAM, 5.04 ◦C in JJA, and

5.25 ◦C in SON. Precipitation shows substantial spatial and temporal variations, both in annual and

seasonal scales. The northern coastal zone region shows a reduction in precipitation, while the entire

southern region, with the exception of the coastal part, shows an increase up to 40% and up to 50%

in some parts of the central and northern regions, in future climates for all periods under the three

reference scenarios. At the seasonal scale (DJF and MAM), the precipitation in much of Mozambique

shows above average precipitation with an increase up to more than 40% under the three scenarios.

In contrast, during the JJA season, the three scenarios show a decrease in precipitation. Notably, the

interior part will have the largest decrease, reaching a variation of −60% over most of the Gaza, Tete,

and Niassa Provinces.

Keywords: climate change; CORDEX-Africa; RCP; temperature; precipitation; Mozambique

1. Introduction

According to the International Panel on Climate Change (IPCC) Fifth Assessment
Report (AR5), climate change warming is unequivocal, while it is extremely likely that
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this is a result of anthropogenic activities. For instance, recent climate changes have had
widespread impacts on human and natural systems worldwide [1].

Despite having contributed the least to global warming and having the lowest emis-
sions, Africa faces exponential collateral damage, posing systemic risks to its economies,
infrastructure investments, water and food systems, public health, agriculture, and liveli-
hoods, threatening to undo its modest development gains and slip into higher levels of
extreme poverty. This situation is aggravated by the interaction of ‘multiple stresses’,
occurring at various levels and low adaptive capacity [2].

Mozambique is one of the African countries most exposed to climate-related risks,
which is and will be exacerbated by climate change. Extreme dangerous and destructive
events are remarkable and have been associated with the occurrence of disasters of major
socio-economic impacts [3]. Its population was 13 million in 1990, it reached 27.9 million in
2017 and 29.5 million in 2018 with a growth rate of 2.9% per annum [4,5]. The Southern
African sub-region (South Africa and Mozambique) is, after Northern Africa, the conti-
nent’s most urbanized and is projected to reach a region-wide urban majority around the
end of the current decade. South Africa reached an urban majority of 62% in 2011 with
Mozambique projected to reach an urban majority by 2050 [6]. The urban population is
low (33.4%) and the rural population is high (66.6%), but the wealth distribution is also
uneven [7]. About 43% of the population resides within the coastal region of the country.
Mozambique has been one of Africa’s fastest growing economies throughout the past
years, driven by investments related to the exploration of multiple natural resources. The
Mozambique economy generally demonstrated growth in the 2010–2018 period; however
the country’s Gross Domestic Product (GDP) per capita has declined over the past decade,
from 458 USD in 2007 to 443 USD in 2017, reflecting the country’s population growth [7].
While the population growth numbers and investments are increasing, the vulnerability of
the country is also increasing as coastal zones are exposed to a range of coastal hazards
such as sea level rise, storm surges, and tropical cyclones. The 2018–2019 southwest Indian
Ocean tropical cyclone season was remarkable, being the deadliest and costliest season
ever recorded (≈1380 deaths and ≈USD 2.3 billion damage). Although the number of
cyclones was exceptional across the region, most of the deaths and damage occurred as a
result of Intense Tropical Cyclone IDAI. The situation become exacerbated on 25 April, with
the appearance of Intense Tropical cyclone Kenneth, which was classified as the strongest
cyclone to ever make landfall in Mozambique. This TC struck the Mozambique coast
further north, resulting in considerable damage and socio-economic impacts (≈45 deaths
and ≈USD 100 million damage) [8]. Weather associated with both cyclones affected the
central and northern regions of Mozambique, including the neighboring countries of Zim-
babwe and Malawi. These destructive cyclones resulted in severe humanitarian impacts,
including hundreds of casualties and hundreds of thousands of displaced persons [8–10].
Therefore, vulnerability may increase, as the climate affects human lives, agriculture, water,
health, infrastructure, and other aspects of daily life. Extreme weather events such those
aforementioned among others including extreme precipitation and floods [11,12] and se-
vere droughts [13], and high extreme temperatures and heat waves [14–16] are predicted
to continue and pose significant social and economic pressures within several parts of
Africa and elsewhere, while there is mounting evidence suggesting that the frequency and
intensity of some events will change in the future due to climate change [17,18].

Post-2015, the Nationally Determined Contributions (NDCs) to the Paris Agreement
(PA) have become the main instrument for guiding policy responses to climate change [10].
Three main actions emerged from PA 2015 showing the willingness of national govern-
ments to strengthen the global response to the threat of climate change: (i) to keep global
temperature rise well below 2 ◦C above pre-industrial levels, and to pursue determined
efforts to limit the temperature increase even further to 1.5 ◦C; (ii) to strengthen the ability
of countries to adapt to climate change and develop low-carbon emission technology; and
(iii) to make finance flows consistent with a pathway toward low-carbon emissions and
climate-resilient development [19,20]. These two thresholds provided a strong signal for
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the governments to take urgent decisions and actions to mitigate the ongoing and future
climate change and for the scientific community to assess the various implications that
could arise if warming overcomes 1.5–2 ◦C. A recent study [21] shows considerable global
economic gains from complying with the Paris Climate Accord. With the implementation
of the NDCs (formerly defined as Intended Nationally Determined Contributions, INDCs),
aggregate global emission levels would be lower than in pre-INDC trajectories [21]. These
efforts are greatly recognized; however, the translation of these commitments into plausible
binding targets of greenhouse gas reductions at the national level is still slow. According to
the UN Environment’s 2019 Emissions Gap Report, the emissions will continue to increase,
even if all national commitments under the Paris Agreement are implemented through
the NDC and other regulatory mechanisms. The fact is the world is still on the course for
around 3 ◦C of warming above pre-industrial levels [22,23]. Mozambique’s NDC states
clearly its adaptation mission to “reduce climate change vulnerability and improve the
wellbeing of Mozambicans through the implementation of concrete measures for adap-
tation and climate risk reduction, promoting mitigation and low-carbon development,
aiming at sustainable development, with the active participation of all stakeholders in the
social, environmental and economic sectors”. Mozambique has committed to reduce about
76.5 metric tons of carbon dioxide equivalent (76.5 MtCO2eq) from 2020 to 2030, which is
conditional on the provision of support from the international community [24].

The two PA thresholds goals are essentially viewed as means to quantify if there is
a significant reduction in regional and local climate risks and demonstrating benefits in
limiting warming below 1.5 ◦C [25]. It is likely that negative effects of 0.5 ◦C increment can
be seen in extreme events. For instance, estimates indicate that the chances of an extreme
event at 0.5 ◦C warming is almost two times than that at 1.5 ◦C [26]. GDP loss estimates
per year under global warming scenarios (2, 3, and 4 ◦C) are expected to be higher, and
the relative damages from not complying with the 2 ◦C target for Southern Africa are
particularly severe [21].

Temperature and precipitation are two key indicators that characterize the state of the
climate and which have continuously affected living conditions in many geographical loca-
tions in Africa [10]. Thus, by changing the temperature and precipitation patterns, climate
change becomes a major concern to the survival of the human being as it poses significant
risks and impacts on the natural resources, environment, and surrounding assets.

Over Southern Africa, there is a positive sign of change for temperature, with temper-
ature rising faster at 2 ◦C (1.5–2.5 ◦C) as compared to 1.5 ◦C (0.5–1.5 ◦C) of global warming.
On the other hand, the region is projected to face robust precipitation decreases of about
10–20% and increases in the number of consecutive dry days and decrease in the number
of consecutive wet days [20]. However, it is likely that some hotspots will face robust
precipitation increases in some places. For instance, a projected increase in temperature is
expected to influence the multiplication of pests, weeds, and several diseases that would
lead to increased costs of crop production and failure in crop yields as well as reduction in
food and water resources availability [20,27,28]. Some areas may become drier as a result
temperature increases with increasing drought frequency and number of heatwaves [29–31].
Warming will also increase evaporation and transpiration rates that would result reduc-
tions in stream flow for hydroelectric power [32,33]. In addition, warming is also likely to
increase outbreaks of waterborne diseases and diseases transmitted by rodents [34–38]. The
projected increases in rainfall are likely to influence nutrient loss, removal of the top fertile
layer of soil and saturation of soil, pests disease outbreaks, and infrastructure damage that
would result in low crop yields and disruption of the food supply chain [1,20,36,39,40].
Changes in precipitation patterns are projected to cause severe flooding during the rainy
season and severe drought during the dry season [41]. This scenario is likely to affect
several business and economic sectors.

Within Southern Africa, Mozambique is one of the hotspots, as it is particularly
vulnerable to climate change compounded by high levels of poverty and strong reliance
on the rain-fed agriculture sector to drive its economy, employment opportunities, and
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food security. The agriculture sector in Mozambique, being largely driven by smallholder
farmers, is the primary livelihood basis for 80% of the population and contributes to
the overall national economy with approximately 31.5% of the Gross Domestic Product
(GDP) [42]. The majority of sectors, particularly agriculture, food security, and water
resources, are strongly impacted by variations in temperature and precipitation. The
impacts described above are currently happening and causing socio-economic impacts in
Mozambique and are likely to be an additional challenge for the country to achieve various
sustainable development goals and other national targets.

In this regard, monitoring and understanding the spatial and temporal characteristics
of these two indicators (temperature and precipitation) under future climate, along with
underlying impacts, at regional and local levels is crucial for strengthening science–policy
dialogue and support decision making in the development of effective and science-based
adaptation strategies at all levels of governance and sectors.

To perform this exercise, Global Circulation Models also or referred to as Global
Climate Models (GCMs) have been used to assess the causes of past changes and for
projecting temperature and precipitation changes in the future [43].

GCMs are complex computer models, as well as fundamental tools, designed to pro-
vide several important outputs, at a global scale, typically at a spatial scale of 200–330 km,
for instance, which is not relevant for studies or applications at regional and local scales [41].
Climate change projections of high quality are performed by downscaling techniques and
are often required in climate change impact assessments studies at regional and local
scales [25,44,45]. They are also important for informing policy makers and the society on
how science-based evidence can contribute to foster actionable mitigation and adaptation
measures [46]. Therefore, downscaling of outputs from GCM is a required and important
approach to overcome common limitations in the GCM such as coarse spatial resolution
and bias [44,47]. The main approaches to downscale outputs from GCMs are (i) statistical
downscaling [47,48] and (ii) dynamic downscaling [49]. These approaches result mainly
not only from the spatial resolution but also from the more realistic or complete physics
representation in Regional Climate Models (RCMs), which allow for obtaining detailed
climate information about dynamic processes taking place in specific regions [50]. Dynamic
downscaling, which relies on the boundary conditions from GCMs, is seen as the most ap-
propriate approach for the better representation of these processes on climate variables [49].
However, these capabilities are not always are available for all, because they demand high
computational requirements, particularly if they are of dynamic type [48]. For a compre-
hensive review about the types and main features of downscaling techniques, see [44].
On the other hand, in regions with low station coverage, weak data infrastructure, and
limited modeling capabilities, people are often facing big challenges for conducting their
assessments. Currently, there is a significant number of collaborative projects producing
climate simulation from dynamic downscaling for model inter-comparisons and impact
assessment. Today, thanks to the various collaborative projects around the world, climate
simulations derived from dynamic downscaling for model inter-comparisons and impact
assessments can be accessed [44]. Some of these projects involve the COordinated Regional
Downscaling EXperiment (CORDEX) initiative, which produces dynamically downscaled
climate simulations for all continents, including Africa. The CORDEX initiative is the most
comprehensive effort ever made in coordinating regional climate projections throughout
the world [46] and, for instance, an opening window for the scientific community to access
these facilities to get the climate information and skills needed to conduct their own assess-
ments. The CORDEX initiative was pioneered by the World Climate Research Programme
(WCRP) to produce high-resolution climate datasets over different parts of the world, of
which Africa was the first target region selected for the experiments [51].

Scientific research focusing on GCMs and downscaling techniques to produce climate
change projections is receiving more attention in recent years, particularly from research
groups of CORDEX community and affiliates. For instance, more than 60 research articles
have been published under the CORDEX Africa initiative since 2012 and are publicly
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available at the Climate Systems Analysis Group (CSAG), University of Cape Town, South
Africa (http://www.csag.uct.ac.za/cordex-africa/cordex-africa-publications/, accessed
on 12 March 2020). The majority of these studies are either focusing on the CORDEX Africa
domain [25,52] or its subregions, namely, East Africa [47,53], West Africa [54,55], Southern
Africa [31,56,57], Greater Horn of Africa [58], and the Congo Basin [59]. Some country-level
studies have been conducted for Botswana [16], Tanzania [44,60], and Zimbabwe [61],
among few others. In general, these publications address various applications providing a
comprehensive range of a plausible future within the CORDEX Africa domain or under
its subregions or countries. Regional analysis with RCMs in these studies highlighted the
indisputable value of the downscaling approach compared to GCMs, as in most cases,
it showed good performance in reproducing finer details among other features in both
temperature and precipitation projections [25,52].

While some countries might have substantial progress in conducting studies and
publishing such results, others have very limited published work, adding to the fact that
either GCMs or RCMs downscaling techniques have not been or are poorly implemented
and issues such as data infrastructure including the working environment need to be
improved and expanded. These limited capabilities elements are common in several
countries in Africa, particularly in Mozambique, which is the subject of the current research.

The research entitled “Impact of climate change on disaster risk in Mozambique”,
conducted by the National Institute for Disaster Risk Management and Reduction (INGD),
former the National Institute for Disaster Management (INGC) was widely cited and be-
came the first to apply climate change models on a regional scale to produce future climate
change in Mozambique [62]. The study provided the country with an important view
on the possible impacts of climate change on national investment and poverty reduction
plans as well as the large sections of the coast characterized by human settlements and
investments. The study [3] revealed that climate change and disaster risk go hand in hand
because most of the impacts of climate change will be felt in the form of increased risk,
spread, intensity, and frequency of natural disasters. Ref. [41] used the statistical down-
scaling of seven GCMs downscaled to each of the selected 39 station locations. All GCMs
were used in the IPCC 4th Assessment Report and forced with SRES A2 emissions scenario
(IPCC, 2000-which assumes that society will continue to use fossil fuels at a moderate
growth rate, there will be less economic integration, and populations will continue to
expand) for the 1960–2005, 2046–2065, and 2080–2100 periods. Ref. [41] found that both
maximum and minimum temperatures are projected to increase by 1.5–3 ◦C in all seasons
by all seven GCMs by the middle of the century (2046–2065). Exceptionally, the September-
October-November (SON) season will experience the most increase-an increase of 2.5–3 ◦C.
These increases in temperature are expected to be higher more toward inland and less at
the coast, partially due to the moderate influence of the ocean. By the end of the century
(2081–2100), temperature in the central region will increase by as much as 5–6 ◦C. Previous
studies [29] found the same results, with most of the Southern African region projected
to increase between 4 and 6 ◦C by the 2100s under the A2 SRES emissions scenario. The
downscaled projections from seven GCMs [41] suggest an increase in precipitation in the
December-May period by the middle of the century and end of this century, particularly
in coastal areas considering significant spread between the models, which is indeed a
challenge. However, increases in precipitation are likely to be greatest toward the end of
the summer season, particularly in the north and coastal regions.

The objective of this work is to use the available CORDEX-Africa archives of regional
climate modeled data and make a subset for the Mozambique domain in order to pro-
vide a comprehensive range of projected future changes. The study focuses on annual
and seasonal temperature and precipitation changes and takes outputs of high-resolution
climate ensemble from the CORDEX-Africa Initiative constructed at a spatial resolution
of 50 km. It is notably part of the ReNovRisk-Cyclone research program, which aims to
assess the impact of climate change on tropical cyclone activity and water resources in the
southwest Indian Ocean basin, particularly in the Mozambique Channel region [63]. The

http://www.csag.uct.ac.za/cordex-africa/cordex-africa-publications/
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main focus of the analysis is to use the Representative Concentration Pathways scenarios
(RCPs, [64,65]) to obtain climate change projections and explore future changes, risks, and
impacts. The study assess the performance of model outputs in relation to historical data
and the robustness of the projected changes of climate variables through the available sim-
ulations and ensembles. Furthermore, the study discusses the implications and usefulness
of the projected changes for the various key country targets.

The results are presented and discussed in both regional and local context. Our
findings could contribute to the climate adaptation and mitigation actions and NDC
efforts in the country. In addition, while this study presents a different methodology, it
is also an update of the previous scenario (SRES) applied in previous studies [3,29,41].
The development of RCP emerged from an IPCC request to the scientific community, as
the existing scenarios (the so-called Special Emissions Scenarios-SRES) [66] needed to be
updated and expanded in scope [64,65].

2. Data and Methods

2.1. Study Area and Climate

Mozambique, the focus domain of this study, is located in the southeastern part of the
African Continent, between latitudes 10◦27′ S and 26◦57′ S and longitudes 30◦12′ E and
40◦51′ E (Figure 1), which favors the intertropical and subtropical climate conditions. The
country has a total surface area of 799,380 km2 (of which 98% is land and 2% form inland
waters). The country holds a long coastline in the Indian Ocean, covering a total distance
of about 2700 km and a continental shelf area of 104,300 km2.

 

Figure 1. Map of the study area showing the administrative division of Mozambique, the different
ground based meteorological stations, and the four sub-regions used in this study as highlighted
from the map of the African continent.

Mozambique has a different climatic regime compared to most Southern African
countries, given its coastal location, facing the warm Indian Ocean, the varying altitude, and
its long latitudinal extension (between approximately 10◦ and 26◦ S). Thus, the northern
part is dominated by a tropical rainy climate, while the central part is dominated by
moderately humid climate modified by altitude. The central part is more prone to floods,
tropical weather systems (e.g., tropical cyclones), and epidemics, followed by the north
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and south. The southern part is more influenced by mid-latitude systems or by interactions
with both. A tropical dry savannah climate is also a common feature in the southern
part, which makes it more prone to drought than the center or north. For example, the
central and northern regions in Mozambique receive between 400 and 600 mm more annual
mean precipitation than the southern part [67]. Other areas in the center of the country
and the entire coastal area receive amounts of precipitation ranging from 800 to 1000 mm.
Furthermore, a significant number of dry spells is observed in the southern part, while in
the northern part, rains are more regular [68].

Mozambique has two seasons: summer, which runs from October to March, and
winter, which runs from April to September. The highest average maximum temperatures
are found in the country’s coastal zone, in the south of Tete province and in the western
part of Gaza province [3]. Temperatures in Mozambique are highest during the summer
and lowest during the winter. Average temperatures in Mozambique range from 25 to
30 ◦C (average maximum temperatures) in summer and between 15 and 21 ◦C (average
minimum temperatures) in winter [3]. As for the average minimum temperatures, these
have a decreasing pattern from the coast to the interior. The highest average minimum
temperatures are found along the north coast, while the lowest are found in the province
of Gaza. Extreme temperatures are common both in summer (above 40 ◦C) and winter
(around 15 ◦C) in some areas.

In general, the precipitation producing systems in Mozambique comprise the In-
tertropical Convergence Zone (ZCIT), the El Niño-South Oscillation (ENSO), the Tropical
Temperate Troughs (TTTs), the tropical cyclones formed in the southwestern Indian Ocean,
the Indian Monsoon, the low-pressure systems on the continent, the frontal systems, the
Indian Anticyclones, and Atlantic anticyclones. The country precipitation is heavily influ-
enced by ENSO, a global oceanic temperature anomaly [69] that drives local interannual
climate variability. The ENSO phenomenon is associated with severe dry conditions over
central and southern Mozambique [70]. Conversely, the La Niña phase is associated with
periods of heavy, extended precipitation, and it can result in floods. During the rainy
season (November to March), precipitation variability in Mozambique is dominated by
the ITCZ, a narrow transition belt, where the global northeast and southeast trades con-
verge, inducing upward motion and precipitation [71]. Its influence is predominately
felt in the north and center, whereas TTTs, oriented in a northwest–southeast direction,
deliver substantial rain over large areas in the southern and central Mozambique and
neighboring countries [12]. For instance, these authors hypothesize that a band of rain
observed during a convective activity in mid-January 2013 could suggest a strong TTT
feature with intense activity over southern Mozambique. TTTs are viewed and accepted as
the main summer synoptic rain, producing a system over southern Africa [72] consisting
of a combination between a lower-layer tropical perturbation and a mid-latitude trough
in the upper atmosphere. Precipitation is the primary factor governing the development
and persistence of drought [73]. Low levels of precipitation can have severe impact over
Mozambique, which in many areas has a low resilience and limited capacity to mitigate
drought effects. Tropical cyclones that generate within the Mozambique Channel (MC) or
form and travel into the MC from the wider open waters east of Madagascar Island are
occasionally able to make landfall into the African mainland, which is accompanied with
heavy precipitation and other associated hazards [74–76]. There are other precipitation
episodes of varying duration and intensity that are poorly documented, which are still a
challenge for weather forecasters to predict given the short duration and surprising factor
when they occur. For example, the interaction between sea breezes and urban heat islands
seems to develop mesoscale convective systems that result in short-term heavy rains in
some areas of the country. Synoptic-scale winds (e.g., sea breeze) are known to influence
the heat island circulation, and their interaction has been studied and confirmed in other
parts of the world [77]. Given the limited predicting skills when they occur, the earlier
warning systems could not provide the necessary information in a timely and efficiently
manner to the residents in order to avoid the consequences.
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2.2. Data

2.2.1. Climate Data from Model Simulations Outputs

This study uses three different ensembles of regional climate change simulations
outputs from the COordinated Regional Downscaling EXperiment (CORDEX-Africa): one
ensemble of 4 simulations (out of which, 5 were not available) based on the representative
concentration pathway (RCP) 2.6, one ensemble of 9 simulations based on RCP4.5, and
one ensemble of 9 simulations based on RCP8.5. All data for the three ensembles, RCP2.6,
RCP4.5 and RCP8.5, included in the analysis were available from the ESGF (Earth Sys-
tem Grid Federation) Swedish datanode (https://esg-dn1.nsc.liu.se/projects/esgf-liu/,
accessed on 12 March 2020). The Regional Climate Model (RCA4) and the driving GCMs
are presented in Table 1.

Table 1. List of driving Global Climate Model—GCMs (nine available for RCP4.5 and RCP8.5, and 4
available for RCP2.6 scenario) along with the RCA4 regional model.

Project/Initiative
Driving GCMs

(Historical)
Driving GCMs

(Projections)
RCM Period

1 CORDEX-Africa CanESM2 CanESM2 RCA4 1951–2100
2 CORDEX-Africa CNRM-CM5 CNRM-CM5 RCA4 1951–2100
3 CORDEX-Africa CSIRO-MK3 CSIRO-MK3 RCA4 1951–2100
4 CORDEX-Africa GFDL-ESM2M GFDL-ESM2M RCA4 1951–2100
5 CORDEX-Africa HadGEM2-ES HadGEM2-ES (1) RCA4 1951–2099
6 CORDEX-Africa IPSL-CM5A-MR IPSL-CM5A-MR RCA4 1951–2100
7 CORDEX-Africa MIROC5 MIROC5 (1) RCA4 1951–2100
8 CORDEX-Africa MPI-ESM-LR MPI-ESM-LR (1) RCA4 1951–2100
9 CORDEX-Africa Nor-ESM1-M Nor-ESM1-M (1) RCA4 1951–2100

Driving GCMs Institutes/Centers-1. Canadian Centre for Climate Modelling and Analysis; 2. Centre National de
Recherches Météorologiques; 3. Commonwealth Scientific and Industrial Research Organization; 4. Geophysical
Fluid Dynamic Laboratory; 5. Met Office Hadley Centre; 6. Institut Pierre Simon Laplace; 7. Tokyo Center for
Climate System Research; 8. Max Planck Institute for Meteorology; 9. Bjerknes Centre for Climate Research. RCM
Model Center: Swedish Meteorological and Hydrological Institute (SHMI). 1 Avaliable simulations for RCP2.6.

The data correspond to the 1951–2100 period and cover two of the most important
meteorological variables in terms of direct impacts, the temperature and precipitation. The
selected variables belong to the Phase I CORDEX simulations and have a spatial resolution
of 0.44◦ (≈50 km). The data are retrieved following specific guiding instructions and
steps (http://www.csag.uct.ac.za/cordex-africa/how-to-download-cordex-data-from-the-
esgf/, accessed on 12 March 2020), which are provided at the ESGF-LiU data node. The
regional climate model from which the data were derived is the latest fourth generation
Rossby Centre Atmosphere regional climate model (RCA4) at the Swedish Meteorological
and Hydrological Institute (SHMI) [78,79].

In practice, SHMI uses RCA4 to dynamically downscale all the GCMs over the Africa
CORDEX domain [79]. The RCA4 model has been applied in previous studies in Africa [25]
and other parts of the world [80]. Ref. [81] recognize that RCA4 has a number of improved
modifications for specific physical parameterizations, which make it ideal and transferrable
for applications in African regions. Some common concerns for almost the majority of
RCMs in Africa include different convection schemes [82], including the phase of diurnal
cycle of precipitation, among others. According to [81], this is an indication that higher
resolution does not necessarily lead to a better performance of the RCMs. RCMs model
outputs may still produce considerable systematic biases, and their direct use as input for
impact assessment models may not be appropriate, since they might lead to inaccurate
conclusions [83]. Biases are usually defined as long-term average deviations between
simulations and observations [84]. Several bias correction methods have been developed
to adjust meteorological variables from the RCMs ranging from simple scaling approaches
to sophisticated distribution mapping [85–87]. The GCMs projections are forced by the
Representative Concentration Pathways, which are hereafter referred to as RCPs [88].
The RCPs are prescribed greenhouse gas concentration pathways throughout the 21st

https://esg-dn1.nsc.liu.se/projects/esgf-liu/
http://www.csag.uct.ac.za/cordex-africa/how-to-download-cordex-data-from-the-esgf/
http://www.csag.uct.ac.za/cordex-africa/how-to-download-cordex-data-from-the-esgf/
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century, corresponding to different radiative forcing stabilization levels [64,65]. Three
RCP were available for this study: (i) RCP2.6, the lowest-level scenario (most ambitious
scenario with radical climate mitigation policies) which would slow global warming to
1.5 ◦C (the peak of the radiative forcing in the middle of the century of ≈3 W/m2) followed
by a decline; (ii) RCP4.5, the mid-level scenario with strong climate policy (e.g., the Paris
Agreement) which would slow global warming to around 2 ◦C (or ≈4.5 W/m2) by 2100
(RCP4.5), and (iii) RCP8.5, the highest-level scenario (business as usual scenario, without
either countervailing action or climate policy), which could increase global warming up to
4 ◦C or 8.5 Wm2 radiative forcing on the climate system by 2100.

2.2.2. Observed Data

The observed monthly precipitation, maximum temperature, and minimum tempera-
ture data from 27 stations were collected from the National Institute of Meteorology (INAM,
https://www.inam.gov.mz/index.php/pt/, accessed on 12 March 2020) of Mozambique
starting from 1961 to 2015. The historical observations were used for performance evalua-
tion against the GCMs historical model outputs in each region of Mozambique.

Due to the inconsistencies in the observed station data, the evaluation was made only
for the 1971–2000 period covering 10 stations (Table 2). After the evaluation was made,
it was possible to read for each station the associated number of gaps for each variable
(precipitation: Prec.; minimum temperature: Tmin.; and maximum temperature: Tmax.).
Since the evaluated data showed fewer gaps compared to the initial station data, they are
considered more reliable and suitable for the performance evaluation of quantile mapping
against the GCMs historical model outputs.

Table 2. Observed stations (10) from the National Institute of Meteorology (INAM) used for the
evaluation of model outputs and the related gaps to each data (%).

Station Prec. Gaps (%) Tmin Gaps (%) Tmax Gaps (%)

Xai—Xai 4.11 5.83 7.5
Beira-Aeroporto 1.12 3.06 3.06

Pemba 1.41 5.62 5.62
Lichinga 6.51 1.67 1.67
Nampula 0.56 0.56 1.11

Quelimane 2.56 0.0 0.56
Tete 4.06 3.61 3.89

Maputo-Observatório 0.0 0.0 0.0
Inhambane 2.29 1.67 1.67
Vilanculos 6.21 4.72 5.0

2.3. Methods

2.3.1. Definition of Climate Periods, Seasons, and Subregions

Climate projections for temperature and precipitation are presented for different
climate future periods and time scales. Following [53], the years 1961–1990 are defined as
the baseline (reference) period or recent past, while the three 30-year period (time-slices),
2011–2040, 2041–2070, and 2071–2100, are representative for the present, mid, and end of
the twenty-first century. The climate change projections for Mozambique are presented at
annual scale in these periods.

The study also examined temperature and precipitation projections at a seasonal scale
considering that large seasonal variations characterize most of Africa and Mozambique in
particular [89]. In this context, climate analyses were performed including four seasons,
summer (December-January-February (DJF)), late summer (May-June-July (MAM)), winter
(June-July-August (JJA); and early summer (September-October-November (SON)) to
explore changes in a seasonal context. Important circulation changes such as El Niño-
Southern Oscillation (ENSO), Intertropical Convergence Zone (ITCZ), Mozambique Chanel
Trough (MCT), monsoons, and Mascarene High, which alter the climate conditions in

https://www.inam.gov.mz/index.php/pt/
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Mozambique, seem to be the most dominant factors that control the seasonal changes.
For example, in Southern Africa, the rainy season reaches its peak between December
and February (DJF), when 80% of annual rainfall is recorded in the region, with some
areas reaching 90% [90]. The influence of El-Niño is felt most in the southeastern part of
Southern Africa, reaching a peak at the end of the summer i.e., between January and March
(JFM) [91].

For spatial average analysis, the study area is divided in four sub-regions, namely:
the coastal, northern, central, and southern regions (see [3]) based on the climatological
features and vulnerability in the area (Figure 1 and Table 3).

Table 3. Sample of districts chosen according to vulnerability.

Region District Latitude Longitude Altitude (m) Associated Vulnerability Event

Coastal

Govuro −20.990 35.021 130 Drought/Floods/Cyclones
Massinga −23.329 35.382 116 Drought/Cyclones

Mocimboa da Praia −11.346 40.357 29 Drought/Cyclones
Nacala −14.541 40.672 133 Drought/Floods/Cyclones

Mangaja da Costa −17.309 37.508 103 Floods/Cyclones
Beira −19.846 34.841 5 Floods/Cyclones

Xai-Xai −25.053 33.644 45 Drought/Floods/Cyclones
Manhiça −25.401 32.810 37 Drought/Floods/Cyclones

Northern

Muidumbe −11.823 39.821 504 Drought/Floods/Cyclones
Balama −13.348 38.572 591 Drought/Cyclones

Nampula −15.120 39.264 414 Floods
Chimbonila −13.331 35.423 550 Cyclones

Central

Zumbo −11.823 30.447 504 Drought/Floods
Chemba −13.348 34.894 591 Drought/Floods/Cyclones
Mocuba −15.120 36.980 414 Floods

Sussundenga −13.331 33.293 550 Floods/Cyclones

Southern

Massangena −21.545 32.952 120 Drought/Floods
Chigubo −22.830 33.523 210 Drought/Floods/Cyclones

Massingir −23.920 32.158 191 Drought/Floods
Namaacha −25.983 32.018 490 Drought/Floods

2.3.2. Evaluation of Historical CORDEX Model Simulations

The evaluation of historical simulations was made using Taylor diagrams. Taylor
diagrams are defined as mathematical diagrams designed to graphically represent which
of several approximate representations (or models) of a system, process, or phenomenon is
most realistic, and how closely a pattern or a set of patterns matches observations [92,93].
These mathematical diagrams are constructed to assess the performance of model outputs
in relation to historical data. Taylor diagrams in this context provide a graphical framework
that allows variables from the set of models represented in Table 1 to be compared to our
precipitation and temperature historical reference data provided by the INAM.

2.3.3. Calculation of Temporal and Spatial Variations in Climate Projections

The annual time series and spatial variations of temperature and precipitation have
been calculated over the entire country as well as in four sub-regions. The multi-model
average of simulations (or ensemble approach) is applied to reduce uncertainty associated
with individual climate models based on the available Representative Concentration Path-
ways (RCP2.6, RCP4.5, and RCP8.5). For the temperature, the analysis will focus on the
maximum of the change, since we are interested in knowing how much it will heat up until
the end of the century. For precipitation, the analysis will focus on the 5th, 50th, and 95th
percentiles. The 5th and 95th percentiles are used to indicate the range over which normal
values are expected. The 50th percentile indicates the central value, giving the idea of the
sign of most of the values.
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2.3.4. Robustness of Projected CORDEX Model Simulations

The robustness of the climate projections is based on the combination of two tests,
the test of agreement and the significance test, as described by [94]. The test of agreement
assesses the robustness of the projections based on the comparison of the signal of each
simulation in relation to the signal of the ensemble. The percentage of simulations whose
sign of change agrees with the sign of the ensemble will define the level of robustness of
the projections. In this study, it is considered that the projection is robust in terms of signal
agreement, when over 66% of the simulations agree with the signal of the ensemble. For
the significance test, the two-tailed Student t-test based on unequal variances between
future and historical data, with a 95% confidence level was used. The significance test
assesses the difference in distributions between two series, in this case, the 30 years of the
simulated projections in relation to the historical 30 years. Similar to what was done in the
test of agreement, the Student t-test was performed for each simulation in such a way that
the change is considered statically significant if more than 66% of the simulations show a
significant change. The analysis of the robustness of the climate projections is made for the
20 districts of the four regions shown in Table 3.

3. Results

3.1. Evaluation of Historical CORDEX Model Simulations

Taylor diagrams [92] were used to assess the performance of model outputs in relation
to historical data in each region of Mozambique. The outputs of the nine models are
represented by the letters M1, M2,..., M9, following the sequence shown in Table 1. Despite
the evaluation of all model outputs, the analyses are focused on the average of the nine
models, which is represented by “ALL”.

Regarding temperature (Appendix A, Figure A1), it can be seen that all models show
correlations above 0.7, in almost all stations, except in Pemba, where the correlations are
above 0.5. The associated errors vary between 0.25 and 2 ◦C, with the standard deviation
not exceeding 3 ◦C. The average of the models presents the best results in the evaluation,
where their correlation reaches more than 0.9 in Beira, Inhambane, Lichinga, Quelimane,
Vilanculos, and Xai-Xai.

In precipitation (Appendix A, Figure A2), different from temperature, the correlations
are relatively lower. In some stations such as Beira, Inhambane, Maputo, Vilanculos,
and Xai-Xai, the models show correlations below 0.5. Nampula and Lichinga present
correlations that reach 0.75 and 0.77, respectively. The errors vary between 100 and 200 mm.
Similar to what was observed in the temperature, the average of the models presents
the best results also for precipitation. For the average of the models, only the stations
of Inhambane, Maputo, Vilanculos, and Xai-Xai (all from the south) have correlations
below 0.5. The rest of the stations show correlations above 0.6, with values reaching 0.79 in
Nampula and 0.82 in Lichinga.

3.2. Calculation of Temporal Variations in Climate Projections

3.2.1. Temporal Variations in Mean Annual Temperature Projections

Figure 2a shows the time series of anomalies (in relation to the 1961-1990 reference
period) of the historical and temperature projections for the three RCP scenarios (RCP2.6,
RCP4.5, and RCP8.5), for the four regions (coastal, northern, central, and southern) cho-
sen. It is evident that for the more optimistic scenario (RCP2.6), the temperature increase
will start to stabilize around 2030, regardless of the region. In the RCP2.6 scenario, the
temperature anomaly can reach up to 2 ◦C in all regions, except the coastal region. This
suggests that the coastal region will experience less temperature variation. For the RCP4.5
scenario, the temperature starts to stabilize around 2050, and for this scenario, the tem-
perature anomaly will not exceed 2 ◦C in the coastal region. In the remaining regions,
anomalies associated with RCP4.5 reach 3 ◦C. The RCP8.5 scenario is the one with the most
accentuated increase throughout the 21st century. Anomalies related to this scenario reach
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values close to 6 ◦C in the southern region; on the other hand, in the coastal region, they do
not reach 5 ◦C.

(a) 

 

(b) 

Figure 2. (a) Projected time-series of annual mean temperature anomalies with respect to the reference period 1961–1990, for
the historical and three RCP simulations (RCP2.6, RCP4.5, and RCP8.5), for the four regions used in this study; (b) Projected
time-series of annual precipitation anomalies with respect to the reference period 1961–1990, for the historical and three
RCP simulations (RCP2.6, RCP4.5, and RCP8.5), for the four regions used in this study.
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3.2.2. Temporal Variations of Annual Precipitation Projections

In the time series of precipitation anomalies (Figure 2b), it is clear that the southern
region is the one with the greatest interannual variability. In general, all RCPs present
a great annual variability, being that the northern region is the only one with an above
average precipitation trend.

3.3. Changes in Mean Annual and Seasonal Temperature Projections over Mozambique

3.3.1. Projected Changes in Mean Annual Temperature

Projected changes for the three periods (2040s, 2070s, and 2100s) show that the average
annual temperature (maximum, minimum, and average) will be higher than the average
for the reference period (1961–1990), as it is presented in Figures 3–5. There is a tendency
toward an increase in temperature as we move toward the middle and end of the century,
mainly for the RCP4.5 and RCP8.5 scenarios, with the minimum temperature being the vari-
able that will have the major variation. The coastal region of Mozambique will experience
less variation, while the interior will experience greater changes in temperature. This result
is consistent with that found by [3]. Some locations (hotspots) stand out for having the
major variations regardless of the scenario and the period, such as the cases in the western
part of the Gaza Province (near the border with Zimbabwe), the northern Tete Province,
and the western part of the Niassa Province. The interior of the Gaza Province is one of the
driest regions in Mozambique, while the Tete Province is predominantly the warmest.

Under the RCP2.6 scenario (Figures 3–5, left), during the 2040s, the extreme northeast
of Mozambique (Cabo Delgado and Nampula Provinces) is the place that will present the
smallest variations (values below 0.5 ◦C). According to Table 4, the change in maximum,
minimum, and average temperatures may reach 0.92, 1.12, and 0.99 ◦C, respectively,
being parts of Gaza and Inhambane (southern region), almost the entire province of
Zambézia, and parts of the provinces of Tete, Sofala, and Manica (central region) and
parts of the Niassa Province (northern region), the places where the major variation is
observed. During the 2070s, the observed patterns do not portray significant differences,
with the northernmost part of Mozambique showing variations below 0.5 ◦C. For this
period, projected changes under the same scenario indicate that the maximum, minimum,
and average temperature variation may reach 1.39, 1.56, and 1.45 ◦C, respectively (Table 4),
with the provinces of the central region being those that will experience the major increase
in the average annual maximum temperature. In the 2100s, in addition to the extreme
northeast of Mozambique, the southwestern tip of Maputo Province also stands out as
being the place where the change in the average annual maximum temperature does not
exceed 0.5 ◦C. During this period, the temperature variation may reach 1.24 ◦C for the
maximum, 1.4 ◦C for the minimum, and 1.23 ◦C for the average, with the central region
being the place where the major change will occur.

Table 4. Maximum change in annual temperature for the 2040s (2011–2040), 2070s (2041–2070), and
2100s (2071–2100) with respect to the reference period (1961–1990) for the RCP2.6 scenario. The cells
filled with the blue color have values below 2 ◦C (threshold defined by the Paris Agreement).

Period
Change in 2040s Change in 2070s Change in 2100s

Tmax Tmin Tmean Tmax Tmin Tmean Tmax Tmin Tmean

Annual 0.92 1.12 0.99 1.39 1.56 1.45 1.24 1.40 1.23
DJF 0.87 1.14 0.94 1.46 1.57 1.44 1.46 1.47 1.33

MAM 0.81 1.11 0.83 1.21 1.55 1.31 1.01 1.29 1.08
JJA 1.36 1.53 1.45 1.56 1.69 1.63 1.53 1.69 1.62

SON 1.41 1.33 1.40 1.83 1.78 1.84 1.72 1.67 1.71
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Figure 3. Projected changes of annual maximum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCPs scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure 4. Projected changes of annual minimum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCPs scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure 5. Projected changes of annual mean temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCPs scenarios (RCP2.6, RCP4.5, and RCP8.5).

The RCP4.5 scenario presents relatively higher temperature change values compared
to RCP2.6 (Figures 3–5, middle). During the 2040s, the entire coastal region showed varia-
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tions of less than 0.5 ◦C. The change in maximum, minimum, and average temperatures
can reach 1.35, 1.46, and 1.39 ◦C (Table 5) with the interior of the Gaza Province, north of
the Tete Province, and parts of the Niassa and Zambézia Provinces being the places that
experience the major variations. In the 2070s, the temperature variation showed values
that exceed 2 ◦C. The temperature change varies from just over 1 ◦C in the coastal region
to around 2.28 ◦C in the interior areas. The northern part of the Tete Province is the place
where the major variation is observed. During the 2100s, it is evident that for the RCP4.5
scenario, the temperature change is no more than 2 ◦C in the coastal region. In the interior
of Mozambique, the temperature variation exceeds 2 ◦C, reaching 2.74 ◦C for the maximum
temperature, 2.8 ◦C for the minimum temperature, and 2.71 ◦C for the average temperature.

Table 5. Maximum change in annual temperature for the 2040s (2011–2040), 2070s (2041–2070), and
2100s (2071–2100) with respect to the reference period (1961–1990) for the RCP4.5 scenario. The cells
filled with the blue color have values below 2 ◦C (threshold defined by the Paris Agreement), and
the cells with orange indicate temperature values between 2 and 4 ◦C.

Period
Change in 2040s Change in 2070s Change in 2100s

Tmax Tmin Tmean Tmax Tmin Tmean Tmax Tmin Tmean

Annual 1.35 1.46 1.39 2.20 2.28 2.19 2.74 2.80 2.71
DJF 1.47 1.38 1.40 2.19 2.15 2.12 2.57 2.53 2.51

MAM 1.20 1.39 1.27 2.05 2.18 2.01 2.74 2.89 2.69
JJA 1.49 1.55 1.47 2.34 2.39 2.23 2.89 2.91 2.74

SON 1.53 1.53 1.52 2.63 2.51 2.60 3.05 3.03 3.06

The projections under the RCP8.5 scenario (Figures 3–5, right) present a pattern
consistent with that observed in both the RCP 2.6 and 4.5 scenarios. For the 2040s, the
change is no more than 1 ◦C in the coastal region. The variation in maximum, minimum,
and average temperatures can reach 1.49, 1.56, and 1.48 ◦C (Table 6), respectively, in which
the interior of the Gaza Province, the north of the Tete Province, and parts of the Niassa
Province are the places where the major changes are observed. In the 2070s, the coastal
parts of the northern and southern regions will experience changes in temperature with
values below 2 ◦C. In the interior areas, the change can reach 3 ◦C, with the interior of
the Gaza Province, north of the Tete Province and parts of the Niassa Province being the
most outstanding places. In the last 30 years of the century, projections under the RCP8.5
scenario show that the change in temperature may exceed 4 ◦C. In the coastal region, the
temperature rise has values that reach 3 ◦C. The change in maximum, minimum, and
average temperatures can reach 4.73, 4.85, and 4.7 ◦C, respectively, with the northern
part of the Tete Province and west of the Niassa Province being the places that show the
greatest change.

Table 6. Maximum change in annual temperature for the 2040s (2011–2040), 2070s (2041–2070), and
2100s (2071–2100) with respect to the reference period (1961–1990) for the RCP8.5 scenario. The cells
filled with the blue color have values below 2 ◦C (threshold defined by the Paris Agreement), with
orange indicating the cells with temperature values between 2 and 4 ◦C, and finally the red color
representing the cells with values above 4 ◦C.

Period
Change in 2040s Change in 2070s Change in 2100s

Tmax Tmin Tmean Tmax Tmin Tmean Tmax Tmin Tmean

Annual 1.49 1.56 1.48 2.86 3.00 2.86 4.73 4.85 4.70
DJF 1.39 1.40 1.37 2.71 2.78 2.69 4.42 4.47 4.39

MAM 1.50 1.58 1.41 2.68 2.92 2.65 4.65 4.87 4.59
JJA 1.74 1.72 1.63 3.02 3.17 2.92 5.00 5.04 4.70

SON 1.66 1.64 1.64 3.28 3.32 3.28 5.25 5.20 5.20
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3.3.2. Projected Changes in Mean Seasonal Temperature

At the seasonal time scale, the pattern of temperature change does not differ from the
pattern found in the analysis of projections at the annual scale. The coastal zone has the
smallest variations, and the interior has the largest variations. The JJA and SON seasons
are the ones that present the largest variations in temperature, with the interior of the Gaza
Province and parts of the Tete and Niassa Provinces being the places where the major
changes are observed, mainly for the RCP 4.5 and 8.5 scenarios. At this point, due to the
high number of variables to be analyzed, the focus will be on the average temperature.

The projections under the RCP2.6 scenario (Table 4) show that the temperature varia-
tions will not reach 2 ◦C, regardless of the period and the season. The spatial distribution
of projected changes in temperature, under the RCP2.6 scenario during the DJF season
(Figures A3–A5, left), shows that in addition to the coastal region, much of the southern
region, including the interior of the Gaza Province, are the places where there will be the
lowest variations (values below 0.5 ◦C). In this season, the variation in the average temper-
ature may reach 0.94 ◦C in the 2040s, 1.44 ◦C in the 2070s, and 1.33 ◦C in the 2100s (Table 4).
The northern Tete Province and parts of the Niassa and Zambézia Provinces are the places
where the observed warming is largest. During the MAM season (Figures A6–A8, left), the
pattern of temperature change is close to the pattern observed in DJF, with the exception of
the minimum temperature, which is already beginning to show a significant increase in
the interior of the Gaza Province, for the RCP 4.5 and 8.5 scenarios. The change in average
temperature may reach 0.83 ◦C in the 2040s, 1.55 ◦C in the 2070s, and 1.08 ◦C in the 2100s
(Table 4). The seasons of JJA (Figures A9–A11, left) and SON (Figures A12–A14, left) are
the ones that will experience the major changes, with the minimum temperature being
the variable that will present the major variation. This suggests that there is a tendency
toward a decrease in thermal amplitude, with less cold winters. It is notable that during
the 2040s, regardless of the time scale (annual or seasonal), the three temperature variables
analyzed show an increase of no more than 1.5 ◦C except for the minimum temperature,
which shows an increase that will reach 1.53 ◦C during the JJA season (Table 4). The major
changes (values above 1 ◦C) are expected in the interior of the Gaza Province, south of
the Manica Province, and north of the Tete Province (central and southern regions) and
in parts of the Niassa Province (near the border with Malawi). During the 2070s, the
temperature increased slightly compared to the 2040s. In this period (2070s), the change in
the minimum temperature presents values above 1.5 ◦C, with the major change occurring
in the SON season (1.78 ◦C). For the maximum and average temperature, only the JJA
and SON seasons have changes above 1.5 ◦C. For these variables, the major change occurs
during the SON season, with values reaching 1.83 ◦C for the maximum temperature and
1.84 ◦C for the average temperature. At the end of the century (2100s), projections under
the RCP2.6 scenario show a temperature stabilization. The SON season is the one that
presents the major changes, with values reaching 1.72, 1.67, and 1.71 ◦C, for the maximum,
minimum, and average temperature, respectively.

For projections under the RCP4.5 scenario (Figures A3–A5, middle), during the DJF
season, the coastal region remains the place where the smallest variations are observed.
Unlike RCP2.6, for RCP4.5, the interior of the Gaza Province presents the pattern observed
on the annual scale, being one of the places where the greatest temperature variations
are registered, together with the northern part of the Tete Province and the interior of the
Niassa and Zambézia Provinces. The change in average temperature can reach 1.4 ◦C in
the 2040s, 2.12 ◦C in the 2070s, and 2.51 ◦C in the 2100s (Table 5). For the MAM station
(Figures A6–A8, middle), the change in average temperature may reach 1.27 ◦C in the
2040s, 2.01 ◦C in the 2070s, and 2.69 ◦C at the end of the century. During the JJA and SON
seasons (Figures A9–A14, middle), the major changes are also expected in the interior of
the Gaza Province, the north of the Tete Province, and in some parts of the Niassa Province.
During the 2040s, the change in average temperature only exceeded 1.5 ◦C in the SON
season (Table 5), where it reaches 1.52 ◦C; in JJA, the average temperature reaches 1.47 ◦C.
In the 2070s, the temperature rise exceeds 2 ◦C, but it does not reach 3 ◦C, and the change
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in temperature reaches 2.23 ◦C in JJA and 2.6 ◦C in SON. For the 2100s period, the RCP4.5
scenario shows that the temperature rise will exceed the 3 ◦C barrier. Once again, the SON
season is the one with the major increase in temperature, reaching 3.05, 3.03, and 3.06 ◦C,
for the maximum, minimum, and average temperature, respectively.

In the RCP8.5 scenario, the same locations mentioned previously (inland Gaza Province,
north of the Tete Province, and in some parts of the Niassa Province) are the ones that
show the major changes. For the DJF station (Figure A3, Figure A4, Figure A5, right), the
average temperature may reach 1.37 ◦C in the 2040s, 2.69 ◦C in the 2070s, and 4.39 ◦C at the
end of the century (Table 6). During the MAM season (Figures A6–A8, right), the change
in average temperature may reach 1.41 ◦C in the 2040s, 2.65 ◦C in the 2070s, and 4.59 ◦C
in 2100s. The temperature increase could rise from 5 ◦C at the end of the 21st century,
mainly during the JJA and SON seasons (Figures A9–A14, right). During the 2040s, RCP8.5
projections show that the average temperature rise will reach 1.63 ◦C in JJA and 1.64 ◦C in
SON. In the 2070s, the change in average temperature will reach 2.92 ◦C in JJA and 3.28 ◦C
in SON. At the end of the century, the average temperature change will reach 4.7 ◦C in JJA
and 5.2 ◦C in SON (Table 6).

3.4. Changes in Annual and Seasonal Precipitation Projections (RCP2.6, RCP4.5, and RCP8.5)

3.4.1. Projected Changes in Annual Precipitation

In general, the behavior of annual precipitation shows a pattern with considerably
variability influenced by the type of scenario and period chosen, including the geographic
location. All RCPs are consistent in showing that at the annual time scale, there will be a
decrease in precipitation in all periods in the coastal zone of the northern region (Figure 6).
The projections under the RCP2.6 scenario (Figure 6, left) indicate that there will be an
increase in precipitation in much of Mozambique, mainly in the 2040s, where the 5th and
95th percentiles will have values of −7.3% and 30.7%, respectively (Table 7). For almost the
entire southern region, with the exception of the coastal part, precipitation may increase by
up to 40% compared to the precipitation in the reference period. The same is true in some
parts of the central and northern regions, in the northern part of the Tete Province, and
some parts of the interior of the Niassa Province, where the increase in precipitation may
exceed 50%. During the 2070s, there was a slight decrease in precipitation, with the 5th
percentile equal to −16.4% and the 95th percentile equal to 22.1%. At the end of the century,
precipitation showed a slight increase in relation to the 2070s, with the entire southern
region with precipitation above the average of the reference period.

Table 7. Percentile values of precipitation for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100) with respect
to the reference period (1961–1990) for the RCP2.6 scenario. The cells filled with different colors differentiate positive and
negative anomalies.

Period

Reference Period Change in 2040s Change in 2070s Change in 2100s

Average
Std. Dev.

P5 P50 P95 P5 P50 P95 P5 P50 P95

(mm) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Annual 1020 246.3 −7.3 10.7 30.7 −16.4 2.1 22.1 −23.3 −8.3 7.2
DJF 186.2 47.6 −7.5 11.6 38.1 −13.8 6.7 31.4 −10.9 4.3 23.0

MAM 86.3 35.6 −1.9 21.5 49.4 −16.6 5.6 24.5 −6.6 17.0 40.4
JJA 23.5 12.6 −56.5 −31.8 1.0 −61.6 −33.4 −15.4 −55.3 −30.9 −6.8

SON 44.5 11.5 −18.2 −1.2 25.1 −26.9 −9.6 9.7 −15.2 2.4 26.2

The RCP4.5 and RCP8.5 scenarios (Figure 6, middle and right) present similar pattern
for precipitation in almost all three analysis periods. For these projections, a large part of
the southern region will show precipitation within or below the average of the reference
period (up to about −30%), except for some parts of the interior of the Inhambane Province
and parts of the provinces of the central and northern regions. In these places, the change in
precipitation may reach 20%. From Tables 8 and 9, it is clear that projections show a decrease
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in precipitation, with RCP4.5 showing the 50th percentile with a negative sign during the
2040s and 2070s periods, while RCP8.5 shows similar behavior for all periods. This shows
that for these scenarios, most of the country will experience a decrease in precipitation.− − − −

 
Figure 6. Projected changes in annual precipitation (%) for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCPs scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Table 8. Percentile values of precipitation for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100) with respect
to the reference period (1961–1990) for the RCP4.5 scenario. The cells filled with different colors differentiate positive and
negative anomalies.

Period

Reference Period Change in 2040s Change in 2070s Change in 2100s

Average
Std. Dev.

P5 P50 P95 P5 P50 P95 P5 P50 P95

(mm) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Annual 1020 246.3 −23.8 −8.9 7.4 −22.6 −7.9 7.6 −14.5 4.5 23.7
DJF 186.2 47.6 −12.9 3.0 20.3 −10.4 6.0 25.4 −12.2 6.1 26.3

MAM 86.3 35.6 −18.2 3.9 25.1 −16.2 6.7 26.4 −12.8 10.9 31.6
JJA 23.5 12.6 −60.2 −33.4 −14.1 −61.1 −37.3 −19.9 −63.8 −39.5 −23.3

SON 44.5 11.5 −7.6 10.6 37.4 −15.9 2.1 33.5 −21.5 2.3 30.6

Table 9. Percentile values of precipitation for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100) with respect
to the reference period (1961–1990) for the RCP8.5 scenario. The cells filled with different colors differentiate positive and
negative anomalies.

Period

Reference Period Change in 2040s Change in 2070s Change in 2100s

Average
Std. Dev.

P5 P50 P95 P5 P50 P95 P5 P50 P95

(mm) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Annual 1020 246.3 −22.6 −7.0 9.8 −22.3 −6.6 9.8 −25.0 −10.0 9.5
DJF 186.2 47.6 −10.5 5.6 23.7 −8.2 8.3 26.3 −10.5 7.5 25.3

MAM 86.3 35.6 −15.8 5.6 25.3 −12.8 12.1 30.4 −16.1 5.9 27.9
JJA 23.5 12.6 −60.9 −33.6 −13.1 −63.9 −40.3 −24.9 −67.8 −47.0 −31.1

SON 44.5 11.5 −11.1 11.0 39.2 −16.1 6.1 30.9 −32.6 −6.0 28.6

3.4.2. Projected Changes in Seasonal Precipitation

In general, the behavior of seasonal precipitation shows a variable pattern similar
to the pattern of annual precipitation, which is probably influenced by the same factors.
All RCP scenarios point to above average precipitation in much of Mozambique during
the DJF season (Figure A15), regardless of the period. The projections under the RCP2.6
scenario (Figure A15, left) show that during the DJF season, the entire southern region will
show an increase in precipitation, which may exceed the historical average by more than
40%. The 5th and 95th percentile values are −7.5% and 38.1%, in the 2040s, −13.8% and
31.4%, in the 2070s, and −10.9% and 23% at the end of the century (Table 7).

For the RCP 4.5 and 8.5 scenarios (Figure A15, middle and right), there is a decrease in
precipitation in the interior of the central and southern regions. For RCP4.5, the 5th and 95th
percentiles are −12.9% and 20.3% in the 2040s, −10.4% and 25.4% in the 2070s, and −12.2%
and 26.3% in the 2100s (Table 8). The RCP8.5 scenario presents changes in precipitation
with values within the same magnitude. At the MAM season (Figure A16), similarly to
the DJF season, projections under RCP2.6 point to an increase in precipitation in much
of Mozambique, mainly in the 2040s (Figure A16, left) and 2100s. During these periods,
the increase in precipitation may reach 60%, mainly in the north of the Tete Province and
some parts of the Manica and Niassa Provinces. For the RCP4.5 and RCP8.5 scenarios
(Figure A16, middle and right), the pattern is similar to that seen in the DJF season.

During the JJA season (Figure A17), all scenarios show that in almost all of Mozam-
bique, there will be a decrease in precipitation, mainly for scenarios RCP4.5 and 8.5
(Figure A17, middle and right). The north of the Tete Province, the interior of the Niassa
Province, and parts of the Cabo Delgado Province are the places where an increase in
precipitation is expected, with values not exceeding 30%. The interior part of Mozambique
will have a robust decrease in precipitation, reaching a variation of −60% in most of the
provinces of Gaza, Tete, and Niassa. In this season, the 5th and 95th percentiles show nega-
tive values regardless of the period or scenario, except for the 95th percentile of RCP2.6,
which is 1% during the 2040s (Table 7).
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For the SON season (Figure A18), the projections under the RCP4.5 and RCP8.5
scenarios (Figure A18, middle and right) show a pattern of increased precipitation in the
central and northern regions and of decreased precipitation in the south at the end of the
century, where the change in precipitation could reach −40%. On the other hand, the
RCP2.6 scenarios (Figure A18, left) show that there will be a decrease in precipitation in
central Mozambique in the 2040s and 2100s and a decrease in almost the whole country in
the 2070s.

3.5. Robustness of Projected CORDEX Model Simulations

Tables 10–12 show the change in temperature and precipitation projections, including
the robustness test for the 20 districts divided by the four sub-regions used in this study.
The results in bold are for the places where the change is robust. The results of the change
in temperature are in accordance with the analysis in the previous section, with coastal
districts having the least variation and districts in the south and center having the greatest
variation. For temperature, all districts show robust changes, regardless of RCP and period.

For the precipitation simulations of RCP2.6 (Table 10), it is noticed that most districts
present a robustness in the signal agreement, mainly in the districts of the coastal, central,
and northern regions. In the districts of the southern region, the fact that none of them
passed both tests in the 2070s stands out. In terms of combination, the districts of Beira, in
the coastal region, Muidumbe and Chimbonila in the north, and Zumbo in the central region
showed a robust change in precipitation in the 2040s. In the 2070s, only the districts of
Beira, Muidumbe, and Chimbonila experienced a robust change. In the 2100s, the districts
of Mangaja da Costa, Nampula, Chimbonila, Zumbo, and Mocuba show robustness in
precipitation change. According to the table, no district in the southern region has a robust
change in precipitation for the simulations of RCP2.6.

Table 10. Changes in future projections for RCP2.6 temperature and precipitation simulations. Results in bold show where
the changes are robust.

Region District Temperature (◦C) Precipitation (%)

2040s 2070s 2100s 2040s 2070s 2100s

Coastal

Govuro 0.89 1.23 1.13 24.6 22.0 22.3
Massinga 0.88 1.21 1.09 30.0 23.9 27.7

Moc. Praia 0.97 1.29 1.24 26.8 17.0 17.7
Nacala 0.95 1.23 1.19 14.6 12.7 14.5

Mang. Costa 0.90 1.29 1.17 26.0 15.9 17.1
Beira 0.89 1.24 1.13 28.8 20.3 22.9

Xai-Xai 0.92 1.30 1.16 12.1 8.2 8.8
Manhiça 0.95 1.31 1.18 7.6 8.4 7.3

Northern

Muidumbe 0.99 1.35 1.29 22.4 14.1 17.3
Balama 0.96 1.36 1.31 15.1 11.4 12.9

Nampula 0.96 1.33 1.27 13.6 10.4 12.3
Chimbonila 1.01 1.41 1.31 7.8 4.3 7.4

Central

Zumbo 1.15 1.62 1.43 20.7 15.0 24.6
Chemba 1.05 1.52 1.35 14.1 6.5 9.8
Mocuba 0.93 1.28 1.23 19.6 11.9 15.6

Sussundenga 1.03 1.45 1.30 11.8 4.4 9.3

Southern

Massangena 1.14 1.52 1.37 9.4 9.8 12.1
Chigubo 1.09 1.48 1.33 14.8 97 11.7

Massingir 1.08 1.49 1.33 7.6 2.1 4.9
Namaacha 1.02 1.38 1.25 0.4 1.2 1.4
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Table 11. Changes in future projections for RCP4.5 temperature and precipitation simulations. Results in bold show where
the changes are robust.

Region District Temperature (◦C) Precipitation (%)

2040s 2070s 2100s 2040s 2070s 2100s

Coastal

Govuro 1.06 1.72 2.12 −2.4 −1.2 1.3
Massinga 1.06 1.72 2.10 −12.9 −11.5 −12.3

Moc. Praia 1.07 1.72 2.12 −25.6 −24.1 −24.6
Nacala 1.05 1.70 2.10 −7.7 −8.9 −7.8

Mang. Costa 1.12 1.81 2.22 17.1 14.6 17.1
Beira 1.07 1.74 2.12 −5.2 −6.3 −4.7

Xai−Xai 1.13 1.84 2.23 −11.5 −9.7 −12.9
Manhiça 1.13 1.86 2.24 −21.2 −20.0 −22.1

Northern

Muidumbe 1.10 1.84 2.37 1.2 2.4 1.7
Balama 1.17 1.99 2.68 20.9 22.3 21.3

Nampula 1.16 1.95 2.53 6.7 5.4 5.9
Chimbonila 1.21 2.22 3.18 30.2 28.0 27.1

Central

Zumbo 1.29 2.16 2.55 −31.2 −28.3 −28.7
Chemba 1.21 1.96 2.41 −7.3 −6.4 −5.4
Mocuba 1.16 1.90 2.33 7.2 6.9 7.1

Sussundenga 1.20 1.97 2.42 −12.4 −12.3 −12.8

Southern

Massangena 1.28 2.03 2.52 −9.2 −6.9 −11.5
Chigubo 1.27 2.02 2.49 −2.1 2.3 −1.3

Massingir 1.32 2.13 2.56 −0.8 −0.3 −0.5
Namaacha 1.17 1.96 2.34 2.5 0.6 −0.1

Table 12. Changes in future projections for RCP4.5 temperature and precipitation simulations. Results in bold show where
the changes are robust.

Region District Temperature (◦C) Precipitation (%)

2040s 2070s 2100s 2040s 2070s 2100s

Coastal

Govuro 1.14 2.25 3.49 −2.6 −0.4 −8.4
Massinga 1.12 2.24 3.65 −12.4 −13.6 −17.4

Moc. Praia 1.15 2.27 3.72 −23.6 −23.8 −21.5
Nacala 1.13 2.24 3.64 −4.9 −7.3 −5.4

Mang. Costa 0.16 1.42 3.72 16.5 17.4 12.7
Beira 1.16 2.26 3.67 −8.0 −5.1 −11.8

Xai−Xai 1.20 2.39 3.90 −10.8 −12.6 −16.4
Manhiça 1.21 2.41 3.93 −20.4 −22.7 −25.7

Northern

Muidumbe 1.20 2.37 3.87 3.9 4.9 8.0
Balama 1.25 2.48 4.03 24.6 24.5 26.0

Nampula 1.26 2.49 3.98 8.7 7.6 9.9
Chimbonila 1.31 2.61 4.24 29.9 30.4 27.2

Central

Zumbo 1.38 2.93 4.60 −28.2 −26.7 −26.7
Chemba 1.31 2.56 4.21 −6.6 −1.7 −8.1
Mocuba 1.23 2.51 4.05 7.9 11.0 5.0

Sussundenga 1.32 2.58 4.06 −13.6 −12.7 −18.9

Southern

Massangena 1.37 2.65 4.37 −10.3 −6.2 −13.8
Chigubo 1.35 2.67 4.15 −1.9 1.9 −4.2

Massingir 1.41 2.75 4.51 0.2 0.3 −5.0
Namaacha 1.28 2.55 3.98 1.5 −0.7 −4.5

For the precipitation simulations of RCP4.5 (Table 11), there is a slight increase in
districts that pass the test of significance and a decrease in districts that pass the test of
agreement of the sign of change. The fact of having only four simulations of RCP2.6, in
relation to nine simulations of RCP4.5, may have contributed to this difference, mainly
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with regard to the test of agreement. For the RCP4.5 simulations, no district in the coastal
and southern regions passed the combination of the two tests. The districts of Balama and
Chimbonila, in the northern region, passed the tests regardless of the period. Still, in the
northern region, the districts of Nampula and Muidumbe passed both tests in the 2070s
and 2100s, respectively. The district of Sussundenga is the only one that passed both tests,
in the central region, in the 2070s.

For the assessment of robustness for the precipitation simulations of RCP8.5 (Table 12),
similar to the simulations of RCP2.6 and RCP4.5, no district in the southern region passed
the combination of the two tests. The districts of Balama and Chimbonila, in the northern
region, passed the tests regardless of the period, while still in this region, the districts of
Muidumbe and Nampula passed both tests in the 2040s and 2070s, respectively. In the
coastal region, the districts of Beira and Manhiça passed both tests in the 2040s and 2100s.
Finally, in the central region, only the district passes the two tests, in the 2070s and 2100s.

4. Discussion and Conclusions

To determine climate change adaptation responses under different future climate
projections with reduced uncertainty and particularly at regional, countrywide, or local
levels at which important and actionable policy decisions are made requires reliable climate
projections. This requires evaluation of climate projection in terms of comparison with
other sources of data, also in terms of their robustness and significance [94]. The scarcity of
dedicated studies on climate change projections at local levels is an undeniable fact. While
efforts are taken to improve the accuracy of climate change projections, publications or
studies focusing on regional, countrywide, and local levels should be increased. Publica-
tions available to date on climate projections at the aforementioned levels are very limited
for Mozambique [3,95].

In this study, we analyzed the results of a multi-model ensemble based on nine models
derived from the COordinated Regional Downscaling EXperiment (CORDEX) initiative and
examined climate change projections of temperature and precipitation over Mozambique.
These changes were calculated and analyzed for Mozambique taking into account its four
sub-regions, namely, coastal, northern, central, and southern, considering three 30-year
time periods, the 2040s (present 2011–2040), the 2070s (mid 2041–2070), and the 2100s (end
2071–2100) under the Representative Concentration Pathways RCP2.6, RCP4.5, and RCP8.5,
relative to the baseline period (1961–1990).

The results show that future warming is not uniform over Mozambique and varies
from region to region. Projected temperatures (maximum, minimum, and average) show
an upward trend in most of the country in particular for the RCP4.5 and RCP8.5 scenarios.

Under the RCP2.6, for the present (end) period, the maximum temperature increases
by 0.8 ◦C (1.1 ◦C), the minimum temperature increases by ≈1.0 ◦C (≈1.2 ◦C), and the
average temperature increases by ≈0.9 ◦C (≈1.2 ◦C).

Under the RCP4.5, the maximum temperature increases by ≈1.2 ◦C (2.4 ◦C), the
minimum temperature increases by ≈1.3 ◦C (≈2.5 ◦C), and the average temperature
increases by ≈1.3 ◦C (≈2.4 ◦C).

Under the RCP8.5, the maximum temperature increases by ≈1.2 ◦C (2.4 ◦C), the
minimum temperature increases by ≈1.3 ◦C (4.1 ◦C), and the average temperature increases
by ≈1.3 ◦C (4.3 ◦C).

The projected changes in average temperature in this study are consistent with regional
estimates (≈1.2 ◦C (≈1.3 ◦C), ≈1.4 ◦C (≈2.3 ◦C), and ≈1.7 ◦C (4.1 ◦C) under RCP2.6, RCP4.5
and RCP8.5, respectively) obtained from CMIP6 [88] for the sub-region of South East AFrica
(SEAF) which includes Mozambique.

These increases, especially under the RCPs 4.5 and 8.5 already surpassed the Paris
Agreement policy responses to climate change targets [19], which states the need for
maintaining temperatures at present levels while assessing the implications that could arise
if warming overcomes 1.5–2 ◦C. These increases in temperature, particularly the maximum
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temperature, are expected to impact socio-economic sectors, in particular the agricultural
sector.

The largest warming (hotspots) in the country are projected to occur under RCP4.5
and RCP8.5 mainly over parts of Gaza, parts of the central region, and parts of Niassa
in the north. These regions are projected to have their maximum temperature increasing
by ≈0.9 ◦C (≈1.2 ◦C), minimum temperature increasing by ≈1.1 ◦C (1.4 ◦C), and average
temperature increasing by ≈1.0 ◦C (≈1.3 ◦C) under RCP2.6. Under RCP4.5, the maximum
temperature increases by ≈1.4 ◦C (2.7 ◦C), the minimum temperature increases by ≈1.5 ◦C
(≈2.8 ◦C), and the average temperature increases by ≈1.4 ◦C (≈2.7 ◦C). Under RCP8.5, the
maximum temperature increases by ≈1.5 ◦C (4.7 ◦C), the minimum temperature increases
by ≈1.6 ◦C (4.9 ◦C), and the average temperature increases by ≈1.5 ◦C (4.7 ◦C). The regions
of Gaza and central region are predominately semi-arid and experience frequent droughts,
and hence, they are the most likely to experience increased risk of inland crop failure,
which can be expected to affect a huge number of communities [96] as a result of serious
water shortages. The high vulnerability of the population in the arid and semi-arid regions
encouraged the Government of Mozambique to initiate several important investments
locally. One of these investments was the United Nations Joint Programme (UNJP) on
Environmental Mainstreaming and Adaptation to Climate Change for the period between
2008 and 2012 (total of US$7 million), which identified at the farm and community level
adaptive interventions that have been tested and applied as well as showed a positive
impact on productivity, broadening of the livelihood basis, and improving resilience to
climate change [97]. On the other hand, Niassa is among the most irregular rainfall regimes
in the northern region of the country [98]. Increased temperatures due to climate change
may result in a decrease soil moisture, which in turn promotes increased evapotranspiration
loss from open water bodies, soils, and vegetation [3].

With these projected temperature increases, particularly the hotspots, it is likely that
some of the aforementioned areas, particularly in the north, will experience normal to
extreme floods more frequently. In contrast, the southern region where the largest warming
is expected is likely to deal with more frequent droughts and other induced hazards.

These results are supported to some extent by previous studies [3,31,56,95]. Notably,
the magnitude of change in the aforementioned scenarios shows an increase in temperature
up to ≈5 ◦C on the interior and less toward the coast of the Mozambique. This result is
consistent with the study by [3] in which temperature increased up to 6 ◦C by 2100 based
on an A2 emission scenario (equivalent to the RCP8.5 scenario). The difference in relation
to our results can be explained by the outputs of the models used, since there was no
downscaling based on local observations for this study. Another result consistent with the
study by [3] is related to the fact that at a seasonal time scale, the SON period presents the
greatest change in temperature.

One important finding of this study is that projected increases in temperature over
most of the country indicate higher values for the worst level case scenario (RCP8.5) than
for the medium level case scenario (RCP4.5) and for the low level case scenario (RCP2.6).
The latter options have less impact and are more convenient for the world’s governments
and other institutions for decision making, since they lead to medium/small temperature
increases. If the world follows the two pathways, medium/less adaptation will be needed
and medium/low costs implications will likely occur.

Projected precipitation changes over Mozambique show substantial spatial and tem-
poral variations. Analysis for the present (end) period presented different patterns under
the RCP pathways.

Under the RCP2.6, annual precipitation change is projected to vary from −10 to
30 (−20 to 30)%, with substantial decreases occurring in the northern coastal zone, the
interior of the central and northern regions, by −30 (−40)% and the increases occurring
optimistically in the southern region and substantial increases in some parts of the central
and northern regions by 50 (50)%. The 5th percentile and 95th percentile show values of
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−7.3 (−23.3)% and 30.7 (7.2)%, respectively. These results show a tendency of precipitation
decrease over time in most of the country.

Under RCP4.5, annual precipitation is projected to decrease over most of Mozambique
by −20 (−20)%, with some hotspots showing substantial decreases such as those occurring
in the interior of central and Niassa Province by −50 (−60)%, and substantial increases
occurring north of Tete Province and parts of the northern region by 25 (30)%. The 5th
percentile and 95th percentile show values of −23.8 (−14.5)% and 7.4 (23.7)%, respectively.

Under RCP8.5, annual precipitation is projected to decrease over most of Mozambique
by −30 (−30)%, with hotspots indicating substantial decreases for example occurring in the
interior of central and Niassa Province by −50 (−60)%, and the highest increases occurring
north of the Tete Province and parts of the northern region by 30 (30)%. The 5th percentile
and 95th percentile show values of −22.6 (−25)% and 9.8 (9.5)%, respectively.

The results of precipitation analyses point out that under the RCP2.6 scenario, the
southern region will experience an increase of precipitation over time. On the other
hand, projected precipitation under the RCP4.5 and RCP8.5 scenarios shows that over
the southern region, there will be a decrease of precipitation over time, mainly in interior
areas. This suggests that long drought periods are likely to be the dominant factor for
the southern region climate. The central and northern region results show a complex
pattern of projected precipitation change, with a decrease over most of the northern region
under the RCP2.6 scenario and an increase under the RCP4.5 and RCP8.5 scenarios. From
the point of view of agriculture, the central and northern regions are likely to be more
suitable for the cultivation of crops under a precipitation-increasing tendency, while under
a precipitation-decreasing tendency, these areas will demand more water for the crops or
increase water stress and drought conditions.

Similar findings on projected precipitation changes were also verified by [56], although
their analysis was not so localized. Other researchers [31] also found a robust decrease
in precipitation accompanied by increases in the number of consecutive dry days and
decreases in consecutive wet days over most of the central African subcontinent, including
parts of northern Mozambique under RCP8.5.

Studies assessing impacts of hydropower generation in Mozambique found tempera-
ture and precipitation to have a critical role since the projected increasing in temperature
will increase evaporation, while the projected reduction in precipitation will affect the
potential for hydropower generation [33]. Kariba and Cahora Bassa are among the major
dams in the Zambezi river system, presenting two vivid examples that will be substantially
affected by increased evapotranspiration and decreased precipitation due to climate change.

The assessment of the performance of model outputs in relation to historical data
showed that all models have good correlations with the observations (above 0.7) in almost
all stations, except in Pemba, where the correlations are above 0.5. The associated errors
vary between 0.25 and 2 ◦C, with the standard deviation not exceeding 3 ◦C. The average
of the models presents the best results in the evaluation, where their correlation reaches
more than 0.9. For precipitation, correlations are below 0.5 in most stations; only Nampula
and Lichinga present correlations that reach 0.75 and 0.77, respectively. The errors vary
between 100 and 200 mm. Similar to what was observed in the temperature, the average of
the models presents the best results also for precipitation, reaching 0.79 in Nampula and
0.82 in Lichinga.

Regarding future simulations, the robustness of the change through the combination
of the signal agreement and Student t-test was performed. The analysis of the robustness of
the change in future simulations is important to assess the level of uncertainty in relation
to the projections, mainly of precipitation, which is the variable that presents the great
variability, both temporal and spatial. The results show that in all regions and for all
periods, the change in temperature is robust. Regarding the change in precipitation, the
northern region is the one that presents most of the districts that pass the two robustness
tests for the three projection periods (2040s, 2070s, and 2100s). On the other hand, the
coastal and southern regions are the ones that have more districts that do not pass the tests,



Atmosphere 2021, 12, 588 27 of 51

whereas in the southern region, no district passed the tests in the three periods of analysis.
The high spatial and temporal variability of precipitation, and the fact that the simulation
was downscaled over the African region, not at the country level, may have influenced the
poor robustness of the precipitation projections.

A special highlight derived from the analysis goes to the central region, which is
extremely vulnerable to all types of natural disasters and weather-related events, which
are likely induced by ongoing climate change. The complexity of the climate patterns in
this region calls for profound climate risk monitoring, risk preparedness, and resilience
actions as well as more dedicated climate studies.

This study is perhaps among the first of its kind using CORDEX Climate model
ensemble outputs to assess climate projections over Mozambique (countrywide), based on
the Representative Concentration Pathways (RCPs) to update previous studies conducted
with Special Emission Scenarios (SRES), among others. This piece of work represents
a contribution aiming to respond to the impacts of climate change already happening
in Mozambique and elsewhere. The significance of this work lies in the fact that this
information is particularly needed to support decision making at different levels: policy,
government sectors, scientific community, associations, civil society, and other types of
organizations. In particular, the expanded uncertainties associated with the increasing
climate variability and climate change (global warming) make such decisions and public
participation even more daunting. This fact points to the need for more reliable, tailored
climate information to adequately attend different and specific user needs.

In this paper, we show that improved climate information of high resolution freely
available from web portals can be used to study the behavior of our climate system with
an eye to the past, present, and future changes over time in a specific domain, particularly
under but not limited to the human influence. This is crucial, because accessing this infor-
mation, which contains key indicators that characterize the state of the climate represents
an open window for the scientific community to conduct timely and systematic assess-
ments on the patterns of change, thus improving our understanding of how climate change
becomes a major concern to the survival of human beings as it poses significant risks and
impacts on the natural resources, environment, and surrounding assets. Finally, we are able
to discuss and present results that can be used as reference material for decisions processes,
climate change projects, interventions, and also for education purposes.
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Figure A1. Taylor diagrams for temperature evaluation in Beira, Inhambane, Lichinga, and Maputo stations; Nampula,
Pemba, Quelimane, Tete, Vilanculos, and Xai-Xai stations.
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Figure A2. Cont.
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Figure A2. Taylor diagrams for precipitation evaluation in Beira, Inhambane, Lichinga, and Maputo stations; Nampula,
Pemba, Quelimane, Tete, Vilanculos, and Xai-Xai stations.
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Figure A3. Projected changes of DJF maximum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).



Atmosphere 2021, 12, 588 33 of 51

 

Figure A4. Projected changes of DJF minimum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).
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Figure A5. Projected changes of DJF mean temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure A6. Projected changes of the MAM maximum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).



Atmosphere 2021, 12, 588 36 of 51

 

Figure A7. Projected changes of MAM minimum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).
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Figure A8. Projected changes of MAM mean temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure A9. Projected changes of JJA maximum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).
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Figure A10. Projected changes of JJA minimum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).
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Figure A11. Projected changes of JJA mean temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure A12. Projected changes of SON maximum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).
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Figure A13. Projected changes of SON minimum temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s
(2071–2100) with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and
RCP8.5).
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Figure A14. Projected changes of SON mean temperature for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure A15. Projected changes of DJF precipitation (%) for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure A16. Projected changes of MAM precipitation (%) for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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Figure A17. Projected changes of JJA precipitation (%) for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).



Atmosphere 2021, 12, 588 47 of 51

 

Figure A18. Projected changes of SON precipitation (%) for the 2040s (2011–2040), 2070s (2041–2070), and 2100s (2071–2100)
with respect to the reference period (1961–1990) for the three RCP emission scenarios (RCP2.6, RCP4.5, and RCP8.5).
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ABSTRACT

The evolution of tropical cyclone activity under climate change remains a crucial scientific issue. Physical

theory of cyclogenesis is limited, observational datasets suffer from heterogeneities in space and time, and

state-of-the-art climate models used for future projections are still too coarse (;100 km of resolution) to

simulate realistic systems. Two approaches can nevertheless be considered: 1) perform dedicated high-

resolution (typically ,50 km) experiments in which tropical cyclones can be tracked and 2) assess cyclone

activity from existing low-resolutionmultimodel climate projections using large-scale indices as proxies. Here

we explore these two approaches with a particular focus on the southern IndianOcean.We first compute high-

resolution experiments using the rotated-stretched configuration of our climate model (CNRM-CM6-1),

which is able to simulate realistic tropical cyclones. In a 2-Kwarmer world, themodel projects a 20%decrease

in the frequency of tropical cyclones, together with an increase in their maximum lifetime intensity, a slight

poleward shift of their trajectories, and a substantial delay (about 1month) in the cyclone season onset. Large-

scale indices applied to these high-resolution experiments fail to capture the overall decrease in cyclone

frequency, but are able to partially represent projected changes in the spatiotemporal distribution of cyclone

activity. Last, we apply large-scale indices to multimodel CMIP5 projections and find that the seasonal re-

distribution of cyclone activity is consistent across models.

1. Introduction

Understanding how climate change may influence

tropical cyclone (TC) activity remains a challenging

scientific issue (Knutson et al. 2010; Walsh et al.

2016). As TCs cause local devastating impacts and

play a crucial role in maintaining regional water re-

sources, this question also receives particular public

attention.

Detecting potential trends in observational data is

limited by the quality of historical records and the dif-

ficulty to disentangle the climate change signal from the

noise of internal variability. A few studies have ana-

lyzed the International Best Track Archive for Climate

Stewardship (IBTrACS) database, which compiles the

best track datasets from diverse centers (Knapp et al.

2010). Various trends have been reported, such as

an increase and a poleward shift in the TC lifetime

maximum intensity (Kossin et al. 2013; Holland and

Bruyère 2014) or a slowdown of the translation speed

(Kossin 2018), but it remains unclear whether these

trends result from data heterogeneities (e.g., introduc-

tion of new satellites), natural variability, or anthro-

pogenic forcings. Therefore, so far, most assessments

regarding the evolution of TCs in a warmer world have

been made from theoretical and/or modeling studies.

There is a theoretical expectation that a warmer cli-

mate would undergo stronger TCs, in line with higher

sea surface temperatures (SST) and increased potential

intensity (Emanuel 1988). However, no such robust

conclusion exists for changes in TC frequency due to the

lack of a generally accepted theory for cyclogenesis,

even if progress has been made on identifying the en-

vironmental conditions favoring cyclone activity (e.g.,

Held and Zhao 2011; Peng et al. 2012; Sugi et al. 2012).

Modeling studies addressing the evolution of TCs

under climate change face an implacable issue: grid

resolution must be high enough to simulate realisticCorresponding author: Julien Cattiaux, julien.cattiaux@meteo.fr
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TCs and experiments must be long enough—or enroll

enough ensemble members—to isolate climate change

from natural variability. The current generation of

global models used for future climate projections—i.e.,

participants of the phase 5 of the Coupled Model

Intercomparison Project (CMIP5)—have a horizontal

grid spacing of about 100 km or greater (Taylor et al.

2011), which is too coarse to simulate realistic TCs

(Camargo 2013); interestingly, the upcoming genera-

tion (CMIP6) will include a few models with higher

resolutions (typically 50 km or higher). So far two

approaches have thus been traditionally considered

for studying TCs: (i) perform additional dedicated

experiments at a higher resolution, or (ii) use the ex-

isting multimodel low-resolution climate projections

to assess how large-scale environmental conditions

favorable to cyclone activity may evolve in a warmer

climate.

The first approach has been undertaken by a grow-

ing, but still limited, number of modeling centers that

can afford the computer cost of high-resolution cli-

mate projections. Most of the performed experiments

project a future reduction in the overall frequency

of TCs, but an increase in the frequency of the

strongest TCs (Walsh et al. 2016, and references

therein). Also commonly reported are projected in-

creases in associated phenomena, such as rainfall

amounts and storm surges (Knutson et al. 2015;

Woodruff et al. 2013).

The second approach consists of determining statis-

tical relationships between cyclone activity and large-

scale environmental factors, including dynamical (e.g.,

vertical and horizontal wind shear, low-tropospheric

vorticity) and thermodynamical (e.g., midtropospheric

humidity, sea surface temperature) variables. Combinations

of these variables allow us to build cyclogenesis indices

(CGIs), that have been shown to represent both the

seasonal and geographical distribution of cyclone ac-

tivity fairly well (Menkes et al. 2012). (Previous authors

have used the abbreviation ‘‘GPIs’’ as the generic term

for these indices, but since ‘‘GPI’’ is also an abbreviation

used for one specific index used in this paper, here we

use ‘‘CGIs.’’) Using CGIs to quantify potential changes

in the cyclone activity is, however, questionable, as it

assumes that statistical relationships established for

present-day climatological features remain valid in a

climate change context. In particular, it has been shown

that CGIs fail to capture the decrease in TC frequency

when applied to high-resolution climate projections

(Camargo et al. 2014; Wehner et al. 2015; Chauvin et al.

2020), which may explain why attempts to apply CGIs

to CMIP5 future projections have mostly remained

inconclusive so far (Camargo 2013). However, the

ability of CGIs to capture other potential changes in the

cyclone activity (e.g., changes in the spatiotemporal

distribution) has not been documented so far. In addi-

tion, since CGIs can be broken down into dynamical and

thermal components, they can provide useful insights for

the physical understanding of the projected changes in

TC tracks.

Here we apply and compare both high-resolution and

CGIs approaches to assess projected changes in cyclone

activity and explore whether the two approaches can be

reconciled on some aspects. We use the same method-

ology as in Chauvin et al. (2020) but we focus over the

SIO basin, which has been seldom studied so far. Among

the eight IBTrACS basins, it ranks third in terms of

overall number of reported TCs (after the western and

eastern Pacific basins). Even if less highly populated

regions are exposed to TC hazards than in other basins,

SIO TCs can still have dramatic impacts in Western

Australia and southeastern Africa, includingMadagascar

and the Mascarene Islands (La Réunion, Mauritius, and

Rodrigues), as recently illustrated by the devastating cy-

clone Idai.1 In the western part of the SIO, the death toll

associated with TCs averages to 20 fatalities per year over

the last 19 years with 9 seasons above 100 fatalities ac-

cording to the European Commission Joint Research

Centre.2 Long-term climate trend analysis in the SIO

basin is particularly challenging due to the introduction

of the Meteosat-5 geostationary satellite into the region

in 1998, which causes a temporal heterogeneity in ob-

servational and reanalysis products (Kuleshov et al.

2010; Kossin et al. 2013). Evidences for an observed

increase in the number of severe TC days have never-

theless been reported in the western part of the SIO

(Kuleshov et al. 2010; Malan et al. 2013). High-

resolution climate projections suggest that SIO TCs

follow the global behavior: a decrease in the overall

frequency and an increase in the intensity (e.g.,

Murakami et al. 2012; Walsh et al. 2016).

The paper is structured as follows. Observations,

reanalyses, high-resolution experiments, and CMIP5

models used in this study are presented in section 2.

Methodologies including the tracking algorithm ap-

plied to high-resolution data and the cyclogenesis in-

dices applied to lower-resolution data are detailed in

section 3. Section 4 contains our main findings while

discussion and conclusions are provided in sections

5 and 6.

1 https://public.wmo.int/en/media/news/tropical-cyclone-idai-

hits-mozambique.
2 Emergency Reporting 23: http://www.gdacs.org/Public/download.

aspx?type5DC&id5161.
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2. Data

a. Observations and reanalyses

Observations and reanalyses used in this study are

summarized in Table 1. Observational TC data are

taken from the IBTrACS, version 4, dataset released in

April 2019 that provides best track characteristics (e.g.,

position, sea level pressure, maximum sustained winds)

on a 3-hourly basis (https://www.ncdc.noaa.gov/ibtracs/,

Knapp et al. 2010). For consistency with model and re-

analysis data used in this study, we restrict IBTrACS

data to the period July 1979–June 2016 (i.e., cyclone

seasons 1980–2016) and the hours 0000, 0600, 1200, and

1800 UTC. We only use information provided by the

World Meteorological Organization (WMO) Regional

Specialized Meteorological Centres (RSMCs): Météo-
France La Réunion and the Australian Bureau of

Meteorology (BoM) for the SIO basin. We only con-

sider systems that are indicated as ‘‘TS’’ (tropical

storms) in the metadata and that reach the official

moderate tropical storm (category 1) stage according to

Météo-France (BoM) classifications (i.e., 10-min sus-

tained winds above 18m s21) at least once in their

lifetime. (Note that we use the terminology of the local

RSMCs in this paper, not the Saffir–Simpson scale.)

ERA-5 data (30-km resolution, Hersbach et al. 2018)

are used for both TC tracking and computing CGIs.

ERA-Interim data (80-km resolution, Dee et al. 2011)

are also used for computing CGIs, which allows for a fair

comparison with CMIP5 models as they do no simulate

realistic TCs (contrarily to ERA-5). Both datasets are

downloaded from the European Centre for Medium-

Range Weather Forecasts (https://www.ecmwf.int/en/

forecasts/datasets/browse-reanalysis-datasets), on a reg-

ular 0.58 3 0.58 longitude–latitude grid and at a 6-hourly

frequency over the period July 1979–June 2016 (i.e., cy-

clone seasons 1980–2016).

b. High-resolution experiments

Weuse the same experimental setup as in Chauvin et al.

(2020), which consists in performing atmosphere-only

present-day and future experiments with the Centre

National de Recherches Météorologiques Coupled

Global Climate Model (CNRM-CM) in its rotated-

stretched configuration. The atmospheric component

of CNRM-CM (ARPEGE) has indeed the particularity

to enable a deformation of its horizontal grid: the pole

can be placed over a location of interest (here, the SIO),

and a stretching factor can be applied to progressively

increase (decrease) the resolution around the pole (the

antipode). The advantage of this configuration is that it

provides high-resolution simulations over the area of

interest, while preserving the consistency of the large-

scale dynamics between global and regional scales. This

technique has been extensively validated as it is rou-

tinely utilized by Météo-France for operational numer-

ical weather prediction over Europe and has also been

used in numerous studies of TCs over the NorthAtlantic

basin (e.g., Chauvin et al. 2006; Daloz et al. 2012;

Chauvin et al. 2020).

In the present study, the stretching is applied to a T359

grid (720 3 360 points), the pole is located at 12.58S,
558E, and the stretching factor is 3.5, resulting in a

14–50-km effective resolution within the SIO domain

(defined as 08–308S, 308–1208E; see Fig. 1a). The choice

of the exact grid pole location was made in order to

have the highest-resolution increase in the area under

the responsibility of the Météo-France RSMC on La

Réunion Island. The model is run with a 15-min time

step. We use the same version of ARPEGE as in

Chauvin et al. (2020) (i.e., a version close to the one

participating to CMIP6 through CNRM-CM6-1 and

CNRM-ESM2 models). A comprehensive description

of this version, including details on convection, micro-

physics, and turbulence parameterizations, can be found

in Voldoire et al. (2019), together with an evaluation

of the CNRM-CM6-1 model.

Similarly to Chauvin et al. (2020), two experiments

are conducted with the rotated-stretched configuration:

a present-day simulation over the period 1971–2014

(named SIO-P), using historical SST and radiative forc-

ings, and a future simulation over the period 2051–94

TABLE 1. Observations, reanalyses, and CNRM-CM experiments used in this study. Time periods correspond to Southern Hemisphere

convention for cyclone seasons (i.e., 1980 is July 1979–June 1980).

Abbreviation Name Details Resolution (km) Time period TC tracks

IBTr IBTrACS TC track observations — 1980–2016 3
ERAI ERA-Interim Reanalysis 80 1980–2016

ERA5 ERA-5 Reanalysis 30 1980–2016 3
T127 CNRM-CM5 Historical simulation 155 1976–2005

T359 CNRM-CM6-HR AMIP simulation 55 1980–2010 3
SIO-P CNRM-CM6-HR r.-s. Experiment forced by historical SST 10–50 1971–2014 3
SIO-F CNRM-CM6-HR r.-s. Experiment forced by RCP8.5 SST 10–50 2051–94 3
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(named SIO-F), using future SST and radiative forcings

corresponding to the 8.5Wm22 radiative concentration

pathway (RCP8.5). Prescribed SST are taken from a

member of CNRM-CM5 historical 1 RCP8.5 simulations

(namely, the run r1i1p1; Voldoire et al. 2013), and are

bias corrected over the present-day period with respect to

the HadISST dataset (Rayner et al. 2003). Further

methodological details, including the treatment of sea ice,

are provided in Chauvin et al. (2020). The time-averaged

SST difference between the two experiments is a gener-

alized warming ranging from 1.6 to 2K over the SIO

domain with a field average of 1.8K (Fig. 1b); CNRM-

CM5 is close to the CMIP5 multimodel mean on this

aspect (not shown). To assess the potential benefits of the

rotated-stretched configuration in simulating cyclones, a

third experiment with a uniform T359 grid (denoted

T359) is conducted over 1980–2010 using prescribed SST

from HadISST.

c. CMIP5 simulations

We use monthly outputs of atmospheric temperature

(ta), wind (ua, va), specific humidity (hus), convective

precipitation (prc), sea level pressure (psl), and sea

surface temperature (ts) from the historical 1 RCP8.5

simulations of 14 CMIP5models (Table 2). This ensemble

includes the CNRM-CM5 simulation from which SST

are taken to perform the high-resolution experiments,

which will be denoted T127 in the following. All fields

are interpolated from the native model grid onto a

common 2.58 3 2.58 longitude–latitude grid prior to any

diagnostic computation. This is also the case for ERA-5

and ERA-Interim data when they are compared with

CMIP5 data.

3. Methods

a. Tracking algorithm

As in Daloz et al. (2012) and Chauvin et al. (2020), we

use the algorithm introduced and detailed in Chauvin

et al. (2006) to track TCs in ERA-5 and SIO-P, SIO-F,

and T359 experiments. The tracker is applied to

6-hourly outputs, and in this paper all the data are first

interpolated onto a common 0.58 3 0.58 longitude–latitude

FIG. 1. (a) Effective grid resolution (km) of the rotated–

stretched experiments. (b) Mean difference between prescribed

SST (K) of SIO-F and SIO-P experiments.

TABLE 2. CMIP5 models used in this study.

Abbreviation Name Country Lon 3 lat Resolution (km)

BCC BCC-CSM1.1 China 2.88 3 2.88 310

CCCMA CanESM2 Canada 2.88 3 2.88 310

CNRM CNRM-CM5 France 1.48 3 1.48 155

CSIRO CSIRO-Mk3.6.0 Australia 1.98 3 1.98 210

GFDL GFDL-ESM2M United States 2.08 3 2.58 250

GISS GISS-E2-R United States 2.08 3 2.58 250

INM INM-CM4 Russia 1.58 3 2.08 195

IPSL IPSL-CM5A-LR France 1.98 3 3.88 300

MIROC MIROC-ESM Japan 2.88 3 2.88 310

MOHC HadGEM2-ES United Kingdom 1.38 3 1.98 180

MPIM MPI-ESM-LR Germany 1.98 3 1.98 210

MRI MRI-CGCM3 China 1.18 3 1.18 120

NCAR CCSM4 United States 0.98 3 1.38 120

NCC NorESM1 Norway 1.18 3 1.18 120
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grid (i.e., the effective grid of the T359 experiment and the

resolution chosen for the download of ERA-5 data) in

order to allow for a fair comparison. The tracking al-

gorithm involves three steps:

1) At each time step, grid points potentially concerned

by a TC are identified, based on themain criteria that

depict TCs: sea level pressure is a local minimum

(low pressure system), 850-hPa vorticity exceeds a

threshold (strong vortex), 10-mwind speed exceeds a

threshold (strong winds), mean 700–300-hPa tem-

perature local anomaly exceeds a threshold (warm

core), tangential wind speed is higher at 850 hPa than

at 300 hPa (stronger winds at low levels due to

the thermal wind relationship), temperature local

anomaly is higher at 300hPa than at 850hPa (warmer

core at high levels). (Thresholds are discussed below.)

Note that there is no latitude criterion, so that the

detection can potentially occur outside the tropics.

2) TC points identified in step 1 are connected across

consecutive time steps to build TC tracks. The asso-

ciation procedure is described in detail in Chauvin

et al. (2006).

3) Tracks are completed before and after the TC stage in

order to include cyclogenesis and cyclolysis. This is done

by relaxing all criteria except vorticity and rerunning the

algorithm backward (forward) from the first (last) point

of the previously identified TC track. This step also

ensures that a system reaching the TC stage twice (or

more) in its lifetime is counted as a unique system.

The algorithm is highly sensitive to the thresholds

used in step 1 that primarily depend on the data reso-

lution. Here, the thresholds have been calibrated by

repeating the tracking procedure on ERA-5 over 2011–

16 with various combinations of thresholds and com-

paring the resulting tracks to IBTrACS. The retained

values are 20 3 1025 s21 for vorticity, 13m s21 for wind

speed, and 1K for local temperature anomaly. With

these values, the algorithm detects most of IBTrACS

trajectories in ERA-5, with a limited number of false or

missed tracks (see example of cyclone season 2015

in Fig. 2 and further details in section 4). Note that a

perfect correspondence between IBTrACS and ERA5

tracks was not expected due to (i) IBTrACS specificities,

(ii) potential model errors, and (iii) potential impacts of

data assimilation on TCs.

We distinguish three stages in the tracks resulting

from the algorithm: the development stage [from the

system initiation (or cyclogenesis) to its intensification

into a TC], the TC stage (encompassing all TC points

with possible temporary interruptions), and the cyclol-

ysis stage (from the last TC point to the end of the track).

For consistency, we also distinguish these three stages in

IBTrACS, but on the basis of the 18ms21 wind speed

threshold: development stage from the track start to the

first exceedance, then TC stage until the last exceed-

ance, then cyclolysis stage.

b. Cyclogenesis indices (CGIs)

The link between cyclone activity and large-scale

environmental conditions is assessed using CGIs from

the existing literature. We use the three indices evalu-

ated on seasonal and interannual time scales by Menkes

et al. (2012), and used separately by Royer and Chauvin

(2009), Camargo (2013), and Chauvin et al. (2020) in a

climate change perspective:

d the CYGP index introduced by Royer et al. (1998),

after Gray (1975);
d theGPI index introduced byEmanuel andNolan (2004);
d the TCS index introduced by Tippett et al. (2011)

(hereafter referred as TIPP in order to avoid confusion

with the TCs acronym used for ‘‘tropical cyclones’’).

All indices are computed at the gridpoint scale and

on a monthly basis (i.e., calculated with monthly mean

climate data). They are constructed as multiplicative

functions of dynamical and thermal variables that result

FIG. 2. (a) TC tracks reported in IBTrACS for the 2015 season.

(b) TC tracks resulting from the tracking algorithm applied to

ERA5 for the 2015 season. Dots along trajectories indicate TC

points, with thick black dots for the first point of the system (genesis

point) and thick red dots for the first point of the TC stage (in-

tensification point). Track colors indicate the month of the track

starting point (genesis).
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from empirical fits between observed cyclone activity and

reanalyzed large-scale variables. Dynamical variables are

the same for the three indices used in this paper (low-

level vorticity and vertical wind shear) while thermal

variables differ.More precisely, the indices are as follows:
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where f is the Coriolis parameter, u is the latitude, z (zr)

is the absolute (relative) vorticity at 850 hPa, Vshear 5
DV/Dp is the vertical wind shear between 850 and

200 hPa, Pc*is the convective precipitation, H is the rel-

ative humidity at 600 hPa, SSTloc 5 SST2 SST(20S220N) is

the local SST anomaly relative to the tropics (208S–
208N), and Vpot is the TC potential intensity introduced

by Emanuel (1988) that we calculate using the pcmin_

2013.f routine distributed by K. Emanuel.3 For the three

indices, the b coefficient is a scaling factor that allows to

interpret global maps of CGIs as densities of TCs; here

we systematically tune these scaling factors so that

the global sum of CGIs equals 84 (TCs per year over the

globe) over the present-day period, and we keep the

same b for computing indices over future periods. More

details about the computation of these three indices can

be found in the appendix of Menkes et al. (2012).

It is important to note that in this paper, we use the

exact same equations for all reanalysis or model data on

which we compute CGIs. In particular the numerical

constants that are present in the above equations are the

ones used by Menkes et al. (2012), and they correspond

to the ones originally introduced by the respective au-

thors. Camargo et al. (2014) suggest that CGIs perform

better in capturing climate-related changes in cyclone

activity when they are refitted for the model of interest

(including the selection of predictors). Here we consider

that such a model-dependent computation of CGIs is

outside the scope of our study, and that using the exact

same definition for CGIs allows for a fair comparison

between models. Last, for the sake of simplicity, results

are mainly shown for the average of the three indices

(hereafter the aggregate CGI), and behaviors of indi-

vidual indices are only mentioned in the text when they

substantially differ from the mean. Considering the av-

erage of CGIs also tends to emphasize signals that are

common—thus robust—across individual indices.

As CGIs are written as multiplicative functions, dif-

ferences between time averages over two periods of time

(typically present-day vs future) can be broken down into

individual contributions of dynamical versus thermal

components. Indeed, for each calendar month, if xi (yi)

denotes the dynamical (thermal) component of the CGI

for year i, and x0i and y
0
i denotes their anomalies relative to

their time averages x and y, the time-averaged CGI over

either the present-day (P) or the future (F) period is

CGI5 x
i
y
i
5 (x1 x0i)(y1 y0i)5 x y1 x0iy

0
i . (4)

Thus, the F2P difference (denotedD) in time-averaged

CGI is

DCGI5CGIF 2CGIP 5 xFyF 2 xPyP 1 x0iy
0
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F
2 x0iy

0
i

P

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
«

,

(5)

with « the residual term resulting from dependencies

between monthly anomalies of xi and yi. Finally, since

xF 5 xP 1Dx and yF 5 yP 1Dy, one can write

DCGI 5 yPDx|fflffl{zfflffl}
Dynamical

1 xPDy|fflffl{zfflffl}
Thermal

1DxDy1 «|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Residual

, (6)

where yPDx is the contribution of dynamical changes

only, and xPDy is the contribution of thermal changes

only. In the following, the last two terms DxDy and « are

grouped into a single residual term, which is systemati-

cally shown in the figures but not commented in the text.

The decomposition is performed for each calendarmonth

separately and then averaged over the season or the year.

4. Results

a. Analysis of high-resolution experiments

1) REALISM OF SIMULATED TCS

To assess the realism of TCs simulated by the differ-

ent model configurations, we first analyze the statistical3 ftp://texmex.mit.edu/pub/emanuel/TCMAX/.

4980 JOURNAL OF CL IMATE VOLUME 33

Unauthenticated | Downloaded 02/06/23 02:21 PM UTC

ftp://texmex.mit.edu/pub/emanuel/TCMAX/


distribution of the annual minimum of sea level pressure

in the SIO basin (Fig. 3a). Observed values are taken

from IBTrACS assuming that annual minima of sea

level pressure systematically occur within TCs. Over

1980–2016 themedian is found to be 915 hPa; this means

that such a low pressure is reached by at least one system

over the SIO basin every 2 years on average. ECMWF

reanalyses are unable to simulate pressures lower than

950 hPa, although a notable improvement is seen in

ERA-5 relative to ERA-Interim (likely due to the in-

crease in resolution). Uniform CNRM-CM configura-

tions (T127 and T359) also fail to simulate extremely

low pressures, although one outlying system reaches

905 hPa in the T359 experiment. The CNRM-CM5

(CNRM-CM6-1) model nevertheless simulates lower

pressures than ERA-Interim (ERA-5) while it has a

slightly coarser resolution; one reason could be that in

reanalyses, data assimilation tends to spatially smooth

low pressure systems when centers of action are slightly

shifted between assimilated observations and forecast

background. The added value of the rotated-stretched

configuration in the present-day climate (SIO-P) is evi-

dent from Fig. 3a: this experiment is able to simulate

lower pressures than observed (e.g., below 900hPa), even

if the median of the annual minimum pressure distribu-

tion remains slightly higher than observed (;930hPa).

Once the tracking is done, the realism of resulting TCs

is evaluated from the statistical relationship between the

minimum sea level pressure and the maximum wind

speed along the track (Fig. 3b). Both variables are in-

deed strongly correlated, as evidenced in TC observa-

tions (IBTrACS) and shown by Atkinson and Holliday

(1977). Such a relationship is well captured by present-

day model experiments (T359, SIO-P), although the

model exhibits stronger winds than IBTrACS for a given

pressure especially in the rotated-stretched configura-

tion. The uniform experiment (T359) nevertheless strug-

gles to simulate strong TCs (only two systems with

pressure below 930hPa and wind speed above 50ms21)

while the rotated-stretched experiment (SIO-P) can

generate stronger TCs than the most intense TC recor-

ded in IBTrACS. This result was also found by Chauvin

et al. (2020) over the North Atlantic basin. Despite its

fine resolution, ERA-5 fails to reproduce the strength of

observed TCs. Note that a fair comparison between

winds of IBTrACS, ERA-5, and ARPEGE experiments

is, however, difficult since one compares wind output

at a given time step and grid point (model) with 10-min

sustained winds at the local cyclone scale (IBTrACS).

Finally, a first evaluation of the projected changes in

TC characteristics can be assessed from these diagnos-

tics: here we find no clear difference in the pressure–

wind relationship between the SIO-P and the SIO-F

experiments (Fig. 3b), and although the SIO-F distri-

bution of the annual minimum of sea level pressure

seems slightly shifted toward higher pressures than

SIO-P (Fig. 3a), the difference between the two samples

is not statistically significant (p value of about 0.5).

Changes in TC characteristics are thus more carefully

scrutinized in the following.

2) ANALYSIS OF TC FREQUENCY

On average, 13.9 TCs per year are reported in the SIO

domain by IBTrACS (Fig. 4a). As the average number

of TC days per system is found to be 5.2 days, it leads to

an annual number of TC days of 73 days (Fig. 4b). The

tracking algorithm has been calibrated on ERA-5 over

2011–16 (section 3); on average over these years, it

FIG. 3. (a) Distribution of the annual minimum of 6-h SLP (hPa)

across the SIO domain (0–308S, 308–1208E) for IBTrACS (1980–

2016, violet), ERAI and ERA5 (1980–2016, blue), T127 (1976–

2005) and T359 (1981–2010) uniform experiments (white), and

SIO-P (1971–2014, gray) and SIO-F (2051–94, red) rotated–

stretched experiments. In all boxplots used in this paper, the box

represents the first and third quartiles, the band inside is the me-

dian, the whiskers expand to the largest values still within the 1.5

interquartile range from the box, and the small circles indicate

outliers. (b) Lifetime minimum SLP (p) as function of lifetime

maximum wind (V) for all TCs reported in IBTrACS and detected

in ERA5, T359, SIO-P, and SIO-F [periods and colors are as in (a)].

Fits are added following Atkinson and Holliday (1977) (i.e., as-

suming p 5 a 1 bV1/0.644 with a and b the coefficients to be fitted).

15 JUNE 2020 CATT IAUX ET AL . 4981

Unauthenticated | Downloaded 02/06/23 02:21 PM UTC



detects 11 TCs and 54 TC days per year (vs 12.5 TCs and

63 TC days per year in IBTrACS). Over the whole time

period 1980–2016, the tracking algorithm applied to

ERA-5 more substantially underestimates the observed

number of both TCs (9 vs 13.9 yr21) and TC days (42 vs

73 TC days yr21). This inconsistency is the strongest at

the beginning of the time period and progressively de-

creases with time (not shown), which questions the

temporal homogeneity of IBTrACS and/or ERA-5 over

the SIO. However, a more detailed evaluation is left for

future studies.

T359 and SIO-P experiments simulate a similar

amount of TCs (9.2 and 10.1 on average, distribution in

Fig. 4a) and TC days (51 vs 52 on average, distribution

in Fig. 4b). This suggests that the uniform 50-km res-

olution of the T359 experiment is potentially sufficient

to generate a realistic number of TCs, albeit with

weaker intensity than in the rotated-stretched config-

uration (see previous section and Fig. 3). The SIO-F

experiment produces about 20% less TCs than the SIO-P

experiment (8.1yr21 on average), which is qualitatively

consistent with the broadly reported future decrease in

TC frequency (e.g., Walsh et al. 2016) and quantitatively

agrees with results of Murakami et al. (2012). This 20%

decrease in the frequency is significant at the 95% level;

as it is associated with a slight increase in TC duration

(5.5 vs 5.1 TC days per system), the decrease in the an-

nual number of TC days in less statistically significant

(90% level, 44 vs 52 days). (This increase in TC duration

is further detailed below with the TC intensity.)

In the SIO, TCs preferably develop close to the center

of the basin (108–158S, 608–808E), the Mozambique

channel, and close to the Australian shore (Fig. 5a). This

spatial pattern is well captured by ERA-5, confirming

that the tracking algorithm applied to the reanalysis is

able to detect part of the TCs reported in IBTrACS

(Fig. 5b, spatial correlation of 0.90 with Fig. 5a). T359

and SIO-P experiments tend to simulate too little

(much) TC intensification in the center (south) of the

basin (Figs. 5c,d, spatial correlations of 0.62 and 0.51

with Fig. 5a). This might reflect a systematic bias of the

CNRM-CM6-1 model since a similar behavior was re-

ported by Chauvin et al. (2020) over the North Atlantic

basin; future studies will investigate the origins of this

geographical bias. The rotated-stretched configuration

(SIO-P) results in an enhanced number of TCs in the

SIO relative to the uniform configuration; symmetri-

cally, less systems are simulated in other basins. A few

systems have their intensification point outside the

tropics (even south of 308S) in the model; these can be

either systems that have developed in the tropics and

reached the TC stage after an extratropical transition, or

systems that have developed outside the tropics but still

meet the criteria to be detected as TC by the tracking

algorithm. We have decided not to filter these systems

out; in particular the use of a fixed latitude criterion

would have been questionable in a climate change con-

text. A small number of such extratropical systems is also

detected in ERA-5 by the tracking algorithm.

In agreement with Fig. 4, SIO-F simulates globally

fewer TCs than SIO-P, especially northeast of the

Mascarene Islands (Fig. 5e). Although the signal is noisy

due to the limited number of systems (446 in SIO-P vs

356 in SIO-F), more TC intensification is observed south

of the Mozambique and west of Australia. Similar con-

clusions arise from analyzing densities of full TC tracks

that are smoother due to the greater number of points

included (Figs. 5f–j). In particular, the SIO-F versus

SIO-P difference reveals a general northwest–southeast

dipole (with the exception of theMozambique channel),

consistent with a poleward shift of TC tracks super-

imposed with a general decrease in the number of TCs.

3) ANALYSIS OF TC INTENSITY

Consistent with Fig. 3b, TCs simulated by the uniform

T359 experiment are weaker than reported in IBTrACS,

as illustrated by both the lifetime minimum pressure

(983 vs 962 hPa on average, Fig. 6a) and maximum wind

speed (31 vs 36m s21 on average, Fig. 6b). This bias is

partly corrected in the rotated-stretched configuration

(SIO-P, 975 hPa and 37m s21 on average). TC inten-

sity is significantly increased in the SIO-F experiment

(971 hPa and 39m s21 on average), which is again in line

with the existing literature (e.g., Walsh et al. 2016).

Interestingly, most of this increase in intensity arises

FIG. 4. (a) Distribution of the annual number of TCs in the SIO

domain for IBTrACS (violet), ERA5 (blue), T359 (white), SIO-P

(gray), and SIO-F (red). (b) As in (b), but for the annual number

of TC days. Red (circled) asterisks indicate differences between

SIO-P and SIO-F averages that are significant at the 90% (95%)

level following a t test.
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from the core of the distribution: TCs with an intensity

below the median of the present-day distribution occur

less frequently in the future experiment (40% of TCs in

SIO-F vs 50% in SIO-P by definition), while TCs with an

intensity between the 60th and 80th percentiles of the

present-day distribution are more frequent (30% vs

20% by definition). (Values are similar for both mini-

mum pressure and maximum wind.) Extremely intense

TCs also contribute to the intensity increase: about 6%–

7% of the future TCs exceeds the 95th percentile of the

present-day intensity distribution (low pressure or high

winds), so that even if the overall number of TCs

FIG. 5. (a)–(e) Frequency of TC intensification points (i.e., first TC point for each trajectory) (in number of points

per year and per 58 3 58 grid box) for (a) IBTrACS, (b) ERA5, (c) T359, (d) SIO-P, and (e) SIO-F represented as a

difference relative to (d). (f)–(j) As in (a)–(e), but for TC tracks (i.e., all TC points for each trajectory). Sums over

the globe and for the SIO domain (in parentheses) are indicated in the top-right corner of each panel.
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decreases by 20% (Fig. 4), the number of extremely

intense TCs remains constant (about 0.5 yr21 with this

definition). Similar results are obtained from the accu-

mulated cyclone energy (not shown).

The increase in TC intensity in the rotated-stretched

experiments is associated with a 90% level significant

poleward shift of the lifetime maximum intensity (Fig. 6c).

Although this is qualitatively consistent with the lit-

erature (e.g., Kossin et al. 2013), here we find a rel-

atively weak shift of about 18S in 80 years (22.38S
for SIO-F vs 21.38S for SIO-P on average). This shift is

related to a poleward extension of the tracks: while

latitudes of genesis and intensification do not change

significantly, the latitude of cyclolysis is shifted by

1.48S on average (26.98 vs 25.58S). Model biases in the

spatial density of tracks (Fig. 5) are reflected in the dis-

tribution of the latitude of maximum lifetime intensity:

too many (few) tracks at high (low) latitudes. Part of the

discrepancy between model experiments and IBTrACS

could arise from the tracking algorithm, since the ERA-5

distribution shows a similar poleward displacement.

Last, the increase in TC intensity is also related to a

slightly longer TC stage (5.7 vs 5.4 days on average) that

incorporates more TC days (5.5 vs 5.1 on average). Over

the whole system lifetime, this increase is compensated

by decreases in the duration of both development (1.9 vs

2.1 days) and cyclolysis (2.4 vs 2.5 days) stages; however,

only the shorter development stage is statistically sig-

nificant at the 95% level (not shown). (The terminology

of the different stages is defined in section 3a.)

4) ANALYSIS OF SEASONAL CYCLE

An interesting feature revealed by the rotated-stretched

experiments is that the cyclone season is found to be

shorter under future climate conditions (Fig. 7). In the

SIO-P experiment, the first (last) TC of the season—July

to June—starts on average on 12 November (28 April), so

that the cyclone season—defined here as the difference

between these two dates—lasts on average 172 days. These

values are very close to the uniform T359 experiment

(12 November to 21 April, 165 days) and to the IBTrACS

observations (7 November to 28 April, 177 days). In the

SIO-F experiment, the season begins on average 32 days

later (14 December), ends 9 days earlier (19 April), and

thus lasts 41 days less than in SIO-P. The later onset and

the shorter duration of the season are significant at the

95% level. These changes result from a strong decrease

in the number of TCs occurring in the austral winter: in

SIO-P, 17 TCs (3.8% on the total number) are detected

during the months of June–September and 16 (3.6%) in

October, versus 2 (0.6%) and 3 (0.8%), respectively, in

SIO-F. Note that such wintertime systems are realistic: 9

systems are recorded over 1980–2016 in IBTrACS in

FIG. 6. (a) Frequency histogram (in number of systems per year)

of the TC lifetime minimum pressure (hPa) for IBTrACS (violet

line), ERA5 (blue line), T359 (black line), SIO-P (gray bars), and

SIO-F (red bars). (b) As in (a), but for the lifetime maximum wind

(m s21). (c) As in (a), but for the latitude of the lifetime minimum

pressure (8N). For SIO-P and SIO-F, probability distributions are

also represented (boxplots). Red (circled) asterisks indicate dif-

ferences between SIO-P and SIO-F averages that are significant at

the 90% (95%) level following a t test.
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June–September and 11 in October (i.e., 1.7% and 2.1%

of the total number), with 6 systems reaching at least the

severe tropical storm (category 2) stage (winds above

25ms21), including one tropical cyclone (category 3)

system (33m s21; Oscar in October 1983) and two in-

tense tropical cyclone (category 4) systems (47m s21;

Bellamine in October 1996 and Anais in October 2012)

according to Météo-France (BoM) classifications (again,

we use the terminology of the local RSMCs in this paper,

not the Saffir–Simpson scale.). As a consequence of the

winter decrease, the relative fraction of TCs occurring

during the austral summer increases, especially during

the months of February, March, and April (57% of TCs

in SIO-F vs 51% in SIO-P). Further elements about this

seasonal redistribution of TCs are discussed later.

b. Analysis of cyclogenesis indices

1) CGIS IN HIGH-RESOLUTION EXPERIMENTS

Previous studies have shown that CGIs can capture

the geographical distribution of cyclone activity fairly

well (e.g., Menkes et al. 2012). This is verified here over

the SIO basin by comparing the aggregate index (aver-

age of CGIs, see section 3) computed on the ERA-5 data

(Fig. 8a) with observed TC track densities (Figs. 5a,f).

CGIs are indeed able to represent both the fraction of

global cyclone activity that occurs within the SIO basin

(12.5 out of 84 TCs yr21 on average, similar to IBTrACS

values) and its spatial distribution within the basin with a

local maximum around 108S, 758E (spatial correlation of

0.73 between Figs. 5a and 8a when remapped onto the

same 58 3 58 grid). The agreement between indices and

actual track densities is less clear for the SIO-P experi-

ment: CGIs suggest that cyclone activity should prefer-

ably occur within a latitudinally narrow area expanding

from Madagascar to Indonesia similarly to ERA-5

(Fig. 8b) whereas TC tracks were detected more uni-

formly in the western part of the basin (Figs. 5d,i, spatial

correlation of 0.54 between Figs. 5b and 8d). Possible

reasons for this discrepancy can be that (i) the native

resolution in SIO-P is nonuniform across the basin, (ii)

CGIs were fitted on observations and reanalysis, so that

coefficients used in their computation do not reflect the

model characteristics, and (iii) the model (and the

tracking algorithm) seem to have difficulties to simulate

(detect) TCs at low latitudes, as reported in section 4a

and Fig. 5.

CGIs fail to capture the 20% decrease in TC fre-

quency between SIO-P and SIO-F that is observed in

Figs. 5e,j (Fig. 8c). They instead indicate an unchanged

cyclone activity on average over the SIO basin (differ-

ence of 1 0.4 TCs yr21). This result is consistent with

results of Chauvin et al. (2020) over the North Atlantic

basin and also agrees with Camargo et al. (2014), who

compared CGIs and actual TC tracks in high-resolution

experiments from another model. Within the basin, the

spatial pattern of changes in CGIs mostly consists in a

poleward shift of the cyclone activity area, which is

qualitatively consistent with changes in densities of

tracks (Figs. 5e,j, spatial correlation of 0.25 between

Figs. 5e and 8c) and with the poleward displacement of

the location of lifetime maximum intensity (Fig. 6c).

CGIs also support an increased cyclone activity north of

Madagascar and in the Mozambique channel, as seen in

the TC tracks. In other words, CGIs miss the overall

decrease in TC frequency but seem to capture part of the

changes in the regional distribution of TC tracks.

Further, breaking down changes in CGIs into dy-

namical and thermal components indicates that both

contribute almost equally to the poleward shift of the

cyclone activity area (Figs. 8d–f). They differ themost in

the western part of the basin, especially north of the

Mascarene Islands, where dynamical variables support a

decrease in cyclone activity—consistent with the de-

crease in the number of TC tracks (Fig. 5j)—which is

almost entirely compensated by the thermal contribu-

tion. One could interpret such a decrease in the dy-

namical component as less favorable conditions for

cyclogenesis (i.e., decreased TC frequency), while the

FIG. 7. As in Fig. 4, but for (a) the date of the first TC intensi-

fication within the season, (b) the date of the last TC intensification

within the season, and (c) the TC season duration measured as the

difference between (b) and (a).
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increase in the thermal component could be indicative

of more favorable conditions for intensification (i.e.,

increased TC intensity). However, this simple interpre-

tation should be moderated by the fact that dynamical

predictors can also be important for intensification (e.g.,

the vertical wind shear modulates the TC intensity),

while thermal predictors can also be important for cy-

clogenesis (e.g., the midlevel relative humidity is rele-

vant to spinning up the midlevel vortex in the early

development). The CGI increase in the Mozambique

channel solely arises from the thermal contribution, in

line with a greater SST increase in this area compared to

the rest of the basin (Fig. 1). The residual contribution is

generally small but can be substantial especially in the

eastern part of the basin.

Last, while results discussed above are based on the

aggregate CGI, similar conclusions can be drawn from

each index taken separately (not shown). In particular

the spatial pattern of the SIO-F versus SIO-P difference

(Fig. 8c) is common to all indices, albeit the spatial

average over the domain differs (10.4, 11.3, and 20.6

TCs per year for CYGP, GPI, and TIPP, respectively).

As all the three indices share the same dynamical vari-

ables, there is little interindex dispersion in the dynam-

ical contribution presented in Fig. 8d. Discrepancies in

the thermal contribution, that is strongly positive for the

GPI and slightly negative for the TIPP, therefore ex-

plainmost of the differences between indices, suggesting

that some thermal variables are more relevant than

others to capture climate-related changes in cyclone

activity.

2) CGIS IN CMIP5 MODELS

Here we assess whether changes in CGIs obtained in

high-resolution CNRM-CM6-1 experiments are repre-

sentative of changes in CGIs obtained in low-resolution

multimodel CMIP5 projections. In the following we

indicate CMIP5 ensemble-mean values together with

the 10th and 90th percentiles of CMIP5 distribution

between parentheses—as the ensemble contains 14

FIG. 8. (left) Annual mean of averaged CGIs (in number of TCs yr21 and per 0.58 3 0.58 grid box) for (a) ERA5,

(b) SIO-P, and (c) SIO-F represented as a difference relative to (b). (right) Contributions of (d) dynamical com-

ponents, (e) thermal components, and (f) residuals to (c). Sums over the globe and for the SIO domain (in pa-

rentheses) are indicated in the top-right corner of each panel.
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models, this range excludes the two lowest and two

highest values.

First, comparing ERA-Interim (80-km resolution,

interpolated onto a 2.58 grid, Fig. 9a) with ERA-5

(30-km resolution, interpolated onto a 0.58 grid,

Fig. 8a) shows that the resolution has little effect on the

computation of CGIs; this was expected since these

indices are designed to account for large-scale condi-

tions. Both reanalyses indeed result in a similar fraction

of cyclone activity in the SIO (about 15% of the global

activity) and a similar spatial pattern within the basin.

CMIP5 models have been shown to represent the

geographical climatology of several CGIs fairly well

(Camargo 2013), which is here confirmed by our ag-

gregate CGI (Fig. 9b), although the ensemble averag-

ing tends to smooth hotspots of cyclone activity due to

intermodel dispersion in the exact location of local

maxima. On average, about 16% [14%–20%] of the

global cyclone activity occurs in the SIO, which is

consistent with reanalyses. [A more detailed analysis

of individual CMIP5 model biases can be found in

Camargo (2013) and is considered to be beyond the

scope of this paper.] Importantly, we have verified that

our SIO-P high-resolution experiment lies within the

range of CMIP5 models in terms of representation of

present-day climatology of CGIs (not shown).

In futureRCP8.5 projections, CMIP5models simulate

an overall increase in CGIs, slightly less pronounced

over the SIO (19% [28% to 20%]) than globally

(111% [22% to 20%], Fig. 9c). Our results based on an

aggregate CGI are consistent with the GPI analysis re-

ported in Camargo (2013), although the GPI is the index

that projects the strongest ensemble-mean increase:

116.3 (12.8) TCs per year at global scale (in the SIO

basin) versus 17.7 (10.2) and 14.1 (10.6) for the

CYGP and the TIPP, respectively.

The global increase in CGIs projected by CMIP5

models (111%, i.e., 19.4 TCs per year) arises from

the thermal contribution (17.8 TCs per year), while the

dynamical component exhibits a small decrease (21.5,

Figs. 9d–f). The latter is robust across indices (22, 21.2,

and21.3 for CYGP, GPI, and TIPP, respectively), while

the former is the strongest forGPI (114.7) and the lowest

for TIPP (13). This is consistent with CGIs applied to

high-resolution experiments and supports the idea that

changes in dynamical conditions could be related to

changes in TC frequency (e.g., less favorable weather for

cyclogenesis), while changes in thermal conditions could

be related to changes in TC intensity (e.g., more available

energy for intensification). This may be particularly the

case for the GPI that includes the potential intensity in-

troduced by Emanuel (1988) in its thermal component

(Emanuel and Nolan 2004). Again, this interpretation

should nevertheless be moderated because the relation-

ship between dynamical versus thermal components and

TC genesis versus intensification is not straightforward.

FIG. 9. (left) Annual mean of averaged CGIs (in number of TCs yr21 and per 2.58 3 2.58 grid box) for (a) ERAI,

(b) CMIP5 ensemble mean historical simulations over 1976–2005, and (c) CMIP5 ensemble-mean RCP8.5 simu-

lations over 2070–99 represented as a difference relative to (b). (right) Contributions of (d) dynamical components,

(e) thermal components, and (f) residuals to (c). Sums over the globe and for the SIO domain (in parentheses) are

indicated in the top-right corner of each panel.
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With a10.4 TCs per year increase in the SIO (Fig. 8c),

the SIO-F versus SIO-P difference is consistent with

the range of CMIP5 projections. A fair comparison is,

however, difficult since time periods used to evaluate

changes differ. Interestingly, spatial patterns of CGI

changes in the SIO are similar between high-resolution

CNRM-CM6-1 experiments and the CNRM-CM5 ex-

periment included in the CMIP5 ensemble (not shown).

This is not completely surprising since SIO-P and SIO-F

experiments use SST taken from this CNRM-CM5 sim-

ulation, but suggests that changes in large-scale envi-

ronmental variables associated with cyclone activity

are robust across the two versions of the atmospheric

model and the two grid configurations. The poleward

shift of cyclone activity suggested by CNRM-CM6-1

aggregate CGIs is, however, not representative of the

CMIP5 ensemble that rather projects a reinforcement

of cyclone activity close to the equator (Fig. 9c). This

highlights that changes in the geographical distribution

of cyclone activity captured by CGIs can be model

dependent (e.g., Camargo 2013).

3) ANALYSIS OF CGIS’ ANNUAL CYCLE

Globally, CGIs have been shown to represent the

annual cycle of TC occurrence fairly well, although

with a weaker seasonal amplitude (Menkes et al. 2012).

This is confirmed here by our high-resolution exeri-

ments: in the SIO-P experiment, 90% of the TC tracks

occur from November to May while the aggregate CGI

would indicate 78% (Fig. 10a). As discussed above

(Fig. 7), we find a dramatic decrease in TC frequency

during the austral winter in the SIO-F experiment,

which translates into a significant decrease in the rel-

ative TC occurrence from June to October, counter-

balanced by an increase—albeit not significant—from

February to April. This redistribution is partly ex-

plained by CGIs, which also support a relative decrease

of cyclone activity in winter (significant in October)

and a relative increase in summer (significant in

December). The fact that relative changes disagree

between TC tracks and CGIs in February and March

could be due to sampling uncertainty since they are not

statistically significant.

Annual cycles of both TC occurrence and CGIs sim-

ulated by the SIO-P experiment are consistent with

IBTrACS and ERA-Interim, respectively (Fig. 10b). In

particular, 94% of IBTrACS TCs occur from November

to May while the ERA-Interim aggregate CGI would

indicate 82%. CMIP5 historical simulations are gener-

ally consistent with ERA-Interim in that aspect,

FIG. 10. (a)Annual distribution of SIO-P (gray bars) and SIO-F (red bars) TCs, and SIO-P (black line) and SIO-F

(red line) aggregate CGI. Black (circled) asterisks indicate differences between bars that are significant at the 90%

(95%) level; red (circled) asterisks indicate differences between lines that are significant at the 90% (95%) level.

(b) Annual cycle of IBTrACS TCs (gray bars), and ERA-Interim (black bars), CMIP5 historical (blue lines), and

RCP8.5 (red lines) averaged CGIs, with thick lines for ensemblemeans. Red (circled) asterisks indicate differences

between ensemble means that are significant at the 90% (95%) level. All cycles are normalized and represented in

percent per month. (bottom) Decomposition of the total aggregate CGI difference (black line) into dynamical

(blue bars) and thermal (orange bars) components.
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although they tend to underestimate (overestimate) the

proportion of cyclone activity in early (late) summer:

49% (41%) from November to February (March to

June) on average over the ensemble versus 54% (35%)

in ERA-Interim. Projected changes in the RCP8.5 sim-

ulations are indicative of relative decrease of cyclone

activity from June to December (significant in October)

counterbalanced by a relative increase from January to

May (significant inApril). Such a seasonal redistribution

of cyclone activity is fully consistent with results from

our high-resolution experiments, suggesting that this

feature of TC changes could be robust across models.

Last, both dynamical and thermal components contrib-

ute to reshaping the annual cycle of CGIs, although

monthly contributions differ: for instance, in CMIP5,

the CGI relative increase in summer is mostly explained

by the dynamical component in January, by the ther-

mal component in March and April, and by both in

February.

5. Discussion

In this paper we have tried to assess projected changes

in the SIO cyclone activity from two complementary

approaches: (i) high-resolution experiments with our in-

home model (CNRM-CM6-1) that simulates realistic

TCs and allows for a statistical analysis of TC charac-

teristics and (ii) low-resolution multimodel climate

projections in which cyclone activity can only be esti-

mated from empirical indices built on large-scale en-

vironmental variables. Although we have shown that

robust results emerge, both approaches used in this

study suffer from clear limitations.

First, our high-resolution experiments are performed

in an atmosphere-only framework (i.e., with prescribed

SST), whereas the atmosphere strongly interacts with

the near-surface ocean during TCs. Daloz et al. (2012)

have shown that the ocean–atmosphere coupling can

modify the simulation of TCs by the rotated-stretched

configuration of the CNRM-CM model, the impact

being sensitive to the coupling frequency. However, in

their review paper, Walsh et al. (2016) assess that

atmosphere–ocean coupling only has a limited effect

on climate change experiments. In addition, using an

atmosphere-only framework allows us to correct for po-

tential biases in SST (as done in our experimental design).

Second, results obtained with the rotated-stretched

configuration might be sensitive to the arbitrary choice

of the grid pole location (Daloz et al. 2012). In the

present study, the focus has been intentionally made

on the western part of the SIO, in order to better as-

sess potential changes in TCs over the area enclosing

Mozambique, Madagascar, and the Mascarene Islands

[i.e., the region under the responsibility of Météo-France
(local RSMC)]. In exchange, the resolution was not

dramatically increased at the other side of the SIO

(Australian shore) compared to the uniform T359 grid.

We are nevertheless confident (from our expertise with

the rotated-stretched configuration) that a small dis-

placement of the grid pole would not have altered the

results significantly. The fact that the uniform T359 ex-

periment (50 km) simulates reasonable TCs gives us

additional confidence that results of rotated-stretched

experiments are robust across the whole SIO basin. Last,

our results share some similarities with Chauvin et al.

(2020), which suggests that the main conclusions could

be robust among oceanic basins, although a more sys-

tematic analysis would be needed.

A third limitation of our experimental protocol is that

it only includes one member per experiment, which

could raise questions about our ability to disentangle

climate change signal from the noise of internal vari-

ability. More ensemble members would probably have

smoothed the changes in track densities presented in

Fig. 5; we were nevertheless able to detect a few statis-

tically significant changes at the basinwide scale, such as

the decrease in the overall number of TCs or the re-

duction in the duration of the cyclone season. In their

analysis of the North Atlantic basin, Chauvin et al.

(2020) performed five members per experiment and

concluded that although this provides robustness in re-

sults obtained at regional scale, one member of 50 years

is sufficient for the large-scale signal to emerge.

A follow-up question is the sensitivity of our results to

the unique model used to perform high-resolution ex-

periments (CNRM-CM6-1). Here we have shown that

(i) our results are quantitatively similar to other high-

resolution modeling studies (e.g., Murakami et al. 2012)

and that (ii) large-scale environmental changes simu-

lated by CNRM-CM6-1 lie in the range of CMIP5 un-

certainties. However, the issue of model dependency

will not be properly tackled until multimodel ensembles

of high-resolution climate projections exist, and the

upcoming HighResMIP exercise (Haarsma et al. 2016)

can be considered as a promising first step to that regard.

Last, statistical tools used to analyze both high-

resolution experiments (TC tracking algorithm) and

multiple low-resolution model datasets (computation

of CGIs) can be questioned. The TC tracking algorithm

uses several arbitrary thresholds (winds, vorticity, tem-

perature) that clearly affect the number of systems de-

tected; however, we have verified that our main findings

remain unchanged when using slightly different thresholds

(not shown). The computation of CGIs is also problematic

as the choice of the predictors (environmental variables)

and the fit of their coefficients are likely to be model
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sensitive; using 3 indices and 14 models was a way to

take this source of uncertainty into account, and build-

ing more sophisticated and possibly model-dependent

CGIs is left for future work.

6. Conclusions

The aim of this study was to assess projected changes

in the SIO tropical cyclone (TC) activity from both

high-resolution CNRM-CM6-1 dedicated experiments

and CMIP5 multimodel climate projections. Our main

findings can be summarized as follows:

d the uniform T359 (50km) configuration of the CNRM-

CM6-1 model is able to simulate realistic TCs in terms

of frequency and pressure–wind relationship, although

with a weaker intensity than observed. The rotated-

stretched configuration improves the realism of simu-

latedTCs (especially in terms of intensity) over the area

of interest.
d Rotated-stretched high-resolution experiments project a

20% decrease in the SIO TC frequency between 1965–

2014 and 2045–94 in the RCP8.5 scenario. In the

meantime, they indicate an increase in the maximum

lifetime intensity, and a slight poleward extension of

the TC tracks. As a consequence, the frequency of the

strongest TCs is projected to remain nearly constant.
d Rotated-stretched high-resolution experiments project a

substantial reduction of the cyclone season duration;

in particular the first TC of the season is projected to

occur 1 month later on average (mid-December vs

mid-November). Although the raw number of TCs is

projected to decrease for all individual months, cyclone

activity is redistributed within the season, with a smaller

(greater) relative proportion of cyclones occurring in

early (late) summer. This result may be important for

Regional Specialized Meteorological Centres and local

administrations in charge of TCmonitoring and alertness.
d Cyclogenesis indices (CGIs) applied to high-resolution

experiments fail to capture the projected decrease in

overall TC frequency. However, they are able to par-

tially represent changes in the spatiotemporal distri-

bution of cyclone activity, such as the poleward shift

and the seasonal redistribution. This may not be sur-

prising as CGIs are designed to represent not the total

number of TCs but their spatiotemporal distribution.
d Changes in CGIs obtained from CNRM-CM6-1 lie in

the range of CMIP5 projections. In particular the

seasonal redistribution of cyclone activity is consistent

across models.

Future work will involve further understanding of the

decreasing TC frequency in CNRM-CM6–1 experiments:

whether this results from less frequent initiations of

small-scale vortices or from less favorable conditions to

intensification into TCs will be particularly scrutinized

in the light of the work of Duvel (2015). Besides, the

computation of CGIs in high-resolution experiments

can be viewed as a first step into the physical under-

standing of changes in cyclone activity, and future an-

alyses will further explore how they relate to changes in

large-scale environmental features such as the Indian

monsoon, the Madden–Julian oscillation, and/or the

Hadley–Walker circulation. Impact studies may also be

conducted to assess consequences of the projected

changes in cyclone activity on associated phenomena

such as rainfall or storm surges. Expanding the analysis to

the new generation of climate models (CMIP6)—especially

those with sufficiently high resolutions to simulate

realistic TCs—will also be naturally considered for

future work.

Finally, a promising prospective of this study is to

pursue the efforts to reconcile results on TCs derived

from high-resolution experiments with CGIs computed

on low-resolution climate projections. In this paper we

have shown that although CGIs miss the overall de-

crease in the number of TCs, they partially capture

changes in their spatiotemporal distribution. Further,

we have shown that the future increase in CGIs is mostly

driven by their thermal component, while their dynam-

ical component slightly decreases. The fact that these

indices are empirically fitted on present-day cyclone

activity features might give too much weight to the

thermal component in a climate change context. Future

research may therefore focus on the development of

cyclogenesis indices that remain relevant for assessing

climate change, taking advantage of high-resolution

climate projections distributed within CMIP6 and

possibly using more comprehensive statistical learn-

ing techniques.
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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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 pierre.tulet@univ-reunion.fr

Extended author information available on the last page of the article

http://orcid.org/0000-0001-5399-8730
http://orcid.org/0000-0002-1529-7578
http://orcid.org/0000-0002-4049-2375
http://orcid.org/0000-0003-0790-7193
http://orcid.org/0000-0003-1965-1527
http://orcid.org/0000-0002-8729-2020
http://orcid.org/0000-0002-2567-2079
http://orcid.org/0000-0002-9548-2078
http://orcid.org/0000-0001-8630-5574
http://orcid.org/0000-0003-2015-0770
http://orcid.org/0000-0002-0711-5885
http://orcid.org/0000-0003-2357-6398
http://orcid.org/0000-0002-3284-2355
http://orcid.org/0000-0002-5205-3740
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-021-04624-w&domain=pdf


1192 Natural Hazards (2021) 107:1191–1223

1 3

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−1; 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 
Gamède 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  Mm3 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 AR5 report of 2014 (Impacts, Adaptation and 
Vulnerability, https ://www.ipcc.ch/repor t/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-REG5 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.

https://www.ipcc.ch/report/ar5/wg2/
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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-I 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 

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:

• 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;

• 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;

• 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.

Fig. 2  Geographic area of the ReNovRisk programmes. a SWIO domain of ReNovRisk. b Reunion Island 
map and locations cited in the text
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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”  (IOGA4MET). 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 Français de Recherche pour l’Exploitation de la 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 ½-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 

https://www.boreal-uas.com/
https://www.boreal-uas.com/
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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://sever eweat her.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://meson h.aero.obs-mip.fr/, 
Lac et  al. 2018), the surface model SurfEX (https ://www.umr-cnrm.fr/surfe x/, Masson 

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

http://severeweather.wmo.int
http://mesonh.aero.obs-mip.fr/
https://www.umr-cnrm.fr/surfex/
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et al. 2013), the wave model WaveWatch III (http://polar .ncep.noaa.gov/waves /wavew atch/) 
and the ocean model CROCO (http://www.croco -ocean .orgre f) was realized through the 
OASIS coupler (https ://porta l.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 

http://polar.ncep.noaa.gov/waves/wavewatch/
http://www.croco-ocean.orgref
https://portal.enes.org/oasis
https://www.umr-cnrm.fr/spip.php?article124&lang=en
https://www.umr-cnrm.fr/spip.php?article124&lang=en
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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 Rivière 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:

• 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 Rivière 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.

• Flow processes: completing the hydrological monitoring equipment of the experimen-
tal catchment “La Rivière des Pluies”, which is part of the French OZCAR network 
(https ://www.ozcar -ri.org/obser vator ies/the-netwo rk/), 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).

• 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 

https://www.ozcar-ri.org/observatories/the-network/
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island (Rivière des Pluies and Rivière du Mât, Fig. 2b), in the framework of the “Riv-
ière 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  Mm3) 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/PALSAR2 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−1), 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 Maïdo 
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 
Maïdo 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 (Système 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, Gamède 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 (Vérèmes 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 spaTIaLisation 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  km2-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 Châtelet et  al. 2005) and a kriging 

https://opar.univ-reunion.fr/
https://opar.univ-reunion.fr/
http://spicy.brgm.fr/fr
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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  km2 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  km2. 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 Maïdo massif, the challenge in the hydrosphere stems 
from a lack of knowledge of the behaviour of temporary ravines of the Maïdo 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 

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 Maïdo 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 l’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.dynal it.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 

https://www.dynalit.fr/
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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−1. 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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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, 

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 c 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)
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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  m3) 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 à 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  m3  s−1). 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 

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)
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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; Fernández-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 

Fig. 7  1.1  Mm3 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
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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  m3. 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 

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 c 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
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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  m3. 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  m3 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−1 (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  Cyclonic impact 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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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−1 (approximately 100 km  h−1) 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.

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−1) over Reunion Island  taken from 
the simulation of TC Bejisa. Bottom from left to right: close-up maps (15 km × 15 km) enabling the identi-
fication of buildings and infrastructures exposed (location and duration) to damaging winds
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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.

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). c 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 (Schär 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−1 winds. However, further high-resolution studies are still needed 
to constrain this characteristic change, as large variability persists in the literature (Knutson 

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 (CMIP5) 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 /accue il). 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 l’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 ://airfl ow.apach e.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 ://geosu r.univ-reuni on.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 ://geone twork -opens ource .org) and allows the user to navigate eas-
ily through the database, using a search engine to visualize the different information on 

http://www.seas-oi.fr/en/web/guest/accueil
https://airflow.apache.org/
https://geosur.univ-reunion.fr
https://geonetwork-opensource.org
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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://peige o.re), which is managed by AGORAH (http://
www.agora h.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.

https://www.ogc.org
http://peigeo.re
http://www.agorah.com
http://www.agorah.com
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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, Sen1Chain 
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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