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Abstract. Biomass-burning (BB) aerosols seasonally perturb the otherwise relatively clean atmosphere of the South-West
Indian Ocean (SWIO), but vertically resolved observations remain sparse in its eastern sector. We examine an enhanced aerosol
episode over Reunion Island (21° S, 55° E) in September 2017 by combining AERONET sun-photometer measurements,
ground-based Raman and elastic lidar retrievals, FTIR CO observations, MODIS and CALIOP products, CAMS EAC4
reanalysis, and FLEXPART simulations. AERONET aerosol optical depth at 550 nm reached unusually high values (0.16—
0.42) during the second half of September. CAMS provided temporally continuous total and species-resolved model AOD and
simulated organic matter as the largest aerosol contribution. MODIS and CALIOP provided regional context, showing
elongated enhanced-AOD corridors and elevated aerosol layers frequently classified as smoke-related over the western SWIO.
On September 19", lidar observations identified one layer between 2.8 and 4.7 km with Ajss530=1.32 + 0.23. On September
25% two vertically separated layers with distinct optical properties were observed: a lower layer (3.3-5 km, A= 1.45+0.12)
and a drier upper layer (5-9 km, A= 1.60 + 0.06). FLEXPART simulations for two selected source regions, evaluated against
vertically smoothed FTIR CO observations, support Southern African influence on both cases and an additional South
American contribution to the lower layer on September 25%. The observations demonstrate that column-integrated
measurements alone cannot resolve the layered aerosol structure over Reunion; the combined evidence provides an illustrative

case of vertically distinct long-range transport pathways in the eastern SWIO.
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1 Introduction

The Southern Hemisphere (SH) tropospheric aerosol content is characterized by a strong disparity between widespread near-
pristine marine regions and seasonally polluted continental outflows. Over the oceans, background conditions are essentially
made of marine aerosols such as sea salt and organic aerosols, responsible for low aerosol optical depth (AOD) values as
measured over the South-West Indian Ocean (SWIO) (Mascaut et al., 2022). Over land, certain continental regions, such as
Southern Africa and South America are the main seasonal sources of biomass burning (BB) aerosols (Van Der Werf et al.,
2017). During the BB season (May - October, (Edwards et al., 2006)), the dry season in the tropics, massive fires emit large
quantities of carbonaceous particles such as black carbon (BC) and organic matter (OM). These emissions create elevated
smoke layers in the free troposphere (at typically 3, 5 and 8 km for African fires, (Edwards et al., 2006; Garstang et al., 1996;
Ranaivombola et al., 2023)). These layers can follow long-range transport routes across the Atlantic and Indian Oceans
(Edwards et al., 2006; Garstang et al., 1996; Thompson et al., 1996), leading to seasonal peaks in AOD (Ranaivombola et al.,
2023), and inducing radiative effects related to absorption and aerosol-cloud interaction (Lu et al., 2018). Therefore, the SH
troposphere could be represented as a two-regime system, with an aerosol background content made of clean marine aerosols,
seasonally affected by short- and long-range transported BB aerosols.

Recent observation-constrained studies further show that variability in CO and NOx emissions can affect source interpretation
(Wang et al., 2025), while uncertainties in aerosol absorption, especially for organic aerosol in BB plumes, remain important
for radiative applications (Samset et al., 2018; Konovalov et al., 2021). Reducing aerosol-forcing uncertainty therefore requires
coordinated use of models and satellite, ground-based, and in situ observations (Kahn et al., 2023).

Our understanding of this system has and is still being improved thanks to several major multi-instrumental international field
campaigns that provided observations leading to key findings in terms of aerosol emissions, transport, and radiative effect.
The SAFARI (Southern African Regional Science Initiative) 2000 campaign (Swap et al., 2003) was one of the first large-
scale observational campaign designed to study BB aerosols over Southern Africa. It showed that BB is the main source of
aerosols and trace gases in this region, and datasets from this campaign became benchmarks for global fire emission inventories
(GFED, Global Fire Emission Database). It also revealed the existence of extensive regional smoke layers above Southern
Africa and introduced the expression “river of smoke” to describe a spatially coherent large-scale smoke plume transported
from Southern Africa toward the Indian Ocean (Annegarn et al., 2002), highlighting the efficiency of continental to ocean
aerosol export (Schmid et al., 2003). The INDOEX campaign (Ramanathan et al., 2001) focused on anthropogenic pollution
from South-East Asia spreading over the Indian Ocean and showed that continental outflow from South-East Asia strongly
perturbs the radiative balance of otherwise pristine marine environments, sometimes thousands of kilometers away. These
effects can influence large-scale systems such as the South Asian Monsoon. More recently, the AEROCLO-sA campaign
(Formenti et al., 2019) focused on BB aerosols over Southern Africa and the southeast Atlantic. It followed a multi-
instrumental coordinated approach by using aircraft, ground-based, and satellite observations to investigate aerosol vertical

distribution, aerosol-cloud overlap, and radiative effects. This campaign confirmed the persistence of elevated smoke layers,
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highlighting the role of dynamical transport in shaping aerosol stratification, and demonstrated how absorbing aerosols can
modify atmospheric stability and cloud development. It led to understand that aerosol transport along the Namibian coast
is highly variable and vertically structured, with multiple layers of smoke from Angola and dust from South America extending
through the lower and mid-troposphere under the influence of changing synoptic circulations such as coastal flows, jets, and
cut-off lows (Chazette et al., 2019). With the help of global and mesoscale numerical simulations, another study (Flamant et
al., 2022) focused on a coherent, fast-moving “river of smoke”, travelling for thousands of kilometers from Southern Africa
toward the southeast Atlantic and Indian Ocean, and transporting BB aerosols. It showed that this long-range transport is driven
by coupled synoptic-scale systems (tropical easterly disturbances, midlatitude westerly waves, and cut-off lows forming
tropical-temperate troughs) which efficiently lift smoke into the mid- and upper troposphere (sometimes up to 8 km) and
channel it along well-defined atmospheric pathways. More recently, (Ranaivombola et al., 2025) documented “river of smoke”
events over the SWIO during the BB Aerosol Campaign (BiBAC) at Skukuza (South Africa), but under different synoptic
conditions from those previously described. This work highlighted the diversity of large-scale dynamical pathways capable of
channeling BB aerosols from Southern Africa toward the SWIO. These organized transport corridors are key for exporting
aerosols far from their sources and strongly influence their radiative and cloud impacts downstream.

These campaigns established that smoke export from Southern Africa is frequent, vertically structured, and dynamically
organized. However, most intensive observations were acquired close to the continental source regions, over the southeast
Atlantic, or in the western SWIO. Far fewer vertically resolved observations are available at Reunion Island in the eastern
SWIO, where air masses transported from Southern Africa and, episodically, South America can converge after several
thousand kilometers of transport. Measurements at this remote receptor can therefore extend the geographical coverage of
previous campaigns and constrain layer altitude, vertical separation, optical properties, and the surrounding moisture
environment—information needed by subsequent aerosol-radiation and acrosol—cloud studies.

This observational need is becoming more pressing as wildfire activity intensifies in the SH. Recent analyses show that fire
numbers and cumulated intensities across South America have been rising significantly over the past two decades (Groenen et
al., 2026). In this context, Reunion Island (21°S, 55°E) emerges as a unique strategic observational site in the SH. Located in
the SWIO, it hosts the Observatory of Atmospheric Physics of La Reunion (OPAR), and lies at the crossing of major
atmospheric transport pathways linking Southern Africa, South America, Southern and Southeast Asia (Duflot et al., 2022).
This location enables the island to observe both (i) clean marine background conditions dominated by marine aerosols under
the influence of trade-winds (Mascaut et al., 2022), and (ii) seasonal perturbations associated with long-range transported
biomass burning plumes (Duflot et al., 2022). The high-altitude Maido Observatory (2160 m asl, (Baray et al., 2013)) provides
direct access to the free troposphere. It hosts several ground-based instruments that can help study tropospheric aerosol content,
validate satellite retrievals, and evaluate transport models. These instruments include sun-photometers to measure total aerosol
optical depth (AOD), multiwavelength UV and visible lidars to retrieve vertical profiles of aerosol optical properties, and
Fourier Transform Infra-red (FTIR) spectrometers to measure partial columns of Carbon Monoxide (CO) related to BB

emissions.
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In this work, we characterize the vertical structure, optical properties, and moisture environment of BB aerosol layers observed
over Reunion Island during an enhanced episode in September 2017 and examine their possible transport pathways. Ground-
based measurements at Maido Observatory are combined with satellite retrievals and CAMS reanalysis to connect the local
vertical structure with the regional aerosol distribution; FLEXPART CO simulations then test whether transport from two
selected source regions is consistent with the timing and altitude of the observed layers. The contribution of this case study is
the vertically resolved characterization, in the eastern SWIO, of one single-layer case and one case with two simultaneous

elevated layers displaying contrasting optical and moisture environments.

2 Data and methods
2.1 Instruments
2.1.1 CIMEL sun photometer

The total AODsgo and the Angstrdm exponent between 440 and 675 nm (A49.675) were retrieved from a CIMEL sun-photometer
(Cimel Electronique, Paris - France) located on a rooftop at the University of La Réunion in the city of Saint-Denis (80 m asl,
20.90°S, 55.45°E). This instrument is in the SNO PHOTON/AERONET network (Service National d’Observation
PHOTONS/AErosol RObotic NETwork) (Holben et al., 1998), part of ACTRIS-ERIC (Aerosol, Clouds, Trace Gases
European Research Infrastructure Consortium). The data retrieved corresponded to direct sun version 3 level 2.0 (Giles et al.,
2019; Smirnov et al., 2000) and was downloaded from AERONET website (https://aeronet.gsfc.nasa.gov/cgi-
bin/webtool_aod_v3, last access: April 28", 2025). AOD level 2.0 product from the CIMEL Sun-photometer was accessed for
measurements from December 2003 until December 2024. The AODsg wavelength was converted into AODsso wavelength
and into AODs3, wavelength using Aus.675 in order to facilitate comparisons with similar variables from model reanalysis or
lidar measurements at 532 nm. This conversion assumes that the measured Angstrém exponent represents the wavelength
dependence between 500 and 550/532 nm. Its uncertainty therefore propagates into the converted AOD. Because the
wavelength interval is small, we use these converted values as comparison quantities rather than as independent measurements

at 532 or 550 nm.

2.1.2 Spaceborne instruments
2.1.2.1 MODIS

The Moderate Resolution Imaging Spectroradiometers (MODIS) are spaceborne instruments onboard the synchronous polar-
orbiting platforms Terra and Aqua (King et al., 1992; Salomonson et al., 1989). Both platforms provide a quasi-complete
coverage of the Earth with a vertical resolution between 250 and 1000m at ground level depending on the spectral band. In
this study, we use the Terra and Aqua AOT at 550 nm from the MODIS aerosol product level 2 data (http://aqua.nasa.gov, last

access: 03 Avril 2026) with a spatial resolution at nadir of 10 * 10 km2. We also use the radiance-based Fire Radiative Power
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(FRP), derived from MODIS measurements on the Aqua platform. The uncertainty on the AOT is £0.15 £0.05 AOT over the
land and +0.05 £0.03 AOT over the ocean (Chu et al., 2002).

2.1.2.2 CALIOP

In this study, we also use vertical profiles of aerosol optical products from the Cloud-Aerosol Lldar with Orthogonal
Polarization (CALIOP) aboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO, http://www-
calipso.larc.nasa.gov, last access: 10 April 2026). Details on this instrument and the methodology for data processing can be
found in (Winker et al., 2007). In this work, we use CALIOP level-2 data version 4.10 (Tackett et al., 2023). The inversion
method is described in (Young and Vaughan, 2009); and the aerosol classification method can be found in (Kim et al., 2018)
with updates in (Tackett et al., 2023). Because CALIOP subtyping is an algorithmic classification based on measured optical
properties, location, and assumed aerosol models, mixed smoke—pollution layers and weakly scattering features may be

misclassified. The subtype product is therefore used as regional context rather than as a direct chemical measurement.

2.1.3 Ground-based lidars

Two Maido lidars are used to retrieve vertical profiles of acrosol optical properties in the troposphere. The Li1200 provides
Rayleigh-Mie scattering profiles at 355 nm, Raman N scattering profiles at 387 nm, and Raman H,O scattering profiles at 407
nm. The LiO3T provides elastic scattering profiles at 532 nm with polarization information, elastic scattering profiles at 1064
nm, and Raman N scattering profiles at 607 nm. Technical specifications for both instruments can be found in a dedicated
data paper (Gantois et al., 2024). Data can be accessed at https://doi.org/10.26171/rwecm-q370 (last access April 28%, 2025).
These lidars are routinely operated twice per week and only measured during nighttime to ensure a good signal to noise ratio
(SNR).

The datasets consist of 1-minute integrated profiles for the Li1200 and 2-minutes integrated profiles for the LiO3T. An overlap
factor correction was applied for the very low 355 nm elastic channel of the Li1200, as well as the polarized 532 nm elastic
channels of the LiO3T. Up to now, it has never been physically possible to perform horizontal measurements with Maido
lidars. Therefore, an experimental approach using vertical measurements (instead of horizontal) in aerosol-free conditions was
performed. Specifics about the equation used as well as the corresponding uncertainty analysis can be found in(Gantois et al.,
2024). Concerning the retrieval of aerosol optical products, a two-component Klett inversion was applied to the time-series,
initially using a constant LR value of 50 sr (Klett, 1985). The corresponding equations and uncertainties can be found in
(Gantois et al., 2024). A Raman inversion was then performed for the Li1200 using the average signal for each time-series to
improve the SNR for the 387 nm channel. The corresponding equations used to compute the acrosol extinction and backscatter
coefficients as well as the lidar ratio (LR) profile can be found in (Ansmann et al., 1992). The mean value of this lidar ratio
profile was used to perform a new Klett inversion on the lidar signal time-series. An Angstrém exponent (A) was also derived
from the aerosol backscatter at 355 nm and 532 nm. For consistent processing of the two nights, the 75 = 9 sr lidar ratio

retrieved at 355 nm for the upper layer on September 25" was also applied to September 19" and to 532 nm. This transfer,
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although compatible with published BB-aerosol ranges, is the main systematic assumption affecting the absolute Klett
extinction and subsequent AOD. Layer altitude and the identification of one versus two layers rely primarily on the observed
backscatter structure and are consequently less sensitive to this choice.

Vertical profiles of Water vapor mixing ratio (WVMR) were retrieved from the 387 nm and 407 nm channels of the Li1200
using the methodology described in (Vérémes et al., 2019). Time-series of WVMR vertical profiles were computed, using
integrated 5-minute signals from the Li1200 as described in Eq. (5) (Whiteman et al., 2006):

WVMR(z) = C * 0(z) * I'(z) * %Ar, (1
where C is the calibration coefficient, 0(z) is the overlap function, I'(z) is the temperature-dependent Raman cross-sections,
Py, o and Py, are respectively the power received at the 407 nm and 387 nm wavelengths, SBy, o and SBy, are respectively the
sky background at the 407 nm and 387 nm wavelengths, and At is the differential term due to the atmosphere. The calibration

constant was retrieved using the GNSS (Global Navigation Satellite System) methodology described in (Vérémes etal., 2019).

2.14 FTIR

A Bruker IFS 125HR Fourier Transform Infra-red (FTIR) spectrometer has been continuously measuring at Maido observatory
since March 2013 (Baray et al., 2013). This instrument is equipped with two detectors: InSb and MCT, and with a KBr
beamsplitter. It covers the spectral range from 600 to 4500 cm—1 (2.2 to 16 um). with a maximum optical path difference of
257 cm. To obtain one spectrum, the instrument must provide one forward and one backward scan in less than 3 minutes.
Usually, two or three scans must be averaged to increase the SNR. Vertical profiles of volume mixing ratios of CO were
derived using the Optimal Estimation Method, implemented in SFIT4 (SFIT4:v0.9.4.4,
https://wiki.ucar.edu/display/sfit4/Infrared+Working+Group+Retrieval+Code%2C+SFIT, (Hannigan et al., 2024)). Details on
the CO retrieval settings can be found in (Zhou et al., 2018), including the fitted spectral windows, interfering species, and
averaging kernels description. Concerning ancillary data, a priori temperature and pressure profiles were derived from 6-hourly
NCEP analyses from the surface up to 1 mbar altitude, and WACCM monthly means above. A priori profiles of CO volume
mixing ratio were taken from the WACCM v6 model. Vertical profiles of volume mixing ratios of CO were weighted by the
airmasses in each retrieval layer and integrated to give the total or profiles of partial columns in molecules.cm™. The uncertainty
budget was based on the methodology of Rogers (Rodgers, 2000). The total uncertainty has been determined by adding all
components in quadrature. In our study, we chose to extract the uncertainty profiles from the diagonal of the covariance
matrices. The risk is to underestimate the uncertainty by not taking into account the potential correlation with the non-diagonal
elements. The most important contributions to the random and systematic uncertainty budget are the measurement noise and
the spectroscopic parameters, respectively (Senten et al., 2008). Mean random and systematic uncertainties on CO total
columns are 1.2% and 2.5%, respectively. In addition to total columns, FTIR can provide low-vertical resolution CO profiles.
The mean degrees-of-freedom for signal (DOFS, trace of the averaging kernel matrix) is 2.25, meaning that at least 2

independent pieces of information can be retrieved from the FTIR spectra. In the altitude used in the present study, the mean
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DOFS is 0.62 for the ground to 5 km range, and 1.15 for the 5 to 15 km range. The FTIR data sets can be accessed at the
NDACC repository (https://ndacc.larc.nasa.gov/index.php/instruments/ftir-spectrometer/profile-multiple-species-ftir-
spectrometer-bruker-125hr-reunion, last access April 29, 2025).

A climatology using FTIR data from 2013 to 2019 was performed to derive background values of CO.

2.2 Numerical modelling
2.2.1 Copernicus CAMS EAC4

Total, black carbon (BC), organic matter (OM), dust (DU), sulfate (SU), and sea salt (SS) AODsso were retrieved from the
Copernicus Atmosphere Monitoring Service (CAMS) European Centre for Medium-range Weather Forecast (ECMWF)
Atmospheric Composition Reanalysis 4 (EAC4) (Benedetti et al., 2009; Mangold et al., 2011; Morcrette et al., 2009). CAMS
was selected to provide temporally continuous total and species-resolved model AOD fields for the study period (Chazette,
2026). The CAMS global reanalysis (EAC4) is available from the Copernicus Atmosphere Data Store (Copernicus Atmosphere
Monitoring Service, 2020, https://ads.atmosphere.copernicus.eu/datasets/cams-global-reanalysis-eac4?tab=download, last
access April 29", 2025). Concerning the naturally emitted aerosols (dust and sea-salt), their sources are linked to prognostic
and diagnostic model variables on the surface and near-surface. However, sources of anthropogenic aerosols (organic matter,
black carbon and sulfate) originate from the MACCity anthropogenic emission inventory (based on the ACCMIP historical
emissions extended to 2020 following RCP 8.5), while biomass burning emissions of BC and OM are provided by the Global
Fire Assimilation System version 1.2 (GFASv1.2) (Inness et al., 2019). We extracted one month of data produced by CAMS
EAC4 from September 1%, 2017, until October 1%, 2017, with a spatial resolution of 0.75°x0.75°, and a temporal resolution of
3h. We averaged the data around Reunion Island using a 1° radius box centered on Reunion Island. EAC4 assimilates satellite
total-AOD observations, whereas the partition among aerosol species is determined by the model, emission inventories,
transport, removal, and optical assumptions; nitrate is not represented among the components used here. The comparison with
AERONET therefore evaluates total column AOD, while species-resolved AOD is used as model-based information rather

than as an independently validated composition measurement.

2.2.2 ECMWF ERAS

ERAS reanalysis is the fifth generation of ECMWF global reanalysis. This widely used product is comprehensively presented
by Hersbach et al., 2020. In this work, the hourly pressure level outputs (37 levels) are used to plot synoptic maps with 0.25°
x 0.25 ° resolution. The data can be accessed via the climate data store portal hosted by Copernicus
(https://cds.climate.copernicus.eu/). Synoptic maps highlight the underlying atmospheric dynamics enabling long-range

transport of aerosol.
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2.2.3 FLEXPART

The long-range transport of wildfire CO from SA and Africa was simulated with the Lagrangian particle dispersion model
FLEXPART version 10.4 (Pisso et al., 2019) in forward mode. The input emissions of CO into the model were adopted from
the Copernicus Global Fire Assimilated System (GFAS) (Kaiser et al., 2012). In addition to emission fluxes of CO (and other
pollutants), the product also provides estimates of the injection height of the wildfire plume, a feature that is crucial for accurate
simulation of smoke dispersion. The model is driven by hourly reanalysis meteorological fields (ERAS) from ECMWF with
137 vertical levels (up to approximately 80 km) and a horizontal resolution of 0.5°x0.5° (Hersbach et al., 2020). FLEXPART
accounts for turbulence, unresolved mesoscale motions (Stohl et al., 2005), and deep convection (Forster et al., 2007). The
model output consists of 4-dimensional modelled concentrations extending from the surface up to 15 km height, wet and dry
deposition variables. The FTIR a priori profiles and averaging kernel matrices were used to smooth CO vertical profiles over
Reunion Island provided by FLEXPART using the following equation (Rodgers and Connor, 2003):

COriex smooth = FTIRgpriori + Ak * (COpiex — FTIR gpriori)s “)
where COpjex smootn 18 the smoothed CO vertical profile from FLEXPART outputs, COpe, is the raw CO vertical profile
provided by FLEXPART, FTIRgpyior; 1s the a priori profile from the FTIR, and Ak is the averaging kernel from the FTIR.
Background values of CO derived from the FTIR 2013-2019 climatology were added to FLEXPART output profiles. The
FTIR partial columns were compared to FLEXPART partial columns derived from vertical profiles to evaluate whether the
model reproduced the observed CO variability and broad vertical distribution. The averaging-kernel smoothing makes
FLEXPART and FTIR comparable at the limited FTIR vertical resolution, but it also removes fine vertical structure. This
comparison therefore cannot validate individual aerosol-layer boundaries.

To examine possible source regions, distinct forward simulations were performed for BB CO emitted from Southern Africa
and South America. The reported contributions are therefore defined within this two-source experiment; Madagascar and other
possible source regions were not simulated separately. Their interpretation also depends on GFAS emission magnitude and
injection height, ERAS5-resolved transport and convection, and unresolved mixing. Moreover, CO is used as an air-mass tracer:
its longer lifetime and the absence of aerosol-specific removal prevent its simulated source fractions from being interpreted as

quantitative aerosol-mass fractions.

3 Results

Each dataset constrains a different part of the analysis. AERONET establishes the timing and magnitude of enhanced column
AOD; MODIS and CALIOP place the episode in its regional horizontal and vertical context; and the ground-based lidars
resolve the local layer structure, optical properties, and coincident moisture environment. CAMS species AOD and

FLEXPART CO simulations provide model-based information on composition and transport, with the latter evaluated against
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FTIR at the partial-column and coarse vertical scales resolved by the retrieval. Source pathways are consequently inferred

from the combined evidence rather than observed directly.

3.1 Aerosol optical depths during September 2017

High AOD values were observed and modelled in September 2017 above Reunion Island. Figure 1 shows the AODsso measured
by the sun-photometer, as well as the total AODsso and the contribution of various aerosol chemical compounds derived from

CAMS EACH4 reanalysis.
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Figure 1: Daily total Aerosol optical depth AODsso measured by a CIMEL sun-photometer (AERONET network) above Saint-Denis
(red curve) during September 2017. Total and specific AODsso produced with a 3h temporal resolution by CAMS EAC4: total
AODsso (black curve - CAMS total), AODsso from black carbon (grey bars - CAMS BC), AODsso from dust (yellow bars - CAMS
Dust), AODsso from sulfates (blue bars - CAMS Sulfates), AODsso from organic matter (purple bars - CAMS OM), and AODsso from
sea-salt (green bars - CAMS other). Vertical areas in grey indicate two days of high AOD with concomitant lidar measurements:
September 19™ and 25, 2017.

The usual AODssg value from a monthly climatology encountered above Reunion Island in September is 0.09 & 0.03 (Appendix
A1, updated from(Duflot et al., 2022)). AODsso from AERONET was particularly strong between September 16™ and 237,
2017 (0.16-0.42), and between September 24" and 28", 2017 (0.16-0.23). For those two periods, we selected concomitant lidar

measurements (grey areas) on the 19" and 25 of September 2017.
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The high values observed in September 2017 are consistent with the local BB-season enhancement identified in a previous
AODyy climatology from the same sun photometer, which associated the baseline mainly with sea salt and the seasonal
increase with BB influence (Duflot et al., 2022). AERONET AODsso and CAMS total AODssy broadly covaried between the
11" and 28" of September 2017. This comparison is used only to place the observed episode in the temporal context of the
reanalysis, not as a formal evaluation of model performance or aerosol speciation. Larger differences occurred between the 1*
and 11" of September. Several factors may contribute, including the mismatch between a point measurement and the 1° marine-
dominated averaging area, CAMS aerosol and removal assumptions, and the satellite observations assimilated by the
reanalysis. The available analysis does not isolate the cause of this difference. In the CAMS model partition, organic matter
(OM) contributes between 50 and 60 % to the high AODsso values observed for the two periods previously described. Black
carbon (BC), sulfates (SU) and sea-salt (SS) also contribute, but much less than OM (between 5 and 25%). Dust (DU) has a
negligible contribution (less than 5%). Biomass burning emits many elements such as volatile and gaseous carbonaceous
compounds (among which the carbon monoxide - CO), BC, and OC essentially made of degradation products from natural
cellulose (Simoneit, 2002). The simulated rise in OM, together with elevated observed AOD and the independent satellite
context described below, provides supporting evidence for BB-smoke influence. The CAMS partition itself is not an

observational attribution.

3.2 Regional satellite context
3.2.1 Passive remote sensing observations of AOD

To assess the horizontal dispersion of these increased AOD values over Reunion Island, we used MODIS observations from
AQUA and TERRA and compared average values of AOD from the first two weeks of September 2017 (Fig.2b), and the last
two weeks of September 2017 (Fig.2c). We also added the cumulated FRP for the first two weeks of September 2017 (Fig.2a).
During the first two weeks of September 2017, the cumulated FRP was particularly high above South America and Southern
Africa, meaning that the BB activity was strong during this period. For the same period, strong AOD values were observed
above Brazil, Namibia and Botswana (AOD >=1). The spatial displacement between the FRP maxima and elevated AOD is
consistent with transport after emission, although these temporally averaged maps do not trace individual air masses.

Two elongated regions of elevated AOD, here described qualitatively as organized smoke-transport corridors, are visible in
Fig. 2. One extends from Brazil toward the southeast over Bolivia, Argentina, and Uruguay before crossing the Atlantic toward
southern Africa and the SWIO (Edwards et al., 2006; Flamant et al., 2022). The second is connected to Southern African fire
regions and extends toward the Atlantic coast and then eastward across southern Africa toward the SWIO (Garstang et al.,
1996; Swap et al., 2003). Mean ERAS5 winds at 600 hPa provide dynamical context for these pathways. Higher AOD occurred
over the SWIO during the second half of September. Because the maps are temporally averaged and AOD is not source-
specific, they indicate plausible regional connectivity rather than demonstrating the origin of aerosol subsequently observed

over Reunion.
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311 3.2.2 Active remote sensing observations of aerosol extinction

312 CALIOP products provided information about the vertical distribution and algorithmic aerosol typing in the free troposphere
313 of the SWIO (Fig. 3a-b). Four nighttime profiles acquired on September 24" and 25" crossed the east coast of Southern Africa
314  and Madagascar during the period of enhanced MODIS AOD. They showed extensive elevated aerosol layers between 0 and
315 35° S, reaching approximately 9 km a.s.l. Over the continent and Madagascar, CALIOP assigned mainly the labels 'polluted
316 continental/smoke' and 'elevated smoke'. Over the ocean around Madagascar, it identified a lower marine-aerosol layer between
317 0 and 2 km and an upper layer labelled 'elevated smoke' between 4 and 9 km. These profiles establish the regional vertical
318 extent of the aerosol layers. Because the subtype product is algorithmic, however, the labels provide regional context rather

319 than direct chemical identification.

24/09/2017

Altitude a.m.s.l. (km)

Latitude (°)

Longitude (°) 60 39
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321 Figure 3: (a) Aerosol extinction coefficient at 532 nm derived from the space-borne lidar CALIOP. (b) Same as (a) but for CALIOP-
322 derived aerosol typing. Four nighttime orbits appear in these plots: (i) two of them on September 24, 2017, between 23:04 and
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23:31 UTC over the east coast of Southern Africa, (ii) and two of them on September 25%, 2017, between 21:55 and 22:35 UTC over
Madagascar.

Together with the MODIS maps, these CALIOP profiles are consistent with substantial BB-smoke influence over the western
SWIO during the latter half of September, sometimes accompanied by continental-pollution or marine-aerosol signatures.

They do not provide a quantitative composition measurement for the air masses sampled later over Reunion.

3.3 Vertical profiles of aerosol optical properties

Vertical profiles of aerosol extinction coefficient at 355 (a3s5) and 532 nm (@535, ), as well as the Angstrém exponent (Azss /532)
were derived from lidar measurements on the 19" and 25" of September 2017.

On September 19, 2017, the total AOD values at 355 and 532 nm measured by sun-photometer were respectively 0.34 and
0.21. The ground based lidars captured an aerosol plume in the low troposphere between 2.8 and 4.7 km asl (Fig.4). The AOD
values at 355 and 532 nm of this plume derived from the lidar measurements were respectively 0.19 and 0.14, lower than the
sun-photometer AOD values. The discrepancies observed between lidar and sun-photometer AOD values can be explained by
the optical geometry of our lidar instruments (overlap factors, see (Gantois et al., 2024)), the difference in elevation between
the sun-photometer site (80 m asl) and the lidars site (2160 m asl), and the presence of acrosols in the boundary layer. Based
on lidars measurements, the September 19" plume was characterized by an A /532 0f 1.3240.23. Published A values for
BB acrosol span a broad range and are influenced by particle size distribution, mixing state, combustion conditions,
humidification, atmospheric processing, and retrieval assumptions (Fiebig et al., 2003; Reid et al., 1998; Wandinger, et al.,
2002). Consequently, the measured Asss/s32 value is treated here as an optical descriptor rather than a unique indicator of aerosol
age. The Raman signals bellow 5 km were too poor for the two wavelengths, which prevented us from determining an LR

profile for this plume.
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Figure 4: [left] Aerosol extinction time-height cross-section over Maido facility (Reunion Island) on September 19%, 2017. [center]
Mean vertical profile of aerosol extinction from Klett inversion at 355 nm (blue curve: Li1200, LR = 75 sr) and corresponding
standard deviation (shaded blue), 532nm (green curve: LiO3T, LR = 75 sr), and from Raman inversion at 387 nm (black dotted
curve: Li1200). AOD between 2 and 10 km (blue) is obtained from the Li1200 retrieval, and total AOD (black) from AERONET sun
photometer. [right] Angstrom exponent (black dotted line) vertical profile.

On September 25", 2017, the total AOD values at 355 and 532 nm measured by sun-photometer were respectively 0.37 and
0.23. Ground based lidars captured two aerosol plumes in the low troposphere between 3.3 and 5 km asl, and in the middle
troposphere between 5 and 9 km (Fig.5). The specific AOD values at 355 and 532 nm for both plumes derived from lidar
measurements were respectively 0.12 and 0.07 for the lowest, and 0.17 and 0.09 for the highest. Again, the sum of these AODs
(0.29 and 0.16) is lower than the total AOD measured by AERONET, most probably due to the overlap factors of our
instruments and the presence of aerosols in the 0-2.5km layer. A mean LR of 75 + 9 sr at 355 nm was determined from Raman
inversion for the highest plume, consistent with BB aerosols (Wandinger, et al., 2002). This LR value was used to reprocess
data for both days of measurements to increase comparability, and for both wavelengths, as this value of LR for 532 nm is
consistent with previously published studies (Haarig et al., 2018). The highest plume was characterized with higher values of
Asss /532 than the lowest plume (1.60 + 0.06 vs 1.45 + 0.12, respectively). This difference indicates distinct optical behavior
between the layers. It may reflect differences in particle size, mixing state, source conditions, or processing history, but A

alone cannot determine aerosol age (Fiebig et al., 2003).

14



361

362
363
364
365
366

367

368
369
370
371
372

—— 355nm - Klett 75 sr
—-= 355nm - Raman

i —— 532nm - Klett 75 sr
| oy

TR , .;' unu., u‘]q.s,;'

hipdll

AODaeroNET
= 0.37

8.2 AOD(2 - 10km)

~

7.3 Angstrom(s.s - okm)

=1.6

6.4

~er TN maa L=

5.5

Distance [kmasl]

4.6 N Angstrémgs - skm)

=1.45

=

3.7

17:00 17:36 18:11 18:47 19:23 19:59 0 20 40 60 80 1001201400 1 2 3 4 5 6

F .-y s o o e e o Aerosol extinction Angstrom exponent
[Mm-1] [UA]

Aerosol extinction [Mm-1]

Figure 5: [left] Aerosol extinction time-height cross-section over Maido facility (Reunion Island) on September 25%, 2017. [center]
Mean vertical profile of aerosol extinction from Klett inversion at 355 nm (blue curve: Li1200, LR = 75 sr) and corresponding
standard deviation (shaded blue), 532nm (green curve: LiO3T, LR = 75 sr), and from Raman inversion at 387 nm (black dotted
curve: Li1200). AOD between 2 and 10 km (blue) is obtained from the Li1200 retrieval, and total AOD (black) from AERONET sun
photometer. [right/ Angstrom exponent (black dotted line). Corresponding mean values are given for each aerosol layer.

3.4 Water-vapor environment

On September 19, 2017, retrieved WVMR within the aerosol layer was 2.08 = 0.21 g.kg™'. Precipitable water increased from
2.75 + 0.04 mm during the first hour to 3.00 + 0.08 mm thereafter, while AOD in the 3—5 km range increased slowly during
the night. The estimated WVMR measurement-precision uncertainty was nevertheless 1.54 g.kg !, approximately 74% of the
mean; the small temporal standard deviation therefore describes repeatability during the measurement period but does not

support a quantitative interpretation of the absolute moisture value or its small variations.
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Figure 6: [Bottom left] Water Vapor Mixing Ratio (WVMR) vertical profiles over Maido facility (Reunion Island) on September
19, 2017. [Top left] Precipitable Water (PW) values (blue curve), and AOD values (black curve) between 3 and 5 km over Maido
facility (Reunion Island) on September 19", 2017. /Bottom right] Mean WVMR vertical profile over Maido facility (Reunion Island)
on September 19, 2017, with uncertainty in shaded blue.

Figure 7 shows that WVMR decreased with altitude in the lower part of the aerosol layer while extinction remained
comparatively stable. Both quantities varied little in the middle part and decreased together near the top. We use ‘decoupled’
only for altitude ranges in which the two retrieved profiles do not covary. Given the WVMR uncertainty, this description

remains qualitative and does not imply aerosol hygroscopicity or a causal aerosol-water-vapor interaction.
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Figure 7: Scatter plot of Aerosol extinction and WVMR as a function of altitude derived from lidar measurements over Maido
facility (Reunion Island) on September 19", 2017.

On September 25", 2017, time-series of WVMR vertical profiles (Fig.8) showed differences in water vapor content between
the highest and the lowest aerosol layers. The highest layer was the driest (0.09 + 0.04 g.kg™), when the lowest layer had the
largest quantities of water vapor (1.27 = 0.22 g.kg™!). A high uncertainty (0.94 g.kg!)in the WVMR measurement precision
concerning the lowest aerosol layer was estimated (almost 74% of the mean WVMR). This layer was also characterized by
slowly decreasing, yet high precipitable water values with higher values during the first two hours of measurement (2.72 +
0.06 mm), and lower values for the rest of the night (2.39 + 0.15 mm). Although the 0.94 g.kg™! retrieval uncertainty precludes
a detailed quantitative interpretation of variability in the lower layer, the upper-layer WVMR of 0.09 + 0.04 g.kg™! remains
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392 clearly distinct from the moister lower layer. AOD remained comparatively stable during the night (0.12 + 0.006).
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394 Figure 8: [Bottom left] Water Vapor Mixing Ratio (WVMR) vertical profiles over Maido facility (Reunion Island) on September
395 25t 2017. [Top left] Precipitable Water (PW) values (blue curve), and AOD values (black curve) between 3 and 5 km over Maido
396 facility (Reunion Island) on September 25", 2017. [Bottom right] Mean WVMR vertical profile over Maido facility (Reunion Island)
397 on September 25%, 2017, with uncertainty in shaded blue.

398 The profiles in Fig. 9 consequently distinguish a moist lower aerosol layer from a dry upper layer on 25 September. Particle
399 backscatter and relative humidity increased simultaneously between 4 and 4.5 km, but their co-variation alone is insufficient
400 to infer hygroscopic growth. Here WVMR is used to characterize the surrounding moisture environment and the vertical

401 separation of the layers.
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Figure 9: Scatter plot of Aerosol extinction and WVMR as a function of altitude derived from lidar measurements over Maido
facility (Reunion Island) on September 25%, 2017.

3.5 Model-supported transport pathways

FLEXPART forward simulations of BB CO from Southern Africa and South America were used to examine whether transport
from these selected regions was consistent with the timing and altitude of the observed layers. The simulations were evaluated
against Maido FTIR CO observations after application of the FTIR a priori profile and averaging kernel. In this comparison,
CO traces air-mass transport rather than the aerosol itself.

Time-series of CO concentration vertical profile and CO total column in 2017 measured by Maido FTIR (Fig. 10) showed an
increase of CO with a mean value of (1.34 + 0.26) *10'® molecules.cm? between July and November (BB season) and between
2.5 and 12.3 km (essentially middle and low troposphere). This value is higher than the corresponding climatology value of
(1.15 £ 0.18) *10'® molecules.cm? computed from FTIR measurements between 2013 and 2019. This is consistent with the
presence of BB plumes during this period (Duflot et al., 2010).

Both the CO total column time-series derived from FTIR measurements and the AOD values recorded by AERONET indicate

that the BB season starts in July. The discrepancies observed between January and May can be attributed to the difference in
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Figure 10: /Bottom] Time-series of CO partial columns bounded by the altitude on the vertical axis between 2.5 and 15 km measured
by the FTIR over Maido observatory during year 2017. [Top/ Time-series of CO partial column between 2.5 and 15 km measured
by the FTIR (black stars), and total AOD values from AERONET (red stars) during year 2017 with their respective 15-days moving
average (plain lines).

The comparison between FLEXPART simulation outputs and FTIR measurements for CO partial columns between 2 and 15
km from August the 1%, 2017 to November the 1%, 2017 is represented in Figure 11. A smoothing was applied to each
FEXPART profiles, using the FTIR averaging kernels and the a priori profiles as described in the methodology section. CO
concentration varied between 9.8*10'7 and 1.8*%10'® molecules.cm™ for FLEXPART output and the FTIR with a mean of
9.5%10'7 and 1.9*10'® molecules.cm?, respectively. The correlation coefficient between measured and simulated CO partial
columns between 2 and 12 km was 0.82. This agreement evaluates the temporal variability at partial-column scale; it does not

establish source uniqueness or aerosol-layer composition.
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Figure 11: Comparison between FLEXPART simulation outputs smoothed by FTIR averaging kernels and FTIR measurements for
daily averaged CO partial columns between 2.16 and 15 km. The red line represents the theoretical linear regression. Background
climatology values of CO partial columns from the FTIR were added to FLEXPART partial columns.

The only concomitant measurement between the FTIR and FEXPART for our case study was on September 25", 2017. The
corresponding FLEXPART and FTIR vertical profiles of CO concentration are visualized on Figure 12. A smoothing was
applied to the FLEXPART profile, using the FTIR averaging kernel and the a priori profile as described in the methodology
section. After adding the background value of CO derived from the FTIR climatology to the FLEXPART partial columns, we
found matching values between the FLEXPART and FTIR partial columns from 2.16 to 5 km (6.16*10'7 vs 6.11*10"7
molecules.m?, respectively), 5 to 15 km (1.15*%10'8 vs 1.02*10'® molecules.m™2, respectively), and 2.16 to 15 km (1.62*10'7 vs
1.49*10" molecules.m™, respectively).

The similarity between simulated and measured CO partial columns supports the broad simulated CO distribution for this
event. The altitude ranges of the FLEXPART CO enhancements are also broadly consistent with the aerosol layers detected
by lidar on 19 and 25 September. This similarity provides qualitative support for the simulated broad vertical distribution.
Because FTIR smoothing limits vertical resolution and lidar detects aerosol rather than CO, the comparison does not validate

the detailed structure or source assignment of each aerosol layer.
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Figure 12: Vertical profile of CO partial columns over Maido observatory on September 25", 2017, from FLEXPART forward mode
before (Blue curve) and after (Red curve) smoothing using the FTIR averaging kernel and a priori profile (Black curve). Vertical
profile of CO partial columns over Maido observatory on September 25%, 2017, from FTIR measurement (green curve) with the
associated uncertainty in shaded green. FLEXPART vertical profile of CO partial columns over Maido observatory on September
19", 2017, without smoothing (no FTIR data available).

To better understand the dynamical processes involved and visualize the atmospheric transport patterns, FLEXPART was run
in forward mode with CO from BB as a tracer, emitted from South America and Southern Africa during two different
simulations. Results can be visualized in the supplementary video (Gantois, 2026) showing the concentration of CO emitted
by wildfires from each continent and integrated along the altitude vector, as well as the corresponding vertical profile of CO
concentration over Reunion Island between September 16 and 26%, 2017.

The transport regimes identified with FLEXPART simulations (Fig.13 and 14) are coherent with the aerosol optical properties
profiles retrieved from lidar measurements and align with the dynamical processes described in several studies (Flamant et al.,
2022; Ranaivombola et al., 2023), such as the importance of vertical injection, stratified transport, and recirculation of Southern
African BB plumes over the SWIO.

On September 19", 2017 (Fig.13), more than 88% of the BB CO represented by the two selected simulations within the
observed layer originated from the Southern African simulation. This percentage is conditional on the two-source experiment

and does not exclude Madagascar or other unsimulated contributions. The observed Assss32 = 1.32 + 0.23 is compatible with
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Figure 13: FLEXPART partial column CO emitted from biomass burning in South America /left/ and Southern Africa [right/
integrated between 0 and 15 km [top/, and vertical profiles at the latitude of 21.1°S Maido observatory, the longitude location of the
Maido observatory shown as a black line/bottom] on September 19, 2017, at 18h UTC.

On September 25%, 2017 (Fig.14), the simulations produced two vertically separated CO enhancements with different relative
contributions from the two selected source regions. In the upper layer (5—9 km), more than 70% of the represented BB CO
originated from the Southern African simulation. The higher A3ss/s32 of 1.60 + 0.06 distinguishes its optical behavior from the
lower layer but does not uniquely demonstrate fresher smoke. The combined evidence is consistent with relatively rapid uplift
and mid-tropospheric export from Southern Africa.

The lower layer (3.3—5 km) had Ajsss32=1.45 £ 0.12, and both Southern African and South American simulations contributed
to the modelled CO. This supports a possible mixture of long-range pathways, but the exact aerosol-source fractions cannot
be derived from CO and contributions from Madagascar were not separately represented. Alternative explanations for the
optical contrast include differences in size distribution, mixing state, source combustion conditions, and humidification. The
observations securely establish two vertically separated aerosol layers; their detailed processing and source apportionment

remain model-supported interpretations.
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Figure 14: same as Fig 13, but for September 25", 2017, at 18h UTC.

4 Discussion and conclusions

This study documents an enhanced aerosol episode over Reunion Island during September 2017. AERONET AODss, reached
0.16—0.42 during the second half of the month, compared with a September climatological value of 0.09 £ 0.03, while MODIS
and CALIOP placed the episode within a broader period of elevated aerosol loading and smoke transport across the western
SWIO. Over Reunion, the ground-based lidars resolved one layer between 2.8 and 4.7 km on September 19™ (Azss;532 = 1.32
£ 0.23) and two layers on September 25™: a lower layer between 3.3 and 5 km (A3s553 = 1.45 £ 0.12) and an upper layer
between 5 and 9 km (Ajzsss32=1.60 + 0.06). On September 25™, the upper layer was also distinctly drier, with WVMR of 0.09
+ 0.04 g.kg! compared with 1.27 = 0.22 gkg™! in the lower layer; although the 0.94 g.kg ' uncertainty limits quantitative
interpretation of the lower-layer value, it does not obscure the contrast with the dry upper layer. These observations and
retrievals establish the enhanced column loading, the vertical separation of the layers, and their contrasting optical and moisture
environments.

The composition and source apportionment are interpreted with model support. CAMS simulated OM contributions of 50—
60% during the high-AOD periods, but this partition remains model-derived because comparison with AERONET evaluates
total AOD rather than individual species. FLEXPART reproduced the broad temporal variability of the FTIR CO partial
columns (r = 0.82) after application of the FTIR averaging kernels. Within the two simulated source regions, more than 88%

of the represented BB CO in the September 19" layer originated from the Southern African simulation; on September 25™,
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more than 70% of the represented BB CO in the upper layer came also from the Southern African simulation, whereas both
Southern African and South American simulations contributed to the lower layer. These percentages support different transport
pathways for the observed layers but remain conditional on the two-source experiment and describe CO air-mass transport

rather than aerosol mass.

The results are consistent with, and extend, previous observations of Southern African smoke export. The lidar ratio retrieved
for the September 25™ upper layer (75 + 9 sr at 355 nm) and the observed Assss3, values of 1.32-1.60 fall within the range
reported for aged biomass-burning aerosol in the DeLiAn reference dataset (Floutsi et al., 2023), although A alone cannot
diagnose aerosol age. The 3—9 km layer altitudes are comparable to elevated smoke layers documented during SAFARI-2000
(Abel et al., 2003; Haywood et al., 2003), and the vertical variability is consistent with the multi-layered Southern African
outflow observed during ORACLES (Redemann et al., 2021; Das et al., 2024). The regional pathways inferred here also agree
with the organized smoke-export corridors described over the western SWIO (Flamant et al., 2022; Ranaivombola et al., 2025)
and with documented trans-Atlantic transport from South America (Edwards et al., 2006; Duflot et al., 2010). The specific
advance of the present case study is to extend this vertically resolved picture to Reunion, in the eastern SWIO and

approximately 5000 km downstream of the principal Southern African source regions.

Several factors nevertheless bound the interpretation. Differences in A3ss/s32 can also reflect particle size distribution, mixing
state, combustion conditions, humidification, and processing history. The transfer of the 75 + 9 sr lidar ratio to September 19%
and to 532 nm affects absolute extinction and layer AOD, although the observed layer boundaries are less sensitive to this
assumption. The lower-layer WVMR estimates carry large uncertainties, CALIOP typing and CAMS speciation depend on
their respective algorithms and models, and FLEXPART source contributions depend on GFAS emissions and injection
heights, ERAS transport and convection, and unresolved mixing. Madagascar and other potential sources were not simulated
separately, and the different lifetimes and removal processes of CO and aerosol prevent a quantitative conversion from CO
source fractions to aerosol contributions. Finally, the two lidar nights are illustrative cases selected from the available routine

measurements. They do not establish how frequently these configurations occur during September or over the full BB season.

Within these bounds, the combined observations show why column-integrated AOD alone cannot resolve the aerosol structure
at this remote receptor site. Vertically resolved optical and moisture measurements, interpreted together with regional satellite
observations and transport modelling, reveal how distinct air masses can reach the eastern SWIO at different altitudes and on
different timescales. Longer lidar records, systematic case selection, and aerosol-specific simulations including additional
source regions would be required to quantify the representativeness of these pathways. The present study does not calculate
radiative forcing. However, recent observation-constrained studies show that aerosol absorption, particle size, mixing state,

and column loading can substantially alter inferred forcing (Tiwari et al., 2023; Guan et al., 2026; Tiwari et al., 2026). In this
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context, the layer altitude and optical properties characterized here provide observational information for future analyses of

aerosol-radiation and aerosol—cloud interactions.

Appendix A
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Figure Al: Mean (blue diamonds) and standard deviation (red lines) of AODsso monthly climatology CIMEL sun-photometer
measurements (AERONET network) above Saint-Denis between December 2003 and December 2024.

Video supplement.

An animated sequence of FLEXPART forward dispersion of CO emitted from South America and Southern Africa between
September 16" and 26", 2017 in terms of partial columns between 0 and 15 km, and vertical profiles at the latitude of 21.1°
Maido observatory is available at https://doi.org/10.5446/73218 (Gantois, 2026).
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