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Abstract: During 2 January 2014, Cyclone Bejisa passed near La Réunion in the southwestern Indian
Ocean, bringing wind speeds of 41 m s−1, an ocean swell of 7 m, and rainfall accumulations of
1025 mm over 48 h. As a typical cyclone to impact La Réunion, we investigate how the characteristics
of this cyclone could change in response to future warming via high-resolution, atmosphere–ocean
coupled simulations of Bejisa-like cyclones in historical and future environments. Future environ-
ments are constructed using the pseudo global warming method whereby perturbations are added to
historical analyses from six Coupled Model Intercomparison Project 5 (CMIP5) climate models. These
models follow the Intergovernmental Panel for Climate Change’s (IPCC) Representative Concentra-
tion Pathways (RCP) RCP8.5 emissions scenario and project ocean surface warming of 1.1–4.2 ◦C
by 2100. Under these conditions, we find that future Bejisa-like cyclones are 6.5% more intense on
average and reach their lifetime maximum intensity 2 degrees further poleward. Additionally, future
cyclones produce heavier rainfall, with a 33.8% average increase in the median rainrate, and are 9.2%
smaller, as measured by the radius of 17.5 m s−1 winds. Furthermore, when surface wind output is
used to run an ocean wave model in post, we find a 4.6% increase in the significant wave height.

Keywords: tropical cyclone; climate change; Indian Ocean; pseudo global warming method; CMIP5;
Meso-NH; CROCO; WaveWatch III

1. Introduction

During 2 January 2014, Cyclone Bejisa passed near La Réunion in the southwestern
Indian Ocean, bringing wind speeds of 41 m s−1, an ocean swell of 7 m, and rainfall
accumulations of 1025 mm over 48 h [1]. Despite causing 13 million euros in damages,
Bejisa was a typical example of a north–south tracking cyclone of moderate intensity that
impacts La Réunion. However, given recent indications of increasing TC intensity for
this basin [2–4], and the growing confidence for this trend to continue over the coming
century [5,6], the question arises as to how damaging a Bejisa-like cyclone could be in
the future.

Addressing such a question depends on projecting changes in TC characteristics,
such as intensity, rainfall, size, and the associated ocean wave induced by high winds.
For La Réunion, rainfall and wave height changes are particularly important as its volcanic
landscape enhances orographic precipitation, while the approximate 866,000 population
largely resides within 10 miles of the coast. Furthermore, strong winds and rainfall accounts
for most TC-related damages and fatalities, with wave height also contributing towards
infrastructure damage in the wider basin [7]. Projecting how these cyclone characteristics
could change in a warmer climate is therefore vital in projecting future cyclonic impact.
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One way to make such projections is through dynamical downscaling. Dynamical
downscaling encompasses methods by which coarse gridded data from global climate
models (GCMs) is used to obtain more detailed projections via higher-resolution modeling,
typically on a regional scale. One popular method for downscaling GCM output is the
pseduo global warming method [8–10] whereby changes in climate conditions such as
surface temperature and specific humidity are calculated between the recent climate and a
projected future climate for a given climate model. These perturbations are then added
to historical analyses to create analyses of a future synoptic environment, thus permitting
present vs future simulations of recent weather events. The pseudo global warming method
therefore allows for high-resolution-derived projections of TC characteristics, such as TC
precipitation and size, that are difficult to capture in global models.

Indeed, this technique has already been widely used in simulating how recent infa-
mous cyclones could evolve in a warmer environment. For example, Lackmann (2015) [9]
simulated Hurricane Sandy in a post-2100 climate constructed from an ensemble of Cou-
pled Model Intercomparison Project Phase 5 (CMIP5) model projections. Simulated future
hurricanes were projected to make landfall further north and intensify by a further 10 hPa
on average. Similarly, Parker et al. (2018) [10] re-simulated landfalling cyclones in north-
eastern Australia in a future environment constructed from the Community Earth System
Model (CESM). As well as highlighting a strengthening of 11 hPa, future cyclones also pro-
duced 27% more rainfall. Additionally, intensity and rainfall increases of 6 hPa and 15–20%
respectively have been reported by Mittal et al. (2019) [11] in re-simulating Cyclone Phailin
in a future Bay of Bengal using Community Climate System Model (CCSM4) output.

However, for the South West Indian Ocean, most projections are derived from global
models. One projection with broad consensus is that cyclone intensity will increase [12–14],
inline with established global trends [5,6,15]. For example, Cattiaux et al. (2020) [14] highlight
an increase in the maximum lifetime intensity of South Indian ocean cyclones from CMIP6
CNRM-CM6 climate model simulations. In addition to intensity, Yamada et al. (2017) [13]
provide estimates of precipitation changes, finding a 3 mm h−1 increase in near-storm rainfall
by downscaling CMIP3 data with a 14-km resolution global model. Moreover, they also
calculated a 10% statistically significant increase in the radius of 12 m s−1 winds. Still, future
projections for this basin remain few, especially in comparison to other basins. For example,
projections for TC size are limited to Yamada et al. (2017) [13] and this characteristic has
been called upon to be further explored [5], with any changes affecting the area exposed to
damaging winds, heavy rainfall, and high waves. Furthermore, to the best of the authors’
knowledge, no study has yet investigated ocean wave height changes for this basin, despite
storm surge accounting for most tropical cyclone related fatalities, nor have previous studies
addressed changes in a moderate-strength cyclone.

Hence, in this study we illustrate changes in the characteristics of such a cyclone by
performing atmosphere–ocean coupled simulations of Bejisa-like cyclones in historical
and future environments. Future environments are constructed using CMIP5 models with
climate perturbations calculated between 1979–2005 and 2071–2100 which are then added to
European Centre for Medium-Range Weather Forecasts (ECMWF) operational analyses, the
procedure for which is described in Section 2. Furthermore, given the inherent variability
of climate model projections, six CMIP5 models are used to explore the range of potential
future environments. From this ensemble, we illustrate changes in intensity, precipitation,
and TC size, and put these results in the context of current projections, detailed further in
Section 3. Moreover, for the first time for this basin, we investigate changes in the significant
wave height using the wave model WAVEWATCH III (WW3), run in-post with surface
wind output. In evaluating these future cyclonic and oceanic characteristics (summarized
in Section 4), this article will contribute to projections of future cyclonic risk in this basin,
complementing other such studies presented in this special issues.
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2. Data and Methods
2.1. Cyclone Bejisa

Cyclone Bejisa originated as Tropical Depression 4, the 4th tropical depression of the
season, on 28 December 2013, northeast of Madagascar near the Farquhar Group of islands.
Over the course of the next day, the depression slowly tracked south at approximately
1 m s−1 and intensified owing to favourable low-level inflow, weak vertical wind shear and
two favourable outflow channels aloft. At 1200 UTC on 29 December 2013, the Regional
Specialised Meteorological Center (RSMC) La Réunion reported 10-min sustained winds
of 20 m s−1 and a central pressure of 998 hPa. Consequently the system was upgraded to
Moderate Tropical Storm Bejisa according to the classification of RMSC La Réunion [16],
the 4th cyclone of the 2013/14 season. Bejisa subsequently underwent a period of rapid
intensification while interacting with an upper-level trough over southeastern Madagascar,
enhancing divergent outflow. By 1800 UTC on 30 December 2013, Bejisa was designated
as an Intense Tropical Cyclone with 10-min sustained winds of 49 m s−1 and a central
pressure of 950 hPa, the most intense point of Bejisa’s lifecycle. Thereafter, increasing
vertical wind shear and an eyewall replacement cycle caused the intensity to fluctuate
and weaken below Intense Tropical Cyclone status. Bejisa subsequently tracked south–
southeasterly at 5 m s−1 under the influence of a mid-tropospheric ridge to the east during
31 December–1 January 2014. Over the course of 2 January 2014, Bejisa tracked by the west
coast of La Réunion with an intensity of 146 km h−1 and an ocean swell of 7 m. Although
the eyewall didn’t make landfall (remaining within 10 km offshore), Bejisa nevertheless
brought widespread precipitation, enhanced by the steep topography of the island’s interior.
Typical accumulations reported by Meteo-France include 796 mm at Plaine des Palmistes in
the east of the island, 945 mm at Salazie, and 1005 mm at Cilaos in the island’s interior. After
passing La Réunion, Bejisa recurved to the southwest on 3 January, further weakening to a
tropical storm over cooler waters before being downgraded to a post-tropical depression
on 5 January 2014.

Such a history is typical for the South West Indian Ocean. The north–south trajectory
is similar to many previous cyclones to have passed near La Réunion (e.g., Connie, 2000;
Ando, 2001; Diwa, 2006; Dumile, 2013; Fakir, 2018) and cyclones associated with heavy
rainfall over La Réunion usually pass north and then west of the island towards the
south [17]. Furthermore, out of the 18 systems that passed within 100 km of La Réunion
between 1960 and 2010, 50% evolved in January [17], which also marks the second-most
occurrent month for cyclonic activity in the basin, based on a recent climatology [18].
On these grounds, Cyclone Bejisa can be considered a typical cyclone to have impacted
La Réunion.

2.2. Modeling Configuration

To investigate how a cyclone like Bejisa may evolve in future environments, a series of
simulations are conducted using the Mesoscale Non-Hydrostatic model (Meso-NH), version
5.3.1 (http://mesonh.aero.obs-mip.fr/) (access on 5 February 2021) [19] coupled to the Coastal
and Regional Ocean Community ocean model (CROCO) (https://www.croco-ocean.org) (ac-
cess on 5 February 2021). Simulations are conducted for five days from 1200 UTC 31 December
2013 to 1200 UTC 5 January 2014. Initial and boundary conditions for Meso-NH are speci-
fied from ECMWF 6-hourly operational analyses and for CROCO by daily Mercator ocean
reanalyses. For Meso-NH, a 3000 km by 2400 km domain is used with a 3 km grid spacing,
permitting explicit deep convection, with 70 vertical levels stretched from 40 m to a height of
27.2 km. For CROCO, the ocean domain is the same size as in Meso-NH, also with a 3 km grid
spacing and 31 vertical levels from sea level to a depth of 5.7 km with a vertically stretched and
bathymetry-following vertical coordinate. Although these high resolution grids can resolve
cyclone-scale characteristics, parameterizations are still necessary to include sub-grid-scale ef-
fects. To incorporate cloud microphysics effects, we use the Meso-NH ICE3 parameterization,
a one-moment, mixed-phase microphysics scheme with six classes of hydrometeors, including
ice, snow, and graupel [20,21]. Additionally, wind advection is parameterized according

http://mesonh.aero.obs-mip.fr/
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Meso-NH’s WENO_K scheme, a weighted essentially nonoscillatory (WENO) space discreti-
sation method (Lunet et al. (2017) [22] and references thererin). Although deep convection is
resolved explicitly in the model, shallow convection is parameterized according to a Kain-
Fritsch scheme especially adapted for Meso-NH [23]. Furthermore, sub-grid turbulence is
parameterized according to Cuxart et al. (2020) [24], and longwave and shortwave radiation is
parameterized by Mlawer et al. (1997) [25] and Fouquart and Bonnel (1980) [26], respectively.
Finally, in addition to this configuration, we also run the ocean wave model WAVEWATCH III
(https://github.com/NOAA-EMC/WW3/ (access on 5 February 2021); [27]; TheWAVE-
WATCH III Development Group, 2016) after each simulation, with initial and boundary
conditions provided by 1 hourly surface wind output from Meso-NH. With this configuration,
Cyclone Bejisa is re-simulated in its 2013/14 synoptic environment and used as a reference for
comparison with Bejisa-like cyclones simulated in various future environments.

2.3. Construction of Future Environments

Future environments are constructed using the pseudo global warming method
whereby perturbations for atmospheric and oceanic variables are calculated from CMIP5
output and added to the historical initial and boundary conditions. In this study, per-
turbations are calculated for the following variables: air temperature, specific humidity,
surface temperature, sea-surface temperature (SST), sea surface height, ocean potential tem-
perature, and ocean salinity. No relative humidity perturbation is considered, as relative
humidity throughout the troposphere has little-to-no change in CMIP3 models over our
domain [28], and small increases of 1–2% have been shown to have a minimal influence [10].
Although perturbations to the zonal and meridional winds may also be considered, such
perturbations are not applied here in order to minimise changes to the historical track,
preserving a north–south trajectory that impacts La Réunion.

Perturbations in this study are calculated from the CMIP5 multi-model ensemble
dataset. This dataset is based on the Intergovernmental Panel for Climate Change’s (IPCC)
Representative Concentration Pathways (RCP) RCP8.5 scenario. The RCP8.5 scenario
represents a high-emissions scenario with a radiative forcing of 8.5 W m−2 by the end of the
21st century [29],CO2 equivalent concentrations in excess of 936 ppm, and a global mean
surface temperature increase of 2.6–4.8 ◦C compared to 1986–2005 [30]. For this scenario,
we use the following six CMIP5 models as they provide a range of future climate conditions:
the Geophysical Fluid Dynamics Laboratory Climate Model, version 3 (GFDL-CM3) [31],
the Max Planck Institute Earth System Model Medium Resolution (MPI-ESM-MR) [32], the
Centre National de Recherches Météorologiques Coupled Global Climate Model, version 5
(CNRM-CM5) [33], the second generation Canadian Earth System Model (CanESM2) [34],
the Commonwealth Scientific and Industrial Research Organisation Mark 3.6.0 model
(CSIRO Mk3.6.0) [35], and the Centro Euro-Mediterraneo sui Cambiamenti Climatici Cli-
mate Model (CMCC-CM) [36] (Table 1). Although we also determine characteristic changes
downscaled from next-generation CMIP6 models, this brief discussion is reserved for the
appendix (Appendix A).

Perturbations from each model are calculated from the monthly-mean data as the
2071–2099 average minus the 1976–2005 average. From the resulting 12 perturbations for
each month, a December–April average is calculated, corresponding to the most active
months of the basin’s cyclone season. Perturbations calculated here therefore represent
an average change in the summer conditions of the south west Indian ocean. The SST
perturbations calculated in this way for each CMIP5 model are shown in Figure 1. All
models project an increase in SST with domain averages ranging from +2.4 ◦C in the
CNRM-CM5 model to +3.5 ◦C in the GFDL-CM3 model. Although this warming has a
high degree of spatial variability, inter-model agreement is found in prominent warming
equatorward of 10 S and in the Mozambique Channel. When these perturbations are added
to the ECMWF analyses, not only are simulated cyclones able to develop over warmer
waters, but over a greater latitudinal distance, as shown by the initial SST fields (Figure 2),
thus potentially expanding the latitudinal zones exposed to strong cyclones.

https://github.com/NOAA-EMC/WW3/
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Table 1. Coupled Model Intercomparison Project 5 (CMIP5) model abbreviations and their full names.

Model Full Name Horizontal Resolution
(Lat×Lon)

Number of
Vertical Levels

CanESM2 Canadian Earth System Model, version 2 2.8×2.8 35

CanESM5 Canadian Earth System Model, version 5 2.8×2.8 49

MPI-ESM-MR Max Planck Institute Earth System Model
Medium Resolution

1.9×1.9 95

CMCC-CM Centro Euro-Mediterraneo sui Cambiamenti
Climatici Climate Model

0.75×0.75 31

CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial
Research Organisation Mark, version 3.6.0

1.9×1.9 18

GFDL-CM3 Geophysical Fluid Dynamics Laboratory
Climate Model, version 3

2×2.5 48

CNRM-CM5 Centre National de Recherches
Météorologiques Coupled Global Climate

Model, version 5

1.4×1.4 31

CNRM-CM6 Centre National de Recherches
Météorologiques Coupled Global Climate

Model, version 6

1.4×1.4 91

Furthermore, the effect of temperature and specific humidity perturbations is shown
by averaging Meso-NH air temperature and water vapor mixing ratio fields in a 500 km2

domain around the cyclone’s initial position (Figure 3). All CMIP5 models show low
variability in the domain-averaged surface warming, with a multi-model average of +3.4 ◦C
(+13%), as well as a slight cooling above 100 hPa. More variability exists in vertical profiles
of water vapor mixing ratio with perturbations at 500 hPa varying between 0.69–1.39 g kg−1

(+36–73%), promoting intensification with more water content aloft [37,38]. Over the entire
atmospheric column, the increase in total water vapor mixing ratios range from 80 g kg−1

to 126 g kg−1, corresponding to a 20–32% increase. In each of these cases, the minimum
and maximum of these ranges correspond to the CNRM-CM5 and GFDL-CM3 CMIP5
models, the models with the smallest and largest impact on the historical environment.

Once perturbations are calculated, future initial and boundary conditions are con-
structed by regridding air temperature, specific humidity, and surface temperature pertur-
bations onto the ECMWF analyses domain and adding to the analysis GRIB files. These
GRIB files are then pre-processed by Meso-NH, which interpolates the data onto the at-
mospheric grid. Similarly, perturbations for SST, ocean potential temperature, and ocean
salinity are re-gridded and added to the Mercator reanalyses and pre-processed for input
into CROCO.
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(a) (b)

(c) (d)

(e) (f)

+2.4°C +2.7°C

+3.1°C +3.1°C

+3.2°C +3.5°C

CNRM-CM5 MPI-ESM-MR

CMCC-CM CSIRO-Mk3-6-0

CanESM2 GFDL-CM3

SST Perturbation (°C)

Figure 1. CMIP5 sea-surface temperature (SST) perturbations for (a) CNRM-CM5, (b) MPI-ESM-MR
(c) CMCC-CM, (d) CSIRO-Mk3-6-0, (e) CanESM2, and (f) GFDL-CM3. Perturbations are calculated
by first taking the future minus present differences in the 2071–2099 and 1976–2005 means of the
model data. The plotted domain corresponds to that of the ECMWF analyses with the value in the top
right of each panel denoting the domain average. The blue box in (a) corresponds to the Meso-NH
and CROCO simulation domains.

(a) (b)

Figure 2. Initialization SST for the present simulation (a) and multi-model-averaged future simula-
tions (b).
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Figure 3. Vertical profiles of air temperature (solid lines) and water vapor mixing ratio (dashed lines) averaged over a
500 km2 area from the initialisation position. Black solid and dashed lines represent the present climate profile while colored
solid and dashed lines represent the various CMIP5 future climates, colored by model.

3. Results
3.1. Trajectory

Trajectories of all simulated cyclones are determined from tracking the minimum mean
sea-level pressure (MSLP) from 3-hourly Meso-NH output. However, as some cyclones
exit the model domain before the end of the simulation, the last 6-h of all trajectories
are truncated. These trajectories, as well as the IBTrACS best-track of Bejisa from RMSC
Réunion is shown in Figure 4. In comparison to the best-track, the historical simulated
cyclone reproduces the initial southward trajectory and southeastward curving towards La
Réunion, albeit with a slight delay. Although Bejisa did not make landfall, its centre passed
within 55 km of the western coast while that of the simulated present-climate cyclone
comes within 82 km at its nearest point. The subsequent southwestward recurving after
passing the island is also well reproduced with better agreement in terms of timing. Hence,
except for a small westward shift due to the initial position in the ECMWF analysis being
slightly southwest of the IBTrACS initial position, Bejisa’s trajectory is well reproduced
in the historical simulation. Future cyclones broadly follow the same trajectory, although
with an increasing westerly shift relative to the best-track and historical simulation. Such
small present–future changes in the trajectory are expected, as wind perturbations were
not applied to the analyses in order to maintain tracks that would impact La Réunion. Only
in the CSIRO-Mk3-6-0 future simulation, in which the cyclone stalls northwestward of
La Réunion before tracking southwestward, is there a substantial difference and limited
passage near the island. For this reason, the CSIRO-Mk3-6-0 scenario is excluded from
further analysis.
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Figure 4. Tracks of the historical best-track Cyclone Bejisa (IBTrACS; dashed black), the present-
climate simulation (solid black line), and CMIP5-based future simulations (solid colors). Colored
dots mark 24 h intervals and colored triangles marks 144 h, the last time at which all cyclones are still
within the domain.

3.2. Intensity

In this study, all simulations started at 1200 UTC on 31 December 2013, shortly after a
period of rapid intensification in which the historical Cyclone Bejisa intensified by 47 hPa in
the preceding 24 h [1]. Although this period of rapid intensification is not well represented
in the ECMWF analyses and is not able to be re-simulated here, all cyclones undergo an
initial 12-h period of intensification followed by gradual weakening after 24–48 h (Figure 4).
For each metric, the future ensemble-mean intensity is almost always greater: we find
an average MSLP difference of −2 hPa and a maximum difference of −8.6 hPa at 96 h in
the CanESM2 downscaling compared to present. Surface wind speeds also increases by
2 m s−1 on average, corresponding to a 6.5% average increase, with a maximum increase
of 9.39% compared to present in the CanESM2 downscaling (Table 3), which had the
second highest SST perturbation. These intensity increases are consistent with the modified
thermodynamic environments that are more conducive to TC intensification with higher
SSTs and increased water vapor aloft. The capacity of the future environments to produce
stronger cyclones is also reflected in the Maximum Potential Intensity (MPI). The MPI is
a metric which estimates the theoretical maximum intensity a tropical cyclone can attain
given the SST, sea level pressure, and vertical profiles of temperature, pressure, and water
vapor mixing ratio. Calculating this metric ahead of each cyclone at 53 E, −20 S according
to Bister and Emanuel (1998) [39], we find that all future environments support greater
intensification (Table 2), highlighting the effect of the thermodynamic perturbations.

In addition to these intensity changes, we find evidence of a poleward shift in the
latitude of lifetime-maximum intensity (LMI) in future environments. Although when
calculating LMI from maximum surface wind, an equatorward shift is detected from
−22.3 S to an average of −19.8 S, in terms of MSLP, a 2.1◦ poleward shift is found, from
−16.3 S to an average of −18.4 S (Table 2). Such a poleward shift in LMI has previously been
observed in the recent best-track record and is attributed to an expansion of the tropics [40].
We find support for this argument here, with a poleward expansion of the 26 ◦C isotherm
in time–mean composites of SST, from −25 S in the present-day environment to an average
of –28.6 S in future environments (Figure 2).
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Table 2. Summary of Maximum Potential Intensity (MPI), Lifetime Maximum Intensity (LMI), and the latitude at which LMI is attained
for each simulation scenario. MPI estimates are based on the method of Bister 1998 and are calculated from Meso-NH output 3 h into
each simulation at −20 S, 53 E, ahead of each cyclone. All intensities are in hPa.

Scenario Maximum Potential Intensity Lifetime Maximum Intensity Latitude of LMI

Present 924 979 –16.3
CMCC-CM 920 974 –19.9
CanESM2 919 979 –17.9

MPI-ESM-MR 905 975 –19.8
GFDL-CM3 894 978 –18.1
CNRM-CM5 890 978 –16.1

In terms of previous intensity projections for this ocean basin, we find some agreement.
Yamada et al. (2017) [13] cite a statistically significant −5.2 hPa strengthening, in addition
to Knutson et al. (2020) [6] who report an approximate +6% increase in the median
intensity, given a 2 ◦C global mean anthropogenic warming (see their Figure 5). Similarly,
Cattiaux et al. (2020) [14] report an increase in the lifetime maximum intensity of southwest
Indian ocean cyclones simulated in the CMIP6 CNRM-CM6 model, albeit with a smaller 1◦

poleward shift. In the only other known pseudo global warming study for a south west
Indian ocean cyclone, Patricola and Wehner (2018) [41] found a statistically significant
16.8 m s−1 increase in 10-m winds in simulating Cyclone Gafilo (2004) for a RCP8.5 scenario.
Overall, intensity changes found here are qualitatively in line with established upward
trends, but on the lower end of estimates for this basin.

(a) (b)

Figure 5. Mean sea level pressure (a) and surface wind speed (b) of the present climate simulation and future climate
simulations. Wind speed is calculated from the lowest model level of horizontal winds in Meso-NH (40 m). Error bars
denote the standard deviation of the differences between the five future intensities and the present intensity.

Table 3. The percentage change in all examined cyclone characteristics for each CMIP5 downscaling with respect to the
present control simulation. Multi-model averages are given on the bottom row with the sample standard deviations
in parentheses.

Surface
Wind Speed

Median
Rain Rate

90th Percentile
Rain Rate

Radius of
17.5 m/s Wind

Radius of
33 m/s Wind

Significant
Wave Height

CNRM-CM5 7.00 38.46 23.11 −7.08 4.73 8.39
CanESM2 9.39 49.99 27.3 −5.28 10.00 11.87

CMCC-CM 4.87 23.08 31.06 −11.90 1.31 0.27
MPI-ESM-MR 6.32 23.08 32.92 −11.26 −6.28 2.89

GFDL-CM3 5.17 34.62 28.79 −10.51 1.84 −0.34
Multi-Model Average 6.55 (±1.62) 33.85 (±10.14) 28.64 (±3.36) −9.21 (±2.57) 2.32 (±5.29) 4.61 (±4.76)
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3.3. Rainfall

Due to the small size of La Réunion in the basin, tropical cyclones rarely make
landfall, yet the island can still be impacted by passing cyclones due to far reaching
spiral rainbands [42]. Combined with the island’s volcanic interior and the associated
orographic enhancement, rainfall presents a substantial threat to La Réunion and accounts
for most TC-related damages and fatalities [7]. Indeed, the island holds the world record
for 12 h and 24 h rainfall accumulations (1.1 m and 1.8 m respectively) from Cyclone
Denise (1966) [43] and the 72 h and 96 h records (3.9 m and 4.9 m respectively) from
Cyclone Gamede (2007) [44]. Hence, changes in TC-related rainfall are expected to have a
considerable effect on La Réunion.

We find that rainfall rates in future cyclones are greater in all CMIP5 future scenarios
(Figure 6a). On average, the median rainfall rate increases by 33.8% and by as much as 50%
in the CanESM2 downscaling, again, the case with the greatest SST perturbation and despite
having the weakest water vapor perturbation. Similarly, for intense rainfall, as measured
by the 90th percentile rate, rainfall intensity increases by 28.6% on average, which also has
a higher degree of certainty with a standard deviation of only 3% (Table 3). Qualitatively
speaking, this result is inline with well-established projections for increased precipitation
under climate change, both from numerous real-case modeling studies [10,11,45,46] and
also on physical principles [47,48]. In the quantitative sense, increases found here are on the
higher end of projections for the south Indian ocean under an aggregated 2 K mean global
warming [6]. However, in terms of RCP8.5 based scenarios, our estimates are comparatively
smaller (see Table ES4, Supplementary Information, [6]), such as +41.6% in the case of a
future Cyclone Gafilo [41], also simulated with non-paramaterized convection as used here.
Additionally, we calculate a 28.4% average increase in rainfall rates averaged within 100 km
of the cyclone center (Figure 6b), exceeding past estimates for this basin [49]. Although any
increase may be tied to the relative SST warming (i.e., basin warming vs tropical average
warming), the average SST perturbation applied here nearly match that of the tropical
average warming calculated from our CMIP5 ensemble (+3 K vs. +2.9 K). One possible
explanation for our higher projections therefore is the use of a 3 km resolution, allowing an
explicit representation of deep convection, which cannot be resolved explicitly in current
global models.

Furthermore, our estimates of changes in rainfall over La Réunion itself will be con-
servative, as orographic enhancement effects have not been taken into account. Projections
calculated here are based on rainfall rates for ocean grid points, given our limited ability
to represent the island’s orography with a 3-km grid spacing. Additionally, rainfall over
the island depends strongly on cyclone size, intensity, and the distance of the cyclone from
the coast (i.e., trajectory), making it difficult to attribute changes in island rainfall rates to
different future environments. Indeed, a grid spacing of less than 1 km may be necessary to
accurately simulate the intensity and spatial variability of orographic precipitation over La
Réunion [42]. Although orographic rainfall studies for future climates indicate an increase
in precipitation with height [50], an increase in intensity [51], or a shift in the precipitating
area towards the leeward side [52], high-resolution microscale modelling is necessary to
estimate future changes unique to La Réunion. One possible avenue for future research is
to use the output from these simulations to downscale to higher-resolution simulations
over the island.
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Figure 6. All rainfall rates (mm/h) within 100 km of the cyclone center for each simulation (a) and composite rainfall rates
with radius from the cyclone center for each simulation (b). In (a), red horizontal lines represent sample medians and the
lower and upper extents of blue rectangles represent the 75th and 25th quartiles, respectively. The upper and lower whiskers
represent the effective maximum and minimum values of the data after filtering for outliers. Outliers are determined as
data points that are greater than Q3 + 1.5 IQR and less than Q1 − 1.5 IQR, where Q1 is the 25th percentile, Q3 is the 75th
percentile, and IQR is the interquartile range.

3.4. TC Size

Just as passing cyclones can still affect La Réunion due to their spiral rainbands, so too
can gale-force outer winds cause damage. TC size in terms of wind structure is therefore
another important characteristic to consider. Cyclone size in this study is calculated from
the radius of 17.5 m s−1 (34-kt) and 33 m s−1 (64-kt) winds, signifying the thresholds
for a ‘Moderate Tropical Storm’ and a ‘Tropical Cyclone’ respectively in the South West
Indian Ocean. These thresholds can also be interpreted as representing the outer-storm
environment for winds of 17.5 m s−1 and the inner-storm environment for winds of
33 m s−1. For the inner-storm environment, although we find an average 2.3% increase in
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the radius of 33 m s−1 winds, the standard deviation is ±5%, with a range from −6–10%
(Table 3), suggesting this result is not significant (Figure 7). However, we find consensus
for a contraction of the outer-storm environment, with a 9.2% average decrease in the
17.5 m s−1 wind radius, from an average of 292 km in the historical simulation to 266 km
in future simulations. This decrease is also seen in terms of precipitation, with averaged
rainfall rates slightly smaller beyond 300 km (Figure 6b). Additionally, radar reflectivities
were averaged in 5-km bands around a cyclone’s center for each point on its trajectory
to construct Hovmöller composites, which also highlight a shrinking precipitating area.
Whereas in the historical simulation, this area extends to 450 km, in future cyclones, it
grows initially during the first 72 h and is thereafter largely confined to 330 km on average
(Figure 8).

The physical mechanisms behind this decrease are potentially related to reduced
air–sea fluxes and the modulation of convection in the outer-storm environment. In the
context of global warming, the argument is laid out by Sun et al. (2017) [53]: SST warming in
the outer-storm environment leads to an increase in the surface entropy flux that enhances
convective instability in the lower troposphere. In turn, rainband formation and diabatic
heating is promoted, further enhancing low-level convergence, the acceleration of tangential
winds, and hence a larger storm. However, whereas Sun et al. (2017) [53] only considers
SST warming, air temperature and specific humidity perturbations are also applied in this
study. Although a moister outer environment has been shown to promote TC size [54], the
temperature and humidity perturbations applied here result in a moistening of the lower
troposphere and a slightly greater near-surface warming compared to SST warming by
0.2 K on average. Surface moisture and entropy fluxes are thus reduced in the outer-storm
environment, reducing convective instability, deep convection, and any associated increase
in surface winds.
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Average Change in 17.5 m/s Wind: -29 km (-9.2%)
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Figure 7. Average radius of the 17.5 m s−1 wind and 33 m s−1 wind. For the present control
simulation, the black solid line represents the 33 m s−1 wind radius and black dotted line represents
the 17.5 m s−1 wind radius. For future climate simulations, the blue (red) line represent the multi-
model mean 33 m s−1 (17.5 m s−1) wind radius. Error bars are as described in Figure 5, but for the
17.5 m s−1 and 33 m s−1 wind radii.
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Whether the reduction found here contributes to an emerging trend however is un-
certain. Our results find some agreement with those of Parker et al. (2018) [10] who find a
decrease in the 17.5 m s−1 wind radius in re-simulating Cyclone Ita (2014) in northeastern
Australia under a RCP8.5 scenario. Similarly, Lynn et al. (2009) [55] find a decrease in storm
size for a Hurricane Katrina-like cyclone at the end of the 21st century, albeit for a radius of
“strong winds”. For the south Indian ocean in particular, Kim et al. (2014) [56] find a statisti-
cally significant increase in the radius of 25 m s−1 winds under a CO2 doubling scenario,
but no change in the radius of 12 m s−1 winds. On the other hand, Knutson et al. (2015) [49]
and Yamada et al. (2017) [13] find an increase in the 12 m s−1 wind radius under a CO2
doubling scenario. Evidently there remains much uncertainty on TC size projections, not
just for the south Indian ocean, but globally. Although any change in TC size is expected
to be less than 10%, there is no consensus between basins, nor even on the sign on this
change [6]. Further modeling of TC size under cloud-resolving resolutions is therefore
necessary to build consensus.
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Figure 8. Hovmöller of radar reflectivity at 1.5 km above sea level (ASL) averaged by radius from cyclone center for
each simulation. (a) Present; (b) CNRM-CM5; (c) CMCC-CM; (d) MPI-ESM-MR; (e) CanESM2; (f) GFDL-CM3.

3.5. Significant Wave Height

In addition to the characteristic changes discussed so far, increases in sea level, cou-
pled with greater coastal development, is expected to compound oceanic impacts from
tropical cyclones [5,6,15,57,58]. In this study, changes in the TC-ocean characteristics are
examined in terms of the significant wave height. The significant wave height is defined
as the average of the highest one-third of waves and is outputted every 1 h from WAVE-
WATCH III simulations performed in-post, with initial and boundary conditions provided
by 1 hourly surface wind output from Meso-NH. Tracking the maximum wave height for



Atmosphere 2021, 12, 232 14 of 19

each output time reveals that future wave heights closely resemble those in the present con-
trol. Across future downscalings, we find changes of 0.76, 1.11, −0.08, 0.14, and −0.15 m,
with an average of 0.36 m which translate to +4.61% ±4.76% in term of percentage change
(Figure 9). Thus, as the variation rivals the average change, no clear projection of wave
height is evident.

Furthermore, one must also bear in mind that surface wind speed is only one factor
modulating wave height. One other substantial factor that will contribute to future wave
height is sea level change. To assess this contribution, we calculated sea surface height
changes according to the RCP8.5 scenario in the same way as for the other perturbations
used in this study. We find that the DJFMA averaged fields show a large degree of
inter-model variability, not only in the spatial pattern of sea level change, but in its sign
(Figure 10). On the scale of the South Indian Ocean, most models (four out of six) exhibit a
dipole rise and fall in sea level, rising over the northwest of the basin (exceeding 15 cm
north east of Madagascar) and sinking levels over the southeast of the basin. The increases
seen over the northwest of the basin are possibly indicative of a trend towards more
frequent strong Indian Ocean Dipole events in the future [59]. In the southeast of the basin,
the falls in sea level are confined to zonally-oriented channels that extend as far west as
La Réunion and Mauritius. In this region, five out of the six CMIP5 models project sea level
will fall by 0–10 cm. As future wave height changes found here are mostly positive and
can be up to 1 m, the significant wave height may contribute as much, or even more, to
cyclonic swell than sea level change, compared to present. These competing contributions
require further investigation, not only around La Réunion, but in other parts of the basin,
such as off the northeastern coast of Africa, where prominent ocean warming and sea level
rise would support substantial wave risk.
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Figure 9. Maximum of the significant wave height (m) for the historical simulation (black) and the
future mean of maximum wave heights from CMIP5 downscaled simulations (red). Error bars are as
described in Figure 5, but for maximum wave height.



Atmosphere 2021, 12, 232 15 of 19

(a)

(a)

(c)

(e)

(b)

(d)

(f)

Figure 10. CMIP5 sea surface height perturbations for (a) CNRM-CM5, (b) MPI-ESM-MR (c) CMCC-CM, (d) CanESM2,
(e) CSIRO-Mk3-6-0, and (f) GFDL-CM3. Perturbations are calculated by first taking the future minus present differences in
the 2071–2099 and 1976–2005 means of the model data. The plotted domain corresponds to that of the ECMWF analyses
with the Meso-NH and CROCO simulation domains shown in blue in (f).

4. Summary and Conclusions

High-resolution, ocean–atmosphere coupled simulations have been used to project
future characteristic changes in a Bejisa-like cyclone for the South West Indian Ocean. An
ensemble of simulations has been conducted, consisting of a re-simulation of the historical
cyclone that passed nearby La Réunion in early 2014 and six simulations of Bejisa-like
cyclones within potential future environments of the late 21st century. Future environments
have been constructed using the pseudo global warming method, in which perturbations to
operational analyses of the historical synoptic environment are calculated from six CMIP5
climate models according to the IPCC’s RCP8.5 emissions scenario.

Although this method has been used extensively in the literature for future tropical
cyclone projections, one must bear in mind some caveats about its implicit assumptions.
For example, we start our simulations at a time when a mature cyclone has already
developed, presuming the potential for future cyclogenesis in this region. However,
Cattiaux et al. (2020) [14] indicate a mixed future signal in the potential for cyclogenesis
in this region (see their Figures 5c and 8e), giving us confidence that our assumption
is at least not unfounded. Additionally, multi-year averaged perturbations have been
used that suppress peaks and troughs in teleconnection signals, such as the Indian Ocean
Dipole which modulates SST patterns across the basin. One would expect future periods of
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higher SST and humidity relative to the present to have a greater effect on storm intensity,
precipitation, and possibly size. This study has also focused on only one cyclone and its
associated large-scale environment and an investigation for multiple cyclones would offer
a larger sample size and more precise projections. Finally, these projections are based on a
climatologically moderate cyclone and further work examining changes associated with
a stronger cyclone, such as Cyclone Idai (2019), would be beneficial to explore. Indeed,
the modelling methodology presented in this article does not intend to furnish exhaustive
projections, but to complement other larger scale studies presented in this special issue and
elsewhere that investigate future cyclonic risk in the South Indian Ocean [14,60].

However, in terms of the specific case of Cyclone Bejisa, we find that the historical
track is well reproduced, although with a slight westward shift. The evolution of the
historical intensity is well reproduced, with a period of short intensification followed by a
gradual decay. On the other hand, the magnitude of historical intensity was underestimated
in our model, possibly because simulations start at a time when the historical Cyclone
Bejisa was exiting a phase of rapid intensification that was underestimated in the ECMWF
analyses used. However, as the aim of this study is to consider present–future changes
in TC characteristics, the lack of an exact recreation of the historical intensity, although
desirable, is not considered detrimental to the following main findings of this study.

In future environments, we find that the cyclone trajectory remains largely unchanged
albeit with a slight westward shift, an expected result as we do not perturb the historical
wind pattern. Furthermore, we find that future cyclones are 6.5% more intense on average
due to imposed SST and humidity perturbations and that the lifetime maximum intensity is
attained further poleward by an average of 2 degrees, in agreement with a future expansion
of the tropics. Additionally, imposed CMIP5 perturbations also result in a 33.8% increase
in the median rainfall rate and as a 28.6% increase in intense rainfall rates, as measured by
the 90th percentile. Future cyclones are also smaller, with a 9.2% decrease in the radius of
outer 17.5 m s−1 winds. Calculating wind-induced significant wave height from Meso-NH
surface winds further reveals an approximate 4.6% increase in the significant wave height.
Although wave height projections were highly variable, most were positive and could
offset the decrease in sea surface height projected by CMIP5 around La Réunion. Thus,
we find that future Bejisa-like cyclones would be more intense, smaller, produce heavier
rainfall, and mostly generate larger ocean waves. Coupled with expected increases in
population and coastal development, such cyclones pose an increased threat to La Réunion
and the wider basin, which is already home to some of the world’s poorest countries.
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Figure A1. Mean sea level pressure (a) and surface wind speed (b) and rainfall rates within 100 km (c) for the historical
simulation, the CNRM-CM5- and CanESM2-based future simulations (solid colored lines in (a,b)), and the CNRM-CM6-
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