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Abstract: The international research program “ReNovRisk-CYCLONE" (RNR-CYC, 2017-2021) di- 34
rectly involves 20 partners from 5 countries of the South-West Indian-Ocean. It aims at improving 35
the observation and modelling of tropical cyclones in the South-West Indian Ocean, as well as to 36
foster regional cooperation and improve public policies adapted to present and future tropical cy- 37
clones risk in this cyclonic basin. 38

This paper describes the structure and main objectives of this ambitious research project with em- 39
phasis on its observing components, which allowed integrating numbers of innovative atmospheric 40
and oceanic observations (sea-turtle borne and seismic data, unmanned airborne system, ocean glid- 41
ers), as well as combining standard and original methods (RS and GNSS atmospheric soundings, 42
seismic and ADCP sampling, drone and satellite imaging) to support research on tropical cyclones 43
from the local to the basin-scale. 44
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1. Introduction 50 
Due to their highly destructive potential, tropical cyclones (TC) have long been con- 51 

sidered as a major risk for populations, territorial economies and biodiversity. In this re- 52 
gard, predicting their outcome and impacts at present and future times is one of the major 53 
concerns of both the Intergovernmental Panel on Climate Change (IPCC) and the World 54 
Meteorological Organization (WMO).  55 

As highlighted in the latest reports of WMO’s International Workshop on Tropical 56 
Cyclones (IWTC), research work carried out over the last four years has considerably im- 57 
proved our understanding of TC intensification process [1,2] as well as TC track and in- 58 
tensity forecasting [3,4]. The operational implementation of coupled ocean-atmosphere 59 
(OA) numerical weather prediction (NWP) systems by many national weather services 60 
has, in particular, played a key role in reducing forecasting errors at all space and time 61 
scales (e.g., [5-8]). Despite these important advances, additional efforts are still needed to 62 
accurately predict and characterize the potential impacts of tropical cyclones on a given 63 
territory, especially during landfall. Such efforts include for instance the collection of novel 64 
atmospheric and oceanic observations, to better constrain (and verify) the performance of 65 
coupled NWP systems (e.g., [9,10]), as well as the implementation of wave models and 66 
specific microphysical parameterizations to improve roughness, swell, wind speed and 67 
momentum flux representation in TC forecasting systems [11-13].  68 

Accurate modelling of OA interactions is particularly crucial in areas such as the trop- 69 
ical South-West Indian Ocean (SWIO) basin [30-90°E, 0-40°S], where the atmospheric var- 70 
iability is associated with a particularly strong oceanic response (and vice versa).  The 71 
SWIO (Fig. 1), which contributes to approximately 10-12% of the worldwide cyclonic ac- 72 
tivity [14-16], is indeed widely considered as the cyclonic basin with the highest prevalence 73 
of OA interactions [17] due to the unique structure of the thermocline in the Seychelles- 74 
Chagos Thermocline Ridge area (55-70°E, 5-15°S) [18,19]. Like most TC basins, the SWIO 75 
includes many fragile countries, whose economic development, infrastructure, as well as 76 
food, medicine and water supply chains are regularly impacted by tropical cyclones. 77 

 78 
Figure 1: Map of the SWIO TC basin ([30-90°E, 0-40°S]). The principal locations discussed in the paper are indi- 79 
cated by dark blue (France), light blue (Mozambique), green (Mauritius), red (Madagascar) and pink (Seychelles) 80 
circles.  81 
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In very recent years, countries bordering the Mozambique Channel (MC) have indeed 82

been struck by a series of extremely intense and devastating events, whose economic im- 83

pact will be felt for many years to come. Heavy rains associated with TC DINEO (2017) 84

have caused 700,000 refugees and tens of millions of US$ of damage in Mozambique, while 85

the overall cost of TCs ENAWO (2017) and AVA (2018), which affected nearly one million 86

people in Madagascar, was estimated to more than US$ 600 millions (about 7% of Mada- 87

gascar's average annual gross domestic product). These heavy tolls are, however, out of all 88

proportion to those of TCs IDAÏ (considered by United Nations as the worst natural dis- 89

aster ever in the MC) and KENNETH (the most intense TC ever reported in the MC [20]), 90

which both made landfall in Mozambique in 2019 [21]. According to the latest economic 91

reports, these two storms have affected a total of nearly 1.7 million people and caused 92

damage and losses estimated at ~US$ 3 billion - plus a further recovery cost estimated at 93

US$ 3.4 billion - by the World Bank and Mozambican officials [22]. 94

Given the colossal impact of TCs on local populations, infrastructures and economic 95

development of many countries in the SWIO basin, the European Union (EU), together 96

with the Regional Council of Reunion Island and the French State, have designed the trans- 97

disciplinary research program "REunion NOVative research on cyclonic RISKs" (ReN- 98

ovRisk), to improve the resilience of SWIO countries to TC hazards and mitigate associated 99

economic vulnerability, damages and risks (e.g., winds, rainfall, landslides, submersion) 100

in inhabited areas. To achieve these objectives, ReNovRisk has been divided into four in- 101

terlinked research projects, referred to as ReNovRisk-Cyclone, -Erosion, -Impacts and - 102

Transfer, whose overall objectives are described in [23]. The present paper focuses on the 103

Cyclone component of this program, which involves a large international consortium of 104

research institutes, universities and weather services originated from France [e.g., univer- 105

sities of Reunion Island and Toulouse, Centre National de Recherche Scientifique (CNRS), 106

Météo-France, Institut de Physique de Globe de Paris (IPGP), Institut National de l’Infor- 107

mation Géographique et Forestière (IGN), Institut Français de Recherche pour l'Exploita- 108

tion de la MER (IFREMER)], Mozambique [Eduardo Mondlane and Pemba Unilurio uni- 109

versities, Mozambique Weather Service (INAM)], Madagascar (Institut Supérieur de Tech- 110

nologie de Diego Suarez, University of Antananarivo), the Seychelles (Seychelles Meteor- 111

ological Authority, Seychelles Islands Foundation), Mauritius (Mauritius Oceanography 112

Institute), as well as international institutions such as the European Space Agency (ESA) 113

and WMO, among others.  114

Through its observing, modelling, climate and outreach components, ReNovRisk-Cy- 115

clone (hereafter referred to as RNR-CYC) is aimed at improving the observation and mod- 116

elling of TCs, as well as to foster regional cooperation and improve public policies adapted 117

to present and future TC risks faced by territories bordering the SWIO. The latter is all the 118

more essential as predicted changes in the coupled OA system due to global warming are 119

likely to generate significant modifications of the cyclonic activity in the coming decades. 120

Consequently, regions that are currently spared or moderately affected by TCs, and that 121

often lack experience-based adaptation strategies, may soon have to face potentially in- 122

creasing TC-related hazards [24-25]. Such changes include for instance the widening of the 123
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tropical belt resulting from ocean warming (e.g., [26-27]), which has already been shown 124 
to induce a poleward migration of TC’s lifetime maximum intensity (LMI) in both hemi- 125 
spheres [28-31], or significant modifications in TC frequency and/or length of the TC sea- 126 
son [32].  127 

This paper is aiming at describing the structure and main objectives of the project 128 
RNR-CYC, as well as to present an overview of the main applications and results of its 129 
observation component - modelling aspects are presented in more details in the compan- 130 
ion paper [33]. This article is organized as follows: Section 2 provides an overview of the 131 
four components of RNR-CYC (observation, mesoscale modelling, climate modelling, co- 132 
operation and outreach). Section 3 presents the major achievements of RNR-CYC regard- 133 
ing oceanic and atmospheric observations, while Section 4 concludes and discusses new 134 
research topics to be investigated past this program. 135 

2. Structuration and objectives of RNR-CYC 136 

The project RNR-CYC focuses on the meteorological and oceanographic impacts of 137 
TCs in the SWIO (Fig. 1) at both present and future horizons. It aims, in particular, to better 138 
apprehend the impacts of these extreme storms on the main inhabited islands of this oce- 139 
anic basin by providing innovative modelling and observing products that will also feed 140 
the cascade risk analysis tools deployed in the other research component of the global 141 
ReNovRisk program [23]. In order to achieve these objectives, RNR-CYC has been divided 142 
into 4 components: i) an observation component, to improve both long-term and tempo- 143 
rary observations of TCs and their atmospheric and oceanic environments, ii) a mesoscale 144 
modelling component, to improve modelling and short-term forecasting of TCs, iii) a cli- 145 
mate component, to evaluate the consequences of climate change on the variability and 146 
structure of TCs at both local and basin scales, and iv) an outreach component, aimed at 147 
improving capacity building in the three aforementioned research areas through strength- 148 
ening cooperation between SWIO countries. An overview of the structure and objectives 149 
of these four components is described hereafter.  150 

2.1 Observing component 151 

The observing component of RNR-CYC is aimed at providing additional observations 152 
of TCs and their environment by improving regional and local observing capabilities in 153 
the SWIO. It has been built around three complementary approaches: 154 

i) A “conventional” approach, based on the reinforcement of regional ground-based 155 
meteorological observation facilities and, in particular, of the water vapor Global Naviga- 156 
tion Satellite System (GNSS) observation network operated by the International GNSS Ser- 157 
vice (IGS). Starting in November 2017, 10 new public observation sites (composed of 158 
ground-based GNSS receivers and colocated surface weather stations) have been deployed 159 
in Madagascar, Eparses Islands and the Seychelles in the frame of RNR-CYC’s sub-pro- 160 
gram “Indian Ocean GNSS Applications for Meteorology'' (IOGA4MET; [34]) to increase 161 
the number of tropospheric GNSS measurements (e.g., zenithal delay, integrated water 162 
vapor amounts) and positioning data throughout the western part of the basin (see Section 163 
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3.2.3). The first analysis of GNSS-derived observations collected during RNR-CYC have 164 
already demonstrated the benefit of these new permanent stations to investigate the water 165 
vapor cycle at diurnal to inter-annual time scales [35], but also to provide new and contin- 166 
uous observations to investigate the dynamics of the Earth’s crust in this particularly active 167 
part of the world [34,36].  168 

ii) An “experimental” approach, based on the temporary collection of atmospheric 169 
and oceanic observations at various locations in the basin. For this purpose, several atmos- 170 
pheric and oceanographic field campaigns have been organized throughout the 3 ½ years 171 
of RNR-CYC with the goal to provide novel datasets to evaluate numerical model simula- 172 
tions performed in the frame of the project. The main achievements include:  173 

• A 3-year satellite acquisition campaign (2017-2020), setup in collaboration with ESA 174 
and IFREMER, to collect high-resolution (1 km) observations of surface winds and sea 175 
roughness from spaceborne synthetic aperture radars (SAR) deployed onboard the satel- 176 
lites Sentinel 1A/1B of the European Earth Observation Program Copernicus1 (see Section 177 
3.2.4).  178 

• A regional field campaign, organized from late January to early April 2019, to inves- 179 
tigate atmospheric and oceanic environmental conditions prevailing in the vicinity of TCs 180 
during the 2018-2019 TC season. During this 2 ½ month period, a regional radiosounding 181 
network, allowing for the collection of nearly 500 soundings, was deployed in Mayotte 182 
(France), Toamasina (Madagascar) and Maputo (Mozambique) to both sample the atmos- 183 
pheric environment of TC and train students and academics in experimental meteorology 184 
(see Section 2.4).  185 

• The deployment of two ocean gliders from Reunion Island to sample the vertical 186 
properties of the upper ocean layers in the Mascarene Archipelago (see Section 3.1.4). 187 

• The deployment of an unmanned airborne system (UAS), equipped with aerosol, 188 
turbulence, sea state, and meteorological sensors to measure OA fluxes and aerosol con- 189 
centrations in the vicinity of Reunion Island (see Section 3.2.1).  190 

• The organization of several local observation campaigns to sample sea swell proper- 191 
ties during austral winters and summers using acoustic Doppler current profilers (ADCP) 192 
and wave gauges deployed near-shore Reunion Island (see Section 3.1.1).  193 

iii) An “exploratory” approach, based on the deployment and evaluation of innova- 194 
tive methods to collect oceanographic observations. A particularly original approach, 195 
based on the biologging technology, has been evaluated for 2 years to collect data from sea 196 
turtles (ST) equipped with dedicated ARGOS environmental tags in the frame of RNR- 197 
CYC’s subprogram “Sea Turtle for Ocean Research and Monitoring” (STORM, see Section 198 
3.1.3). Another original approach, based on the previous work of [37-39], has also been 199 
further investigated to quantify extreme swell phenomena from microseismic noise meas- 200 
urements recorded by ground seismometers (see Section 3.1.2). The preliminary 201 

 
1 https://www.copernicus.eu/fr 
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assessment of terrestrial seismic observations collected in Reunion Island against oceano- 202 
graphic records and offshore wave model data, have demonstrated that land-based seis- 203 
mic stations could be particularly useful to observe both austral [40] and cyclonic swell 204 
[41] (this special issue). 205 

2.2 Modelling component 206 

Protecting life and property requires a precise estimate of the environmental changes 207 
associated with the passage of TCs in the vicinity of inhabited areas. The challenge in the 208 
face of the cyclonic threat is to simultaneously predict the track and intensity of the storms, 209 
but also the consequences resulting from their landfall, or transit near inhabited areas. 210 
Hence, damages caused to a given territory, which are essentially related to rainfall inten- 211 
sity, wind strength and sea state (e.g., swell), could significantly differ depending on 212 
whether it is affected by a tropical storm (TS), a monsoon depression or a more or less 213 
intense TC. To this end, many operational meteorological services and research centers 214 
concerned with TC hazards have made considerable efforts to develop deterministic and 215 
ensemble coupled NWP systems providing high spatial resolution forecasts in all TC ba- 216 
sins (e.g., [42-46]).  217 

Improving TC forecasting first and foremost implies a proper representation of the in- 218 
teractions between the storm and the ocean, and vice versa [47]. During the propagation 219 
of a TC over an oceanic area, mixing caused by surface winds usually induces a significant 220 
drop in surface temperature [48-49] that strongly reduces surface enthalpy and heat fluxes 221 
(e.g., [50,51]). These air-sea fluxes can also be significantly impacted by waves, which re- 222 
distribute momentum in the near-surface layer and modify the enthalpy fluxes through 223 
the emission of sea spray [52-57]. In this regard, new parameterizations reproducing the 224 
impact of marine aerosols on turbulent heat exchanges have been proposed and validated 225 
in recent years (e.g., [58-59]), but are yet to be implemented in atmospheric models to thor- 226 
oughly evaluate their impact on TC behavior. 227 

Because radiative cooling (e.g., [60,61]), evaporation (e.g., [62,63])) and latent heat re- 228 
lease (e.g., [64]) have long been recognized to play a key role in the development and in- 229 
tensification of tropical cyclones, a particular attention must also be paid to microphysical 230 
schemes implemented in NWP systems. These schemes must, in particular, allow for an 231 
efficient representation of the radiative cooling at the top of the storms (which is a con- 232 
straining criterion of TC intensity) and of the vertical distribution of latent heat (which 233 
represents the main source of energy of TCs). They should thus also be able to realistically 234 
take into account the role of atmospheric aerosols, that (indirectly) affect the radiation bal- 235 
ance by impacting on the radiative and precipitating properties of the clouds. Improving 236 
TC forecasting therefore also implies the development of coupled aerosol-microphysical- 237 
radiation schemes to be integrated in fully coupled ocean-wave-atmosphere (OWA) mod- 238 
els. 239 

An important objective of RNR-CYC was to develop high-resolution OWA and OA 240 
modelling systems capable of representing as exhaustively as possible the multitude of 241 
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physical interactions that control the variations of intensity of TCs, as well as their impacts 242 
(wind, rain, swell) at the scale of SWIO territories. The main modelling developments 243 
made in the frame of this project can be found in [11, 64, 65 (this volume)] and in the com- 244 
panion paper [33].  245 

2.3 Climate component 246 

Evaluating the impact of climate change on the frequency and intensity of tropical cy- 247 
clones is considered as one of the top 5 issues of concern by the IPCC. Currently, regional 248 
and global climate models make it possible to identify the preferred areas of cyclogenesis 249 
and occurrence of tropical low-pressure systems at the basin scale, but cannot be effectively 250 
relied upon yet to investigate potential changes in their structure and intensification mech- 251 
anisms. While it is now widely accepted that the global increase of sea surface tempera- 252 
tures in tropical areas will be a favorable element for TC development, it is not clear how 253 
other ingredients involved in their formation and intensification will evolve in the future. 254 
In this regard, another important objective of RNR-CYC was to evaluate the global evolu- 255 
tion of cyclonic activity in the SWIO, but also to investigate potential structural and inten- 256 
sity changes of TCs resulting from the ongoing modification of their oceanic and atmos- 257 
pheric environments. 258 

The modelling strategy was based on two complementary approaches, allowing to both 259 
estimate the evolution of cyclonic activity at the basin scale (i.e., changes in trajectory, in- 260 
tensity and frequency of TCs at different time scales), and to assess potential structural 261 
changes and impacts of TCs at the local scale. This strategy relies on the exploitation of 262 
unprecedented high-resolution global climate simulations [32], as well as of mesoscale 263 
coupled simulations to estimate the impact of climate change on the intensity, behavior 264 
and consequences of cyclones at the scale of a given territory. Examples of results obtained 265 
from such high-resolution model runs are discussed in [33,67] (both in this special edi- 266 
tion).   267 

2.4 Regional cooperation 268 

Another important objective of RNR-CYC is to provide enhanced tools and knowledge 269 
to countries of the SWIO facing cyclonic hazards. Responding to this strong societal issue 270 
requires a better structuring of the regional scientific community, as well as a significant 271 
reinforcement of the cooperation between countries bordering the SWIO basin.  While re- 272 
gional collaboration already exists through WMO’s regional structures [e.g., Tropical cy- 273 
clone Programme2, Reunion Island’s Regional Specialized Meteorological Center (RSMC 274 
La Réunion3)] and the Indian Ocean Committee4, interactions remain essentially focused 275 
on operational and technical applications and only modestly promote research develop- 276 
ment in this area. 277 

 
2 https://public.wmo.int/en/our-mandate/focus-areas/natural-hazards-and-disaster-risk-reduction/tropical-cyclones 
3 http://www.meteo.fr/temps/domtom/La_Reunion/webcmrs9.0/anglais/index.html 
4 https://www.commissionoceanindien.org/ 
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One of the strengths of RNR-CYC consists in the implementation of a partnership in- 278 
volving many regional research institutes, universities and meteorological services that 279 
agreed to pool their resources and expertise to strengthen the resilience to TC hazards and 280 
develop public policies better adapted to the risks faced by SWIO territories. RNR-CYC is 281 
thus a fundamentally collaborative project that is not only based on a large sharing of data 282 
and experiences, but also on training programs and capacity building initiatives in the 283 
fields of observation and forecasting. These actions include for instance the organization 284 
of forecasting training sessions at RSMC La Réunion, of training courses in climatology 285 
and climate change, as well as numerous co-supervised MSc internships based on the anal- 286 
ysis of experimental measurements collected in the project.  287 

The project's field phase, which involved nearly a hundred participants from January 288 
to April 2019, was also an opportunity for many students and researchers to initiate them- 289 
selves to the technique of atmospheric radiosounding (RS). During this 2 ½ month cam- 290 
paign ~500 radiosoundings have been performed from three experimental sites specifically 291 
deployed for this occasion in Maputo (INAM’s headquarters, Mozambique), Mayotte 292 
(Météo-France weather center, France) and Toamasina (Toamasina international airport, 293 
Madagascar). On this occasion nearly 60 students and academics from Antananarivo 294 
(Madagascar) and Eduardo Mondlane (Mozambique) universities came to Toamasina and 295 
Maputo to make RS, while many senior forecasters of INAM and Météo-France Mayotte 296 
had, for the first time, the opportunity to operate and familiarize themselves with a RS 297 
station (Fig. 2).  298 

 299 
Figure 2: The Toamasina (Madagascar) radiosounding campaign. (a) Training of students from Antananarivo 300 
university at Toamasina airport. (b) Statistical analysis of the 140 RS made in Toamasina: mean altitude of the 301 
tropopause, ascending speed and maximum RS altitude.  302 

The involvement of the French consular services in the project has also made it possible 303 
to communicate widely to the general public, the scientific community and the media in 304 
Mozambique, Madagascar and the Seychelles on the issues of adaptation to climate change 305 
and natural hazards. As will be seen in Section 4, these regional collaborations will con- 306 
tinue for many years to come through several new research projects initiated from RNR- 307 
CYC.  308 

3. Results 309 

3.1 Oceanic observations  310 
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3.1.1 In-situ swell observations 311 

One of the main objectives of RNR-CYC is to assess the impact of tropical cyclones on 312 
land, including possible submersion resulting from cyclonic swell surge along coast- 313 
lines. In many tropical islands, the latter are bordered by coral reefs that can serve as a 314 
defense against flooding. These reef systems, particularly fringing reefs, protect the coast- 315 
line by acting as low-pass filters that can reduce the energy of wave flows reaching the 316 
coast by up to 98% in the gravitational part of the wave spectrum [68]. The physical pro- 317 
cesses underlying coral reef coastal protection consist of a complex combination of incident 318 
waves, tides and wind induced surges [69-71].  319 

Ocean wave energy is concentrated in the gravitational frequency band of the wave 320 
spectrum, generally between 0.04 Hz and 0.25 Hz. These gravitational waves (GW) are the 321 
main drivers of the hydrodynamics of reef systems, as well as of beaching, runup and sub- 322 
mersion. During and after breaking at the edge of reef systems, GW are dissipated while 323 
low frequency waves (infragravity waves (0.004 < IG (Hz) < 0.04) and very low frequency 324 
waves (0.001 < VLF (Hz) < 0.004) propagate to the shore. Previous analyses of these prop- 325 
agation and transformation processes across various coral reefs have shown that wave dy- 326 
namics could vary considerably depending on the characteristics and location of reef sys- 327 
tems [71,72]. 328 

In order to both quantify the physical processes linked to severe sea states and assess 329 
the protective role of reef systems, a cross-shore transect, composed of bottom fixed wave 330 
gauges and ADCPs, was deployed in Reunion Island from February to April in 2019 and 331 
2020. Instruments were installed at the fringing reef of “Trou d’Eau”, located along the 332 
west coast of the island (Fig. 3a). At the near-shore site, reef-base (RS) and reef-flat (RF) 333 
stations were deployed through the fringing reef along a cross-shore transect. The RS sta- 334 
tion was installed at the base of the reef slope at an average depth of 12 m, while three RF 335 
stations (RF1, RF2 and RF3 in Fig. 3a) were aligned on the flat reef inside the lagoon at the 336 
depth of 1 m (Figs. 3b and 3c). RS and RF stations were all equipped with synchronized 337 
ocean sensor system instrument (OSSI) wave gauges allowing to continuously record pres- 338 
sure at a sampling frequency of 10 Hz. The RS station also featured an upward looking 339 
Nortek AQuadopp (AQP) profiler configured to measure current profiles every 20 min, 340 
with a 2 Hz hourly burst mode to record wave parameters. In 2020, an ADCP (RDI Sentinel 341 
V100) was also deployed at an ocean offshore (OC) site at a depth of 45 m. This instrument 342 
was configured to record incident wave parameters from hourly bursts of 2100 samples at 343 
2 Hz, and current profiles from the bottom to the surface. 344 

Observations collected at the offshore stations OC and RS were relied upon to describe 345 
and quantify the main properties (height, period and direction) of the waves impinging on 346 
the reef in the GW frequency band (wave periods ranging from 4 to 25 s), while data gath- 347 
ered at RF stations were used to investigate wave propagation (from outside the lagoon to 348 
the shore) and transformation (across the fringing reef). Observations collected at the OC 349 
and RS stations were processed with the RDI software “Velocity'' and the PUV method 350 
[73], respectively. All OSSI pressure data were corrected from atmospheric mean sea level 351 
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pressure data recorded at the surface weather station of "La Rivière Des Galets" (located 352 
20 km northward of the experimental site, RDG on Fig. 3a) and non-hydrostatic pressure 353 
following the linear wave theory [74]. 354 

 355 
Figure 3: Overview of the experimental setup deployed in “Trou d’Eau” (Reunion Island) in February-April 2019 356 
and 2020. (a) Coastal study area, (b-c) details of the cross-shore transect instrumented during the experiments. 357 
The stations are labeled OC for ocean offshore, RS for reef-slope and RF for reef-flat. In (c) labels OSSI, AQP and 358 
RDI ADCP correspond to wave gauges, Nortek AQuadopp current Profiler, and RDI ADCP current profiler, 359 
respectively. Instrument deployment dates are indicated in (c).  360 

The mean surface elevation is computed from a 20-min moving average of the signal, 361 
while the wave spectrum and average wave parameters is obtained through the applica- 362 
tion of a fast Fourier transform (FFT). The latter was applied over 4096 data for incident 363 
gravity waves band or swells (0.04 < SW < 0.25 Hz) and 32768 data for infragravity (0.004 364 
< IG < 0.04 Hz) and very low frequency (0.001 < VLF < 0.004 Hz) bands. Since the recorded 365 
signal is not perfectly periodic, a Hamming window, leading to zero value at the edges, is 366 
also applied to mitigate artifacts resulting from leakage issues. To avoid resulting loss of 367 
information at the edges, a 30-minute (resp. 3 hours) time average is then performed for 368 
the incident (resp. IG and VLF) bands. Time series of power spectra density deduced from 369 
data collected in 2019 along the cross-shore transect are shown in Figure 4, together with 370 
associated mean power spectra at each station.  371 
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 372 
Figure 4: Spectral wave characteristics observed along the instrumental transect presented Fig. 3b. The plots are 373 
organized in the shoreward direction from the top to the bottom (reef slope RS1 station on top and reef flat station 374 
RF1 closest to the shore on bottom). The left panels show the temporal variation of the wave spectrum recorded 375 
at each station from February to April 2019. The black solid line indicates the frequency cut at 0.04 Hz between 376 
the gravity frequency band (GW) and the infragravity (IG) frequency band. The right panels show the mean 377 
power spectral density for each station averaged over the whole period, with the frequencies band GW, IG and 378 
VLF (for very low frequency) indicated. 379 

Measurements collected at the reef slope station RS clearly show that the wave energy 380 
spectrum is concentrated in the gravity band, with an averaged peak period of 13.5 s over 381 
the whole period. After breaking at the reef crest, most of this energy is dissipated (by 382 
breaking and/or by friction on the reef bottom), while the remaining energy (in IG and VLF 383 
bands) is transferred inside the reef system. For the two strong wave events respectively 384 
observed in February (likely associated with TC GELENA to the north of Reunion Island) 385 
and April 2019 (austral swell event), the total wave energy reduction between the reef 386 
slope station RS and the adjacent reef flat station RF3 reaches 98%, a value in good agree- 387 
ment with previous meta-analyses [68]. Within the reef, the transfer of the remaining en- 388 
ergy between the 3 stations is nevertheless slightly different for these two events. In Feb- 389 
ruary (TC event), the wave energy reduction reaches 64% from RF3 to RF2 and 2% from 390 
RF2 to RF1, but in April (austral swell event), the wave energy reduction was only 47% 391 
from RF3 to RF2 and 15% from RF2 to RF1. As the main difference between these two 392 
events is the period of the incident waves (11.8 s for the TC-related event and 16 s for the 393 
austral swell event), this result suggests that the generation and propagation of IG waves 394 
inside the reef might be less important for short waves, induced by the wind, than for 395 
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longer-period swells. This shoreward propagation with less energy reduction is also no- 396 
ticeable in the average spectra, which show a small translation of the peak frequency to- 397 
ward higher frequencies in the IG band, between the RF2 and RF1 station, and reduction 398 
of the peak amplitude.  399 

The preliminary analysis of these data shows that Reunion Island’s fringing reef plays 400 
a strong role in protecting the shore against incident waves. Further investigations will be 401 
conducted in order to thoroughly investigate the physical processes and the role of both 402 
reef topography and roughness on the dynamics of IG waves. This includes for instance 403 
the impact of shoreward propagating IG waves on onshore suspended-sediment transport 404 
[75], and the relationship between long wave propagation (and transformation) across the 405 
reef and sea water level above the reef - the remaining long waves propagating through 406 
the reef have been shown to increase the back-reef set-up and beach runup, which could 407 
lead to increased coastal erosion during extreme events such as tropical cyclones or strong 408 
storms [76,77].  409 

3.1.2 Ground-based swell observations 410 

The global monitoring of swell activity induced by tropical storms (TS) and TCs is of 411 
major interest to quantify the risk associated with extreme swells, but also to validate nu- 412 
merical models used to predict ocean activity. Direct swell observations such as those pre- 413 
sented in the previous section are, however, strongly limited by the low number of ocean- 414 
ographic sensors available in this area, as well as by their deployment (and servicing) costs 415 
and their vulnerability during tropical cyclones. These limitations have motivated the use 416 
of indirect observations as alternative and complementary observables to quantify the 417 
swell parameters. In this regard, the analysis of wave-induced seismic noise is known to 418 
be an interesting substitute for monitoring ocean activity and has been proven to be par- 419 
ticularly relevant for assessing the impact of waves on coastal environments (e.g., [38]). 420 
The possibility to derive swell measurements from the seismic noise generated by ocean 421 
swell, and transmitted to the solid earth as seismic waves recorded by terrestrial seismo- 422 
logical instruments (e.g., [78]), is discussed hereafter from data collected in RNR-CYC. 423 

Microseisms recorded by seismic stations worldwide are known to be generated by 424 
ocean gravity waves (e.g., [79]). Seismic energy spectra at terrestrial seismic stations show 425 
two clear peaks in separate frequency bands that characterize two kinds of seismic noise. 426 
These peaks, known as primary and secondary microseisms (hereafter named PM and SM, 427 
respectively), are widely accepted to represent different physical processes involving local 428 
or distant sources of ocean wave activity [80]. Primary microseisms (PM) are mostly visible 429 
at coastal and island stations and are assumed to be generated by direct interaction of 430 
swell-induced pressure variation with the coastal seafloor [81-83]. Because PM noise has 431 
the same periods as the ocean swell (i.e., between 8 and 20 s), analyzing microseismic noise 432 
in this frequency band is, therefore, a powerful way to characterize the local impact of 433 
swell approaching the shore. On the other hand, SM noise is generally generated in the 434 
deep oceans and at larger distances from coastal areas [37, 84-86]. It dominates seismic 435 
noise at both continental and oceanic stations and exhibits a large peak at half the period 436 
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of ocean waves (i.e., between 3 and 10 s), which is assumed to be generated by the inter- 437 
ference of swells of similar periods travelling in opposite directions [79]. These interfer- 438 
ences create stationary waves whose pressure fluctuations on the seafloor induce seismic 439 
surface waves travelling horizontally within the solid crust. 440 

In the Indian Ocean, most remote sources of seismic noise are located in the southern- 441 
most part of the Austral Ocean basin and are associated with storm systems moving 442 
around Antarctica [84, 87, 88]. Some noise sources may also develop at tropical latitudes 443 
in association with tropical cyclones [41] (this special issue). Recent seismic deployments 444 
on the ocean floor allowed to make in situ observations of SM underneath TCs in the neigh- 445 
borhood of Reunion Island [37] and confirmed the possibility to track TC and TS from the 446 
ocean bottom. Although SM are generally created by distant storms, they can also be gen- 447 
erated by coastal reflection of waves if incident and reflected waves propagate in opposite 448 
directions (e.g., [89,90]). In this latter case, the incoming swell may interfere with its re- 449 
flected swell, resulting in the generation of standing waves close to coastal areas that os- 450 
cillate at twice the frequency of the propagating wave [91].  Some seismic observations 451 
also suggest that local and distant sources of noise in the SM frequency peak, usually re- 452 
ferred to as Long Period Double Frequency (LPDF) or Long Period Secondary Microseisms 453 
(LPSM) in the literature, may coexist (e.g., [39,92,93]).  454 

Previous seismic analyses conducted in the Pacific and Indian Oceans have already 455 
demonstrated that several swell parameters can be derived from the seismic data. This 456 
includes (i) the swell peak period Tp, derived from the dominant frequency of the PM and 457 
SM using the power spectral density analysis of the seismic records, (ii) the local or distant 458 
wave significant height Hs (in the case of the PM or SM band, respectively), obtained by 459 
measuring the microseism amplitudes through hourly Root Mean Square (RMS), and (iii) 460 
the wave peak direction Dp for the case of the PM band, or the source direction in the case 461 
of the SM or LPSM bands, which can both be deduced from the polarization analysis of 462 
the three seismic data component, to determine the dominant direction and strength of the 463 
recorded microseismic noise. 464 

To illustrate this innovative approach, we present below the analysis of seismic obser- 465 
vations collected during the tropical storm (TS) ELIAKIM that developed in March 2018. 466 
This storm is interesting because it had clear signatures in the data, despite not reaching 467 
tropical cyclone intensity, and developed at a large distance from Reunion Island, thus 468 
allowing to demonstrate the potential of the method in quantifying remote systems. As 469 
mapped on Figure 5a, TS ELIAKIM started as a depression located NE of Madagascar on 470 
13 March 2018. It then intensified to a tropical storm on 14 March and to a strong tropical 471 
storm on 15 and 16 March while approaching the eastern coast of Madagascar, where it 472 
made landfall on 17 March. TS ELIAKIM continued its southward motion and returned 473 
back over the ocean on 18 March. After a final burst on 19 March, the storm definitely 474 
collapsed on 20 March, while entering its extratropical transition phase. 475 

The following analysis was performed from data recorded by seismic stations of the 476 
permanent seismic network of the Piton de la Fournaise Volcano Observatory (OVPF, 477 
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seismic code PF, red triangles on Fig. 5b) and from a temporary seismic network deployed 478 
in the frame of the RNR program (code ZF, blue triangles on Fig. 5b). Seismic data are 479 
compared with swell parameters issued from the WaveWatch3 (WW3) model [94,95] at 480 
nodes surrounding the island from the global wave model hindcast [96], indicated by stars 481 
on Fig. 5b. 482 

 483 
Figure 5: a) Track of TS ELIAKIM as derived from RSMC La Réunion best-track data. The colored circles indicate 484 
the position and intensity of the storm every 6 hours. b) Locations of the seismic stations (blue triangle, tempo- 485 
rary ZF network, and red triangle, permanent PF stations) and WaveWatch3 nodes [96] surrounding the island, 486 
where wave height Hs (colored stars) is extracted. Vectors indicate the average azimuth on March 19, 2018, 487 
obtained from the polarization analysis in the SM frequency band (green) and computed from the storm track 488 
and the RER seismic station (pink).  489 

The seismological energy content of the vertical ground displacement of station MAT 490 
(Fig. 5b) is shown in the spectrogram of Figure 6a. It displays the temporal variation of the 491 
Power Spectral Density (PSD) during the period March 10 to 25, 2018 over the frequency 492 
band of the ocean activity (0.05-0.5 Hz, i.e., 20-2 s periods). Superimposed to the spectro- 493 
gram is the distance curve of the storm center to Reunion Island (dashed line), together 494 
with the storm intensity curve (black line indicating the mean wind speed and the colored 495 
dots the storm classification, as Fig. 5a). The seismic energy at this station shows good 496 
correlation with the storm intensity, despite its large distance, varying from 500 to 1500 497 
km. One can see two pulses of energy with the maximum at a frequency range of 0.1-0.3 498 
Hz, i.e., in the SM band, culminating on March 16 and 19, which correspond to the two 499 
maximum storm intensity. Below 0.1 Hz, i.e., in the PM band, the PSD still displays clear 500 
energy increasing during the two storm peaks.  501 
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 502 
Figure 6: Temporal variation of the microseismic noise recorded during TS ELIAKIM. a) Spectrogram at seismic 503 
station MAT (see location in Fig. 5b) between March 10-25 and up to 0.5 Hz, together with the storm intensity 504 
(continuous black line) and distance between the storm center and the seismic station (dashed black line). The 505 
colored circles indicate the intensity of the storm every 6 hours, as on Fig. 5a). b) Secondary microseisms RMS 506 
amplitude variations measured at the island seismic stations (left axis, in micrometers), together with the dis- 507 
tance between the storm and seismic station (right axis, in km). c) PM RMS amplitude variations (left axis) at 508 
Reunion Island seismic stations.  509 

The hourly RMS amplitudes of the seismic noise recorded at the various seismic sta- 510 
tions on the island are shown in Figures 6b and 6c, for both the SM and the PM bands, 511 
respectively. Note that the vertical axes are different and that the SM amplitude is almost 512 
one order of magnitude larger than the PM. The 21 seismic stations analyzed over Reunion 513 
island display similar variation patterns. This indicates that this noise is not a purely local 514 
source, the storm acting as a distant SM source, or that the source - if local - is larger than 515 
the size of the island, which is the case for the swell generating the PM. One can however 516 
notice some variability in the RMS amplitudes from station to station. Interestingly, the 517 
station order for the noise amplitude is roughly the same in the two SM and PM bands. 518 
This suggests that the actual amplitude of microseisms depends on local site effects such 519 
as the installation, the coupling of the seismic sensor with the ground, the nature of the 520 
bedrock and the attenuation around the station. 521 

The RMS peaks at seismic station MAT (Fig. 6b) are observed on 16 and 19 March. 522 
This period corresponds to that of TS ELIAKIM maximum intensity and to the local 523 
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variation of the swell height, as visible on Hs data issued from WW3 model at various 524

points around Reunion island (Fig. 7). The maximum Hs observed on 19 March (corre- 525

sponding to the nodes at the longitude of 55°E) interacted with the local bathymetry 526

slightly later, which explains the small delay with the PM.  Note that a small peak is also 527

observed on 21 March in both SM and PM data.  This peak with dominating energy at 528

period ~10s likely originates from a distant source (as already observed for the storm FER- 529

NANDO by [40] and does not appear to be related to any local swell activity increase. 530

531
Figure 7:  Seismic and swell amplitudes recorded during TS ELIAKIM in March 2018. SM (black dots) and PM 532
(pink dots) RMS amplitude at seismic station MAT (see location Fig. 5b) versus the significant wave heights (Hs) 533
at different nodes around La Réunion (colored lines). Note that the amplitude of the PM is multiplied by 8 to 534
reach about the same scale as the SM. The green and magenta dots indicate the maximum SM and PM, respec- 535
tively, showing a delay of 4 hours between the two. The significant waves heights Hs extracted at the various 536
model nodes around the island (Fig. 5b) are plotted in continuous colored lines with the same color codes as the 537
stars in Fig. 5b. 538

If one accepts that the SM is generated in the vicinity of the storm center and that the 539

PM is generated in coastal areas closer to the seismic stations, one should observe a delay 540

between the two curves. Such delay was previously observed for austral swells generated 541

by distant storms [40] and proposed as a precursor for predicting coastal submersion in 542

Reunion island. In the present case, considering the involved distances (TS ELIAKIM is 543

located ~800 km of the coast of Reunion Island on 16 March, and 500 km on 19 March) and 544

the involved velocities (3 km s-1 for the surface waves carrying the SM signal, and ~50 km 545

h-1 for the long period waves at the surface of the ocean), one should expect a delay >10 h 546 
for each peak.  However, Figure 7 shows a delay of only ~4h between the SM and PM. This 547

may indicate that the SM is not generated at the storm center, but likely closer to the island. 548

Alternatively, it may also indicate a slow wind-wave growth that may take from a few 549

hours to few days [97]. The swell–noise amplitude correlation can be used to build a trans- 550

fer function to translate the amplitude of the seismic noise in terms of swell height. Alt- 551

hough such relation is station-related, and therefore not universal, it was nevertheless 552

shown to provide particularly good results for strong swell events (e.g., [40,41,81]). 553
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The recordings of the three components of the ground motion also make the seismic 554 
noise a vectorial observation for measuring the direction and strength of the signal polar- 555 
ization. In the case of the SM band, the polarization is expected to point towards the noise 556 
source, i.e., the storm center, whereas it should indicate the very local swell propagation 557 
direction in the case of the PM. In this PM case, some angle may therefore exist between 558 
the swell propagation direction at a large distance offshore and the swell at the coast, due 559 
to the interaction between the swell and the dipping shallow bathymetry near the coast 560 
and thus, the swell refraction. In the case of TS ELIAKIM, the polarization was measured 561 
on an hourly basis in the SM frequency band. Figure 5b displays the average polarization 562 
recorded on 19 March at the various land seismic stations in the 0.1-0.33 Hz frequency 563 
band (pink) that can be compared to the azimuth computed from the storm center position. 564 
This map illustrates a very homogeneous orientation of the noise polarization across the 565 
island, pointing to the SW (toward the storm center location on that date) confirming that 566 
the SM originates in the vicinity of the storm center.  567 

These results confirm that seismic noise may provide a useful proxy to quantify the 568 
swell parameters. In the PM band (10-20s period), the seismic noise amplitude allows for 569 
a robust quantification of the swell height Hs through a transfer function, the spectrogram 570 
allows deciphering the swell dominant period Tp, and the polarization analysis allows re- 571 
trieving the local swell direction Dp. In the SM band (3-10s period), the amplitude reveals 572 
the storm strength and the polarization indicates the storm azimuth. Terrestrial seismic 573 
stations therefore provide alternative and complementary observables of both TC and 574 
ocean activities. In some cases, the availability of several decades of seismic archives may 575 
also provide new opportunities to derive cyclone climatologies [41] (this volume).  576 

3.1.3 Biologging observations  577 

Observing the vertical structure of the ocean is essential to improve knowledge of both 578 
the coupled OA system and marine ecosystems. In this regard, an increasingly common 579 
alternative to gather high-resolution hydrographic profiles in the world's oceans is to rely 580 
on animal-borne sensors (a.k.a. biologging) to collect in-situ observations in remote and 581 
under-instrumented areas. Compared to conventional oceanographic in-situ observation 582 
approaches (e.g., gliders, ARGO drifter, buoys, research cruises), animal-borne electronic 583 
ARGOS tags are relatively inexpensive to operate and can be deployed in remote areas 584 
with limited human resources. As this approach offers all countries the possibility to ac- 585 
tively contribute to the collection of ocean observations, biologging is expected to grow 586 
considerably in the future. The recent decision, in August 2020, of the Global Ocean Ob- 587 
serving System (GOOS)’s Executive Committee to create a new observing network exclu- 588 
sively dedicated to animal-borne ocean sensors (“ANIBOS”) is definitely in line with this 589 
perspective and clearly attests of the immense potential of this approach. 590 

The potential of biologging for sampling the thermal structure of the tropical Indian 591 
Ocean was evaluated in the frame of RNR-CYC’s sub-program “Sea Turtle for Ocean Re- 592 
search and Monitoring” (STORM). The latter was initiated in January 2019 by Reunion’s 593 
University and Reunion Island’s Sea-Turtle Observatory (Kelonia) with the goal to monitor 594 
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in near real-time, and at high spatial (<100m) and temporal (5’) resolutions, the state of the 595 
tropical Indian Ocean down to several hundred meters below the surface. As of March 596 
2021, 22 animals have been equipped with Temperature-Depth (TD) ARGOS tags before 597 
their release from Reunion Island (Fig. 8). Note that all these animals were accidentally 598 
captured in fisherman’s net in the vicinity of Reunion Island and brought back to Kelonia’s 599 
care center for being healed and rehabilitated. 600 

 601 
Figure 8: Trajectories and names of the 18 loggerheads and Olive Ridley STs equipped with Wildlife Computers 602 
SPLASH10 tags released from Reunion’s Island as of 10 March 2021. Circles next to the ST names on the right- 603 
hand side indicate active tags as of 20 March 2021. The insert on the left-hand side shows a zoomed view of ST 604 
Union trajectory between 28 August and 17 December 2020. Four additional animals, equipped with LOTEK 605 
Kiwisat tags, were also released from Reunion island in 2019 (not shown).  606 

During this experiment, two species of late juveniles and sub-adult sea turtles (logger- 607 
head and Olive Ridley) were equipped with Argos TD tags. While some of the animal stay 608 
in their pelagic habitats, some loggerheads had also begun their first breeding migration 609 
to the Oman Gulf, thus permitting to collect data both in tropical areas, from loggerheads, 610 
and subtropical areas, from Olive Ridley (Fig. 8). ST released from Reunion Island princi- 611 
pally evolve at (or slightly below) the surface (~50% of the time) and near the bottom of 612 
the ocean mixed layer (OML, ~25% of the time). They were found to dive up to 100 times 613 
a day, sometimes up to 350m, allowing to collect numerous hydrographic profiles within 614 
and far below the OML [9]. The analysis of data collected during the first year of this ex- 615 
periment have confirmed the great potential of this approach for sampling the vertical 616 
structure of the ocean, validating ocean models and spaceborne sensors, as well as to in- 617 
vestigate the intraseasonal variability of the tropical Indian Ocean [9]. 618 

Sea turtles are known to generally evolve in rings and frontal areas in between, and 619 
often travel by moving from one ring to another (e.g., [98]). These rings and eddies are 620 
numerous in the Mozambique Channel [99-100], but less common in the open Indian 621 
Ocean, which may explain which STs released from Reunion Island generally tend to fol- 622 
low a straight trajectory (Fig. 8) - another explanation (currently under investigation) is 623 
that STs rarely feed during their reproductive migration so as to reach their breeding areas 624 
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as fast as possible. According to its circular trajectories, one can however hypothesize that 625 
ST Union (Olive Ridley), which evolved SE of Reunion Island in late 2020, often travelled 626 
in oceanic gyres and eddies (Fig. 8). 627 

The surface current analysis of Mercator Ocean’s operational model NEMO-PSY4 (a.k.a 628 
Glo12, [101]), averaged from 15 October to 15 December, confirm that ST Union indeed 629 
evolved in cyclonic and anticyclonic eddies of variable sizes during this period (Fig. 9a). 630 
Vertical cross-sections of the ocean temperature field across the center of the main eddy 631 
(Figs. 9b and 9c) show strong upwellings at the edges (while downwelling can be observed 632 
at the vortex center), resulting in significant temperature gradients at the surface (Fig. 9a). 633 
This vertical transport, which brings nutrient-rich waters from the thermocline up to the 634 
surface, make of these eddies prime feeding areas for many marine species and are partic- 635 
ularly appreciated by sea turtles. Equipping STs with environmental tags is thus an easy 636 
and relatively affordable way to sample the properties of these transient mesoscale fea- 637 
tures (see Section 4). The study of their life cycle and impacts on the dynamics of the ocean 638 
will be further investigated in the continuation of the STORM program (se Section 4).   639 

 640 
Figure 9: GLO12 model analyses in the area of evolution of ST Union averaged from 15 October to 15 December 641 
2020. (a) surface currents and sea surface temperature superimposed on ST Union track over the 2-month period 642 
(green dots), (b-c) vertical cross-sections of ocean temperature through the center of the main vortex travelled by 643 
ST Union.  644 

During this experiment, three sea turtles have also been caught in the immediate vicin- 645 
ity of tropical cyclones during the TC seasons 2018-2019 and 2019-2020: ST Brice, which 646 
evolved in the vicinity of TC KENNETH (April 2019) during its cyclogenesis (Fig. 10a), 647 
and STs India and Tom, which were trapped in TC HEROLD (March 2020) during its in- 648 
tensification phase (Fig. 10b). Because spaceborne oceanic observations are generally una- 649 
vailable under cloudy conditions, data collected by these animals represent a fantastic 650 
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opportunity to also investigate the impact of TCs on the surface and subsurface structure 651 
of the ocean.   652 

Sea surface temperature data collected by ST India in TC HEROLD from 14 to 20 March 653 
2020 are shown in Figure 10c. During these six days, the animal remained trapped in the 654 
immediate vicinity of the storm center (~ 30 km from the TC eye) and only moved by a 655 
ten’s kilometers in the N/NW direction. In-situ surface temperature observations collected 656 
from 14 to 17 March show SST cooling of ~ 3.5°C (29°C to 25.5°C) in 72 h - during these 657 
three days the animal remained quasi-stationary and only moved by a few kilometers. As 658 
the storm progressively moved south-eastwards, ST India began to slowly move to the 659 
NW, over the area previously affected by the tropical cyclone. Observations collected from 660 
17 to 20 March show that the temperature surface layer in this area quickly returned to 661 
pre-storm conditions, to regain its initial temperature of 29°C on 19 March. As shown in 662 
Part II of this paper [33], surface and subsurface observations collected by STs in tropical 663 
cyclones can provide key data to evaluate coupled model forecasts in cyclonic conditions. 664 

 665 
Figure 10: Satellite images of (a) TC KENNETH on 15 April 2019 and (b) TC HEROLD on 15 March 2020. Sea 666 
turtle symbols show the location of ST Brice during the cyclogenesis of TC KENNETH (left panel) and of STs 667 
India and Tom during the intensification phase of TC HEROLD (right panel). (c) Evolution of sea surface tem- 668 
perature (°C) in the vicinity of TC HEROLD as measured by ST India between 14 and 20 March 2020 within the 669 
area [51.93-52.62°E; 13.9/14.67°S].   670 

3.1.4 Glider observations 671 

On 22 January 2019 two SlocumG1 gliders operated by CNRS were deployed from Re- 672 
union Island for a period of 2 months. The two instruments were programmed to respec- 673 
tively follow a NE (glider GLNE) and a NW (glider GLNW) trajectory to reach the north- 674 
ernmost region of the Mascarene Archipelago, where a high probability of TC formation 675 
was suggested about 400-600 km north of Reunion Island (Fig. 11). The data acquisition 676 
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strategy was set in order to complete a saw-tooth navigation pattern allowing the gliders 677 
to dive with an angle of 26° between 5 m and 980 m depth (resulting in an along-track 678 
resolution of about 4 km once the profile is normalized on the vertical).  679 

 680 
Figure 11: Trajectories of the two gliders deployed from Reunion Island between 22 January 2019 and 22 March 681 
2019. (a) Trajectories of glider GLNE (blue) and GLNW (red), together with the trajectory and intensity (colored 682 
dots) of TC GELENA between 5-9 February. The position of the gliders during the TC period are indicated by 683 
black ellipses. Right panels show cast depth range and mean current velocities along the glider tracks estimated 684 
from glider drift for (b) GLNW and (c) GLNE. Table 1: Glider instrumentation, sampling rate (Hz), vertical reso- 685 
lution (m) and depth range (m) of collected data  686 

The two gliders were programmed to sample the ocean during descending (downcast) 687 
and ascending (upcast) profiles. Observations were transmitted in real time by satellite 688 
telemetry after each upcast, when directives for modifying the sampling strategy and 689 
glider navigation (based on operational ocean model forecasts) were also received. Each 690 
glider was equipped with various physical and optical biogeochemical instruments for 691 
sampling the ocean temperature, salinity, oxygen, turbidity and chlorophyll-a concentra- 692 
tion at different rates according to depth as shown in Table 1. All sensors were operational 693 
for glider GLNW while the oxygen and optical sensors were turned off on GLNE.  694 

The primary objective of this experiment was to investigate kinetic energy exchanges 695 
between the ocean and the atmosphere in cyclonic conditions, with emphasis on the frac- 696 
tion of kinetic energy transmitted to the ocean. As shown by [102] who analyzed the ver- 697 
tical structure of the ocean in a tropical cyclone sampled during the CIRENE field phase 698 
[103], this kinetic energy is generated on the left side of the TC track in the southern hem- 699 
isphere, and later consumed by strong vertical mixing resulting from surface water cooling 700 
[104]. Due to the presence of strong currents (> 0.25 m s-1) along the glider trajectories, an 701 
important surface drift prevented the full application of the initially planned northward 702 
navigation strategy. The navigation parameters were then modified early in the mission to 703 
mitigate the battery consumption by reducing the depth range of the glider (as the oil 704 
pump that controls the glider buoyancy is the device that consumes the most energy). The 705 
gliders profiles were thus reduced to 500 m and 300 m depth (as shown by the colored 706 
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tracks on Fig. 11b-c). Real-time data transmission was also turned-off at some point to re- 707 
duce the time spent at the surface, when drifting was maximized. The slower than ex- 708 
pected displacement speed of the gliders prevented them from intercepting the core of TC 709 
GELENA, which evolved in the area between 5 and 9 February 2019 (Fig. 11a). Thanks to 710 
real-time trajectory optimization, both systems were nevertheless able to approach rela- 711 
tively close to the storm, as shown by black ellipses displayed in Fig. 11a. The glider GLNE 712 
was for instance able to move to a distance of about 290 km from the TC center to collect 713 
ocean data in the direct vicinity of this storm. 714 

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

Oxygen Aanderaa Optode 5013 - - - 
Fluorescence 

Turbidity Wetlabs flbbcd - - - 

GLNE 
Temperature 

Salinity & Depth CTD Seabird SBE-41cp 1/8 1.5 -5 to -980 

Oxygen Aanderaa Optode 4831 - - - 
Fluorescence 

Turbidity Wetlabs flbbcd - - - 

Vertical profiles of temperature, salinity and density collected by the two gliders be- 715 
tween 0 and 150 m and 23 January - 17 February 2019 (along the 2 northward segments of 716 
the tracks) are shown in Figure 12, together with corresponding mean profiles for each 717 
parameter. The mixed layer depth (MLD), indicated by a black solid line, is estimated as 718 
the depth where the temperature differs by 0.2°C from a surface reference value of 10 dbar 719 
[105,106]. Due to the significant distance separating the two gliders from the TC core, and 720 
since the maximum kinetic energy generated in the upper ocean occurs on the left side of 721 
the TC track, no significant change in the surface temperature can be noticed during the 722 
pre-cyclonic, cyclonic and post-cyclonic phases (Fig 12a,d,g). A relatively constant temper- 723 
ature of 29°C is observed between the surface and 30 to 40m depth, but quickly decreases 724 
to reach 22°C at the depth of 150 m. Salinity measurements (Fig. 12b,e,h) indicate a fresh- 725 
ening of the water within the top 100 m layer, starting around 6 February (-19.22°N) for 726 
the GLNW track, and from 28 January (-20.15°N) for the GLNE track. While part of this 727 
freshening can be explained by the rainfall generated by TC GELENA between 15°S and 728 
5°N, another possible explanation is related to the advection of fresher water originating 729 
from the southern branch of the South Equatorial Current, which flows westward with a 730 
20 Sv transport to feed the East Madagascar Current [107]. The velocity field computed 731 
from Mercator-Ocean’s global reanalysis model PHY-001-030, which indicates the pres- 732 
ence of strong westward currents between 28 January and 9 February (not shown), and the 733 
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vertical extent of this fresh water lens both seem to support this hypothesis. Density meas- 734 
urements (Fig. 12c,f,i) do not seem to be impacted by this freshening and show a well- 735 
mixed layer within the top 40 m of the ocean and a well stratified layer underneath.  736 

 737 
Figure 12: Time series of vertical temperature (top), salinity (middle) and density (bottom) profiles within the 738 
top 150m ocean layer from 23 January 2019 to 17 February 2019 for (a, b, c) GLNE and (d, e, f) GLNW 739 
tracks.  Panels (g, h, i) show the associated mean vertical profiles over the same period. The vertical white 740 
dashed line in (a-f) indicates the date of formation of the Tropical Cyclone GELENA (4 February). The vertical 741 
blue dashed line shows the closest position of each glider to the TC core (around 9 February). The top axis indi- 742 
cates the latitudinal location of the profiles.  743 

The mixed layer depth shows significant frequency variations in relation to the diurnal 744 
cycle, and also appears deeper along the GLNW track until 8 February. Since GLNW was 745 
always located southward of GLNE before this date, these observations suggest a sloping 746 
up of the MLD in the northward direction. As GLNW moves northward of GLNE after 8 747 
February, the MLD measured by GLNE becomes deeper, thus reinforcing the hypothesis 748 
of a northward sloping up MLD. A significant rise of the MLD of up to 20 m (on 5 and 6 749 
February for GLNE and GLNW, respectively) can also be observed almost immediately 750 
after the TC formation (4 February). The MLD then went back to its initial value between 751 
9 February (for GLNW) and 12 February (for GLNE). 752 

The Temperature-Salinity (TS) diagrams collected along the full glider tracks (23 Janu- 753 
ary to 23 March 2019) are shown in Figure 13. The water masses sampled by the two in- 754 
struments, known as the Indian Central Water, is formed and subducted in the Subtropical 755 
Convergence area of the southern gyre of the Indian Ocean [107-108]. The OML in this 756 
water mass was generally between 50 and 150 m depth, with temperature between 25 and 757 
30°C and salinity in the range of 34.9-35.4 psu. Observations collected from the bottom of 758 
the OML to 1000 m show salinity values between 34.5 and 36 psu and temperatures de- 759 
creasing from 25°C to 5°C. 760 
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 761 
Figure 13: Temperature-Salinity (TS) diagram along (a) GLNW and (b) GLNE tracks from 23 January to 23 March 762 
2019. Inserts show corresponding glider tracks.  763 

3.2  Atmospheric observations  764 

3.2.1  UAS observations 765 

During RNC-CYC field phase, a UAS system called “BOREAL” was operated from Re- 766 
union Island to sample the lower part of the atmosphere (Fig. 14). The main objective of 767 
this experiment was to provide in-situ measurements of air-sea interactions in cyclonic and 768 
pre-cyclonic conditions to evaluate numerical models and microphysical parameteriza- 769 
tions developed in the frame of the program. 770 

The BOREAL UAS (Boréal SAS, Toulouse, France) is a fixed-wing aircraft with a 4.2 m 771 
wingspan using a thermal engine, with a maximum take-off weight of 25 kg (Fig. 14b). For 772 
this experiment, a 5 kg scientific payload has been developed to study air-sea interactions 773 
using an optical particle counter for measurements of aerosol number size distribution (0.3 774 
< diameter < 3.0 µm; MetOne), a custom-designed multi-hole probe for measurements of 775 
turbulence and three-dimensional winds, a radar altimeter for wave height and sea state 776 
measurements, a broadband shortwave pyranometer for downwelling solar radiation 777 
(Licor), an infra-red temperature sensor to measure sea-surface temperature, as well as 778 
standard meteorological measurements (atmospheric pressure, temperature and relative 779 
humidity). A live video was also streamed up to 40 km from the ground-station to provide 780 
additional safety during low altitude segments when the UAS flow ~ 40 m above sea level 781 
(asl). The BOREAL UAS is autonomous, yet its flight plan can be adapted at any time to 782 
accommodate weather conditions or air traffic via a radio or a satellite link.  A transponder 783 
mounted on its wing also allowed to integrate it in international airspace.  784 

The BOREAL UAS flew over the Indian Ocean in two exclusive zones allocated by the 785 
French aviation authority to the southeast and northwest sides of Reunion Island (Fig. 14a). 786 
These areas were dedicated for scientific flights over the international waters up to 250 km 787 
from the ground station and with a ceiling at 1067 m above sea level. BOREAL UAS oper- 788 
ations were conducted from the airfields of Cambaie (when flying towards the north of the 789 
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island) and Bras Panon (when flying towards the south).  In total, 12 scientific flights were 790 
carried out between February and March 2019, for a total of 53.7 hours of research flights 791 
and 5012 km of observations over the ocean. Three flights of more than 200 km from the 792 
ground station were carried out, the longest flight of which lasted 6 hours 18 minutes and 793 
covered 610 km. Examples of observations collected by the BOREAL UAS during this two- 794 
month operating period are presented below. 795 

 796 
Figure 14: (a) The 12 BOREAL flights operated from Reunion Island during the RNR-CYC campaign in February 797 
and March 2019. The yellow and orange polygons represent the authorized flight zones to the northwest and 798 
southeast of Reunion Island. The outer red circle denotes an operating radius of 250 km around Reunion Island. 799 
(b) The BOREAL UAS leaving the catapult for a scientific mission from Cambaie, Reunion Island. 800 

Figure 15 summarizes BOREAL UAS measurements of aerosol concentrations for par- 801 
ticle diameters > 0.3 µm and > 1.0 µm within 200 m above the ocean surface, compared to 802 
horizontal wind speed (Fig. 15a) and wave height (Fig. 15b) for conditions encountered 803 
during the 2-month campaign. As expected, there is an increase in particle concentrations 804 
(diameter > 0.3 µm), which is often associated with primary marine aerosol (PMA) emis- 805 
sions, over the observed range of wind speed (2.2 to 13.5 m s-1) and wave heights (2 to 3.7 806 
m). However, the range of wind speeds and wave heights encountered in the vicinity of 807 
Reunion Island during RNR-CYC field campaign remained relatively small, in part be- 808 
cause the paths of the TCs were never closer than a few hundred kilometers to the ground 809 
station during the observed period.   810 

811 
Figure 15: Aerosol concentrations (diameter > 0.3 µm and > 1.0 µm) measured during the BOREAL flights as a 812 
function of (a) the averaged horizontal wind in the marine boundary layer and (b) the measured wave height.  813 
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Although strong cyclonic conditions were not encountered in the vicinity of Reunion 814 
Island during the 2019-2020 TC season, several BOREAL UAS flights were nevertheless 815 
impacted by the presence of TC JOANINHA, which developed in the eastern part of the 816 
Mascarene Archipelago in March 2019 (Fig. 16a). The signature of this storm could be seen 817 
up to several hundred kilometers away in observations of ocean waves, atmospheric tur- 818 
bulence structures and enhanced PMA emissions – The emissions, which occur over a 819 
much larger domain than the cyclonic system, have been shown to modify the TC’s track 820 
and intensity [11]. 821 

As TC JOANINHA moved to the east of Mauritius, the BOREAL UAS flew on the west 822 
of Reunion Island to sample the TC’s perimeter (see flight track in Fig. 16a and wave crests, 823 
swells and clouds generated by the cyclone recorded by the on-board camera in Fig. 16b). 824 
In-situ measurements were used, in particular, to assess parameterizations of air-sea inter- 825 
actions simulated with the OWA coupled system developed in RNR-CYC (see [33] for de- 826 
tails about this system). Results presented hereafter are derived from a single coupled 827 
OWA simulation based on the models Coastal and Regional Ocean Community 828 
(CROCO5), WW3 [94,95] and Meso-NH6, that was developed specifically for comparisons 829 
with the BOREAL UAS. 830 

 831 
Figure 16: (a) Satellite image of TC Joaninha on 25 March 2019 in the vicinity of Mauritius and Reunion Island.  (b) 832 
picture from the BOREAL on-board camera showing the ocean sea-state and the Joaninha TC on the horizon. 833 

Figure 17 presents a vertical profile of aerosol particles conducted during the 25 March 834 
flight from near the ocean surface (< 50 m asl) to above the marine boundary layer (~ 1000 835 
m asl).  Observed aerosol concentrations (diameter > 0.3 µm) are found relatively constant 836 
throughout the marine boundary layer (up to ~ 800 m asl) and decrease above the inver- 837 
sion. A surface layer with enhanced emissions, similar to the profiles observed at the surf 838 
zone in the frame of project Miriad [109], is also observed at the lowest part of the vertical 839 
profile (~ 50 m asl).  This surface layer, which was not captured in the model simulation 840 
(Fig. 17), has not been well-documented so far and has important implications for the 841 
transport of aerosol into the well-mixed boundary layer. In addition, the simulations tend 842 

 
5 http://www.croco-ocean.org 
6 http://mesonh.aero.obs-mip.fr/  
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to overestimate the aerosol emissions near the ocean surface (i.e., ~ factor of two enhance- 843 
ment in aerosol concentrations) and show a pronounced vertical gradient throughout the 844 
marine boundary layer with an underestimate of aerosol concentrations in the free tropo- 845 
sphere. 846 

 847 
Figure 17:  BOREAL profile of aerosol number for particles larger than 0.3 µm obtained with the onboard Optical 848 
Particle Counter (green) and simulated with the OWA model (orange). 849 

A few days later, a southern swell event occurred when winds shifted to the north-east 850 
direction as TC JOANINHA continued its eastward progression through the Indian Ocean. 851 
Flight operations were moved to Bras Panon and the BOREAL UAS flew along a southern 852 
curtain for more than 200 km to the east of Reunion Island on 29 March 2019 from 6:33 to 853 
12:04 UTC (Fig. 18a). The platform followed a purposing flight plan with ascents from 100 854 
to 1000 m asl followed by straight-level legs at 400 and 100 m asl for at least 10 km each. 855 
Mean and significant wave height observations collected during this flight by onboard ra- 856 
dar altimeter show that wave height increased by about a meter (from ~ 2.5 to 3.5 m) be- 857 
tween locations A and D (Fig. 18b).   858 

 859 
Figure 18: (a) WWW3 simulation of significant wave height on 29 March 2019 with the BOREAL UAS flight 860 
overlaid on the image (black line). The blue crosses correspond to A, B, C and D legs of the flight at 100 m asl.; 861 
(b) Significant wave height (H_m0) and mean wave height from the BOREAL UAS observations compared to 862 
wave height simulated by WWW3. 863 
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A similar increase of wave height is also obtained in the simulations of this case study 864 
made with the WaveWatch3 model (Fig. 18a). The associated modelled (Fig. 19a) and ob- 865 
served (Fig. 19b) spectral density functions provide insight on the composition of the 866 
southern swell and show two peaks for both observations and simulations.  Azimuth plots 867 
from WW3 based on the wave elevation spectrum (Fig. 19c) indicate that these peaks cor- 868 
respond to distinct components of the southern swell; the first component is generated by 869 
the northerly winds (red arrow in Fig. 19c) and the second component is generated by TC 870 
JOANINHA to the east (black arrow in Fig. 19c). In spite of the observed increase in wave 871 
height (and relatively constant wind field) a horizontal gradient in the aerosol concentra- 872 
tion and size distribution at 100 m asl was not observed during this swell event. These 873 
results were predictable as the 1 m increase in wave height is relatively small and not ex- 874 
pected to generate a significant difference in PMA emissions.  875 

Due to the low number of TC passing in the immediate vicinity of Reunion Island dur- 876 
ing the TC season 2018-2019, the range of wind speeds and ocean wave conditions were 877 
not as large as expected to fully assess parameterizations for PMA emissions. Nevertheless, 878 
the datasets collected during this campaign have clearly demonstrated the scientific po- 879 
tential of the BOREAL UAS, and of its associated payload, to collect key observations in 880 
remote oceanic areas and in the vicinity to tropical cyclones.  881 

 882 
Figure 19: (a) Spectral density function of wave height simulated with WWW3 for legs A, B, C, and D. (b) Spectral 883 
density function of wave height from BOREAL UAS observations for legs A, B, C, and D. (c) Corresponding 884 
azimuth plots to wave elevation spectrum. The arrows represent the wind direction and the scatter color plots 885 
are the wave crests 886 

 887 
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3.2.3 GNSS observations 888 

A well-known indirect atmospheric application of GNSS measurement consists in 889 
measuring the integrated water vapor (IWV) content from the delay induced by water va- 890 
por during the crossing of the earth's atmosphere by the GNSS signal [110]. Due to the 891 
fundamental role of water vapor in climate and weather dynamics, tropospheric GNSS 892 
measurements have rapidly become one of the main tools used by climatologists to moni- 893 
tor the evolution of the water vapor field at all spatio-temporal scales, but also to improve 894 
NWP model forecasts (see [111] for a recent review of current GNSS weather applications). 895 
The creation of the International GNSS Service (IGS) network in 1994 [112], which now 896 
includes more than 500 stations worldwide, has also enabled GNSS-derived measure- 897 
ments collected in all parts of the world to be widely disseminated to the scientific com- 898 
munity.  With only 8 operational stations available prior to RNR-CYC (Fig. 20), the density 899 
of public GNSS stations in the SWIO was, however, the lowest of all TC basins. 900 

 901 
Figure 20: Map of public GNSS stations available in the SWIO as of March 2021 (top). Red squares show current 902 
IGS stations, green dots show GNSS stations installed during RNR-CYC and blue triangles show stations to be 903 
installed in 2021 in the frame of the newly project ESPOIRS (see Section 4). Pictures show GNSS stations installed 904 
in Fort-Dauphin (MAFD, upper left), Tromelin (TRML, lower left) and Aldabra (ALBR, lower right).  905 
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During RNR-CYC, 10 new permanent stations have been deployed including one in the 906 
Seychelles (Aldabra), four in Eparses Islands (3 RNR-CYC stations at Juan de Nova, Tro- 907 
melin and Europa and 1 shared station installed by OPGP in Glorieuses) and five in Mad- 908 
agascar (Diego-Suarez, Toamasina, Sainte-Marie, Nosy Be and Fort-Dauphin), with the 909 
goals to increase the density of the GNSS network in the SWIO and to provide additional 910 
near real-time IWV measurements at various locations in the basin (Fig. 20). Although 911 
these stations have not yet been included into the IGS network (pending), most collected 912 
GNSS observations are transmitted at hourly time step to IGN’s data center, which already 913 
allows for routine real-time GNSS calculations and wide dissemination of derived meteor- 914 
ological and geophysical products through IGN’s permanent GNSS network (RGP)7.  915 

These new stations have already been shown to represent a fantastic asset for monitor- 916 
ing the spatio-temporal evolution of the water vapor field at local and regional scales [34, 917 
35] as well as to evaluate NWP forecasts [34]. A further example is shown in Figure 21, 918 
which presents differences between GNSS-derived IWV observations and IWV contents 919 
analyzed daily at 00, 06, 12, and 18 UTC with the operational, 2.5 horizontal resolution, 920 
NWP system AROME-IO [42] at Aldabra (ALBR, The Seychelles), Antananarivo (ABPO, 921 
Madagascar), Reunion Island (RUN, France) and Sainte-Marie (MASM, Madagascar) dur- 922 
ing year 2019. In order to evaluate the performance of the model at various time scales, 30- 923 
day (red), 10-day (yellow) and 3-day (black) moving averages were applied to both model 924 
and GNSS data. GNSS observations were processed following the approach proposed by 925 
[35]. 926 

 927 
Figure 21: Time series of the differences between IWV contents observed by GNSS and analyzed by the model 928 
AROME-IO at Reunion Island (REUN, upper left), Sainte-Marie (MASM, upper right), Antananarivo (ABPO, 929 
lower left) and Aldabra (ALBR, lower right) throughout year 2019. 30-day (red), 10-day (orange) and 3-day 930 
(black) moving averages are applied to IWV data to evaluate the impact of short and mid-term moisture varia- 931 
tions on the model performance. 932 

 
7 ftp://rgpdata.ign.fr/pub/gnssmayotte 
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Whatever the time scale, the bias error remains relatively constant at Sainte Marie 933 
(MASM, ~ - 0.3 kg m-2), Reunion (REUN, ~ 0.5 kg m-2) and Antananarivo (ABPO, ~ -2 kg m- 934 
2), but shows more variations in Aldabra (ALBR, between 0.6 and 1.14 kg m-2). The differ- 935 
ences between the model and the observations do not show a clear seasonal dependency 936 
except at Aldabra where maximum errors are observed in the middle of the winter, spring 937 
and fall seasons. In the case of this atoll, consisting of land strips of 1 to 3 km width encir- 938 
cling a lagoon of nearly 30 km x 15 km, the land is considered as submerged by the model, 939 
which does not allow to take into account both the effect of vegetation and of the diurnal 940 
cycle on the atmospheric moisture content (atmospheric moisture variation thus mostly 941 
depend on the variation of the temperature of the ocean). Interestingly, the sign of the bias 942 
error is location dependent, suggesting that the model is not affected by systematic errors. 943 
The associated standard deviation errors also tend to decrease with the length of the 944 
smoothing period, which minimizes the impact of short-term variations. At short time 945 
scales (3-day), one can also notice that the strongest discrepancies mostly occur during the 946 
TC (wet) season (days 1-120 and 330-365), in relationship with the passage of tropical cy- 947 
clones in the vicinity of the GNSS ground-based stations.  948 

As already pointed out by [34], who investigated the seasonal variations of AROME- 949 
analyzed IWV errors at Diego-Suarez (DSUA), model-observation differences seem exac- 950 
erbated for stations located in the vicinity of complex orography. If one except the partic- 951 
ular case of Aldabra, the same behavior can be noticed here for the high-altitude stations 952 
of Reunion (600 m amsl, REUN) and Antananarivo (2000 m amsl, ABPO), which show 953 
higher errors than for the flat island of Sainte-Marie (MASM). These errors might be related 954 
to the difficulties of the model to properly capture the modifications of air masses caused 955 
by the orography (lifting and subsiding motions) at the local scale due to an insufficient 956 
resolution of its topography. A possible way to correct for such errors could be to assimi- 957 
late GNSS observations (zenithal delays) into the model. While the operational version of 958 
the AROME-IO NWP system does not allow for data assimilation, its research configura- 959 
tion includes a 3D-Var scheme that can be used to perform assimilation experiments [34]. 960 
Some studies are currently ongoing to determine whereas the assimilation of GNSS obser- 961 
vations can help reduce the model moisture bias.  962 

3.3 Spaceborne observations 963 

Visible and infrared satellite observations have long been the main source of 964 
knowledge for estimating some of the parameters (e.g., radius of maximum wind, various 965 
wind radii) characterizing the structure of tropical cyclones - these parameters are, in par- 966 
ticular, inputs of the Dvorak method [113], used by TC forecast centers to produce best 967 
track data and issue TC advisory and forecasts. Since the launch of the first Earth observa- 968 
tion satellite in the early 1970s, the quality of ocean surface wind estimates in the vicinity 969 
of TCs have been constantly improved. This includes for instance the deployment of wind 970 
scatterometers (e.g., [114,115]) as well as of multifrequency radiometers (e.g., [116,117]) 971 
that both allow for a direct, and more precise, estimate of surface winds under TCs. More 972 
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recently, a new generation of microwave radiometers has also been put into operations by 973 
ESA and the National Aeronautics and Space Administration (NASA) in the frame of the 974 
Soil Moisture and Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP) space 975 
missions, respectively. Thanks to their large coverage and revisit time, these new sensors, 976 
which allow for high-resolution (~ 40 km) surface wind speed sampling in all weather con- 977 
ditions, can provide a unique description of the TC structure during its whole lifetime 978 
[118] and have thus become a key source of information for TC forecasting centers. 979 

In addition to these more or less conventional sensors, a new approach, based on the 980 
use of spaceborne synthetic aperture radars (SAR), is also being increasingly used to probe 981 
and quantify sea surface properties under extreme wind conditions. Designed in the mid- 982 
nineties, SAR systems were initially used for land application [119], especially for moni- 983 
toring earth deformation rates ranging from a few mm per year (e.g., glaciers) up to 1 m 984 
per h (e.g., earthquakes and landslides). SAR potential for marine applications is known 985 
since the launch of the first SAR [120], but has significantly emerged with the launch of 986 
Canadian Space Agency (CSA)’s RADARSAT-1 (1995) and ESA’s Envisat (2002) satellites. 987 
Thanks to their unique capability to gather very high-resolution (up to a few meters) sur- 988 
face wind and roughness data in swaths of several hundred kilometers, spaceborne SAR 989 
constitute key observing systems for monitoring, forecasting and investigating the prop- 990 
erties and evolution of TC (e.g., [120,121]).  991 

The deployment of a new generation of SAR systems equipped with polarization di- 992 
versity onboard CSA’s RADARSAT-2 (RS2, 2007) and ESA’s Sentinel-1 (S1, 2014) satellites 993 
has allowed to further improve the capabilities of these instruments to accurately map the 994 
variations of ocean surface winds in TC eyes and eyewalls [122,123]. Acquisitions made by 995 
ESA’s satellites have, however, never been used to probe tropical cyclones until the imple- 996 
mentation of the Satellite Hurricane Observations Campaign (SHOC, 2016-2017), in the 997 
Pacific and Atlantic basins. The intercomparison of aircraft reconnaissance wind data 998 
against S1 SAR measurements collected in CAT-5 hurricane IRMA (2017) during this ex- 999 
periment has definitely demonstrated the capability of these instruments to thoroughly 1000 
describe TC ocean boundary layer structures at high spatial resolution [124]. 1001 

The extension of the SHOC program to the SWIO basin (referred to as SHOC-V2) was 1002 
initiated in 2017, under the frame of RNR-CYC. Because SAR missions cannot continu- 1003 
ously acquire wide swath data in high-resolution modes, a dedicated acquisition proce- 1004 
dure was set up to collect data without impacting the operational duty cycle of the satel- 1005 
lites. Acquisition requests were passed along to both MDA (MacDonald Dettwiler and As- 1006 
sociates, the private company that owns the satellite RS2) and ESA S1 mission planner 1007 
portals on a 24-to-48-h notice, based on satellite orbit and 5-day track forecasts provided 1008 
by RSMC La Réunion. In order to reduce the workload of participating space agencies, 1009 
which contributed to this experimental program on a voluntary basis, acquisition requests 1010 
were also generally limited to storms presenting a threat to SWIO populations. 1011 
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Between 2017 and 2021 about 150 SAR images were acquired by S1A, S1B and RS2 sat- 1012 
ellites8, allowing to sample 20 tropical storms and cyclones over four TC seasons. Among 1013 
these acquisitions, nearly 40% were directly obtained within the eye or the eyewall of the 1014 
systems (Table 2, “hits”). SAR images were collected throughout the SWIO basin (Fig. 22) 1015 
at various storm evolution stages (cyclogenesis, intensification, dissipation). Collected 1016 
wind data were used for nowcasting and best-track data reanalysis purposes at RSMC La 1017 
Réunion, model verification [33] and assimilation in NWP systems [125]. 1018 
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 1034 

Examples of SAR-derived wind acquisitions obtained through the application of the 1035 
retrieval algorithm proposed by [123] are presented hereafter. The first example is taken 1036 
within TC JOANINHA, which developed in the northeastern part of the Mascarene Archi- 1037 
pelago, and reached its LMI in the vicinity of Rodrigues Island on 26 March 2019 with 10- 1038 
min maximum sustained winds of nearly 60 m s-1 (Fig. 23a). The core structure of this sys- 1039 
tem was observed seven times by the SAR systems deployed onboard satellites S1A/S1B 1040 
and RS2 (Table 2) at various stages of its life cycle. Of particular interest is the image taken 1041 

 
8 Raw S1 data available at https://scihub.copernicus.eu/. 

 

Table 2: Number of RS2 and S1 SAR acquisitions within the eyewall / eye (hits) of 
tropical storms (TS) and tropical cyclones (TC, ITC) that developed in the SWIO be-
tween February 2017 and 2021. * Acquisitions performed from 2021 on 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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on 28 March 2019 at 00:52 UTC by RS2 (Fig 23b), when the system started to experience an 1042 
eyewall replacement cycle (ERC).  1043 

 1044 

Figure 22: Location of Sentinel-1 (A&B) and RADARSAT-2 swaths listed in Table 2. 1045 

 1046 
Figure 23:  Intensity of TC JOANINHA (color scale at bottom). (a) Wind speed evolution with respect to time as 1047 
given by ATCF and (b) SAR wind retrieval (RS2) on 28 March 2020 at 00:52 UTC.  1048 

ERCs, which often occur when a TC reaches an intensity of 50 m s-1, have long been 1049 
recognized as one of the main mechanisms for intense TC to intensify further (e.g., [126, 1050 



Atmosphere 2021, 12, x FOR PEER REVIEW 35 of 47 
 

 

127]). During an ERC, outer rainbands strengthen and organize themselves into a ring of 1051 
thunderstorms that progressively encircles the TC eyewall. The formation of this outer 1052 
ring, usually referred to as the outer eyewall, eventually cuts off the alimentation in mois- 1053 
ture and angular momentum that maintain the convection around the eye, causing a weak- 1054 
ening of the system and the eventual dissipation of the inner eyewall. The former ring is 1055 
then replaced by the outer one, which gradually contracts and intensifies, often resulting 1056 
in a more intense TC than prior to the ERC. The analysis of the SAR-derived surface wind 1057 
field shown in Figure 23b clearly indicates the presence of two concentric areas of maxi- 1058 
mum wind located both around the eye and in the east-to-southeastern quadrant of the 1059 
system core. The inner structure (maximum wind speed of ~50.2 m s-1) corresponds to the 1060 
eyewall of the storm and the outer one (maximum wind speed of ~45 m s-1) to the cyclonic 1061 
rainbands progressively wrapping around the eyewall that will eventually replace the in- 1062 
ner wall. The completion of an ERC is often followed by a re-intensification of the system. 1063 
However, in the present case such re-intensification did not occur as TC JOANINHA rap- 1064 
idly encountered a strongly sheared environment that caused its dissipation a couple of 1065 
days later. 1066 

The second example is taken from TC IDAÏ (Fig. 24). As mentioned previously, this 1067 
storm is considered as the worst natural disaster that has ever affected Mozambique (as 1068 
well as surrounding countries of Zimbabwe and Malawi), and the deadliest storm ever 1069 
recorded in the SWIO. This unique TC initiated as a tropical depression along the northern 1070 
coast of Mozambique on 3 March 2019 (Fig. 24a) and moved inland in the northwestern 1071 
part of the country for a few days, with peak winds in the order of 10-15 m s-1. On 7 March, 1072 
it made a half-turn near the Mozambique-Malawi border to move back towards the ocean. 1073 
After entering the Mozambique Channel, on 9 March, the storm immediately experienced 1074 
a rapid intensification to reach intense TC intensity (10 min maximum sustained wind > 46 1075 
m s-1), with winds gusts estimated to up to 70 m s-1 on 11 March. IDAÏ then reversed its 1076 
track back for the second time in the immediate vicinity of the Eparses island of Juan de 1077 
Nova (located approximately 150 km off the west coast of Madagascar) and began its 1078 
southwestward propagation towards Mozambique. Shortly after this half turn, it entered 1079 
into a slight weakening trend following the beginning of its ERC. Right after its comple- 1080 
tion, IDAÏ immediately re-intensified to reach its LMI on 14 March, with a minimum cen- 1081 
tral pressure of 940 hPa and (estimated) 10-min maximum sustained winds of ~55 m s-1. 1082 
The storm then gradually weakened while progressing towards the coast of Mozambique, 1083 
where it made landfall at Beira on 15 March at the stage of TC. 1084 

Numerous acquisitions were made in this system by S1 satellites, including three im- 1085 
ages collected directly in the core of storm (Fig. 24b). Two of these hits were made over the 1086 
ocean by S1A, at the stage of intense TC (11 March at 2:43 UTC and 14 March at 3:08 UTC), 1087 
while a third one was made near landfall by S1B on 14 March at 16:00 UTC (as 90% of this 1088 
swath occurred over land, this third acquisition is however not exploitable). Because SAR 1089 
wind data shown in Figure 24 are the only high-resolution wind observations collected 1090 
during the oceanic phase of this system - WMO’s JDN weather station broke down a week 1091 
before the passage of the storm over the island and the weather station deployed at Beira 1092 
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in the frame of RNR-CYC was lost during landfall - these observations represent an inval- 1093 
uable asset for accurately assessing numerical model simulations of this storm [33]. 1094 

 1095 
Figure 24:  As in Fig. 23, but for TC IDAÏ and SAR images collected in by S1A on 11 (2:43 UTC) and 14 (03:08 1096 
UTC) March 2019.  1097 

These observations, together with SAR data collected in other systems, can also mean- 1098 
ingfully complement best-track (BT) data produced by RSMC La Réunion. According to 1099 
BT data, TC IDAÏ reached its LMI on 14 March 2019 at 00 UTC with a wind speed of nearly 1100 
55 m s-1. This value is in good agreement with the maximum intensity measured by S1B a 1101 
few hours later (~52 m s-1). SAR data, however, suggest that these high intensity values 1102 
were only observed in the eastern quadrant of the storm’s core, but that the average wind 1103 
speed throughout the eyewall was significantly less intense and mostly comprised be- 1104 
tween 42 and 45 m s-1. On 11 March, the agreement between best-track and SAR-derived 1105 
wind data is less good, with maximum wind speed in the order of 50 m s-1 for the BT and 1106 
60 m s-1 for SAR observations. According to SAR observations, the strongest wind speed 1107 
values were also more or less uniformly distributed throughout the eyewall. The compar- 1108 
ison of the two SAR images hence suggests that the destructive potential, and overall 1109 
global intensity of the system, was probably much greater on 11 March, despite a 10% 1110 
lower maximum wind speed (50 m s-1 vs. 55 m s-1) in BT data.   1111 

4. Conclusions and Perspectives 1112 

ReNovRisk-Cyclone (RNR-CYC) is an ambitious international research program aimed 1113 
at developing regional cooperation in the SWIO with emphasis on the observation and 1114 
modeling of tropical cyclones at both current and future time horizons. The observing 1115 
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component of RNR-CYC, presented in details in this paper, has allowed collecting num- 1116 
bers of innovative oceanic (gliders, sea-turtle borne and seismometer-derived data) and 1117 
atmospheric (UAS and SAR-derived wind data) measurements, together with more con- 1118 
ventional observations (GNSS-derived IWV, atmospheric radiosoundings, ADCP and 1119 
wave gauge swell measurements) to investigate tropical cyclones and their environment 1120 
from the local to the basin scale. Its mesoscale modelling and climate components, pre- 1121 
sented in more details in the companion paper [33], also allowed for the development of 1122 
innovative modelling systems, while its outreach component significantly increased re- 1123 
gional collaboration between SWIO countries affected by TC hazards. 1124 

The promising results obtained during the 3 ½ y observation component of RNR-CYC 1125 
have led to the development of several new projects aimed at further reinforcing observa- 1126 
tions capabilities in the SWIO beyond the end of this program (July 2021). Among the new 1127 
research programs directly or indirectly arising from RNR-CYC, one can cite projects 1128 
STORM-IO (Sea Turtle for Ocean Research and Monitoring in the Indian Ocean), ESPOIRS 1129 
(Etude des systèmes précipitants de l'océan Indien par radar et satellites - Studies of Indian 1130 
Ocean precipitation systems by radars and satellites) and MAP-IO (Marion dufresne At- 1131 
mospheric Program - Indian Ocean). These new projects, also funded by the EU and the 1132 
Regional Council of Reunion Island, will allow further strengthening oceanographic and 1133 
atmospheric measurements in the Indian Ocean through the continuation, or the reinforce- 1134 
ment, of observation programs initiated in RNR-CYC.  1135 

STORM-IO (starting May 2021) will allow extending ST-borne measurements con- 1136 
ducted from Reunion Island to the whole Indian Ocean (Fig. 25), in collaboration with the 1137 
Terres Australes et Antarctiques Françaises (TAAF) administration in Eparses Islands of 1138 
Juan de Nova and Tromelin, Kelonia (Reunion Island) and five marine reservations in 1139 
Comoros (Moheli), Madagascar (Nosy Tanikely), Seychelles (Aldabra), Mozambique 1140 
(Ponto di Ouro) and South Africa (iSimanlisao). This transdisciplinary project, constructed 1141 
in close cooperation with ST specialists and oceanographers, will allow extending the re- 1142 
search work initiated in RNR-CYC to: i) investigate the thermodynamics and spatio-tem- 1143 
poral variability of the IO at high space-time resolution, and ii) improve knowledge of the 1144 
ecology of the five species of sea turtles living in the Indian Ocean. A particular emphasis 1145 
will be put on the observation of mesoscale eddies and coastal currents that develop in the 1146 
Mozambique Channel (to assess their impact on water mass distribution, transport and 1147 
mixing, as well as their overall role in the dynamics of the Greater Agulhas current system) 1148 
as well as ST-borne data assimilation in global and limited-area configurations of the ocean 1149 
model NEMO [129]. 1150 

ESPOIRS (started in December 2020) will carry on with the densification of the GNSS 1151 
water vapor observation network initiated in the framework of RNR-CYC through the de- 1152 
ployment of 5 additional stations in Madagascar and Mozambique (Fig. 20).  Existing, or 1153 
soon to be deployed, GNSS stations will also be upgraded with co-located oceanographic 1154 
sensors to monitor the sea level on a regional scale. Thus, one of the objectives of ESPOIRS 1155 
is to provide long-term measurement to the Global Sea Level Observing System (GLOSS) 1156 
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network that monitors sea level rise on a global scale9. ESPOIRS also includes an ambitious 1157 
local component aimed at collecting wind and precipitation measurements in tropical cy- 1158 
clones by the mean of a transportable polarimetric weather radar to be deployed alter- 1159 
nately in Reunion Island (2021), Madagascar (Tamatave or Diego Suarez, 2022) and the 1160 
Seychelles (Mahe, 2023). This radar component will allow to further investigate the impact 1161 
of orography on the structure, intensification and track of tropical cyclones (and outer cy- 1162 
clonic rainbands in the Seychelles) passing in the vicinity of islands characterized by a 1163 
complex terrain [130] as well as to reinforce regional cooperation in atmospheric remote 1164 
sensing. 1165 

 1166 
Figure 25: Release locations and type of sea turtles (OR: Olive Ridley, GR: Green, LE: Leatherback, LO: Logger- 1167 
head, HA: Hawksbill) to be equipped in the frame of the STORM-IO project 1168 

The MAP-IO program aims to deploy an atmospheric and marine biology observatory 1169 
in the Indian and Southern Oceans onboard the French vessel Marion Dufresne (Fig. 26), 1170 
operated by the TAAF administration (for its logistical needs in the Eparses Island and 1171 
French Austral Territories) and IFREMER (for scientific campaigns in the IO). With the 1172 
deployment of nearly 20 new sensors onboard this RV (e.g., cytometer, titrator, ther- 1173 
mosalinograph, cytometer, titrator, NOx, CO, CO2, O3 and CH4 analyzers, GNSS, UV ra- 1174 
diometer, CCN, photometer, weather station), MAP-IO will permit the collection of long 1175 
term, permanent, observations at the ocean-atmosphere interface and within the atmos- 1176 
pheric column in this region particularly sensitive to the impact of climate change (note 1177 
that all observations will be transmitted in near real time through the RV onboard satellite 1178 
communication system). The data collected in the Southern Ocean for sea and wind states 1179 
close to those encountered in tropical cyclones will also allow to develop and evaluate 1180 

 
9 https://www.gloss-sealevel.org/ 
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more precisely the parameterizations of AO exchanges (turbulent fluxes, aerosol and sea- 1181 
spray emissions) in extreme conditions. 1182 

 1183 
Figure 26: Picture of the RV Marion Dufresne anchored at Mayotte during TAAF’s Eparses Island rotation in 1184 
April 2019. 1185 

Finally, one can also mention ESA’s pre-operational program CYclone Monitoring Ser- 1186 
vice based on Sentinel-1 (CYMS10), which is aiming at extending SAR acquisition to all TC 1187 
basins and providing ocean surface winds over TC in real-time to demonstrate SAR po- 1188 
tential for operational forecasting and to foster new scientific applications. This new pro- 1189 
gram, motivated in large part by the results obtained in RNR-CYC, will allow to further 1190 
understand the impact of TCs on Earth System cycles through answering fundamental 1191 
questions on physical processes at play within these systems.  1192 
 1193 
 1194 
 1195 
 1196 
 1197 
 1198 
 1199 
 1200 
 1201 
 1202 
 1203 
 1204 

 1205 

 
10 https://www.esa-cyms.org 
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