N

N

Developing climate services for vulnerable islands in the
Southwest Indian Ocean: A combined statistical and
dynamical CMIP6 downscaling approach for climate

change assessment
Marie-Dominique Leroux, Frangois Bonnardot, Samuel Somot, Antoinette
Alias, Stephason Kotomangazafy, Abdoul-Oikil Said Ridhoine, Philippe

Veerabadren, Vincent Amélie

» To cite this version:

Marie-Dominique Leroux, Francois Bonnardot, Samuel Somot, Antoinette Alias, Stephason Ko-
tomangazafy, et al.. Developing climate services for vulnerable islands in the Southwest Indian Ocean:
A combined statistical and dynamical CMIP6 downscaling approach for climate change assessment.
Climate services, In press, 34, pp.100491. 10.1016/j.cliser.2024.100491 . hal-04472829

HAL Id: hal-04472829
https://hal.science/hal-04472829
Submitted on 22 Feb 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-04472829
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Graphical Abstract

Advancing Climate Services for Vulnerable Islands in the South-
west Indian Ocean: A Combined Approach of Statistical and Dy-
namical CMIP6 Downscaling

Marie-Dominique Leroux, Francois Bonnardot, Samuel Somot, Antoinette
Alias, Stephason Kotomangazafy, Abdoul-Oikil Said Ridhoine, Philippe Veer-

abadren, Vincent Amélie

REFINED OROGRAPHY

~ 12-KM RESOLUTION

12km " - .
!: ALADIN REGIONAL CLIVATE Mop,
i o CNRM-ESM2.,

FROM CMIP6 GLOBAL
CLIMATE MODELS

| IPSL-CM6A-LR?

i; UKESM1-01\

| MADAGASCAR

TRAINING OF g Gion,

E£-RELATED D, o =
HIGH QUALITY CLIMATE- ATA ONLINE P

FREE ACCES®

6 HEALTH

ATM (°C)

5.6
48
4
32

N
LONG TERM (1981- 21

SSP 126

S
EEPSN

3 SCENARIOS

sSSP 282
SSP 585

Loty
APloro®

o b
S

oqeRLAND BIAS CORRECTION QUANTILE MAPPING CDF-t (Michelangeli et al. 2019)

o
2>
)
.
Q
X3

O
©
%,

&

&

(//\,G

== HISTORICAL

=SSP 126  +[06-16]°C
=SSP 245 +[14-25]°C
3 — SSP 585 +[28-5.0]°C

#®1 \WATER RESOURCES
H

¢ROM CMIP6 SIMULATIONS

AdaptA@tion

AGRICULTURE, BIODIVERSITY

&

A i
IMPACT MODELS . + / ‘ METEO ) L'OCEAN INDIEN /ATE UNCERTAINTY SAMPLING ¢
............. \ ) - =
% §
T H
& £, CMIP6 + ALADIN-12km (lines)
€@ - naronaL ADAPTATION pOLICES 74TioN + TEMPERATURE £ = (i . )

1980
2010}
0




Highlights

Advancing Climate Services for Vulnerable Islands in the South-
west Indian Ocean: A Combined Approach of Statistical and Dy-
namical CMIP6 Downscaling

Marie-Dominique Leroux, Francois Bonnardot, Samuel Somot, Antoinette
Alias, Stephason Kotomangazafy, Abdoul-Oikil Said Ridhoine, Philippe Veer-

abadren, Vincent Amélie

Multiple approaches to produce climate services within a resource-

constrained context

A potential framework model for other vulnerable regions with limited

CORDEX coverage

A dry season expected to become drier in most of the Southwest Indian

Ocean

An expected increasing tropical cyclone risk per event in the Southwest

Indian Ocean



Advancing Climate Services for Vulnerable Islands in
the Southwest Indian Ocean: A Combined Approach of
Statistical and Dynamical CMIP6 Downscaling

Marie-Dominique Leroux®*, Francois Bonnardot®, Samuel Somot”,
Antoinette Alias®, Stephason Kotomangazafy®, Abdoul-Oikil Said
Ridhoine?, Philippe Veerabadren®, Vincent Amélie’

@ Météo-France, Direction Interrégionale pour I’Océan Indien, 97490 Saint-Denis de La
Réunion, France
YONRM, Université de Toulouse, Météo-France, CNRS, Toulouse, France
¢ Direction Générale de la Météorologie, Madagascar
4 Agence Nationale de I’Aviation Civile et de la M “et “eorologie (ANACM), Moroni,
Comores
¢ Mauritius Meteorological Services, Maurice
fSeychelles Meteorological Authority, Seychelles

Abstract

Climate change is a global challenge that requires local solutions. Small
island developing states (SIDS) in the southwest Indian Ocean (SWIO) basin
are particularly vulnerable and already facing significant challenges due to
climate variability and extreme weather events like tropical cyclones (TCs).
Tailored climate services, catering to their specific needs and contexts, are
crucial for formulating appropriate adaptation strategies. This study aims
to fill the gap of localized and reliable information for climate services in the
SWIO region. Climate data is dynamically downscaled at kilometer-scale

resolution over numerous islands from a 12-km resolution regional climate
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model that represents the climatology of tropical cyclones. A subset of the
latest CMIP6 simulations is also statistically downscaled over La Réunion to
quantify model uncertainties. Daily mean temperatures over small islands
are projected to increase by an average of 1.2°C (SSP1-2.6) to 3.5°C (SSP5-
8.5) by the end of the century relative to the reference 1981-2010 period,
and up to 4.4°C on Madagascar (SSP5-8.5). The dry season in the SWIO
region is anticipated to become significantly drier, with precipitation deficits
ranging from 10% to 40%, primarily due to a delayed onset of the rainy
season. The cyclonic risk is expected to increase with higher TC intensities,
a higher portion of strong TCs, and a poleward migration of TC lifetime
maximum intensity, further increasing the risk on the Mascarene islands.
Keywords: Indian Ocean, dynamical downscaling, statistical downscaling,
regional climate projections, climate services, heat waves, droughts, climate
change, tropical cyclones, Small Island Developing States, La Réunion,

Mascarene Islands.

Practical Implications

Climate datasets are expected in inhabited countries of the Southwest In-
dian Ocean, from both citizens and decision-makers, to address the pressing
regional needs for climate services and impact studies. The current needs ex-
tend across various climate-sensitive sectors, encompassing agriculture, wa-
ter resources, health, biodiversity, and the energy sector, with a focus on
solar and wind potential to advance energy autonomy across our islands. La
Réunion, in particular, has demonstrated a significant need for support in

formulating public policies. This includes crucial documents like the Depart-



mental Plan for Water and Hydraulic Development, the Regional Framework
for Sustainable Development and Planning, Local Urban Plans, Climate Air
Energy Territorial Plans of local communities, reports from the French High
Council for Climate, and more.

The Building Resilience in the Indian Ocean (BRIO) project, for the
first time to the best of our knowledge, has produced well-documented, fine-
scale, timely, reliable, and accessible regional to local climate information
for the 215" century tailored for the Indian Ocean Commission (IOC) mem-
ber countries: Madagascar, La Réunion, Mauritius, Comoros and Seychelles
archipelagos. A hierarchy of methods were employed, encompassing regional
analysis of CMIP6 models, dynamical downscaling, statistical bias correction,
statistical downscaling, computation of user-relevant indices, and delivery in
an accessible and understandable format. The BRIO project has also pro-
vided training for national experts in climate data mining across these IOC

member countries.

0.1. Data availability for climate services initiatives

The BRIO climate data is visible through the regional portal (http:
//climat.coi-ioc.org). Additionally, the regional model outputs are avail-
able on the DRIAS portal provided by Météo-France at http://www.drias-climat.
fr/ in the ” Acces Simplifié” tab of the "Données et Produits” section. Users
can download the raw model outputs at 12-km resolution covering the entire
South-West Indian Ocean (SWIO) domain, along with bias-corrected data
for daily precipitation, minimum and maximum temperatures in La Réunion
and Mayotte. Bias-corrected data for other islands can be obtained by reach-

ing out to IOC-trained experts via the email address provided for the first
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author of this paper. The BRIO dataset is recognized for its utility and has
already been utilized in numerous impact studies in La Réunion, contributing

to the understanding and mitigation of vulnerability to climate risks.

0.2. An example of impact study conducted on La Réunion

We elaborate here on one specific application, assessing anticipated veg-
etation changes through ombrothermal indices. Additional ongoing applica-
tions are listed in Section[0.3] According to the Worldwide Bioclimatic Clas-
sification System of Rivas-Martinez and Rivas-Sdenz (1996-2009, www.globalbioclimatics.org),
the ombrothermal index should reflect the overall usable water quantity for
vegetation in relation to temperature. The standard Martonne index, based
on annual inputs, proves inadequeate in La Réunion due to seasonal vari-
ations and cyclonic rains (partially unusable by vegetation
due to runoff). In collaboration with the National Botanical Conservatory
Mascarin (CBN-CPIE Mascarin), we propose to define the ombroclimate at-
tribute from a vegetation standpoint through daily water balance diagnostics
that equalize rainfall and potential evapotranspiration.

The regional climate model (CNRM-ALADIN;, presented in section |3)) is
employed to compute evapotranspiration (ETP) using wind, precipitation,
temperature, and solar radiation, corrected with observation datasets. Crop
evapotranspiration (ETO0) is determined with the FAO 56 Penman-Monteith
equation for a grass reference surface [1]. Daily water balance data, account-
ing for meteorological factors influencing plant water consumption and soil
recharge, is calculated in both observations and model outputs. To address
cyclonic rains, the soil’s easily usable reserve (EUR) is set at 60 mm, and the

total usable reserve (UR) at 80 mm. The annual count of days with soil water
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(a) HIST 1981-2010

@ Annual percentage of days with soil saturation rate < 25%
METEQ Sant-Denis ALADIN HIST 1981-2010
FRANCE Sainte-Marie %
Sainte-Suzanne 100
La Possession
LePort B
Saint-André 80
Saint-Paul Bras-Panon
60
Saint-Benoit
40
Sainte-Rose
Trois-Bassins
Saint-Leu 20
5
Les Avirons
L'Etang-Salé
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Figure 1: Ombrothermal Index computed using daily water balance from CNRM-ALADIN

bias-corrected outputs for @ the historical period 1981-2010 and for the SSP5-8.5 scenario
during the time periods (b]) 2041-2070 and () 2071-2100. The index categories are based

on the annual percentage of days with soil water saturation below 25%, as defined in

Table




content below 20 mm indicates vegetation experiencing hydric stress. The
cartographic representation of water balance, derived from observations and
historical model data, aligns well with vegetation expression, highlighting
east-west climate disparities, cirque-specific variations, and gradients along
the northern and southern coasts (Fig. . The red area reasonably delin-
eates the so-called savannah region.The red area reasonably delineates the
so-called savannah region. The Southwest Highlands’ humid areas (Plaine
des Makes, Tévelave) are discernible. Classes for this attribute are detailed

in Table 11

Table 1: Classes for ombroclimate index defined through the water balance.

Percentage of annual days with | Biotope class
soil water saturation < 25%

0tob hyper-humid

5 to 20 humid

20 to 40 semi-humid

40 to 60 semi-arid

60 to 80 arid

80 to 100 hyper-arid

Figures and show vegetation changes under the driest SSP5-8.5
scenario. Anticipated impacts include a reduction in very humid zones in
the east, expansion of arid areas to higher altitudes (westward savannah
growth), and challenges for the semi-humid Plaine des Makes zone by the

end of the century (disappearance of the blue triangle).



0.3. Other impact studies using the BRIO dataset



Studied impact Daily BRIO variables Collaborator| Reference
Vegetation change and ombroth- | water balance assessments using | CBN-CPIE SectionM
ermal indices evapotranspiration (ETP) com- | Mascarin

puted from wind, RR, TN, TX,

and solar radiation
Aedes Albopictus mosquito popu- | TN, TX, RR LACy, [44], currently ex-
lations (dynamics of dengue fever CIRAD panding to other I0C
epidemics) islands
Gene expression and vector | TN, TX, RH, RR, solar radiation | PIMIT Ongoing
competence of tiger mosquitoes
(dengue serotypes)
Zoonosis (Leptospirosis) TN, TX, RR PIMIT, Ongoing project over

CIRAD various [OC islands

Invasive exotic species TN, TX, RR PVBMT Ongoing
Solar, wind and hydrogen energy | solar radiation, TN, TX, 50- to | EnergyLab [65] and  ongoing
production 150-m winds, RH, disaggregated project

at an hourly time step




Building thermal comfort TN, TX, RH, 10-m wind, disag- | PIMENT Ongoing

gregated at an hourly time step

Sugarcane cultivation and shifs in | water balance assessments using | CIRAD, [9]
crop calendars evapotranspiration (ETP) com- | TEREOS
puted from wind, RR, TN, TX,

and solar radiation

Wildfire prevention computation of meteorological | wildfire Ongoing
fire indices protection
services
Tree species TN, TX, RR, RH, 10-m wind National Ongoing
Forestry
Office (ONF)

Table 2: Utilization of the BRIO dataset in select impact studies conducted in La Réunion, focusing on minimum (TN) and
maximum (TX) temperatures, relative humidity (RH), precipitation (RR), winds and solar radiation. LACy, PIMIT, PVBMT,
PIMENT, and EnergyLab are all laboratories affiliated with La Réunion University.




1. Introduction

Climate change is a global challenge with far-reaching consequences, im-
pacting both the environment and society [36]. Regions like the SWIO are
particularly vulnerable, hosting numerous small island developing states fac-
ing climate-related challenges [47, 21]. This vulnerability is exacerbated by
the frequent occurrence of extreme weather events, including tropical cy-
clones [46]. The SWIO basin, spanning from 30 to 90 degrees East, experi-
ences an average of 9.7 tropical systems annually, with 4.8 developing into
tropical cyclones (TCs) that are equivalent to a hurricane or a typhoon [46].

The Southwest Indian Ocean region is not immune to the impacts of
climate change. Observational records from Meteo-France reveal a clear sig-
nificant warming trend of +0.17°C per decade over the past six decades on La
Réunion (Fig. . On the Comoros Archipelago (including Mayotte), near-
surface (2 m) air temperatures have risen at a significant rate of +0.19°C per
decade. These warming trends are not strictly linear and the warming has
intensified in the recent two decades (Fig. Moreover, changes in precipita-
tion patterns are evident, with a 36% decrease in annual precipitation in the

southwest region of La Réunion over the past 60 years (Appendix Bj). On
Mayotte, dry-season precipitation (May to October) has experienced a 33%

decline during the same period .

The Indian Ocean’s most rapid sea surface temperature (SST) warming
since the 1950s, highlighted by the IPCC [29], raises concerns about the
evolution of tropical cyclones in the SWIO basin. Over the past 41 years,
there is no significant trend in the number of observed tropical systems
pendix Cl). However, while ongoing reanalysis at the Regional Specialized

10
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Figure 2: Evolution of the observed average annual near-surface (2 m) air temperature
anomaly from 1968 to 2022, relative to the homogenized 1991-2020 baseline, across La

Réunion (thermal indicator based on data from 3 weather stations).

Meteorological Center (RSMC) of La Réunion is assessing TC intensity, [27]
already reported an increase in Category 5 cyclones. Globally, [41] noted
a rise in the proportion of Category 3-5 TC instances to all Category 1-5
instances over the past four decades. Additionally, [42] identified a poleward
migration of TC maximum intensity. From reconstructed long-term proxy
data and high-resolution climate simulations, [15] revealed a 13% reduction
in global cyclone frequency between 1850-1900 and 1900-2000.
Summarizing TC projections for the late 21st century, [40] suggests a 14%
decrease in global TC frequency for a 2°C global warming. This reduction
is prominent in weaker storms. Global-scale projections anticipate increased
TC rain rates due to rising SSTs and environmental water vapor, aligning

with Clausius-Clapeyron scaling [16], [40]. The intensification of the strongest
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TCs is also projected [25 [41]. Medium- to high-resolution climate projec-
tions for the South Indian Ocean align with the global trend, indicating a
decrease in overall TC frequency and an increase in intense TC frequency in
response to global warming [53, (70, [14], 40}, [67]. For a 2°C warmer world, [14]
projects a 20% decrease in Southern Indian Ocean TC frequency, with an
increased maximum intensity, poleward shift of lifetime maximum intensity,
and delayed cyclone season onset. Using a pseudo global warming approach,
[67] projects a 6.5% average intensity increase, a 2-degree poleward shift,
and a 33.8% rise in median rainfall rates under a scenario of 1.1°C to 4.2°C
sea surface temperature warming (RCP 8.5). A recent study by [7] highlight
an increasing TC risk at landfall over the South Indian basin and in coastal
cities, including Saint-Denis in La Réunion.

Small island states and developing countries in the SWIO face multiple
risks beyond tropical cyclones, including droughts and heat waves, impacting
water resources and health, notably in Madagascar [43] [32] [71] [55 2] and the
Comoros Archipelago. Recognizing the unique challenges of these islands, the
Intergovernmental Panel on Climate Change (IPCC) prioritizes downscaling
for developing specific models for these island territories in its latest report
[37]. Addressing the vulnerability, there’s a growing recognition of the need
for climate services to aid adaptation in these regions. Climate services
involve providing climate information and analysis for decision-making in
climate-sensitive sectors. Such research focus is crucial given the limited
availability of climate services in the SWIO region.

The Coupled Model Inter-comparison Project phase 6 (CMIP6) multi-

model ensemble [57, 26] offers valuable data for SWIO climate projections,
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but its coarse global models may struggle to capture intricate interactions
between the ocean, atmosphere, and land that are essential for accurate
small island climate simulation. Global models may also inadequately repre-
sent tropical cyclones, introducing biases and uncertainties into projections.
Studies emphasize the need for high resolution to simulate realistic TCs and
project changes in intense TC frequency [52, 60) 20, 12]. [61] highlights the
added value of regional climate modeling in regions with complex terrain,
land-sea contrasts, and extreme events. The former Coordinated Regional
Climate Downscaling Experiment (CORDEX) program, based on CMIP5
models, used a coarse 50 km resolution for Africa and Asia but only a finer
12 km resolution for Europe. A 50-km resolution is inadequate for small and
steep islands like those in the SWIO: the biggest island, La Réunion, mea-
sures approximately 75 x 55 km along its diagonals, and peaks at almost 3100
m high. Additionally, CORDEX-Africa and CORDEX-SouthAsia, covering
only parts of the SWIO basin, fail to represent the climatology of tropical
systems across the entire region, limiting their utility for impactful climate
studies. In summary, existing CORDEX domains fall short in size and resolu-
tion to effectively cover the SWIO region. Gaps in the climatic representation
of small island states highlight the pressing need for high-resolution, localized
climate data and models. This study, preceding the CMIP6-based CORDEX
initiative, seeks to bridge this gap by providing precise and reliable climate
information tailored to the unique challenges of the SWIO region.

Our study explores tailoring CMIP6 data for stakeholders in the SWIO
region. The focus on La Réunion aims to demonstrate the potential bene-

fits of producing climate services for small island territories. The CNRM-

13



ALADIN model with 12 km resolution is used to downscale CNRM-ESM2-1
from CMIP6 for three emission scenarios. The analysis also employs 22
CMIP6 models to gauge confidence in temperature and precipitation projec-
tions. Our study is unique in several respects. First, we focus on a region that
has received relatively little attention in previous studies of regional climate
change, probably because the CORDEX initiative has focused mainly on
continental areas. Second, we use state-of-the-art climate models to simulate
the regional climate of the southwest Indian Ocean basin, providing a more
detailed and accurate picture of how the climate is likely to change in the
future. Third, we employ a hybrid of dynamical and statistical downscaling,
integrating bias correction and spatial disaggregation methods to create high-
resolution CMIP6-based climate projections. This approach caters to local
stakeholders and decision-makers as it considers model uncertainty. Fourth,
our study covers a vast area from the east coast of Africa to 74°E, capturing
the primary tropical cyclone genesis region for a comprehensive understand-
ing of precipitation patterns. Fifth, we assess projected changes in SWIO
cyclone activity through detailed high-resolution simulations.

This article follows this structure: Section[2presents observational datasets
and the CMIP6 global model dataset. Section [3|details dynamical downscal-
ing, statistical downscaling over La Réunion, the bias correction method and
tracking algorithm. Section [4] assesses model and method performance, and
presents key climate outcomes (temperature, heatwaves, precipitation, cy-
clonic activity). Section [5| discusses the results and offers recommendations

for future studies. Section [ summarizes the key findings.
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2. Data

2.1. Reference datasets

We used in-situ meteorological daily measurements that have homoge-
neous long series on Madagascar, Réunion, Seychelles, Comoros, Mayotte,
Mauritius, Rodrigues, Agalega, and St Brandon. Kriging, a geostatistical in-
terpolation technique, smoothed data over islands like Réunion, Seychelles,
and Mauritius, providing gridded datasets.

For La Réunion, precipitation were interpolated onto a 0.03° grid (about
3 km), covering 1981 to present with 78 rain gauges. Simple kriging, consid-
ering inverse distance, was employed. The altitude predictor wasn’t pertinent
at the daily time step due to the high spatial and temporal variabilities of
precipitation on the island . Spatialized normals for daily min-
imum and maximum near-surface air temperatures were obtained from the
climate atlas [38], integrating predictors like distance to the coast, slope,
and exposure [Aurelhy method, 23]. Observations, including daily minimum
and maximum near-surface (2 m) temperatures, were spatialized across the
island using a 250 m resolution digital elevation model. Bessafi et al. [6]
provides a detailed description of the method used for the radiation variable.
Daily meteorological parameters like near-surface (10 m) wind speed, global
radiation, and near-surface minimum and maximum humidity were also spa-
tialized, aiding potential evapotranspiration (ETP) calculations, especially
for agriculture.

In Madagascar, the dataset has a unique feature, combining satellite and
in-situ observations due to the island’s size and rugged terrain. Developed

through the Maproom Climate Information Service of Madagascar [59], it is
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interpolated on a 4 km (0.0375°) grid. Leveraging CHIRPS [Climate Hazards
Group InfraRed Precipitation with Stations, B0], it uses a modified inverse
distance weighting approach for interpolation. The combined dataset from
Maproom used here is distinct from CHIRPS as it employs 25 rain gauges
with less than 30% missing data out of the 189 available observation stations.
Maproom, an online mapping service that provides climate information tools,
can be accessed at http://www.meteomadagascar.mg/maproom. Rigorous
quality control, using IRI-Climate Data Tools (IRI-CDT, https://github.
com/rijaf-iri/CDT) ensures data reliability and homogeneity [59)].

The best track (BT) dataset from RSMC La Réunion stores observed
track and 10-minute wind speed intensity of cyclonic events and is an up-
to-date version of IBTrACS [https://www.ncdc.noaa.gov/ibtracs/, 39.
Due to the absence of aircraft reconnaissance in the SWIO basin, forecasters
at RSMC La Réunion employ the Dvorak technique [24] on satellite imagery
for storm center and intensity estimation. A tropical depression is assigned
a name and becomes a tropical storm (TS) when its 10-minute maximum
sustained wind speed (VMAX) reaches 34 knots. Subsequent intensification
stages are tropical cyclone (TC, VMAX >= 64 kt), intense tropical cyclone
(ITC, VMAX >= 90 kt), and very intense tropical cyclone (VITC, VMAX
> 115 kt), equivalent to Category 4 and 5 storms in the Saffir-Simpson scale.
Notably, the Dvorak scale traditionally uses 1-minute sustained winds [68],
but in the SWIO basin, a common practice is to apply an empirical factor of
0.88 [72] for conversion to 10-minute sustained wind speeds. Thus, intensity
thresholds in the SWIO may correspond to slightly higher TC intensities

than the standard Saffir-Simpson scale.
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To assess global and regional climate models’ performance in capturing
the Intertropical Convergence Zone (ITCZ) and related precipitation, we em-
ploy the IMERG product [35] at 0.1-degree resolution and ERA5 reanalyses
[34] at 0.25-degree resolution. IMERG, a NASA product, provides global pre-
cipitation estimates with approximately 10 km spatial resolution over about
20 years, merging data from microwave and infrared sensors. Monthly rain
gauge measurements correct biases in satellite estimates in the used Final
run product. Although IMERG products show satisfactory performance in
detecting spatial variability and a 62% accuracy rate for reconstructed precip-
itation in hurricane studies [50], they tend to underestimate high-intensity
precipitation during tropical cyclones [73]. An evaluation of precipitation
climatology in IMERG and ERA5 datasets over La Réunion is detailed in

Append D)

2.2. CMIPG6 ensemble for representing modeling uncertainty

A CMIP6 ensemble [historical and ScenarioMIP, 57, 26] was chosen to
represent modeling uncertainty in temperature and precipitation projections
over the century in the SWIO basin. The selected ensemble comprises 22
global climate models from the CMIP6 archive (https://esgf-node.1llnl.
gov/search/cmip6/), providing daily data for precipitation, temperature,
and wind variables for at least the two extreme scenarios (SSP1-2.6 and
SSP5-8.5) at the time of the study.

Unlike a performance-based model selection for specific regions [e.g, 58|
31], our approach aimed to maintain model diversity and the filtered projec-
tion range. We evaluated the potential range of changes in surface temper-

ature and precipitation across the SWIO region. Screening for the CMIP6
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ensemble involved considering the IPCC ARG likely range for Equilibrium cli-
mate sensitivity (ECS) and/or Transient climate response (TCR) [33]. ECS
and TCR values, critical metrics for comparing model responses to green-
house gas changes, can be found in [28] [36] or in [49] or in Appendix A of
[63]. Concerns about a subset of CMIP6 models with higher climate sensi-
tivities, potentially leading to misleading temperature projections, have been
raised in previous studies [e.g., 62, 33, [63]. Among the 22 models used, 7
(BCC-CSM2-MR, CAMS-CSM1-0, CNRM-ESM2-1, FGOALS-g3, MIROCS,
MRI-ESM2-0, NorESM2-LM) belong to the low ECS (1.83-3.02°C) or low
TCR (1.22-1.83°C) GCM sub-ensemble recommended for effective use in cli-
mate change policy [63].

When selecting a global model for driving the regional model (CNRM-
ALADIN), we excluded unrealistic and highly sensitive models for a more
accurate representation of the regional climate. Subsection offers a de-
tailed overview of our selection process. CNRM-ESM2-1, part of the sub-
ensemble of 7 low-ECS or low-TCR GCMs, aligns with the median range
of the 22 CMIP6 models in terms of temperature evolution, thereby offer-
ing a balanced and reliable choice. It also belongs to the group of models
displaying the most significant reduction in future precipitation in the re-
gion. This characteristic makes it a valuable choice for addressing severe
risks related to water resources. The use of a suite of CNRM models en-
sures consistency between the GCM and the regional climate model (RCM),
sharing the same dynamical core, physical parameterizations, and forcings
[66, 8]. CNRM-ESM2-1, also assessed for its capability to represent present-

day tropical climate processes in the SWIO region, was therefore retained to
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drive the regional model.

3. Methods

3.1. Dynamical downscaling

Dynamical downscaling from CMIP6 simulations [historical and Scenar-
ioMIP, 57, 26] was employed to derive regional climate information for a
vast area in the southwest Indian Ocean, covering most inhabited countries
from Mozambique’s coasts (33°E) to 74°E, including the main tropical cy-
clone genesis area [2-28°S]. Implemented in its latest 6.3 climate version [54],
the CNRM-ALADIN limited area model features a 12 km horizontal resolu-
tion and 91 vertical levels. It is based on a bi-spectral, semi-implicit, semi-
Lagrangian advection scheme and shares its dynamical core with the global
model CNRM-ESM2-1 [64]. The CNRM-ALADIN simulations were driven
by CNRM-ESM2-1, which has a resolution of approximately 150 km (T127)
and 91 vertical levels. The atmospheric lateral boundary forcing was provided
at 6-h frequency. Historical simulations covered 1979-2014, while projections
spanned SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios [57, B0] from 2015 to
2100. The acronym “SSPX-Y.Y” denotes Shared Socioeconomic Pathways
(SSP) with a development pathway X (1, 2, 3, 4, or 5) leading to a net
radiative Y.Y by 2100 [50]. The fine spatial resolution of CNRM-ALADIN
captures terrain details and coastlines (shown later in section [4.6]), crucial
for representing small islands like Seychelles, Comoros, and the Mascarene
islands (La Réunion, Mauritius, Rodrigues), ensuring a more accurate depic-

tion of their topography and precipitation patterns.
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Our analysis uses Global Warming Levels (GWLs) derived from the CNRM-
ESM2-1 model projections to anticipate future trends in tropical cyclones and
precipitation. Calculated over 30-year intervals in the 21st century, GWLs
quantify average climate changes relative to the pre-industrial era (1850-
1900). To assess regional changes, we compare CNRM-ALADIN output val-
ues within these 30-year periods to those of the baseline 1981-2010 period
for CNRM-ALADIN.

3.2. Tropical system tracking and intensity correction

Tropical systems in CNRM-ALADIN are tracked every 6 hours using the
algorithm introduced and detailed in [I8], and later used in [19, 17, [14]. Each
cyclone is represented by a series of latitude-longitude points and its intensity
is defined by the maximum 10m wind speed.

The maximum cyclone intensities from CNRM-ALADIN’s historical data
(1981-2010) were compared with BT data (1985-2014). A correction method
was used to address intensity discrepancies. Quantile-quantile correction
first aligned the distribution of lifetime maximum intensities in the modeled
systems with the BT data. After correcting maximum wind values, a linear
regression recalibrated each wind value based on the new maximum and
minimum intensity values of each system. This ensured consistency in cyclone
intensities between the regional model and the reference dataset. Similar
corrections were applied to projections.

The Accumulated Cyclone Energy index (ACE), widely used to gauge
system or seasonal cyclonic activity and assess long-term trends [e.g., Bl 11, [4],
is a more comprehensive risk indicator than storm frequency or intensity

alone. It better correlates with economic damages. ACE is calculated by
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summing the square of the maximum sustained wind speed (in knots) at
six-hour intervals for all periods with at least T'S-force winds (VMAX >= 34
kt). Seasonal or annual ACE values reflect the combined duration, strength,

and frequency of tropical systems.

3.3. Bias correction method applied on islands

A statistical correction method is crucial in climate simulations for impact
studies and climate indicators, especially when climate projections show bi-
ases compared to observations. This correction aligns simulated and observed
data, improving the reliability of climate assessments. The method used
here corrects the simulated distribution for each variable seasonally. Bias
correction was applied to both past (1981-2014) and future (2015-2100) peri-
ods using 30-year moving time-slices over 3-month windows centered on the
month to correct. The Cumulative Distribution Function-transform (CDF-t)
bias correction algorithm was chosen because it accounts for changes in CDF
relative to the calibration period. CDF-t, initially developed for wind speed
bias correction and downscaling [51], has also been applied to temperature
or precipitation [69] 45].

After bias correction, the final resolution depends on observational data
and ranges from about 4 km (Madagascar, Mauritius) to 3 km (Réunion)
for gridded data. Station-scale bias correction was applied on smaller islands
like Seychelles, Comoros, Mayotte, Rodrigues, Agalega, and St Brandon.
Bias correction for humidity, wind, and solar radiation reference parameters
was conducted at a 3-km resolution over Réunion Island to facilitate daily

evapotranspiration calculation using the FAO-56 formula [1].
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3.4. Statistical downscaling on La Réunion

Statistical downscaling was performed on La Réunion using 22 CMIP6
model simulations to assess model uncertainty of temperature and precipita-
tion variables and derived climate indices. For daily precipitation, the CDF-t
bias correction was computed in different atmospheric conditions. This in-
volved categorizing five 850-hPa wind classes that capture diverse weather
regimes affecting precipitation distribution over the island. These classes
align with the four wind sectors: North, East, South, and West, with a fifth
class for winds below 2.7 m/s.

Unlike precipitation, temperature variations are less influenced by weather
types and primarily operates on a larger scale, so statistical downscaling
of minimum and maximum temperatures was performed using the CDF-t

method without considering weather types.

4. Results

4.1. Evaluation of the statistical downscaling method

The statistical downscaling method is evaluated on ERAb reanalyses for
1981-2017, divided into a training period (1981-2010) and a testing period
(2011-2017). The model is calibrated during the training period using histor-
ical data, while the testing period assesses the model’s performance and its
ability to accurately downscale precipitation. The ERA5 data is degraded to
a 1° resolution to align with the typical resolution of CMIP6 models. The
benefit of using the 5 classes of 850 hPa wind sectors (BC-WT) is compared to
applying the CDF-t correction on the entire dataset (BC). Quantile-quantile
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(QQ) plots are generated for each wind sector type and each method to as-
sess the improvement. Specific weather situations, including southward flow
(winter cold fronts or trough situations), eastward flow (trade winds), and
northward flow (tropical systems) are examined. For each scenario, the ob-
served precipitation is compared with the ERAS bias-corrected precipitation
obtained with or without using wind regimes. For instance, for southward
flow, a significant enhancement of precipitation on the southern side of the
island is observed when applying wind sector correction, consistent with the
observed behavior (e.g., Fig{3).

The Taylor diagram is used to evaluate and compare the performance of
the models against observed data at each grid point. The two main models
evaluated are ERA5 after simple bias correction (ERA5-BC) and ERAS after
bias correction using wind-based time regimes (ERA5-BC-WT). Plotted for
comparison is the ERA5 analysis interpolated at 0.03° resolution (ERAS).
For each model, the correlation and standard deviation values averaged over
all grid points are represented by large squares on the diagram (Fig. [4)). The
uncorrected ERAS data exhibit less variability than observed (Fig. @, lead-
ing to underestimation of extreme events (see also [Appendix DJ). However,
after bias correction, the standard deviations of ERA5-BC and ERA5-BC-
WT become comparable to those of the observations (Fig. @, indicating
successful introduction of variability in the models.

ERA5-BC-WT, which corrects biases based on wind sectors, shows slightly
higher average performance across all grid points (Fig. @ and outperforms
ERA5-BC on more than half of the grid points. The models’ improvements

are consistent and maintain their validity over the independent validation
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Figure 3: Daily precipitation (mm, shaded) over La Réunion in a trough situation occur-
ring on 1 May 2000 in @ ERAS5 degraded at 1° resolution, (]EI) observation krigged at
0.03° resolution, ERAS after simple bias correction (BC) at 0.03° resolution and (d])
ERAS after bias correction at 0.03° resolution using weather types (BC-WT). The arrows
in (ED represent the direction and intensity of the ERA5 wind at 850 hPa. The size of the
arrows is proportional to the wind intensity, with a reference arrow corresponding to a 5

m/s wind. Precipitation values are displayed on regular grid points.
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Figure 4: Taylor diagram for the d;b TRAIN (1981-2010) and (Eb TEST (2011-2017) daily
precipitation dataset at 0.03° obtained for different models: ERAS5 interpolated at 0.03°
resolution (in purple), ERA5 after simple bias correction (BC) at 0.03° resolution (in red)
and ERAS after bias correction at 0.03° resolution using weather types (BC-WT, in blue).
Observations are in green. Dots represent the data on grid points and squares represent

the mean over all grid points.

period (Fig. [db]). In conclusion, both ERA5-BC and ERA5-BC-WT success-
fully correct the large biases present in the ERA5 model, but ERA5-BC-WT
demonstrates slightly superior performance overall.

Examining scores in individual wind sectors also reveals insights. In
northerly winds, associated with extreme cyclonic events and heavy rain-
fall, RMSE and MAE values are higher, both in the TRAIN and TEST
dataset. The bias correction method on ERAS struggles to capture extreme

weather conditions over the hills (circus and volcano area) when winds blow
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from the North. This is due to the underestimation of heavy precipitation
events in the ERAb reanalysis . This issue may also occur
for the CMIP6 models, impacting the performance of ERA5-BC-W'T. This
highlights the need for an improved approach for this regime or for a better
representation of extreme precipitation events in ERA5 or GCMs. However,
the statistical downscaling method is robust in capturing climate change

signals for the quarters AMJ, JAS, and OND and compares well with the

dynamical downscaling approach (see [Appendix E).

4.2. Evaluation of CNRM-ESM2-1 and CNRM-ALADIN in a present-day

climate

Both CNRM-ESM2-1 and CNRM-ALADIN models generally capture the
SWIO’s precipitation climatology well compared to IMERG and ERAS refer-
ence datasets (Fig. They offer reasonable representations of the intertrop-
ical convergence zone and associated precipitation, but discrepancies are ob-
served. CNRM-ALADIN, and to a lesser extent CNRM-ESM2-1, exhibit
increased precipitation in the Chagos area (located near 5°S - 72°E) - a trop-
ical cyclogenesis area - and a slight westward I'TCZ extension. Both models
also show more precipitation on the east coast of Madagascar and other
windward coasts (see Fig[5).

Evaluating these discrepancies against ERA5 and IMERG faces challenges
due to limited observational data coverage over the ocean, particularly dur-
ing intense precipitation events like tropical cyclones [56, [73, B]. Figure
highlights differences between ERA5 and IMERG, with ERA5 showing more
precipitation on the east coast of Madagascar, possibly due to rain gauge as-

similation, but lower levels within the ITCZ region over the sea. Evaluations
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(a) IMERG (2001-2021) (b) ERA5 (1981-2010)
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Figure 5: Average annual precipitation (mm) over the SWIO for (H) IMERG, (EI) ERAS5,
@ CNRM-ESM2-1 and @I) CNRM-ALADIN. Annul precipitation is averaged over time
periods indicated in the subtitles of each panel. Red contours indicate precipitation greater

than 3000 mm.

of ERA5 and IMERG in insular contexts like La Réunion, where high-quality
in-situ observations are available, reveal significant underestimation of rain-
fall over steep terrain and along windward coasts (see [Appendix D). On
another hand, the CNRM-ALADIN model’s internal characteristics could
contribute to overly intense cyclones or overestimated precipitation in areas
with significant terrain in trade wind regimes.

With a 12 km resolution, the CNRM-ALADIN model provides a partial

representation of La Réunion’s steep terrain. The real island, measuring ap-
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proximately 75 km (from the northwest to the southeast) by 55 km (from the
northeast to the southwest), features rugged topography, including a volcanic
region with elevations of 2000 to 2600 meters (depicted at 1423 m in CNRM-
ALADIN) and the towering 'Piton des Neiges’ massif at 3070 meters (1460 m
in CNRM-ALADIN). Despite orographic imperfections, the model effectively
captures La Réunion’s annual precipitation climatology, showing an east-
west (windward-leeward) contrast and values approaching 11 meters in the
highlands of Sainte Rose, consistent with observed maximum precipitation
(Fig.[D.19¢). However, CNRM-ALADIN tends to overestimate precipitation
on the west coast due to an overly elevated representation of orography. This
limitation is addressed through bias corrections: applying the CDF-t method,
the precipitation climatology in CNRM-ALADIN (Fig. closely aligns
with the observed 0.03° gridded climatology (Fig. [A.15).

4.3. Position of CNRM-ESM2-1 and CNRM-ALADIN among CMIP6 Mod-

els

Figure [0] presents 21st century projections over the SWIO region under
the SSP5-8.5 scenario using 22 CMIP6 models, some CMIP5 models, and
the regional simulation CNRM-ALADIN. CNRM-ESM2-1 shows intermedi-
ate warming anomalies (with its low TCR of 1.86°C but quite high ECS of
4.76°C [63]) and significant decreases in annual precipitation (Fig.[6). CMIP5
models depict less warming and a balanced precipitation trend, while CMIP6
models mainly project a decline in precipitation under this high-emission
scenario (Figs. |§|, . For other scenarios, SSP1-2.6 and SSP2-4.5, CMIP6
models show a lighter drying trend (not illustrated).
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Figure 6: Anomalies in precipitation (x-axis) and temperature (y-axis) relative to the
1981-2010 reference period, expressed as percentages. Data is derived from the regional
model (represented by orange triangles), a subset of 22 CMIP6 models (colored circles,
with CNRM-ESM2-1 highlighted in orange) and 15 CMIP5 models (grey circles), all under
the SSP5-8.5 scenario. The data, averaged within a designated box covering the Southwest
Indian Ocean basin (34°-74°E ; 2-28°S), spans 20-year intervals and covers time horizons

from 2050 to 2090 (symbol size increases with the time horizon). Plus symbols denote a
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subset of 7 CMIP6 models characterized by low ECS or low TCR values.
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4.4. Future precipitation trends over the SWIO from CMIP6 models

The 22 CMIP6 models were regridded to a 2.5 latitude-longitude grid.
A significant part of the southern tropics in the SWIO is projected to ex-
perience drying by the end of the century during the second semester in
the SSP5-8.5 scenario (Figs. , , particularly in the dry trimester of
July-August-September (Fig. . The precipitation decline in October-
November-December is associated with a delayed onset of the rainy season
(Fig. . The decrease in annual precipitation is more pronounced in the
SSP5-8.5 scenario (Fig. compared to the SSP1-2.6 scenario (Fig. [7a]
quarters not shown). Under the SSP5-8.5 scenario, over 90% of the CMIP6
models agree on an annual precipitation decline in a southern zone located
east of Madagascar and along the southeast coast of Africa by the end of
the century (Fig. . Conversely, during the JEM trimester, an increase in
precipitation is anticipated by the majority of models over part of the ITCZ,
possibly linked to the strengthening of the monsoon trough (Fig. .

4.5. Future evolution of tropical system activity

CNRM-ALADIN, with a 12-km resolution, can simulate Category 4 and
5 tropical cyclones and reproduces the climatology of tropical systems better
than its parent model, CNRM-ESM2-1. It produces about half the annual
number of tropical systems compared to the BT dataset confined to the
same geographical domain. The model has a positive bias in the intensity
of tropical systems, possibly due to lack of ocean coupling or weaknesses in
physical parameterizations. After intensity calibration, the model’s climatol-
ogy aligns more closely with the BT dataset in terms of intensity distribution

with similar ratios of systems per category.
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Figure 7: Precipitation Anomalies (in %, shaded) relative to the 1981-2010 reference
period over the SWIO basin projected for the end of the century under various scenarios
and time frames (annual or quarterly). These projections are averaged across 22 CMIP6
models. The scenarios and time periods inc:)l)&de: (EI) SSP1-2.6 for the year, (]E[) SSP5-8.5
for the year, and SSP5-8.5 for the quarters JFM, @ AMJ, (ED JAS, and @) OND.
Precipitations values are averaged over the 2060-2100 period. Brown shading indicates
the driest areas, while blue represents the wettest. Circles mark grid points where more
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In the future, CNRM-ALADIN predicts a reduction in the frequency of
tropical systems, with an average decrease of 28% across all global warming
levels (GWLs), consistent with the figures reported with a high-resolution
model [a 20% decrease in a 2°C warmer world, [I4]. This decline becomes
more pronounced as global warming intensifies. The model shows that the
proportion of intense cyclones is progressively increasing at the expense of
weaker systems (Fig. , reflecting the anticipated response of tropical cy-
clones to global warming conditions. At a +4.0°C GWL, the maximum
lifetime intensity of tropical cyclones in CNRM-ALADIN is expected to in-
crease by a factor of 1.2 in terms of wind speed. The model forecasts a
30% increase in category 4-5 TC frequency (VITC, VMAX > 115 kts) at
a +2.0°C GWL, and a 40% increase at +4.0°C. The proportion of 4-5 TC
systems relative to all tropical storms (VMAX > 34 kts) is projected to dou-
ble for the +4.0°C GWL and increase by approximately 1.5 times for lower
GWLs in CNRM-ALADIN. The projected increase in category 4-5 propor-
tion is directly correlated with the level of global warming. An increase in
the duration of modeled tropical storms (VMAX > 34 kts) is also predicted
as global warming progresses.

As a result, the average accumulated cyclone energy (ACE) per storm is
expected to increase by about 36% for a +2.0°C GWL and 49% for a +4.0°C
GWL, compared to the modeled historical average of 8.3 ACE units (10%
kts?). However, the evolution of seasonally integrated cyclone risk over a
major portion of the SWIO basin (the domain of CNRM-ALADIN) is less
dramatic. The average annual ACE for a +1.5°C GWL is expected to increase
by about 14% compared to the modeled historical average of 30.6 ACE units
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Figure 8: Evolution of the probability distribution function of the maximum wind speed
of tropical systems in CNRM-ALADIN averaged across the three SSP scenarios. The
historical reference period is shown in black, the mid-century horizon in dashed red lines,

and the end-of-century horizon in solid red lines.

(10* kts?) per year, but for a +2.0°C (+4.0°C) GWL, it shall decrease by
about 4% (11%). The decline predicted for GWLs above 42.0°C is linked to
the decrease in the number of tropical systems. Our regional projections also
show that the most intense cyclones may occur at more southern latitudes in
the future (consistent with [I4]), further increasing TC risk for the Mascarene

Islands.

4.6. Future temperature anomalies in countries of the SWIO

Compared to the reference period 1981-2010, near-surface (2 m) air tem-
peratures over the SWIO region are projected to increase by an average of

+1.2°C by the end of the century under the SSP1-2.6 scenario, with an un-
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certainty of +0.5°C given by the 80% envelope of the 22 CMIP6 models
(Fig.[9). Large land masses like Madagascar and Africa will see the greatest
increases. Under the SSP5-8.5 scenario, an average increase of +4.4°C is
expected on Madagascar, while small islands will see lower yet substantial
warming of +3.1°C to +3.7°C, with an uncertainty of +1.0°C. Rates of re-
gional warming are stable under the low emission scenario (SSP1-2.6) but

accelerate under the high emission scenario (SSP5-8.5).
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4.7. Future precipitation trends in cities of the SWIO

The dry season (June-November) in the tropical to subtropical part of
the southwest Indian Ocean is projected to become significantly drier, with
precipitation deficits of 10% to 40% (Fig. [10). This is due to a delayed
onset of the rainy season (starting in December instead of November) and
a stronger or more persistent Mascarene anticyclone, especially under the
SSP5-8.5 scenario (not illustrated). This drying trend is more pronounced as
global warming intensifies. The strengthening of subtropical high-pressure
systems is expected to accelerate the trade winds over the Mascarene Is-
lands, particularly during winter, when the trade winds already blow force-
fully. Over La Réunion, the topography will modulate these values through
acceleration effects on the northern and southern coasts of the island. In
conclusion, more intense or frequent trade wind episodes can be anticipated

in the future, especially in the high-emission scenario.
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Figure [11| shows precipitation trends during the wet season (December-
May) under three global warming levels. Most cities in the SWIO region, ex-
cept Rodrigues, St Brandon, and Toliary (located southwest of Madagascar),
are projected to have reduced precipitation according to CNRM-ALADIN.
However, these projections have a high level of uncertainty, ranging from

+5% to £10%.
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4.8. Heat waves and extreme temperatures in St Denis

CNRM-ALADIN results show more pronounced warming on the min-
imum temperatures (TN) along La Réunion’s west coast, while the most
significant rise of maximum temperatures (TX) is expected in the highlands
and interior. The mean temperature increase varies across the island, grad-
ually increasing with altitude from the coast to the center (Fig. 4 of [44]).
Warming differences between the coast and center range from 0.2°C in the
SSP1-2.6 scenario to 0.8°C in the SSP5-8.5 scenario. It’s during the peak
of the hot season (JFM) that temperatures will experience the most sub-
stantial increase (not shown), with the likelihood of extreme heat episodes
particularly impacting coastal areas.

Gillot, situated on La Réunion’s north coast near Saint Denis, may expe-
rience temperatures comparable to those in Pamandzi, Mayotte, by the end
of the century under the SSP5-8.5 scenario. Historical daily mean tempera-
tures averaged 23.6°C in Gillot and 26.7°C in Pamandzi over the 1985-2014
period in CNRM-ALADIN. In the SSP5-8.5 scenario, Gillot’s average daily
mean temperature is projected to align with Pamandzi’s historical average
around 2070-2090. Maximum temperatures in Gillot could potentially reach
as high as 44.5°C under this worst-case scenario.

Figure [12] illustrates the evolution of heatwaves in Gillot under two ex-
treme scenarios: SSP1-2.6 (in blue) and SSP5-8.5 (in red). The average daily
mean temperatures are examined to compute thresholds on a 30-year histori-
cal period centered on year 2000. For Gillot, a heatwave is detected when the
average temperature exceeds 27.9°C (99.5!" percentile of the historical distri-

bution). The adjacent days to this peak, for which the average temperature
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remains above 27.3°C (97.5!" percentile) for at least 3 consecutive days, are
included in the episode. An episode concludes when the temperature falls
below 26.9°C (95" percentile). In Figure|12] the size of each bubble, showing
a heatwave event, reflects the severity of the heatwave, which is proportional
to the cumulative heat during the episode (it is computed as the integral area
under the curve above the 97.5"" percentile). The horizontal position shows
the duration (in days) of the episode, while the vertical position displays the
intensity, representing the maximum daily mean temperature reached during
the episode.

Each year won’t necessarily be hotter than the previous one due to natural
fluctuations (Fig. . However, over the long term, heatwaves will increase
in duration, severity, and intensity, with daily mean temperatures reaching
up to 35.5°C in Gillot under the high-emission scenario. The increase in
heatwaves will be less pronounced in the SSP1-2.6 scenario than in the SSP5-
8.5 scenario, emphasizing the need for climate change mitigation. In all cases,
the increase in heatwaves will be significant compared to the historical period
(barely visible in Figure , necessitating adaptation to their impacts.

The number of days with high temperatures is expected to significantly
rise (Fig. [L3)). During the last decade (2011-2020), the recorded maximum
temperatures have already exceeded the 31°C threshold for an average of 38
days per year in Gillot, with a peak of 103 days in 2019 (black dots in Fig. .
The 2019 year was notable for its elevated sea surface temperatures around
La Réunion, attributed to an El Nino-like event and a positive Indian Ocean
Dipole. By the end of the century, the maximum temperature will exceed

31°C at Gillot half of the year if no action is taken to reduce global greenhouse
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Figure 12: Heatwaves over Gillot (La Réunion) from 1981 to 2100 for two SSP scenarios
computed from CNRM-ALADIN bias corrected outputs. Thresholds for heatwave identi-
fication are defined using the 1985-2014 period.

gas emissions. It shall be multiplied by 3 under scenario SSP1-2.6 compared
to the modeled mean historical value of 13 over the 1981-2014 period. The
trend of days exceeding the 31°C threshold is higher for CNRM-ALADIN
than for the mean of 22 CMIP6 models under the SSP5-8.5 scenario after
2070. A slightly more optimistic trend is given by the subset of 7 CMIP6
models with low ECS or low TCR values (solid envelopes in Fig. .

4.9. Future precipitation trends over La Réunion

Figure [14] shows median projected precipitation anomalies during the dry
season for the SSP1-2.6 and SSP5-8.5 scenarios in the mid and late 21st
century, derived from statistically downscaling 22 CMIP6 models over La

Réunion. December is included in the dry season due to future delays in the
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rainy season onset. CNRM-ALADIN provides similar values to the median
of the CMIP6 models (see [Appendix F)). Trends show a greater reduction
in precipitation as global warming intensifies, with an east-west contrast.
Precipitation decreases are most pronounced on the western (leeward) side
of the island, while the decline is less significant along the eastern coast

exposed to trade winds.

5. Discussion

In this article, we have described the projected changes in precipitation,
temperatures, and cyclonic activity in the SWIO basin under various green-
house gas emission scenarios and warming levels. We used a regional cli-
mate model capable of generating realistic cyclone simulations. To under-
stand uncertainties in precipitation and temperature modeling, we analyzed
22 CMIP6 models. These models underwent statistical downscaling using
weather types over La Réunion to produce data for climate services.

We have created climate datasets in a region overlooked by CORDEX do-
mains. Our approach surpasses conventional frameworks like large CORDEX
ensembles by international communities. We used an extended domain and
higher resolution than CORDEX, providing a more accurate representation
of tropical system climatology and precipitation across many small islands.

However, our approach has limitations. One is the use of a unique combi-
nation of regional (RCM) and global (GCM) models for high-resolution ex-
periments. To address this, we compared the trends observed in our models
with other CMIP6 models to establish the relative position of our GCM-RCM

storyline. Considering the temperature and precipitation variations among
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Figure 14: Median (Q50) of precipitation anomalies (%) during the extended dry season
(June to December) derived from 22 CMIP6 models after applying statistical downscal-
ing using weather types (BC-WT) at a 0.03° resolution. Displayed are the precipitation
anomalies during the dry season (From June to November) in the SSP1-2.6 (row 1) and
SSP5-8.5 (row 2) scenarios for the time horizons 2041-2070 (left column) and 2071-2100
(right column) relative to the 1981-2010 reference period. The color palette indicates the

magnitude of anomalies.
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the 22 CMIP6 models (Fig. @, IPSL-CM6A-LR or UKESM1-0-LL, along
with ACCESS-ESM1-5, could be interesting storylines for downscaling with
CNRM-ALADIN or another regional model. This would provide additional
GCM-RCM combinations to sample uncertainties over the SWIO region. We
are also considering implementing a statistical emulator of our regional cli-
mate model such as [22]. This approach involves training neural networks to
learn the downscaling function between large-scale atmospheric parameters
and small-scale surface variables daily. If successful in our tropical region, it
could provide a cost-effective way to generate downscaled climate projections
from other CMIP6 models.

Another limitation in our study is the overestimation of cyclone intensities
in CNRM-ALADIN, potentially due to the absence of ocean feedback or to
the convection parameterization. Using a convection-permitted model like
CNRM-AROME [I0], 48] at 2.5 km resolution could provide a more accurate
representation of extreme events, such as tropical cyclones and heavy rainfall.
Despite this, and after cyclone intensity bias correction, our results align
quantitatively with other high-resolution modeling studies [e.g., 14], showing
a decrease in tropical cyclone frequency with climate warming and confirming
that this decreasing trend is not an artifact of low resolution [40].

Our regional climate model generally aligns with the median of the statis-
tically downscaled CMIP6 models over La Réunion, except during the peak
of the wet season (JFM) when deep convection is prevalent. CNRM-ALADIN
tends to produce more precipitation over the island during this period, pos-
sibly for valid reasons. We have therefore chosen to avoid discussing extreme

precipitation events.
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The statistical downscaling method we used, based on weather regimes,
was developed for an insular tropical context like La Réunion. It can be
extended to other islands in the region, particularly those with complex ter-
rain, such as Madagascar and Mauritius, provided that the wind regimes are
tailored to local climate specificities. Its implementation can offer valuable
insights into local-scale climate dynamics. However, it may struggle to accu-
rately quantify heavy precipitation events. A multivariate quantile-mapping
algorithm [13] or machine learning techniques could better manage these

events.

6. Conclusions

Our study aimed to examine the impact of climate change on small
SWIO islands (including SIDS) and Madagascar, and generate CMIP6-based
datasets for climate services, using La Réunion as an example. We assessed
climate change under three emission scenarios and various warming levels.

In situ rain gauges revealed limitations of ERAS reanalysis and IMERG
satellite data over tropical islands with complex terrain like La Réunion and
Madagascar, which tend to underestimate rainfall. We used various methods
to combine the CMIP6 ensemble with downscaling techniques to obtain fine-

scale climate information over the SWIO basin:
e We consolidated reference datasets for the IOC islands.

e We downloaded daily datasets for temperature, precipitation, and wind
at 850 hPa for 22 CMIP6 models over 1981-2100, classified them into

two categories, and analyzed temperature and precipitation dispersion.
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e We conducted 12-km resolution regional climate runs using CNRM-
ALADIN driven by CNRM-ESM2-1 for 1981-2100 under three SSP
scenarios across an extended SWIO domain encompassing all the in-

habited territories of the southwest Indian Ocean.

e We corrected CNRM-ALADIN biases at station points or at 3 or 4-km

resolution over the SWIO islands.

e We statistically downscaled 22 CMIP6 models over La Réunion to
quantify uncertainties, using an innovative bias correction method based
on wind sectors. This method can be extended to other islands in the

region with steep orography.

Our framework, which integrates the CMIP6 ensemble with various downscal-
ing methods, could serve as a model for other regions with limited CORDEX
coverage.

The CNRM-ALADIN storyline represents a median or high-end scenario
(in the low TCR GCMs subset) for temperature and exhibits relatively dry
conditions. Our study reveals significant climate change impacts in the re-

gion:

e Temperature Increase: Average temperatures on small islands are
projected to rise by 1.1 (SSP1-2.6) to 3.7°C (SSP5-8.6) by the cen-
tury’s end, with Madagascar potentially experiencing up to a 4.4°C
average increase in the high-emission scenario (SSP5-8.5), relative to
the reference period 1981-2010. The uncertainty ranges from 40.5°C
(SSP1-2.6) to £1.1°C (SSP5-8.5).
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e Heat waves: The frequency of hot days is expected to rise signifi-
cantly. Gillot, located near Saint Denis on La Réunion, may experience
temperatures comparable to current conditions in Pamandzi, Mayotte,
by the end of the century. The average annual count of days exceeding
31°C at Gillot is projected to escalate from 13 in the model 1981-2014
period to 50 under scenario SSP1-2.6 or 180 under scenario SSP5-8.5

by the end of the century.

e Regional Precipitation Changes: CMIP6 models indicate a decline
in annual precipitation across the southern zone east of Madagascar,
with a more pronounced reduction as global warming intensifies. Over
La Réunion, this reduction may average approximately -2% per degree
of global warming in both dynamical and statistical downscaling ap-
proaches. Conversely, an increase in precipitation is anticipated during
the first trimester of the year over the ITCZ. The regional climate sim-

ulation also shows an increase in the magnitude of wet and dry years.

e Dry Season Intensification: The dry season in the tropical to sub-
tropical part of the southwest Indian Ocean is expected to become
significantly drier, with deficits ranging from 10% to 40%, due to a
delayed onset of the rainy season and a stronger or more persistent
Mascarene anticyclone. More intense and longer drought episodes are
expected over Madagascar, the Comoros Archipelago, and the Mas-
carene islands. In La Réunion, a more significant reduction in precip-
itation is anticipated on the western side (leeward), accentuating the

historical east-west contrast associated with trade winds.
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e Cyclonic Risk Increase: The frequency of tropical cyclones is ex-
pected to decrease as the climate warms, especially for weaker storms,
with an average reduction of 28% across all global warming levels. How-
ever, the frequency of Category 4 and 5 storms (VMAX > 115 kts) in
the SWIO region is projected to rise with ongoing warming, reaching
+30% for a +2.0°C GWL and potentially up to +40% for a +4.0°C
GWL. Simulations also indicate a rise in maximum TC intensities, by
up to a factor of 1.2. The duration of tropical systems with VMAX >
34 kts is also expected to increase as global warming progresses. As a
consequence, the average accumulated cyclone energy per storm is pro-
jected to rise by approximately 36% for a +2.0°C GWL and 49% for a
+4.0°C GWL. However, the overall seasonally integrated cyclone risk
across a significant portion of the SWIO basin is expected to decrease
for a global warming greater than +2.0°C, due to the decline in the
number of tropical systems. Simulations also indicate a poleward shift
in the latitude of TC maximum lifetime intensity with ongoing climate
warming. These findings imply higher cyclonic risks for islands such as

the Mascarenes or Madagascar.

Projected climate changes in the region will significantly impact ecosys-
tems, water resources, agriculture, public health, and economic development.
These changes will render both populations and infrastructure increasingly
susceptible to a range of climate-related challenges, including heatwaves,
droughts, coastal flooding, and intensified cyclonic winds and waves.

Our research provides a comprehensive overview of anticipated regional

climate shifts, emphasizing the need for greenhouse gas emission mitigation
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and preparedness for climate change consequences. We have demonstrated
the adaptability of CMIP6-derived climate information to address challenges
in small and large, mountainous island regions. Our accessible BRIO dataset
contributes to numerous impact studies on La Réunion. In conclusion, this
study showcases effective information distillation in an information-scarce
context and amidst limited resources, serving as a potential model for other
vulnerable regions with limited CORDEX coverage. Future research will

study heat stress risks in humid conditions.

Appendix A. Climatology of precipitation over La Réunion

La Réunion experiences highly variable precipitation, both in space and
time. Rainfall can be substantial on the east coast, while the west coast
may remain dry. Rainfall patterns can shift dramatically, with extended dry
periods followed by heavy rainfall events. The island holds numerous global
records for rainfall duration. Rainfall is lowest on the western (leeward)
coast, averaging around 500 mm per year, but increases with elevation (Fig.
A.15). The Takamaka region and the eastern flank of the volcano receive
particularly heavy rainfall: 7 meters per year for Takamaka (7.2 m in the
kriged dataset) and more than 10 m per year in the Highlands of Sainte-
Rose (9615 mm in the kriged dataset), which is exceptional on a global
scale (Fig. . The leeward region experiences prolonged drought periods
during the austral winter (over 300 days without precipitation in Le Port),
whereas the windward region has better-distributed rainfall throughout the

year (over 300 days of precipitation in Piton Sainte-Rose).
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Figure A.15: Average annual precipitation (mm) over La Réunion in the kriged spatial

observation product at 0.03° resolution over the 1981-2010 period.

Appendix B. Historical trends of precipitation over La Réunion

and Mayotte

There hasn’t been a notable historical trend in annual precipitation across
La Réunion as a whole. However, over the past six decades, there has been a
36% decline in annual precipitation in the southwest region (Fig{B.16[). Sim-

ilarly, on Mayotte, dry-season precipitation (May to October) has decreased
by 33% over the past 60 years (Fig{B.17)).

Appendix C. Historical trends on the number of tropical systems

in the SWIO

While there is no significant evolution in the number of tropical systems

over the southwest Indian Ocean, both at the tropical storm and tropical
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Figure B.16: Decadal precipitation trend calculated from annual precipitation measure-

ments spanning 1961 to 2022 across multiple rain gauges in La Réunion.

cyclone stages, notable annual and decadal variability is evident over the

past 41 years (Fig. [C.18)).

Appendix D. Evaluation of ERA5 and IMERG precipitation over

La Réunion

Both ERA5 (Fig. [D.19a) and IMERG (Fig. |D.19b)) data sketch out the

west-east precipitation contrast over La Réunion. However, even with a finer
10-km resolution, IMERG does not accurately capture the spatially variable
annual rainfall, nor does it accurately represent the high values associated
with extreme precipitation events. Figure clearly illustrates rainfall
underestimation in the reanalysis or satellite observation data over the steep

terrain of a tropical island like La Réunion, especially along the windward
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PRECIPITATION ANOMALIES IN MAYOTTE IN THE DRY SEASON
(MAY-OCTOBER) FROM 1961 TO 2022
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Figure B.17: Temporal evolution of observed precipitation anomalies from 1961 to 2022
during the dry season (May to October) over Mayotte, relative to the average value for

the 1961-2022 period. Data from 2 rain gauges were used to compute the anomalies.
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(east) coast. In the 1981-2010 period, the daily precipitation maximum is

1613 mm in observations and 202 mm in ERA5, which does not capture the

precipitation maxima effectively.
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Figure D.19: Average annual precipitation (mm) over La Réunion in (H} ERAS5, (EI)
IMERG, CNRM-ALADIN at its native 12 km resolution, and in @ CNRM-ALADIN

after bias correction at 0.03° resolution. Annul precipitation is averaged over time periods

indicated in the subtitles of each panel.
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Appendix E. A comparison between statistical downscaling and

dynamical downscaling

We compared the statistical downscaling of CNRM-ESM2-1 with the dy-
namical downscaling of CNRM-ALADIN for the SSP1-2.6 and SSP5-8.5 sce-
narios and various time horizons. Both methods showed similar anomalies for
the AMJ, JAS, and OND quarters, demonstrating their robustness in cap-
turing climate change signals (e.g., fig[E.20] for the SSP5-8.5 scenario and the
horizon 2071-2100). However, during the JEM quarter, CNRM-ALADIN’s
convection led to more intense precipitation in the dynamical downscaling,
resulting in divergent anomalies (e.g., Fig. 7 first row). This reversed
the climate change trend in the JFM period, slightly mitigating the drying
signal projected by CNRM-ESM2-1.

Appendix F. Future dry season precipitation trends over La Réunion

according to dynamical downscaling

Dry season precipitation trends from CNRM-ALADIN (Fig. show
similar patterns to the median of the 22 statistically downscaled CMIP6
models over La Réunion (Fig. [I4). Differences include greater contrast be-
tween grid points with CNRM-ALADIN (which makes sense compared to
a median of models), drier trends over the extreme northwestern coast with
CNRM-ALADIN, and stronger model internal variability under the SSP1-2.6
scenario with CNRM-ALADIN, while multi-model ensemble trends are more

stable across the 21°¢ century.
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Figure E.20: Comparison of downscaling methods for La Réunion Island at 0.03° resolu-
tion, focusing on the case of CNRM-ESM2-1. The figure depicts precipitation anomalies
(%) in the SSP5-8.5 scenario for the 2071-2100 period relative to 1981-2010. The color
palette indicates the magnitude of anomalies. Rows 1 to 4 represent the four trimesters
(JFM, AMJ, JAS, OND). Column 1 shows B@namical Downscaling with CNRM-ALADIN
and CDF-t Bias Correction at 0.03° resolution. Column 2 displays Statistical Downscaling
of CNRM-ESM2-1 using weather types (BC-WT) at 0.03° resolution. Column 3 presents
CNRM-ESM2-1 interpolated at 0.03° resolution.
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Figure F.21: Precipitation anomalies (%) resulting from dynamical downscaling using

CNRM-ALADIN with CDF-t bias correction at 0.03° resolution. The figure illustrates

precipitation anomalies for the dry season (June to November) under the SSP1-2.6 (row

1) and SSP5-8.5 (row 2) scenarios for the periods 2041-2070 (left column) and 2071-2100

(right column) compared to the reference 1981-2010 period. The color palette indicates

the magnitude of anomalies.
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ACE Accumulated Cyclone Energy

AR Assessment Report

BRIO Building Resilience in the Indian Ocean
BT Best Track

CBN-CPIE Mascarin National Botanical Conservatory Mascarin

CDF Cumulative Distribution Function

CMIP Coupled Model Inter-comparison Project
CORDEX Coordinated Regional Climate Downscaling Experiment
ECS Equilibrium climate sensitivity

ETP Evapotranspiration

EUR Easily Usable Reserve

GCM Global Climate Model

GWL Global Warming Level

10C Indian Ocean Commission

IPCC Intergovernmental Panel on Climate Change
ITC Intense Tropical Cyclone

ITCZ InterTropical Convergence Zone

PDI Power Dissipation Index

QQ Quantile-quantile

RCM Regional Climate Model

RCP Representative Concentration Pathway

RH Relative Humidity
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RSMC
SSP
SIDS
SST
SWIO
TC
TCR
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