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Abstract. During the passage of tropical cyclone (TC) Batsirai (2022), the mountainous regions of Réunion Island and the
eastern part of Madagascar experienced devastating floods. TC Batsirai passed north of Réunion Island (minimum distance of

~210 km) before making landfall along the eastern coast of Madagascar. Using a non-hydrostatic research atmospheric model

at 2 km resolution, we conducted a control simulation with realistic topography (CTL) and three flattened-terrain experiments
(FLTun, FLT 4, and FLT,.,) to assess orographic effects. Relative to the flattened-terrain experiments, the presence of terrain
increased localized rainfall by 95% (2,906 mm) over Réunion Island (CTL versus FLT,..) and 82% (830 mm) over Madagascar
(CTL versus FLT.y), respectively. Over Réunion Island, orographically uplifted low-level moisture sustained 60 h of heavy
rainfall (10 mm h™'), with a peak of 96 mm h™, although the cyclone’s intensity and track were minimally affected. In
Madagascar, terrain not only intensified precipitation (19 h of heavy rainfall with a peak intensity of 92.8 mm h™!) but also
altered the TC trajectory, delaying landfall by about 12 h and shifting it approximately 30 km south. These findings highlight

the critical role of complex orography in shaping localized rainfall and TC behaviour in the southwest Indian Ocean.

1 Introduction

Tropical cyclones (TCs) are highly destructive meteorological phenomena, particularly for mountainous islands and coastal
regions. These regions are especially vulnerable and can experience severe impacts, including strong winds, heavy rainfall-
induced flooding, and storm surge (Roux et al., 2004). In many TC-affected areas, interactions between TC circulations and
local topography are recognized as key processes that contribute to prolonged and torrential rainfall. The increased water vapor
content and enhanced thermodynamic energy associated with TCs have therefore raised substantial concerns regarding
hydrometeorological hazards in mountainous regions (Hamuro et al., 1969; Parrish et al., 1982; Wu et al., 2016; Huang et al.,
2020; Cheng et al., 2025).

The influence of mountainous islands on TC structure and intensity has been extensively studied in Taiwan, where the
southwest-northeast-oriented Central Mountain Range (CMR; about 300 km long, 100 km wide, 3,500 m high) strongly
modulates not only total rainfall but also the track and intensity of approaching and/or landfalling TCs (Bender et al.,

1985,1987; Yeh and Elsberry, 1993a, 1993b; Wu and Kuo, 1999; Wu, 2001; Lin et al., 2005; Yu and Cheng, 2014; Wu et al.,
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2016; Lin et al., 2020; Wu et al., 2022). Regarding rainfall, numerous studies have shown that the steep terrain of CMR plays
a pivotal role in enhancing total rainfall accumulation and shaping its spatial distribution through orographically modified low-
level winds (Chang et al., 1993; Yu and Cheng, 2014; Huang et al., 2020). For example, during Typhoon Morakot (2009),
more than 2,885 mm of rainfall—exceeding the mean annual precipitation—was recorded over 100 hours in southern Taiwan
as the typhoon traversed the CMR, producing a striking contrast with rainfall in the northern CMR. By combining observational
analyses with numerical simulations, Lin et al. (2011) identified key multiscale mechanisms responsible for the localized
extreme rainfall: (i) enhanced large-scale low-level convergence involving the northerly components of the typhoon circulation
and the southwesterly monsoonal flow, further intensified by blocking along the steep mountain foothills, and (ii) persistent
development of fine-scale convective cells within the typhoon’s main rainband due to orographic lifting. In parallel, numerous
studies have been examined the CMR’s influence on TC track deflection. For instance, Lin et al. (2002) reported that
strengthened cyclonic northerly winds west of the Typhoon Megi (2016) centre, ahead of and over the CMR, contributed to a
southward deflection of the TC track. Detailed diagnostics of the potential vorticity tendency budget from coupled ocean-
atmosphere simulations further revealed that this southward deflection was driven by southeastward tendencies associated with
latent heating near landfall. Additionally, they found that TC motion slowed near landfall primarily due to the formation of a
low-level cold pool generated by strong rainfall along the mountain slopes.

TCs forming in the southwest Indian Ocean (SWIO) frequently affect mountainous island nations such as Madagascar
(approximately 1,600 km long, 600 km wide, and 2,800 m high; Fig. 1) and the Mascarene Islands, including Réunion Island
(63 km long, 45 km wide, 3,070 m high) and Mauritius (61 km long, 46 km wide, 600 m high). Similar to situations observed
in Taiwan, these islands often experience substantial orographic modulation of TC dynamics, resulting in notable alterations
to TC track, intensity, and rainfall. In the Madagascar region—where the terrain is approximately five times larger in horizontal
extent than the CMR of Taiwan but exhibits a similar southwest-northeast orientation—a few studies have examined
landfalling TCs and their associated impacts, particularly in coastal areas (Needham et al., 2015; Arivelo and Lin, 2016;
Rakotoarimanana et al., 2022; Khan et al., 2025). Due to its geographical position, the rainfall features of Madagascar are
largely modulated by the Intertropical Convergence Zone (ITCZ), which exhibits synoptic-scale fluctuations associated with
complex northeasterly and southeasterly trade-wind systems, accompanied by bands of convective clouds and precipitation
(Hastenrath and Lamb, 1978; Grodsky and Carton, 2003). More importantly, variations in rainfall amounts over Madagascar
are strongly influenced by TCs, a relationship closely tied to the position and intensity of the ITCZ (Duchiron, 2002). In
addition, Fitchett and Grab (2014) noted that Madagascar’s mountainous topography acts as a land shield for many intense
TCs that develop in this region, contributing to orographic rainfall production. Arivelo and Lin (2016) further investigated
orographic rainfall over Madagascar using Froude number (F7) analyses, showing that during the austral summer, Fr values
typically range from 0.88 to 1.16. Such reduced Fr values indicate strong flow blocking, which enhances the likelihood of
heavy rainfall, particularly when a moist system such as a TC contains high available potential energy.

Compared with Madagascar, the orography of Réunion Island is small, more circular in shape, and characterized by much

steeper terrain (Fig. 1). Several studies have investigated the orographic influence of Réunion Island on TC track and intensity
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(Roux et al., 2004; Jolivet et al., 2013; Barbary et al., 2018). Jolivet et al. (2013) reported that the presence of the island slowed
down the intensification of landfalling TC Dina (2002), which passed close to the coast with a minimum distance of 65 km,
ultimately resulting in a weaker system. Their sensitivity experiments—with and without the island’s real topography—
suggested that the horizontal circulation of the TC was strongly modulated by orographic forcing. They further reported that
the circular and mountainous shape of the island acted to stabilize the cyclonic circulation by damping the natural elliptical
rotation of the eyewall and constraining the flow during landfall. Using a series of idealized numerical experiments, Barbary
et al. (2018) examined the potential influence of a small island such as Réunion on TC behaviour and quantified the distance
at which such interaction becomes significant, depending on the approaching TC’s direction and translation speed. Their results
indicated detectable impacts on TC track up to 150-200 km from the island and on TC intensity up to 50 km. These effects
became more pronounced when TC passed within 50 km of the island, occasionally leading to episodic intensification.

These previous studies provide clear evidence that the orography of Madagascar and Réunion Island can modulate the
track and intensity of approaching TCs; however, their role in modulating rainfall has not yet been thoroughly investigated. In
particular, the influence of large scale terrain such as that of Madagascar on TC track and intensity—and its subsequent impact
on local rainfall—remains insufficiently explored. In this study, using both observational data and a high-resolution numerical
model, we aim to improve our understanding of the orographic effects of Madagascar and Réunion Island on approaching TC
track, intensity, and, ultimately, heavy rainfall. To do so, we focus on a representative case: TC Batsirai (2022).

Batsirai was the most intense system of the 2021-2022 cyclone season in the SWIO. It propagated southwestward,
affecting the Mascarene Islands and eastern Madagascar (black line, Fig. 1). Batsirai reached the intensity of an intense tropical
cyclone on the SWIO scale—equivalent to Category 4 on the Saffir-Simpson scale (Kantha, 2006)—with a minimum sea-level
pressure (MSLP) of 932 hPa at 12 UTC on 2 February, shortly after passing north of Mauritius (indicated by a red arrow, Fig.
1). Réunion Island experienced agricultural losses of approximately USD 47 million, primarily due to flooding (Le Quotidien,
2022). The most devastating impacts occurred in Madagascar, especially along the eastern coastal region. More than 112,000
people were displaced by flooding, 121 fatalities were reported, and widespread power outages, as well as severe economic,
agriculture, and infrastructure losses, were documented (OCHA, 2022; Khan et al., 2025).

Section 2 provides a brief introduction to TC Batsirai, along with descriptions of the observational datasets and numerical
model. Section 3 validates the simulated lifecycle of TC Batsirai using multiple observational datasets. Section 4 then presents
a detailed analysis of the orographic influence on TC track and intensity, followed by an examination of the resulting intense

rainfall. Finally, Section 5 offers concluding remarks from the present study.
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Figure 1. Topography of the SWIO region and the observed trajectory of TC Batsirai (2022) from International Best Track Archive
for Climate Stewardship (IBTrACS) best-track data. Three-hourly minimum sea level pressure (MSLP) values are indicated by
colored circles along the black solid line. The location and timing of the cyclone’s minimum MSLP (12 UTC on 2 February 2022)

are highlighted with a red arrow.

2 Data and method
2.1 Tropical Cyclone Batsirai (2022)

The genesis of Batsirai occurred on 23 January 2022 in the SWIO. It was first classified as a tropical cyclone at 03 UTC on 25
January by the Joint Typhoon Warning Centre (JTWC) and the Regional Specialized Meteorological Centre (RSMC) La
Réunion reported 3 hours later that the system had intensified into a moderate tropical storm (17 m s' < Vyex <24 m s™!) on
the RSMC La Réunion scale. The system moved rapidly westward, undergoing several cycles of intensification and weakening
until 1 February. At 18 UTC on 1 February 2022, Batsirai strengthened into a tropical cyclone (33 m ™' < Vinex <43 ms™) on
the RSMC La Réunion scale (Fig. 1), and by 03 UTC on 2 February it experienced a period of rapid intensification, reaching
intense tropical cyclone status (Vmax > 44 m s7'), equivalent to Category 4 Saffir-Simpson scale. At 12 UTC on 2 February,
Batsirai reached its minimum sea-level pressure to 932 hPa (indicated by a red arrow, Fig. 1) north of Mauritius. After reaching
peak intensity, RSMC La Réunion reported a brief weakening associated with an eyewall replacement cycle (ERC) that

occurred north of Mauritius and Réunion Island. Upon completing the ERC, the system underwent a short-lived re-
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intensification (minimum pressure of 934 hPa).

Beginning on 2 February, Batsirai brought heavy rainfall to Réunion Island as it passed to the north of the island with a
minimum sea-level pressure of around 940 hPa. Its closest approach was approximately 210 km at around 06 UTC on 3
February (Fig. 1). Both operational radar and rain-gauge observations indicated accumulated amount exceeding 1800 mm over
the mountainous regions where terrain elevation surpass 500 m during the subsequent three days (Fig. 2). The area of intense
rainfall (greater than 500 mm over three days) closely follows the contours of the island’s topography (Fig. 1), a phenomenon
often referred to as “phase locking by terrain”, which has also been often observed in CMR of Taiwan during typhoon season
(Wu and Kuo, 1999; Huang et al., 2020). Although individual event may exhibit strong geometric asymmetry in rainfall
distribution, statistical analyses reveal that such asymmetry can be largely reduced, highlighting the dominant influence of
slope steepness regardless of whether the area is upwind or downwind. On Réunion Island, this terrain-locked rainfall pattern
has been often documented during the passage of tropical cyclones.

After Batsirai passed Réunion Island, it underwent another series of intensification and weakening cycles while
maintaining its overall convective structure, until it made landfall along the eastern coast of Madagascar (Fig. 1). Batsirai made
landfall with a minimum sea-level pressure to 952 hPa at approximately 15 UTC on 5 February, followed by rapid decay due

to land interaction.
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Figure 2. Three-day accumulated precipitation over Réunion Island from 00 UTC on 2 February to 00 UTC on 5 February 2022.
Panel (a) shows radar observations with the two operational radars indicated by stars. Panel (b) shows rain gauge observations
(colored circles for stations with precipitation > 100 mm) and the CTL simulation (shaded). Coastal line is contoured by black solid

line.

2.2 Operational observation

The IBTrACS (International Best Track Archive for Climate Stewardship) version 4r01 (Gahtan et al., 2024) best-track data
were used to determine the location and intensity of TC Batsirai (Figs. 1, 3 and 4). IBTrACS is the result of a globally
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coordinated and collaborative effort that provides a centralized repository of global TC best-track data from the RSMCs and
other agencies. IBTrACS data contains numerous inhomogeneities in intensity records due to interagency differences in
available technologies, observations, and procedures over time. For example, the qualitative uncertainty for intensity in wind
speed for TCs in the South Indian Ocean basin is estimated at approximately +10 knots for systems that developed after 1995
(Knapp et al., 2010; Gahtan et al., 2024). Regarding position, storm locations are generally reported with a resolution of 0.1°,
resulting in a lower bound of positional uncertainty of approximately 10 km. Kruk et al. (2010) also found that the spatial
uncertainty varies with storm intensity, likely because weaker storms have broader and less well-defined centres of circulation
than systems with clear eyes. Gahtan et al. (2024) estimated a positional uncertainty of approximately 10—15 km for strong
TCs (wind > 100 knots) such as Batsirai. The IBTrACS data used in this study are provided at 3-hourly intervals, except for
data missing at 21 UTC on 2 February and 03 UTC on 5 February.

To evaluate the spatial and temporal distribution of rainfall over Réunion Island, we employed operational datasets from
Météo-France, including hourly rainfall observations from 75 ground-based rain gauges and near-surface composite rainfall at
5-min intervals (250 m horizontal resolution) from two C-band Doppler radars. The locations of the rain gauges and radars are
indicated by circles and star marks, respectively in Figure 2. Three-days accumulated rainfall from rain gauges and radar
composite data was used to evaluate the rainfall produced by the numerical simulations.

Near-surface wind data were obtained from high-resolution C-band Synthetic Aperture Radar (SAR) measurement
(https://cyclobs.ifremer.fr/app/tropical). SAR, a spaceborne instrument, provides very high-resolution (~1 km) estimates of
ocean surface conditions even under extreme weather (Mouche et al., 2019). For extreme weather events, such as TCs, the
strong sensitivity of cross-polarized signals to ocean wave breaking has enabled the mapping of ocean surface wind variations
at high resolution, including within and around the TC eyes (Mouche et al., 2019; Combot et al., 2020). Previous validation
against Stepped Frequency Microwave Radiometer data indicates that SAR-derived wind speeds have a bias of ~1.5 m s~ and
a root-mean-square of ~5 m s™' (Mouche et al., 2019). The SAR data used in this study are subject to this same level of
uncertainty. Only two SAR measurements were acquired during the 5-day analysis period within the analysis domain, both of
which captured TC Batsirai during its weakening phase. As both measurement showed closely matching results, in this study,
we used only the C-Band SAR Tropical Cyclone Vortex Analysis product obtained at 01:45 UTC on 4 February. It provides a
gridded wind field at high resolution, to identify the TC centre and wind distribution and to compare them with numerical
simulations at 23 UTC on 3 February, whose TC position was closer to the observed one. The simulated horizontal wind field

at 20-m altitude, the lowest model level, is used for comparison with the SAR data.

2.3 Model settings

The non-hydrostatic research model Meso-NH (Lac et al., 2018), version 5.5.0 (http:mesonh.aero.obs-mip.fr/mesonh55) is
used in this study to simulate TC Batsirai (2022). The simulation employed approximately 75 million grid points with a
horizontal grid spacing of 2 km to resolve fine-scale processes. The vertical grid consisted of 70 stretched levels (Gal-Chen

and Somerville, 1975) up to 23 km altitude, with a spacing of 250 m in the free troposphere and 40 m near the surface. The
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model domain covered the SWIO (2880 km x 1440 km; Fig. 3), encompassing the south-westward passage of Batsirai during
the period of 1-5 February 2022. The model time step was set to 5 s. The simulation was initialized at 00 UTC on 1 February,
with initial and lateral boundary conditions provided at 6-hour intervals by operational analyses from the European Centre for
Medium-Range Weather Forecasts. All numerical experiments ran for 5 d, providing outputs every 1h.

The model uses a one-moment bulk microphysics scheme (Pinty and Jabouille, 1998) that predicts six hydrometeor
categories: water vapor, cloud water, rainwater, pristine ice, snow, and graupel. Turbulence is parameterized with a 1.5-order
closure of the turbulent kinetic energy equations (Cuxart et al., 2000). In conjunction with the leapfrog temporal scheme,
momentum variables are advected using a centred fourth-order scheme, whereas scalar and other meteorological variables
were advected using a monotonic Piecewise Parabolic Method (PPM; Colella and Woodward, 1984). The monotonic variant
of PPM applies a limiter that constrains the reconstructed parabolic profiles, preventing spurious oscillations and negative
values near sharp gradients and thereby ensuring physically realistic transport of scalars such as moisture and hydrometeors.
At the lateral boundaries, an open-wave radiation condition combined with a five-grid-point relaxation flow scheme (Davies,
1976) is applied. Radiation processes are presented by the Rapid Radiation Transfer Model (Mlawer et al., 1997), and surface
fluxes are computed using the SURFEX platform (Masson et al., 2013).

2.4 Numerical experiments

In this study, to investigate the orographic effect on localized heavy precipitation during the passage of TC Batsirai (2022), we
conducted one set of sensitivity experiments in addition to a control simulation (CTL) where the terrain was uniformly flattened
over (i) the entire model domain (FLTuu), (ii) Madagascar only (FLT,4), and (iii) Réunion Island only (FLT..) (Table 1). For
the CTL run, Meso-NH was configured with realistic topography derived from the Global 30 Arc-Second Elevation dataset
(GTOPO30) developed by U.S. Geological Survey. GTOPO30 is a global digital elevation model with a horizontal resolution
of 30 arc-seconds (approximately 1 km) and an absolute vertical accuracy of approximately +30 m. In the sensitivity
experiments, terrain elevations within the designated regions were uniformly reduced to 10 m in order to eliminate the influence
of complex mountainous terrain, while still preserving the general characteristics of the island (e.g. land-sea distribution). All
other numerical configurations were identical to those in CTL.

An approximately 6-hour spin-up period was required at the beginning of the CTL run; results from this interval were

therefore excluded from the analysis.

Table 1. List of numerical experiments.

Exp. horizontal grid spacing  time step topography

CTL 2 km 5s gtopo30 entire domain
FLTan ” ” entire domain

FLT mag " " flat (z=10 m) Madagascar region
FLTreu ” " Réunion Island
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In this study, rainfall rates exceeding 10 mm h™' are used to define the heavy precipitation, while reflectivity values above
45 dBZ are used to identify convective regions. These thresholds are widely used in previous studies on heavy rainfall events
(Dyson, 2009; Romatschke, et al., 2010; Lee et al., 2012; 2017). To diagnose the low-level advection of warm, moist air
accompanying the tropical cyclone, three-dimensional distribution of equivalent potential temperature (6.) from Meso-NH

simulation was analyzed (Duffourg et al., 2018; Lee et al., 2018).

3 Evaluation of CTL experiment
3.1 Lifecycle of Batsirai (2022)

The observed and simulated trajectories of TC Batsirai (2022) are shown in Figure 3, and it is evident that the CTL run with a
2 km horizontal grid spacing succeeds in reproducing the TC track. Both IBTrACS-detected (OBS) and CTL-produced Batsirai
are located in the SWIO near 62.5°E, 16.5°S at 00 UTC on 1 February (marked by a white dot, Fig. 3), and the system
propagated gradually southwestward. Between 00 UTC on 2 February and 00 UTC on 4 February, as TC Batsirai passed
adjacent to Mauritius and Réunion Islands (highlighted by a red line, Fig. 3), the CTL track exhibited a slight southward
deflection relative to OBS. When TC Batsirai reached the northern offshore region of Réunion Island (marked by yellow dots),
the distance between the IBTrACS TC centre and the island’s northern coast was ~210 km, while the maximum track
discrepancy between OBS and CTL was approximately 70 km around 06 UTC on 3 February. After passing offshore of the
northwest of Réunion Island, the CTL track shifted westward, rejoining the IBTrACS trajectory around 00 UTC on 4 February.
Thereafter, both observed and simulated tracks propagated almost identically toward the eastern coast of Madagascar. In terms
of timing, the CTL run made landfall about 3 hours earlier than observation (i.e., 12 UTC vs. 15 UTC on 5 February; marked
by a light-blue dot). After the landfall (west of ~48.5°E), the CTL-produced Batsirai crossed the steep terrain of Madagascar

westward, whereas the IBTrACS track moved west-southwestward.
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Figure 3. Model domain and observed and simulated tracks of TC Batsirai (2022). The observed IBTrACS track is shown by the
black line, while the CTL-simulated track is shown in blue. The highlighted segment (00 UTC 2 February to 00 UTC 4 February)
indicates the period of noticeable track discrepancy between CTL and IBTrACS. The white dot marks the initial CTL simulation
time (00 UTC 1 February), yellow dots indicate the closest approach of Batsirai to Réunion Island, and the blue dot shows the landfall
of observed TC on the eastern coast of Madagascar. The approximate position of TC centre captured by the SAR measurement at

01:45 UTC is marked by the green dashed circle.

The intensity changes of TC Batsirai are generally well reproduced by the CTL simulation compared to IBTrACS (Figure
4). Except for the first 6 hours of model spin-up, from 00 UTC on 1 February, both OBS (black line with white dots) and CTL
(dark blue line) show a continuous decrease in minimum sea-level pressure (MSLP), reaching their minimum values
simultaneously at 12 UTC on 2 February (e.g., 932 hPa for OBS vs. 938 hPa for CTL; indicated by a red arrow). However, the
observed rapid intensification over 24 hours from 12 UTC on 1 February (yellow-shaded area), corresponding to an MSLP
drop of 32 hPa, is underestimated by the CTL simulation (24.6 hPa). After reaching the minimum MSLP at 12 UTC on 2
February, the MSLP values in both OBS and CTL gradually increased to ~950 hPa by 00 UTC and 06 UTC on 4 February,
respectively. Following a short re-intensification (MSLP decreasing to ~940 hPa), the minimum MSLP values of both observed
and simulated Batsirai increased again gradually (blue-shaded area) prior to landfall along the eastern coast of Madagascar at
approximately 15 UTC (OBS) and 12 UTC (CTL) on 5 February. As soon as TC Batsirai made landfall, the MSLP increased
rapidly above 980 hPa. Due to rapid weakening associated with land interaction over Madagascar, the French meteorological
administration (i.e., Météo-France) declared that Batsirai had degenerated into an overland depression at 18 UTC on 5 February,
while the Joint Typhoon Warning Center downgraded it to a tropical storm. After landfall, Batsirai moved further westward

across the terrain in CTL, instead of the southwestward deflection seen in IBTrACS (Fig. 3).
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Figure 4. Observed and simulated temporal evolution of minimum sea level pressure (MSLP) for TC Batsirai. Observed 3-hourly
MSLP values from IBTrACS are shown as a black line with white circles; note that data at 21 UTC of 2 February and 03 UTC on 5
February are missing. Simulated MSLP values from CTL, FLTu, FLTnig, and FLTr.u are shown in blue, green, magenta, and orange,
respectively. The time of minimum observed MSLP is marked by a red upward arrow. Periods of intensification and decay of TC
Batsirai are highlighted by yellow and blue shading, respectively. Results of the first 6 hours of the spin-up period were excluded

from the analysis.

At 01:45 UTC on 4 February, when TC Batsirai was located near 54.0°E, 19.5°S (marked by a green dashed circle in Fig.
3), with a minimum MSLP of approximately 950 hPa, SAR observations captured near sea-surface winds across the TC system.
The SAR-derived 20 m wind profile (black line, Fig. 5) reveals two notable features: (i) a sharp increase in wind speed (from
~12 to 43 m s7!) from the TC centre to the eyewall at a distance of 32 km, and (ii) a gradual decrease in wind speed, nearly
having to ~21.3 m s™! at a distance of 200 km from the TC centre. These features are well represented by the CTL simulation
(blue line), although CTL produces slightly weaker wind speeds (< 5 m s™') near the TC centre compared to the SAR
observations (~12 m s™'). Furthermore, the maximum wind speed (~42 m s™') in CTL is consistent with the SAR data and is
located at the eyewall, with only a small discrepancy in radial distance (~ 20 km; 51 km instead of 32 km). The CTL track
error of approximately 68 km is not critical for this analysis, as Batsirai was sufficiently distant; this displacement corresponds
to only a few meters per second in wind speed.

By comparing IBTrACS with CTL in terms of the track and intensity of TC Batsirai, and SAR with CTL in terms of wind
speed across the TC system, it is evident that the CTL simulation successfully represents the overall TC lifecycle, including

the location and timing of intensity changes as well as the global wind structure.
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Figure 5. Near-surface wind profiles at 20 m height for TC Batsirai. Observations from SAR at 01:45 UTC on 4 February 2022 are
shown as a black solid line, while the CTL simulation at 23 UTC on 3 February 2022 is shown in blue.

3.2 Localized heavy precipitation

While TC Batsirai propagated across the SWIO, Réunion Island experienced prolonged heavy precipitation lasting three days.
During this period (2—4 February), Batsirai moved from the northeastern to the northwestern offshore region of the island, with
a closest approach of approximately 210 km from the coast. Throughout the TC’s propagation, the island was strongly affected
by the passage of spiral rainbands associated with the southern sector of the storm. Ground-based operational radar and rain
gauge data are used to examine the rainfall characteristics over Réunion Island and to evaluate those produced by the CTL
simulation.

The observed and CTL-produced three-day accumulated rainfall distributions are shown in Fig. 2. It is apparent that CTL
successfully reproduces the spatial rainfall distribution across the island, namely: (i) a sharp increase in rainfall from the eastern
coast toward the central mountainous region, and (ii) localized heavy precipitation over the mountainous area (see Fig. 1 for
the orography). A pronounced increase in precipitation, from approximately 100 mm along the eastern coast to more than 1,800
mm in the central to southern mountainous region (maximum of 1,884 mm), is detected in the composite rainfall distribution
observed by radar (Fig. 2a), as well as by the rain gauge network (coloured dots in Fig. 2b), which records a maximum value
of 1,861 mm. The pronounced contrast in three-day accumulated rainfall between the coastal and mountainous regions, as well
as the substantial precipitation of about 1,500 mm over the central mountainous region, are generally well reproduced by CTL
(shaded area in Fig. 2b); however, CTL overestimates the maximum rainfall, with values reaching approximately 2,900 mm
in the southern mountainous region. It should also be noted that the rain gauge network in the mountainous region has a
relatively coarse spatial resolution. Additionally, rain gauges located near the summit may have suffered from reduced catch

efficiency under strong wind conditions, which could have led to an underestimation of observed precipitation.
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4 Orography effect

By comparing the CTL simulation with the sensitivity experiments—namely FLT.uu, FLTn4g, and FLT,., (Table 1)—the
orographic effects of Réunion Island and eastern Madagascar on the TC track and intensity, as well as the resulting localized
heavy precipitation during the passage of TC Batsirai, are comprehensively investigated. The key results are presented in this

section.

4.1 Réunion Island
4.1.1 TC trajectory and intensity

An enlarged map showing the observed and simulated trajectories of TC Batsirai from CTL and the sensitivity experiments
around Réunion Island (Figure 6a) highlights the orographically modified TC track. All simulations (blue, green, magenta, and
orange lines) produce nearly identical trajectories until the system passes north of Mauritius (~57°E) around 09 UTC on 2
February. However, a relatively weaker TC is simulated in FLT,; and FLT 4 (minimum MSLP ~942 hPa; green and magenta
lines in Fig. 4) compared to CTL and FLT}e, (minimum MSLP ~938 hPa; blue and orange lines in Fig. 4). After approximately
12 UTC of 2 February (Fig. 6a), as TC Batsirai propagates north of the region between Mauritius and Réunion Island (section
i), the TC in both FLTu; and FLT,.4 continues to move southwestward, approaching closer to Réunion Island (green arrow).

In contrast, the tracks in the other two simulations—CTL and FLT,.,—are deflected more westward (blue arrow).

06UTC |12uTC | 2Feb

I L 1 _18°
-18° osuTC oA —
3 Feb 2 Feb

-20°

| Mauritius

Reunion Island

220 . —L : T T T
54° 56° 58° 46° 48° 50° 52 54¢

Figure 6. Observed and simulated trajectories of TC Batsirai. The observed track from IBTrACS is shown as a black solid line.

Simulated tracks from the CTL, FLTu, FLTmig, and FLT .. experiments are shown in blue, green, magenta, and orange solid lines,

respectively. In panel (a), three sections (i, ii, and iii) are marked to indicate the changes in TC trajectory during its passage near

Réunion Island (Section 4.1), while panel (b) shows the TC trajectories over eastern Madagascar (Section 4.2).

On 3 February, when TC Batsirai moves north of Réunion Island (section ii), all simulations show a general southwestward

propagation (blue and green dashed lines in Fig. 6a), with minimum MSLP values ranging from 940 to 950 hPa (Fig. 4).
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Nevertheless, FLT.n and FLT,.4, simulate a weaker TC (minimum MSLP ~950 hPa; green and magenta lines in Fig. 4)
compared to CTL and FLT., (minimum MSLP ~945 hPa). Although the overall southwestward motion in section ii is similar
across simulations, the distinct track orientations established in section i (westward versus southwestward) lead to differences
in proximity to Réunion Island. Consequently, the minimum distance between the TC centre and the northern coast of Réunion
Island decreases to ~107 km in FLT,; and FLT,4, around 06 UTC on 3 February, compared to ~145 km in CTL and FLT ..
On 4 February (section iii), the TC tracks in all simulations shift from southwestward to slightly west-northwestward, in closer
agreement with IBTrACS.

Interestingly, the TC evolution simulated in CTL and FLT.,—in terms of both trajectory and intensity—is nearly identical,
suggesting that the terrain effect of Réunion Island on TC Batsirai during its nearby passage is negligible. At the same time,
the mesoscale terrain of Madagascar appears to play a crucial role in modifying the track of TC Batsirai, bringing it closer to

Réunion Island, whereas its influence on TC intensity in the vicinity is relatively minor.

4.1.2 Precipitation

The five-day accumulated precipitation distributions are shown in Fig. 7. TC-induced precipitation (Fig. 7a) is evident along
the storm trajectory, with intense rainfall (~500 mm over five days; blue shades) in the southern part of the cyclone over the
ocean. Two other regions of heavy precipitation are notable: (i) > 800 mm in the mountainous regions of Réunion Island, and
(ii) > 500 mm in the southeastern foothills of Madagascar. Over Réunion Island, consistent with Fig. 2b, intense precipitation
exceeding ~1,000 mm over three days is confirmed to areas with terrain elevations above 1,000 m, peaking at 3,032 mm on
the southern mountain peak. The simulated localized heavy precipitation over the mountainous region of Réunion Island is
absent in FLT,.,, in a manner nearly identical to FLT,. The difference in five-day accumulated precipitation between CTL and
FLT,.. (Fig. S1b) indicates that approximately 95% of the localized heavy precipitation (e.g. 2.906 mm) can be attributed to
the steep terrain of Réunion Island. Notably, this orographically induced precipitation is confined to mountainous region above
1,000 m (see Fig. 1 for topography). Although the simulated TC Batsirai in FLT}., tracks farther north of Réunion Island,
nearly identical to CTL (orange line in Fig. 6a), the localized heavy precipitation of approximately 3,000 mm is absent in
FLT e, similar to FLTy;. Furthermore, the differences in precipitation over Réunion Island between FLT,; and FLT,g, are
negligible, indicating that the terrain effect of Réunion Island is highly localized and does not significantly influence
precipitation beyond the island.

A box centered on Réunion Island (55-56°E, 20.8-21.5°S; rectangle in Fig. 7) is used to analyze hourly precipitation over
land during the passage of TC Batsirai. The five-day evolution of the maximum hourly precipitation over Réunion Island (Fig.
8a) reveals (i) persistent heavy precipitation (> 10 mm h™') lasting approximately 60 hours in CTL (light blue bars within the
grey-shaded period from 18 UTC on 1 February to 07 UTC on 4 February), whereas (ii) only three hours of heavy precipitation
are simulated in FLT,., (yellow bars from 14 UTC to 16 UTC on 3 February). During this period, the peak hourly precipitation
reaches 96 mmh' in CTL, compared to only 26 mmh™" in FLT,.,. A sharp increase in hourly precipitation to above 50 mm h~

"occurs at 00 UTC on 3 February in CTL, and very intense precipitation (> 50 mm h™!) persists for nearly one day while TC
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Batsirai passes near Réunion Island (section ii marked in Fig. 6a). After 4 February, when the TC moves away from the island,
FLT., produces little to no precipitation, whereas CTL continues to simulate weak to intense precipitation ranging from 2 to
30 mm h™'. Even with the TC at a distance, southwesterlies prevailed around the Réunion Island region, supplying low-level
moisture toward the mountain slopes (data not shown). The consistent ascent of this moist air along the slope prolongs the

precipitation.
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Figure 7. (a) Five-day accumulated precipitation simulated by CTL, and (b) the difference in five-day accumulated precipitation
between CTL and FLTu experiments (CTL minus FLTan), starting from 00 UTC on 1 February 2022. The two boxes indicate the
analysis domains for the Réunion Island region (55-56°E, 20.8-21.5°S) and the eastern Madagascar region (45.8-51.0°E, 18.2—
22.8°S), which are used in Figure 8. The rainfall area corresponding to the first 6 hours of the spin-up period is marked by a

dashed ellipse.
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Figure 8. Temporal evolution of the simulated maximum precipitation within the analysis domains: (a) the Réunion Island region,
from the CTL (light blue bars) and FLT:.. (yellow bars) experiments, and (b) the eastern Madagascar region, from the CTL (light
blue bars) and FLTu (yellow bars) experiments. The horizontal extent of the analysis domains is shown by the boxes in Fig. 7. Red

dicate the sel

circles along the x-axis i ted times pr d in Figs. 9, 10, and 12. The grey-shaded areas highlight period during
which precipitation > 10 mm h! persists in CTL experiment. Results of the first 6 hours of the spin-up period were excluded from

the analysis.
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4.1.3 Local dynamics

A comparison between CTL and FLT. (Figs. 4, 6, and 7) clearly demonstrates that the steep orography of Réunion Island
critically influences the precipitation distribution, including both five-day accumulated and hourly rainfall. To further
investigate the orographically induced low-level winds and moisture fields responsible for the persistent heavy precipitation
over Réunion Island, a detailed analysis was conducted. Figure 9 shows the horizontal distributions of reflectivity and low-
level moisture flux convergence at three selected times (indicated by red dots on the x-axis of Fig. 8a): 12 UTC on 2 February,
prior to the onset of very intense precipitation (exceeding 50 mm h™') over Réunion Island; 00 UTC on 3 February,
corresponding to the onset of very intense precipitation; and 12 UTC of 3 February, during the very intense precipitation period.
During this period, the TC eye was located between 18.5°S and 20°S (Figs. 9a—c), while the southern spiral rainbands passed

across the island.
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Figure 9. Horizontal distributions of CTL-simulated reflectivity at 3 km above sea level in panels (a)—(c) and low-level moisture flux
convergence below 3 km in panels (d)—(f) at 12 UTC on 2 February, 00 and 12 UTC on 3 February 2022. The inner boxes in panels

(a)—(c) indicate the domains shown in panels (d)—(f). The black solid line in panel (e) marks the location of the vertical cross-section
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along A-B used in Fig. 11. The green dashed ellipse in panels (d) and (e) indicate locally produced low-level wind convergence on
the windward side, while the blue dashed ellipse in panel (e) indicates wind convergence on the lee side. The yellow ellipse in panel
(e) shows the area of wind divergence on the windward side.

12 UTC 2 Feb 2022 00 UTC 3 Feb 2022 12 UTC 3 Feb 2022
FLTreu

[dBZ)

lGO
55

-17°

-18°

—1gef

=20°

=21°

d) FLTreu (e) FLTreu
\ B
AL LT U O O V. S S e AN
LR LN S P 2 T U U N B O S NN S
AR AR AR RRN NN AAAS S S SN
LRI NRX XX
L L0 O Vi
LR o XX
LSRN ASANL NN
NRRNRNRRNRNR] NN R e
NRNRRNNNRNNRN X NN RN N s s
NN XXX XXX AR RS RS S S TN
55° 56° 55° ’ 56°

Figure 10. Same as Fig. 9, but showing horizontal distributions of reflectivity at 3 km above sea level (a—c) and low-level moisture

flux convergence below 3 km (d—f) from the FLT .. simulation.

At 12 UTC on 2 February, the TC eye was located north of Mauritius, while reflectivity exceeding 25 dBZ was observed
over Réunion Island, associated with a thin outer spiral rainband (Fig. 9a). Relatively weak southeasterly flow (8-10 m s')
prevailed at low altitudes around the island, generating a relatively small Froude number (Fr < 0.3). Fr is a dimensionless
parameter defined as Fr= Uy /Nh, where Uy is the mean wind speed below the terrain height, NV is the Brunt-Vaisala
frequency, and 7 is the height of the mountain peak; Fr is proportional to the square root of the ratio of upstream flow’s

kinetic energy required to lift a fluid parcel over the terrain. Under such small-Fr condition, low-level winds flowed around

17



400

405

410

415

420

425

430

the terrain, generating two distinct wind structures: (i) divergence (< —20 g m™ s, red shading in Fig. 9d) on the windward
side (e.g., the southeastern foothills) and (ii) convergence (> 40 g m~ s!, blue shading) on the lee side (e.g. the northwestern
slope). Another notable feature is that the ambient low-level southeasterlies converge with the deflected flow along the eastern
coast (delineated by the green dashed line). In contrast, these wind structures are absent in FLT,, at the same time (Figs. 10a,
d). Although the TC is located north of Mauritius, similar to CTL, and relatively weak southeasterlies prevail at low levels,
Réunion Island remains relatively calm in FLTq.

At 00 UTC on 3 February, the TC approached closer to Réunion Island, and more pronounced convective regions with
reflectivity exceeding 45 dBZ are evident over the southeastern and northern mountainous regions of the island at an altitude
of 3 km (Fig. 9b), accompanied by a complex pattern of moisture convergence and divergence at low levels (Fig. 9¢), similar
to that seen at previous time (Fig. 9d) but with increase intensity. With TC approach, further intensified low-level
southeasterlies (10-20 m s™!) prevailed around the island, with Fr increasing to ~0.4. The flow partially split and moved around
the mountain foothills, resulting in (i) a rounded region of moisture divergence (< —50 g m= s, delineated by the yellow
dashed contour) on the windward side near the foothills, and (ii) a strong moisture convergence region (> 80 g m=> s},
delineated by the blue dashed contour) on the lee side. On the windward side, the partially split low-level flow continuously
converges with the environmental southeasterlies, leading to localized moderate moisture convergence (~20 g m= s!, blue

shading) along the southeastern coast, as outlined by the green dashed contour in Fig. 9e. Meanwhile, the partially split low-

level flow was uplifted over the southeastern mountain slope, generating complex wind patterns (Fig. 9¢). These dynamical

features correspond well with the enhanced reflectivity observed over the mountainous terrain.

In contrast, the strong reflectivity cores and organized low-level moisture flux patterns evident in CTL at 00 UTC are
absent in FLT,., at the same time (Figs. 10b, e). While the positions of the TC center in CTL and FLT,., were similarly located
between 19° and 20°S (Figs. 9a—c, 10a—c), spiral rainbands passed over the island. Unlike in CTL, relatively strong reflectivity
and pairs of convergence and divergence were seen in FLT,, only where the convective clouds existed within the spiral
rainbands.

The vertical cross-sections along the A-B line of equivalent potential temperature (6.) and vertical wind (Fig. 11) indicate
that low-level warm and moist air (6. > 350 K) is partially uplifted along the windward mountain slope from below 500 m to
above 2.5 km. Very high 6. values (> 356 K) extend from the southeastern coast to the mountain summit (~1.8 km). The
uplifted warm and moist air (6, > 350 K) reaches altitudes up to 4 km above the mountain crest, while a deeper moist layer,
extending to about 5 km, is evident on the lee side (i.e., northwestern offshore of the island), where pronounced orographically
induced moisture flux convergence occurs (delineated by the blue dashed contour in Fig. 9¢). In addition to the partially
deflected flow around the terrain and the associated wind convergence on the lee side, descending motion is also apparent
along the downwind slope. The combined effects of low-level wind convergence and vertical uplift, likely enhanced by
accelerated gravity-wave dynamics on the lee side, appear to play a crucial role in deepening the moist layer downstream of

the island.
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Figure 11. Vertical cross-sections of wind (u-w vectors) and equivalent potential temperature (0., shaded) along the A-B line,
simulated by (a) CTL and (b) FLT .. at 00 UTC on 3 February. The location of the A-B line is shown by the green solid line in Figs.
9e and 10e for the CTL and FLT .. simulations, respectively. The hatched area in (a) represents the topography.

In contrast, in FLT., (Fig. 11b), the warm and moist air (6. > 352 K) remains confined below 1 km, and is distributed
relatively homogeneously along the cross-section, with a drier air mass (6. < 350 K) above. The comparison between CTL and
FLT.. (Fig. 11) clearly demonstrates that the high terrain of Réunion Island plays a critical role in lifting the abundant low -
level moisture advected by TC Batsirai to altitudes above 4 km on the windward side and near the mountain crest, thereby
contributing to the intense precipitation over the mountainous region.

During 00-12 UTC on 3 February, spiral rainbands continued to pass over the island in CTL (Figs. 9b—c), and convective
regions (reflectivity > 45 dBZ) persisted over the mountainous areas. Compared with the reflectivity distribution at 12 UTC
on 2 February (Fig. 9a), the spiral rainbands became further thickened, and the convective regions within the rainbands
expanded by 12 UTC on 3 February (Fig. 9c¢), particularly in the southern sector of the TC. During this period, the dominant
low-level winds shifted from southeasterly to easterly with TC propagation, with wind speeds slightly strengthening to exceed
25 m s! at 10 m altitude. Consequently, orographically induced ascent on the windward side—especially along the eastern
coast—and moisture convergence on the lee side became more pronounced (moisture flux convergence > 100 g m= s7'; Figs.
9e—f). In contrast, in FLT., (Figs. 10b—c, 10e—f), the convective regions and orographically induced wind patterns observed in

CTL are absent. Instead, increased reflectivity and wind convergences associated with convective clouds within the spiral
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rainbands are apparent as similarly produced in CTL (Fig. 9).

4.2 Eastern Madagascar
4.2.1 TC trajectory and intensity

An enlarged map showing the observed and simulated trajectories of TC Batsirai from CTL and sensitivity experiments around
eastern Madagascar (Fig. 6b) highlights the orographically modified TC track. Similar to the behavior near Réunion Island
(Fig. 6a), the simulated trajectories in FLT,; and FLT,,; are nearly identical (green and magenta lines in Fig. 6b), whereas
those in CTL and FLT.. closely resemble one another (blue and orange lines) during the approach to landfall over eastern
Madagascar. In both FLT,; and FLT,g, after passing the lee side of Réunion Island (west of ~54.5°E; see also Fig. 6a), the
TC turned more directly westward until making landfall along the eastern coast of Madagascar. In contrast, a more
southwestward propagation is evident in CTL and FLT,... As a result, landfall in FLTu; and FLT,., occurred approximately
30 km north of the location indicated by IBTrACS and simulated by CTL (black and blue solid lines).

Regarding landfall timing, in both FLT.; and FLT 4., TC Batsirai reached the southeastern coast (i.e., near 48.5°E) at
approximately 00 UTC on 5 February, about 12 hours earlier than in CTL (00 UTC vs. 12 UTC; green and blue lines,
respectively). At landfall, nearly identical minimum MSLP value (~955 hPa) were simulated across the experiments (00 UTC
on 5 February for FLTu and FLT,u4e; 12 UTC on 5 February for CTL and FLT,.,; Fig. 4). The comparison between CTL and
FLT.y suggests that the high terrain of Madagascar exerted only a minor influence on TC intensity, whereas its impact on the
TC trajectory—particularly the timing and location of landfall—was more substantial. At the same time, the comparison
between FLT,4 and FLT,., indicates that the influence of Réunion Island on the trajectory and intensity of the TC as it
approached eastern Madagascar is negligible.

After landfall, the simulated trajectories of TC Batsirai in the absence of realistic Madagascar orography (i.e., FLT.; and
FLT,.45) continue to propagate westward to northwestward across the island. In contrast, simulations incorporating realistic
Madagascar topography (i.e., CTL and FLT,., blue and orange lines in Fig. 6b) exhibit a gradual southwestward motion,
consistent with the IBTrACS observation (black line).

4.2.2 Precipitation

The comparison of the five-day accumulated precipitation distributions between CTL and FLT,; (Figs. 7a—b) indicates that
more than 1,000 mm of precipitation was concentrated at the foothills of the southeastern slope of Madagascar, of which
approximately 82% (~830 mm) was induced by the high terrain. Owing to the deflected TC trajectory in the flat-terrain
experiment (FLT,;), and additional ~220 mm of precipitation (maximum difference of —224 mm over 5 days; bluish area in
Fig. 7b) was simulated along the central eastern coastal region (~20°S). In contrast, no significant precipitation was produced
over the inland region. The differences in precipitation over southeastern Madagascar between FLT,; and FLT ., are negligible.

Likewise, the precipitation differences between CTL and FLT,., are minimal, indicating that the terrain of Madagascar exerts
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a dominant control on the localized heavy precipitation over the southeastern slope.

Approximately 150 mm of additional precipitation is produced in FLT.; over the downslope of the mountainous region
(bluish area in Fig. 7b), resulting from the continued westward to northwestward propagation of the simulated TC across the
island (Fig. 6b).

The comparison of hourly precipitation between CTL and FLT.; over eastern Madagascar (45.8—-51.0°E, 18.2-22.8°S; see
analysis domain in Fig 7) is presented in Fig. 8b. In CTL, the steep terrain produces sustained heavy precipitation (> 10 mm
h™!) for 19 consecutive hours beginning at 05 UTC on 5 February (grey-shaded period), with a peak intensity of 92.8 mm h™!
at 15 UTC on 5 February. In contrast, under flat-terrain conditions (FLT.x), heavy precipitation persists for only 4 hours and
reaches a lower peak value of 44.5 mm h™!. Consistent with the earlier landfall of TC Batsirai in FLT ., the peak precipitation
occurs earlier—at 00 UTC on 5 February, coinciding with landfall along the eastern coast—whereas in CTL the peak is
observed later, at 15 UTC on 5 February. Furthermore, the precipitation differences over eastern Madagascar—particularly
along the terrain foothills—between FLT,; and FLT .4, are negligible, indicating that the terrain effect of Réunion Island has

little influence on the localized precipitation over Madagascar.

4.2.3 Local dynamics

To examine the detailed orographic effects of the steep terrain of Madagascar on long-lasting localized heavy precipitation,
horizontal distributions of low-level reflectivity and vertical velocity were analyzed at three selected times (01, 07, and 13
UTC on 5 February; marked by three red dots along the x-axis in Fig. 8b; see Fig. 12) and compared with simulations without
realistic topography (FLT.;) at corresponding times when TC Batsirai is similarly situated as in CTL (16 and 22 UTC on 4
February, and 04 UTC on 5 February; Fig. 13).

At 01 UTC on 5 February, when the TC eye was located offshore of eastern Madagascar (~50.5°E, 20.5°S; Fig. 12a), it
appeared relatively larger than when the storm passed near Réunion Island at 12 UTC on 3 February (Fig. 9c). An asymmetric
ring of intense reflectivity (> 45 dBZ; Fig. 12a), accompanied by weak upward motion (> 0.2 m s7'; yellowish region in Fig.
12d), was evident in the eyewall region over the ocean. In contrast, weakened spiral rainbands with reflectivity below 30 dBZ
were observed in the southern sector of the system. Meanwhile, over the mountainous terrain (500 m topographic contour
shown by the grey solid line in Fig. 12a), multiple scattered convective cells with intense reflectivity (> 45 dBZ) were identified.
These convective regions coincided with strong low-level upward motion (> 1.5 m s7!, red shades in Fig. 12d). Toward this
region, southeasterlies (~10 m s™') prevailed at low altitudes with Fr ~0.6, indicating that they contribute to both wind
convergence and lifting along the foothills. In contrast, simulations without realistic topography (FLT,;) exhibit near-zero
vertical velocities over eastern Madagascar (Fig. 13d) and a corresponding absence of spiral rainbands with reflectivity in the

range of 20-30 dBZ in the coastal region, which are evident in CTL (delineated by the black dashed contour in Fig. 12a).
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Figure 12. Horizontal distributions of CTL-simulated (a—c) reflectivity at 3 km above sea level and (d-f) vertical velocity at 20 m
above sea level at 01, 07, and 13 UTC on 5 February 2022. The southeastern coastline of Madagascar is indicated by a thick solid
line, and topographic contours at 500 m intervals are shown by thin solid lines in all panels. Horizontal wind vectors exceeding 10

m s are shown. The location of the vertical cross section along A-B used in Fig. 14 is marked by a black solid line in panels (b) and

(e)._The spiral rainband along the coastline of Madagascar is delineated by black dashed contour in panel (a).
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Figure 13. Same as Fig. 12, but showing results from the FLT. simulation. Horizontal distributions of reflectivity at 3 km above sea
level (a—c) and vertical velocity at 20 m above sea level (d-f) are shown at the corresponding times. Topographic contours, coastline,

and horizontal wind vectors are displayed as in Fig. 12.

At 07 UTC on 5 February, the TC eye made landfall along the eastern coast, while an asymmetric but further thickened
eyewall with intense reflectivity remained evident (Fig. 12b). In particular, in the southern half of the TC eyewall (21-22°S,
48-50°E), eyewall structures are identifiable through intense reflectivity (> 45 dBZ) with further strengthened upward motion
(>2ms™), induced by the convergence of intensified TC-associated southeasterlies (~15 m s') with orographically modified
and weakened southerlies (~10 m s!) along the mountain foothills (Fig. 12¢). Correspondingly, Fr increased to ~1.0. The role
of terrain in generating this local wind convergence along the coastal mountainous ridge becomes more evident when compared
with FLT,. The simulation without realistic topography (FLT.;) shows homogenous strong southeasterlies (~15 m s™')
associated with the TC in the eastern coastal region (Fig. 13e), and correspondingly, convective regions are absent in this
region (Fig. 13b).

Horizontal and vertical cross-sections of equivalent potential temperature (6.) along the A-B line (marked in Fig. 12¢) at
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07 UTC on 5 February are shown in Fig. 14. These reveal that a large volume of warm and moist air (6. > 350 K) was advected
toward the southeastern coastal region by intense southeasterlies (Fig. 13a). The region of elevated €. extends along the coast
in the southern part of the TC, whereas relatively dry air (. < 347 K) is advected in the northern part. In the coastal region,
three notable features are observed (Fig. 14b): (i) warm and moist air (6. > 350 K) concentrated from the surface to ~1.2 km
altitude, (ii) a deep warm and moist layer (6. > 347 K) extending above 5 km altitude with the TC eyewall, and (iii) local wind
convergence between orographically modified weaker winds and relatively stronger cyclonic easterlies below 1 km height
(delineated by the grey dashed contour). Notably, at the mountain foothills, an accumulation of warm and moist air (6. > 350
K) is observed from the surface up to ~2.3 km, about 1° from point A (indicated by a red arrow in Fig. 14b), whereas relatively
dry air (6. < 347 K, grey shading) dominates above the mountainous ridge.

The TC Batsirai made landfall along the southeastern coast around 12 UTC on 5 February, and by 13 UTC (Fig. 12¢), the
TC eye was no longer discernible. However, the southern portion of the cyclone (21-24°S, 46—49°E) still exhibited expanded
and intensified convective regions (reflectivity > 45 dBZ), particularly over mountainous terrain where strong upward motion
(>2 m s!) was observed, along with further strengthened horizontal winds (> 25 m s™!; Fr > 1.4). In contrast, simulations
without realistic topography (FLT.x) exhibit very weak upward motion (< 0.5 m s™) in the southern sector of the TC (yellowish
area in Fig. 13f). At the same time, FLT,; shows (i) a reduced area with reflectivity >45 dBZ in the southern half of the cyclone,
and (ii) a horizontally expanded area with reflectivity exceeding 20 dBZ (Fig. 13c). These features—including reduced
convective area, expanded stratiform regions, disappearance of the eye, and asymmetric wind fields—are characteristic of the
decay phase of a landfalling TC (Tuleya and Kurihara, 1978; Chan et al., 2022). Moreover, as the FLT,;-simulated TC
propagates across Madagascar, the orographically induced scattered convective regions and intense upward motions along the
mountain foothills—prominent in CTL (Figs. 12¢, f)—are entirely absent in FLT,; (Figs. 13c, f). Similar distributions of

reflectivity and vertical velocity at low altitudes are also found in FLT 4, resembling those in FLT .
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Figure 14. Horizontal and vertical distributions of CTL-simulated equivalent potential temperature (0¢) over the Madagascar region
at 07 UTC on 5 February 2022. Panel (a) shows the horizontal map with the A-B line indicating the location of the vertical cross
section, which is presented in panel (b). A downward red arrow indicates the localized warm and moist layer at low altitude above

the mountain ridge.

5 Concluding remarks

This study investigates the orographic effects of the high terrain of Réunion Island and eastern Madagascar on the lifecycle of
TC Batsirai (2022) and the localized heavy precipitation that occurred during its passage. To this end, numerical simulations
were performed using the Meso-NH model with a horizontal grid spacing of 2 km. To validate the simulated TC Batsirai, a
combination of ground-based observations from rain gauges and dual-Doppler radars operated by Météo-France, together with
spaceborne SAR data and IBTrACS best-track data, was used. Comparisons with observations demonstrate that the model
successfully reproduces the lifecycle of TC Batsirai, including its trajectory and intensity evolution over the southwest Indian
Ocean (SWIO), as well as the localized heavy precipitation over the mountainous regions of Réunion Island.

In addition to a control simulation (CTL), three sensitivity experiments were conducted in which the terrain was uniformly
flattened over (i) the entire model domain (FLT,x), (ii) Madagascar only (FLT ), and (iii) Réunion Island only (FLT ). These
experiments were designed to isolate the orographic effects on heavy precipitation associated with TC Batsirai—the most

intense tropical cyclone of the 2021-2022 season—during its passage near the mountainous regions of SWIO, particularly

25



580

585

590

595

600

Réunion Island and eastern Madagascar. During the TC’s propagation, Réunion Island was strongly affected by the passage of
spiral rainbands associated with the southern sector of the storm, while Batsirai eventually made landfall along the eastern
coast of Madagascar.

The proportion of total precipitation induced by the steep terrain of Réunion Island (Madagascar) is estimated to be 95%
(82%). Terrain-enhanced precipitation is primarily concentrated over the mountainous interior of Réunion Island and along the
foothills of Madagascar. A schematic illustration (Fig. 15) depicts these intense rainfall regions using dark blue shading in both
areas. In particular, intense precipitation (>10 mm h™") persisted for 60 hours over the mountainous region of Réunion Island,
of which 93%, i.e. 56 hours, can be attributed to the terrain effect. During this period, the peak hourly precipitation increased

by 74% due to terrain effect, reaching 94 mm h!' compared to 25 mm h™! in the flat-terrain experiment.

N
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\ /\<(=_—-//(

Southwest Indian Ocean

Madagascar
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rainfall intensity
\ tropical warm-
Réunion Island moist air
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Figure 15. Schematic illustration of tropical cyclone Batsirai (2022). Rainfall intensity is indicated by a blue color scale, with darker
shades representing stronger precipitation. Dark blue arrows show the warm, moist low-level flows associated with the TC, while

the black arrow represents the TC trajectory.

As spiral rainbands in the southern sector of the tropical cyclone passed around Réunion Island, relatively weak low-level
winds (10-12 m s™') prevailed, and the upstream Fr was estimated to be relatively small to moderate, ranging from 0.25 to 0.4.
Under these conditions, very warm and moist air (equivalent potential temperature, 6. > 352 K) associated with TC Batsirai
was advected toward the island by prevailing southeasterly to easterly flow at low altitudes (dark blue arrows, Fig. 15). The
mountains played a key role in generating complex wind regimes, including (i) partial blocking of the flow, leading to localized
wind convergence along the southeastern coast, (ii) uplift of warm and moist air to high altitudes (above 4 km) along the
windward side, and (iii) convergence of warm and moist air on the lee side. Furthermore, the southwestward propagation of

TC Batsirai north of Réunion Island facilitated a persistent supply of warm and moist low-level flow for more than three days,
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impinging on the steep slopes of the island.

As reported by Barbary et al. (2018), because TC Batsirai passed relatively far from the island (more than 200 km), the
orographic influence of Réunion Island on modifying TC intensity and trajectory was minor. In contrast, its role in producing
long-lasting localized heavy precipitation was critical. Strong low-level moisture advection toward the high terrain plays a key
role in enhancing convective development within spiral rainbands. Similar mechanisms have been reported during heavy
precipitation events over mountainous islands in East Asia during the monsoon season, such as the CMR of Taiwan (Jiang,
2003; Chen et al., 2004; Chien et al., 2019), Jeju Island of South Korea (Lee et al., 2014), and Yakushima Island of Japan
(Kanada et al., 2000). Comparable environmental conditions favorable for convective development—such as sustained low-
level moisture advection under weak-to-moderate prevailing winds and the presence of complex terrains—were also present
around Réunion Island as the spiral rainbands of TC Batsirai passed nearby. Therefore, despite the noncritical proximity (i.e.,
more than 200 km) of the TC to Réunion Island (Barbary et al., 2018), the steep terrain of this isolated island played an
important role in producing rainfall intensities comparable to those in the inner eyewall region, persisting for more than three
days.

The orography effect of the high terrain of Madagascar on precipitation is shown to be as critical as that observed over
Réunion Island. The steep terrain of Madagascar contributes to a 78% longer duration of heavy precipitation, resulting in a
total of 19 hours of intense rainfall, with a 55% increase in peak precipitation rate, reaching 93 mm h™'. During this prolonged
heavy-precipitation period, predominant southeasterly winds prevailed toward the mountain slopes (dark blue arrow, Fig. 15),
generating strong ascending motion along the mountain foothills. Although the TC began to weaken after making landfall
along the southeastern coast of Madagascar, convective activity in the southwestern sector of the storm became further
enhanced, particularly near the mountain foothills (dark blue shading, Fig. 15). As TC Batsirai approached eastern Madagascar,
low-level easterlies strengthened, exceeding of 20 m s7!, and the upstream Fr was correspondingly estimated to be relatively
high, ranging from 0.6 to 1.4. Under these conditions of relatively strong low-level prevailing winds, pronounced
orographically induced low-level ascent occurred along the eastern foothills of Madagascar, resulting in the uplift of warm and
moist air (6, > 352 K) to higher altitudes.

Unlike the case of Réunion Island, the orographic influence of Madagascar was critical not only for localized heavy
precipitation but also for the trajectory of TC Batsirai, particularly with respect to the timing and location of landfall. In terms
of timing, the presence of the large-scale mountainous terrain of Madagascar (about 1,600 km long; 600 km wide, and 2,800
m high) plays a key role in blocking the environmental southeasterly flow, particularly in the southern sector of the storm,
thereby decelerating the low-level southeasterlies over the southern part of the island. This interaction between the large-scale
terrain and the environmental flow contributes to delaying TC landfall. Moreover, the deceleration of the environmental
southeasterly flow appears to contribute to a southward shift in the TC landfall location by approximately 30 km.

In this study, we thoroughly examined the roles of Réunion Island and Madagascar in generating localized heavy
precipitation during the passage of an intense TC using both observations and a high-resolution numerical model. This study

demonstrates how sensitive the localized precipitation around complex terrain is to the underlying topography, underscoring
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the importance of employing appropriate terrain data in numerical models. Based on the present results, further investigations

of terrain effects associated with intense TCs approaching Réunion Island and Madagascar from different directions (e.g.,
southward and southeastward tracks) and at varying proximities would help advance our understanding of TC—orography
640 interactions in the region. In addition, the influence of the complex orography of Réunion Island—including steep topography,
valleys, and surrounding bathymetry—on the mechanisms enhancing localized intense precipitation over the southern part of
the island warrants further investigation. Further detailed analysis of low-level, thermally induced circulations and latent heat
flux exchange, along with the associated processes such as local convection activity, radiation, and gravity waves that are
influenced by the complex orography, would be valuable. For such analysis, a series of additional sensitivity experiments
645  involving percentage-based reductions or increases in topography would be useful. In order to extend our understand of rainfall
enhancement mechanisms to major TC-affected regions in the southwest Indian Ocean basin, reinforcement of the ground-
based observation network (e.g., radars, rain gauges), particularly in the Madagascar region, remains essential for obtaining
accurate data. A test observation campaign was conducted using an X-band dual-polarimetric radar in the eastern mountainous
region of Madagascar in 2023, as part of the ESPOIRES project. Continued efforts to expand this observation network through
650 international collaboration are highly needed.

On the other hand, studies on intense TCs and their long-term evolution in the SWIO basin remain relatively limited
compared with those conducted in other TC-active basins, such as the northwestern Pacific Ocean and the North Atlantic,
mainly due to the limited availability of observations and research resources. As in other TC-active basins, TC activity in the
SWIO is expected to evolve throughout the century in response to climate change and increasing greenhouse gas concentrations

655 (Emanuel 2005; Knutson et al., 2013; Cattiaux et al., 2020). Using state-of-the-art climate models with horizontal resolution
typically finer than 50 km, Cattiaux et al. (2020) reported that in a 2 K warmer climate, the frequency of TCs may decrease by
approximately 20%, while their maximum lifetime intensity is projected to increase, accompanied by a slight poleward shift
in TC tracks and a substantial delay (about one month) in the onset of the cyclone season. Specifically for the SWIO basin,
Cattiaux et al. (2020) indicated that the time-averaged sea surface temperature (SST) in the future period (2051-94) is projected

660 to warm by approximately 1.6-2 K relative to the present climate (1971-2014), with a basin-wide mean warming of about 1.8
K. In this context, future studies should examine in greater detail how the increased thermodynamic energy released from
warmer SST—particularly from the upper ocean layer—may influence the TC lifecycle. Such changes could, in turn, modify
the spatial distribution, duration, and intensity of heavy precipitation over mountainous regions such as Réunion Islands and

Madagascar.

665 Code and data availability

Meso-NH output data are available from Lee, K.-O. upon request due to storage limitation for such large datasets.
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