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1. Introduction
Volatile organic compounds (VOCs) in the atmosphere are fundamental in atmospheric chemical oxidation 
processes and are involved in health and climate impacts (Mellouki et al., 2015; Rumchev et al., 2007; Seinfeld 
& Pandis, 2016). VOC are emitted by both biogenic and anthropogenic sources and play an important role in 
atmospheric chemistry in ozone and secondary organic aerosol (SOA) formation (Ahern et al., 2019; Kesselmeier 
& Staudt, 1999; Sillman, 2002; Ylisirniö et al., 2020). The SOA can act as cloud condensation nuclei (CCN) 
leading to cloud formation (Andreae & Rosenfeld, 2008; VanReken et al., 2005) the climatic impact of which is 
not-well known to date. A better understanding of the chemical processes governing the concentrations of these 
compounds is fundamental to improve air quality and climate modeling.

The campaign of the BIO-MAÏDO (Bio-physicochemistry of tropical clouds at Maïdo (2,150 m a.s.l.): processes 
and impacts on secondary organic aerosols formation) project took place in March–April 2019 at Réunion Island. 
The main objective of this project is to better understand the chemical and biological multiphase mechanisms that 

Abstract This study presents a high-resolution dynamical analysis of Volatile Organic Compound 
(VOC) concentrations measured from March 11 to April 4 2019 at Réunion Island during the BIO-MAÏDO 
(Bio-physicochemistry of tropical clouds at Maïdo: processes and impacts on secondary organic aerosols 
formation) campaign. We detail the dynamical and chemical processes that govern atmospheric VOC 
concentrations at two targeted sites of the western slope of Réunion Island: Petite France (PF), 950 m above 
sea level (a.s.l.) and Maïdo Observatory (MO), 2150 m a.s.l. A dynamical connection between PF and MO is 
found during four selected days: March 28 and 31, April 1 and 3. Trajectory calculations using the coupling 
of Meso-Computing Advection-interpolation of atmospheric parameters and Trajectory tool (CAT) (100 m 
horizontal resolution of Meso-NH high-resolution non-hydrostatic model and the CAT trajectory model) 
Lagrangian transport model showed that air masses were dynamically linked between the two measurements 
sites for 44.8% of the time during the complete campaign. Trajectories from the Meso-CAT model combined 
with the Corine Land Cover-2018 register shows that backward-trajectories are frequently located above 
biogenic area (mixed forest, 8%–67% of total number trajectory point) and cultures area (e.g., sugar cane 
plantation, 0%–21%). Regarding VOCs concentrations, air masses coming from downhill MO are associated 
with significant measured concentrations of isoprene, isoprene oxidation products and benzene. Averaged 
concentration daytime ratios of isoprene and isoprene oxidation products from PF to MO are 0.73 ± 1.01 and 
0.26 ± 0.26 respectively illustrating a loss of these VOCs due to deposition, oxidation, or possibility dilution on 
clouds.
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control SOA formation. Réunion Island is an ideal site for studying the formation of SOA and its role in cloud 
formation. Indeed, the island presents a tropical climate and strong slopes. Multiple studies detailed dynamic 
local circulations at Réunion Island (Foucart et al., 2018; Lesouëf et al., 2011, 2013). With high temperatures 
and strong sunlight, tropical climates favor the emission of biogenic VOCs (BVOCs) such as isoprene, and terpe-
nes which may lead to the formation of SOA from low vapor pressure oxidation products (Rinne et al., 2002). 
Combined with the high-altitude difference conditions, air masses are cooling when they are advected with anaba-
tic winds strengthened by the sea breeze phenomenon and play a large role in the formation of clouds. Further-
more, an increase in the height of the planetary boundary layer (PBL) is observed during the day (Garratt, 1992) 
which can bring VOC to the summit of the mountain. It was shown that clouds play a role in the variation of the 
altitude of the PBL and yield to a reduction of its altitude (Davis et al., 2020). Nighttime, the ground becomes 
cooler and air masses are going downhill (Monti et al., 2002).

The Maïdo observatory (MO) is an ideal place to perform coupled dynamical and chemical atmospheric stud-
ies in a tropical mountain island context (Baray et al., 2013). In 2015, a first field campaign (FARCE, forest–
gas–aerosol cloud system, Duflot et al., 2019) took place with the goal to study interactions between the forest 
and the atmosphere. The analysis of measurements obtained, together with the use of the 3D non-hydrostatic 
high-resolution Meso-NH model (Lac et  al.,  2018; Lafore et  al.,  1998); showed that BVOCs are transported 
along the slope to the MO and play a large role in the formation of SOA. In the continuation of this study, the 
sources of formaldehyde have been characterized during the OCTAVE (oxygenated compounds in the tropical 
atmosphere: variability and exchanges) campaign in 2018 (Rocco et al., 2020). The impact of meso-scale trans-
port features at Réunion Island has also been studied using an operational numerical weather prediction model, 
FLEXPART-AROME developed in the framework of the OCTAVE project (Verreyken et al., 2019). This model 
has then been used to qualify the impact of meso-scale transport toward MO to study biomass burning plumes, 
and to discuss temporal variations of VOC concentrations at the observatory (Verreyken et al., 2020, 2021).

The main objectives of the BIO-MAÏDO campaign are to characterize the atmospheric dynamic processes and 
cloud formation along the slope of the MO, to characterize the chemical composition of the air masses and cloud 
water, to identify chemical sources, and to determine case studies for 0D and 3D modeling. The set up during 
the BIO-MAÏDO campaign consisted of five measurement sites at different altitudes (Petite France (PF) , 950 m 
a.s.l.; Domaine des Orchidées Sauvages, 1,250 m a.s.l.; Maïdo hostel, 1,400 m a.s.l.; Piste Oméga, 1,750 m a.s.l. 
and the MO, 2,150 m a.s.l.) with the purpose to measure a comprehensive data set of chemical, physical and 
biological variables in the atmosphere (https://lacy.univ-reunion.fr/activites/programmes-de-recherche/bio, last 
accessed on November 10, 2021). The present study is part of the chemical characterization of air masses and 
chemical sources identification.

To fulfill these objectives, the concentrations of VOCs obtained during the BIO-MAÏDO campaign are 
analyzed by proton-transfer-reaction mass-spectrometry (PTR-MS) instruments in two of the five measure-
ment sites: PF (950 m a.s.l.) and the MO (2,150 m a.s.l.) and linked to trajectories of Meso-CAT (Comput-
ing Advection-interpolation of atmospheric parameters and Trajectory tool) model, which is the coupling of 
Meso-NH and CAT (new version of the lagrangian LACYTRAJ model; Clain et al., 2010) models in various 
spatial domains having different sizes and resolutions (Figure 1). The objective of this study is to explain the vari-
ations of VOC concentrations at the two selected sites by characterizing the atmospheric dynamics and the Land 
Cover Footprint obtained by coupling high resolution forward and backward trajectories and the Corine Land 
Cover register (Géoportail, https://www.geoportail.gouv.fr/, last accessed on November 10, 2021). In the  first 
part of this article, material and methods are presented including the characteristics of Meso-CAT. In the second 
part, we present a coupled chemical-dynamical analysis of the campaign, focusing on four selected days: March 
28 and 31, and April 1 and 3, when the two sites present a dynamical connection according to the Meso-CAT 
simulations.

2. Materials and Methods
On-line VOC measurements have been performed from March 11, to April 4, 2019 at PF specifically for 
BIO-MAÏDO. These measurements complement the 2-year long-term measurements performed at MO between 
October 2017 and November 2019 in the framework of the OCTAVE project (Verreyken et al., 2021). Meso-NH 
simulations were used to calculate high resolution backward and forward trajectories with the Meso-CAT model 
on the period from March 26, to April 6. We provide a short description of the instrumental set-up, which is 
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similar to the one deployed during the OCTAVE campaign (https://octave.aeronomie.be/index.php, last accessed 
on November 10, 2021), and has been described elsewhere (Rocco et al., 2020; Verreyken et al., 2021).

2.1. Sampling Sites of VOCs

PF is a rural village of 4,000 inhabitants located west of Saint Paul, urban area of almost 100,000 inhabitants 
(2018, INSEE), at almost the top of the mixing boundary layer (MBL) during the night and in the MBL during the 
day. The mobile laboratory was installed near a meadow uphill from the village alongside the road toward Maïdo. 
MO is a remote altitude site located in a convergence layer of two distinct regimes: local upslope and downslope 
winds resulting in thermodynamic processes and complex and variable local air circulation patterns.

Réunion Island is located in a region with strong south-easterly winds. The island represents a great obstacle due 
to its steep topography and high elevation of the mountains (Piton des Neiges, 3,070 m a.s.l.; Piton de la Four-
naise, 2,632 m a.s.l.). The trade winds facing the South-Eastern part of the island are separated into two flows 
along the coast of the island and are accelerated (Venturi effect), while in the north-west side of the island, there 
is a recirculating flow called “return flow” or counter-flow (Lesouëf et al., 2011). During the daytime, the heating 
of the surface by solar radiation induces upward transport of air masses along the island surface (anabatic winds) 
which are coupled with the sea-breeze phenomenon. Upslope transport cooled down the air due to the change in 
altitude. This forced cooling leads to the formation of clouds on a near-daily basis. During the night, the phenom-
enon reverses and katabatic winds and land breeze processes become prevalent (Davis et al., 2020; Garratt, 1992; 
Monti et al., 2002). During the daytime, MO is mostly located in the PBL while at night, air masses arriving at 
the observatory originate mostly from the free troposphere.

The meteorological parameters (temperature, humidity, pressure…) have been measured at the two sites. Wind 
speed and direction have been measured in both sites using a Vaisala sensor (Vaisala, Helsinki, Finland, https://
www.vaisala.com/, last accessed on November 2, 2021). The meteorological parameters have been recorded by 
an automatic weather system (AWS).

2.2. Meso-CAT: A Coupling of Meso-NH and CAT Models

CAT (Baray et al., 2020), is an atmospheric tracer trajectory/advection/interpolation tool, which allows the calcu-
lation of a large number of trajectories, using the global analysis ECMWF product ERA-5 coupled with topog-
raphy matrices on 2 arc min resolution grid (Bezděk & Sebera, 2013). CAT has already been used to determine 

Figure 1. Flowchart of Meso-Computing Advection-interpolation of atmospheric parameters and Trajectory tool (CAT) model resulting from the coupling of 
Meso-NH and CAT models.
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statistics of air masses arriving at the Puy de Dôme observatory (Baray et al., 2020) and to classify clouds in 
association with chemical measurements in cloud water (Renard et al., 2020).

Meso-NH is a non-hydrostatic mesoscale atmospheric model, which has been jointly developed by Laboratoire 
d’Aérologie (LAERO, UMR 5560 UPS/CNRS) and Centre National de Recherches Météorologiques (CNRM, 
UMR 3589 CNRS/Météo-France; Lac et  al.,  2018; http://mesonh.aero.obs-mip.fr/mesonh54/Welcome, last 
accessed on November 2, 2021). Meso-NH simulates small scale (Large-Eddy Simulations (LES) type, hori-
zontal resolution of a few meters) to synoptic-scale atmospheric parameters (horizontal resolution of several 
tens of kilometres) and can be run in a two-way nested mode involving up to eight nesting stages. Surface fluxes 
are computed by a coupling between Meso-NH and the surface model SURFEX (Masson et al., 2003). Several 
parameterisations of cloud microphysics are available in Meso-NH. In this study, the ICE-3 module is used (Lac 
et al., 2018; Lafore et al., 1998; Pinty & Jabouille, 1998). The Meso-NH model has already been used to char-
acterize air masses above Réunion Island at 500 m resolution during the FARCE campaign (Duflot et al., 2019).

The Meso-NH configuration used in the present work includes three nested domains at the horizontal resolutions 
100, 500, and 2,000 m (Figure 1). The small domain (100 m resolution) covers only a small area of about 5 km 
around the measurement sites. The two largest domains (500 m and 2 km resolution) cover the entire island. The 
initial and boundary conditions for meteorology were provided by the AROME operational high-resolution anal-
ysis with a horizontal and temporal resolution of 2.5 km and 6 hr, respectively.

All three domains include 72 vertical points, with a vertical stretched resolution decreasing with height, from a 
few meters (near the ground level) up to 1 km (from 8 km above sea level to the top of the domain). The temporal 
resolution of the model for the three domains ranges between 0.5 and 300 s depending on their size.

For this work, we developed Meso-CAT, a new version of CAT, which assimilates high-resolution atmospheric 
parameters and topography from Meso-NH outputs to compute forward and backward trajectories (Figure 1).

Two types of trajectories are computed: the first makes use of the domain at 100 m resolution documenting the 
very local dynamical connection between the measurement sites, and the second is based on the domain at 500 m 
resolution documenting the dynamics of air masses at a larger scale.

All trajectory sets consist of trajectories, distributed in a cube around the measurement site. The dimensions of 
the starting domain are about 500 m (or 100 m for precision plots) horizontally and 50 m vertically above ground 
level. Trajectory points have been calculated with a temporal resolution of 5 min (interval for which the position 
of a parcel is computed) for 12 hr. This time resolution has been estimated as the best compromise to study the 
origins of air masses. In (Verreyken et al., 2021), FLEXPART-AROME simulations show near identical contri-
butions from island emissions between 12 and 24hr back trajectories. This implies that FLEXPART-AROME 
suggest that the effect of local emissions is negligible after 12hr of transport.

Humidity and cloud mixing ratios (kg/kg) have been interpolated on all Meso-CAT trajectory points.

Land cover footprint (industrial, oceanic, biogenic or urban) is estimated by interpolating the type of ground 
surface below each trajectory point obtained from the Corine Land Cover-2018 data (Geoportail, https://www.
geoportail.gouv.fr/, last accessed on November 10, 2021). The register spatial resolution is around 70 m. The 
calculation of the relative land cover footprint is based on trajectory points located below 500 m above ground 
level since air masses located above this altitude are not very sensitive to surface emissions. This threshold has 
already been used in Dominutti et al.  (2021). Figure 2 shows the Corine Land Cover-2018 map and land use 
categories detailed in the register.

In this study, the categories are grouped into five classes and used to analyze the origins of air masses: oceanic, 
anthropogenic, cultures, natural vegetation, and others. The “other” category comprises land cover such as bare 
rocks, estuaries, beaches, or inland marshes. The anthropogenic category groups traffic, urban, industrial and 
harbor areas. Trajectory points located above 500 m are classified in a sixth “upper altitude” category which 
corresponds to points which are considered to be not sensitive to surface emissions. After this interpolation, a 
percentage of trajectory points associated with the categories is calculated for each trajectory set.

Figure  3 shows 12  hr Meso-CAT backward trajectories compared with FLEXPART-AROME (initialized 
with AROME at 2.5  km horizontal resolution [Verreyken et  al.,  2019]) and HYSPLIT (user-friendly model 
to compute air parcel trajectories, here initialized with GDAS at 1° resolution and GFSG at 0.5° resolution, 
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https://www.ready.noaa.gov/HYSPLIT_traj.php, last accessed on November 2, 2021 [Rolph et al., 2017; Stein 
et al., 2015]), for March 30 at 19hr UT. In general, the backward trajectories of Meso-CAT align well with those 
of FLEXPART-AROME for most days. For this example, both FLEXPART-AROME backward trajectories (total 
column and footprint 0–1 km above ground level Figures 3c and 3d) agree partially with Meso-CAT at 500 m 
spatial resolution (Figure 3a). The FLEXPART-AROME backward trajectory for the total column is almost iden-
tical to the one with the footprint between 0 and 1 km indicating that almost all the trajectories are close to the 
ground. In contrast, Meso-CAT shows some trajectories above 3 km. This difference could be due to the different 
resolutions of the wind field (500 m vs. 2.5 km). HYSPLIT (Figure 3e) presents a different large-scale origin 
of air masses depending on meteorological data used. Unsurprisingly, because of the low resolution of GDAS, 
the local dynamical circulations cannot be simulated with HYSPLIT whatever the resolution of wind data. The 
fact that the starting altitude of the HYSPLIT trajectories is 2,150 m above ground level with GDAS at 1° and 
1,719 m with GFSG at 0.5° implies that, given the spatial resolution of wind input data, the MO (2,150 m a.s.l) 
corresponds to a point of the grid at the sea level at 1° and at 656 m above sea level at 0.5°. Furthermore, the 
origin of the wind is not the same at 0.5° and 1° increasing the uncertainty on the wind origin of these trajectories. 
This implies that HYSPLIT with GFSG at 0.5° and GDAS at 1° cannot be used to study the variation of winds 
at small scales. These comparisons show that Meso-CAT is useful to study air masses at a small scale, using a 
500 m horizontal resolution to cover the entire island, and at very small scale in a 100 m resolution domain very 
close to the measurement point.

2.3. Online Measurements of VOCs by PTR-MS: Proton-Transfer-Reaction Mass-Spectrometry

Proton-transfer-reaction mass-spectrometry is a well-known technique used for measuring in-situ VOC concen-
trations (Blake et al., 2009; Lindinger et al., 1998). The technique is based on the proton transfer reaction of 
H3O + ions with VOCs in the drift tube reactor of the instrument, resulting in the protonated VOC for VOCs with 
a proton affinity higher than the one of water vapor. Primary and product ions are mass-separated in a quadrupole 
mass spectrometer before being detected by a secondary electron multiplier. VOC mixing ratios are obtained 
by dividing the background-subtracted ion signals by the corresponding calibration coefficients. Data from two 
high-sensitivity PTR-MS instruments (hs-PTR-MS, Ionicon Analytik GmbH, Innsbruck) were used for the pres-
ent study. One of them was located at MO and deployed by the Royal Belgian Institute for Space Aeronomy 
(BIRA-IASB) to provide a long-term series of VOC measurements in the framework of the OCTAVE project 
(https://octave.aeronomie.be/index.php). The other PTR-MS instrument was located at PF and provided by the 
Laboratoire des Sciences, du Climat et de l’Environnement (LSCE).

The methodology for both PTR-MS instruments has been explained and detailed in the following subsections:

Figure 2. (a) Corine Land Cover-2018 map of Réunion island. The colormap is based on the Corine category numbers and 
the white rectangles show the limits of the Meso-NH domains. All categories are grouped in oceanic, anthropogenic, cultures, 
biogenic and others categories. (b) Location of the measurement sites: Petite France (PF, 950 m a.s.l.) and Maïdo Observatory 
(MO, 2,150 m a.s.l.). The black rectangle indicates the limits of the high resolution (100 m) Meso-NH domain.
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2.3.1. BIRA PTR-MS

The following VOCs species were measured continuously by the BIRA PTR-MS: formaldehyde (m/z 31) meth-
anol (m/z 33), acetonitrile (m/z 42), acetaldehyde (m/z 45), formic acid (m/z 47), acetone (m/z 59), acetic acid 
(m/z 61), dimethyl sulfide (DMS, m/z 63), isoprene (m/z 69), isoprene oxidation products (m/z 71), benzene 
(m/z 79), toluene (m/z 93), C8-aromatics (m/z 107), and the sum of monoterpenes (at m/z 81 and m/z 137) with 
a dwell time of 10 s. Calibrations were performed every 3–4 days with a custom-made calibration unit using an 

Figure 3. Backward trajectories from the Maïdo observatory computed with (a) Meso-Computing Advection-interpolation 
of atmospheric parameters and Trajectory tool (Meso-CAT) at 500 m spatial resolution, (b) Meso-CAT at 100 m spatial 
resolution (c) FLEXPART-AROME at 2.5 km horizontal resolution and considering total column (d) FLEXPART-AROME at 
2.5 km horizontal resolution and considering 0–1 km above the ground level and (e) Hysplit with GDAS at 1° and (f) Hysplit 
with GFSG at 0.5°.
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ApelRiemer VOC calibration mixture (ApelRiemer Environmental Inc.). Besides the above listed compounds, 
the calibration bottle contained methyl vinyl ketone (MVK) and methacrolein (MACR) as isoprene oxidation 
products and limonene to represent the family of monoterpenes. Formic and acetic acid, which were not pres-
ent in the calibration bottle, were quantified based on first principles and data from the literature (Baasandorj 
et al., 2015; Verreyken et al., 2021).

During the period of interest, a calibration versus relative humidity was performed on April 2, 2019 by controlling 
the humidity of the zero air, in which the calibration gas was diluted, with a dew point generator (LI-COR LI-610, 
NE). The ion signal at m/z 37 was used as a proxy for air humidity. More details are provided in Verreyken 
et  al.  (2021). Detection limits (DL) were calculated as three times the standard deviation of the background 
signals, divided by the calibration factors. The precision of the individual 10 s measurements for the different 
compounds was obtained by taking into account Poisson statistics for the source and product ion counts, as well 
as statistical errors related to the interpolation of less frequent (every 4 hr) background measurements and calibra-
tion factors (every 3–4 days), and the precision of the calibration factors themselves. The error on the compound 
mixing ratio in the calibration bottle (5% at the 2σ level) and the error on the dilution factor of the calibration gas 
in zero air (1.9%) were considered to determine the systematic error on the mixing ratios.

2.3.2. LSCE PTR-MS

For the LSCE PTR-MS, selected VOC species were methanol (m/z 33), acetonitrile (m/z 42), acetaldehyde (m/z 
45), acetone (m/z 59), isoprene (m/z 69), isoprene oxidation products (m/z 71), benzene (m/z 79), toluene (m/z 
93), C8-aromatics (m/z 107), and monoterpenes (m/z 137) with a dwell time of 5 s per VOC-related mass. Blank 
measurements were performed every 8 hr. The LSCE PTR-MS was calibrated with a commercial Calibration Gas 
Unit (Ionicon Analytik GmbH, Innsbruck). This GCU contained an Ionicon VOC mixture containing all moni-
tored VOCs, with the exception of isoprene oxidation products. Calibrations have been performed before and 
at the end of the campaign. Calibration coefficients from the first calibration have been used to calculate VOC 
concentration from the start of the campaign to March 21 and the second set of calibration coefficients have been 
used from March 22 until the end of the campaign. The choice of these two periods have been made because of 
the re-start of the PTR-MS on March 22 after a measurement interruption due to an electrical power shutdown 
on March 21. The relative difference between these two calibrations is 11.9%, 2.9%, 2.0%, 8.4%, and 3.8% for 
methanol, acetaldehyde, acetone, isoprene and benzene, respectively. The influence of humidity was not consid-
ered in the calibration, as this instrument was shown to present very similar results with dry and humidified air 
(Holzinger et al., 2019). Nevertheless, as the calibrations were performed with a standard diluted with ambient 
(and therefore humid) air, the derived calibration coefficients were representative of local humidity conditions. 
Error calculations on the mixing ratios were performed in a similar way as for the BIRA PTR-MS.

2.3.3. Intercomparison of Both PTR-MS

In this study, we focus on five compounds: methanol, acetone, isoprene and its oxidation products and benzene. 
Their DL, systematic error, precision and combined uncertainty are presented in Table 1. Concentrations of tolu-
ene, monoterpenes, and C8-aromatics are not considered due to very large background values which generates 
a lot of concentrations values under the detection limit. As observed acetonitrile concentrations are quite low at 
the MO and this compound is mostly emitted during biomass burning events (occurring from August to Novem-
ber and not during March–April; Verreyken et al., 2021; Vigouroux et al., 2012), we chose to not include this 
compound in our set of data for studying the local origin of air masses. Concentrations below the DL were set to 
half of DL for the normalized concentration of nighttime values (see Section 3.3).

These two instruments have already participated in a measurement campaign at Réunion Island in 2018, where 
they have both been calibrated against the two calibration units (the home-made BIRA-IASB unit containing an 
ApelRiemer standard and the commercial GCU unit containing an Ionicon standard). A good agreement (coef-
ficient of determination R 2 higher than 0.90) for the common compounds in the mixtures was found and this 
was repeated with the BIRA-IASB PTR-MS prior to the start of the BIO-MAÏDO campaign (March 9, 2019). In 
order to assure comparability of VOC measurements with the two PTR-MS instruments. The relative differences 
between the calibration coefficients obtained with the two calibration units were −17%, −6%, 5%, 36%, and 
2% for methanol, acetone, isoprene, m/z 71, and benzene, respectively. The large relative difference observed 
for methanol was due to the relatively short duration of the calibration with the Ionicon GCU during which 
methanol concentrations did not reach an equilibrium. A large discrepancy was found between the calibrations 
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factors at m/z 71 with the two calibration systems because the ApelRiemer calibration mixture in the BIRA-IASB 
set-up contained MACR and MVK whereas the LSCE calibration system contained crotonaldehyde. A correction 
factor of 1.364 (calibration factor of crotonaldehyde/calibration factor of MVK/MACR as determined from this 
experiment) was therefore applied to the concentrations of m/z 71 compounds obtained with the LSCE PTR-MS 
which was calibrated with the Ionicon GCU unit during the entire BIO-MAÏDO campaign, to be able to compare 
concentrations of isoprene oxidation products at both sites.

More details about the instrumental set up can be found in Rocco et al. (2020) and Verreyken et al. (2021).

3. Chemical Context and Emission Sources
3.1. Dynamical Connection Between the Two Sampling Sites and a Case Study Selection

Comparison of observed and computed wind direction and wind speed are shown in Figures 4a and 4b. Wind 
speed and direction observations are based on Météo France data stations very close to PF and MO BIO-MAÏDO 
sites and Meso-NH points are the closest points from MO and PF sites in the 100 m resolution domain (for a better 
comparison). Figure 4a shows a good agreement between observed and computed wind directions at PF and MO. 
Topography effects (steep mountain slopes around MO for example) can explain some discrepancies in wind 
speed and direction between model and observations especially for MO which is near steep slopes.

To properly interpret the VOC measurements performed at PF and MO, it is useful to establish whether the 
sites were dynamically connected, that is, if an air mass corresponding to a measurement on one site has been 
advected to (or is coming from) the other site. For this, the dynamical connections have been estimated by compil-
ing forward and backward trajectory calculations in the 100 and 500 m resolution domains. We consider that a 
dynamical connection exists between the two sites if a part of the cluster of trajectories at one site approaches the 
other within 0.02° (about 2 km which is a good compromise with the spatial resolution of the wind fields) in at 
least one of the two domains and less than 1 km above the ground. On average, from March 15 to April 6, up to 
44.8% of trajectory points are reaching the other site.

The occurrences of dynamical connection have been calculated every 15 min from March 15 to April 6 on the 
base of forward (PF to MO) and backward (MO from PF) trajectories (Figure 4c). During this period and when 
measurements of VOC were in operation in both sites, most of the days show a pronounces dynamical connection 
occurrence between PF and MO. This study focuses now on March 28 and 31 and April 1 and 3.

Compound PTR-MS DL (ppb) Systematic error Precision Combined uncertainty

Isoprene BIRA 0.021 3.1% 12% 13%

LSCE 0.048 5.6% 22% 23%

Isoprene oxidation products BIRA 0.009 3.1% 9.6% 10%

LSCE 0.052 5.6% 25% 26%

Methanol BIRA 0.170 3.1% 8.0% 8.6%

LSCE 0.213 5.6% 27% 28%

Acetone BIRA 0.022 3.1% 3.7% 4.9%

LSCE 0.057 5.6% 8.6% 10%

Benzene BIRA 0.009 3.1% 35% 36%

LSCE 0.021 5.6% 42% 43%

Note. Whereas the precision reflects the random error on the measurements obtained by applying counting statistics, the systematic error includes errors on the VOC mixing 
ratios in the standard and on the dilution of the calibration gas in the calibration unit. The total combined uncertainty (1σ) is given by 𝐴𝐴

√

precision2 + systematic error2 .

Table 1 
Summary Table of Detection Limits (LD) in ppb, and Median Relative Accuracy, Precision and Uncertainty (in %) of the Compound Mixing Ratios During the 
Campaign
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The forward and backward connections can be different due to time shifts between the forward and back-
ward trajectories and because of the height differences between the starting and the target volumes (for PF: 
1,000–2,000 m a.s.l. and MO: 2,150–3,200 m a.s.l.). As is shown in Figure 4c (top), the average daily variation 
reveals that more connections are occurring from 5 hr UT to 15 hr UT (local time = UT + 4 hr). Some connec-
tions are observed during the night (from PF reaching MO), and decrease from 11 hr UT to 17 hr UT when the 
land breezes are occurring. Figure 4c (bottom) presents the time-series of daily connections from 15 March to 

Figure 4. (a) Time series comparison of observed and computed wind direction (°) from March 15 to April 6, 2019 at Maïdo observatory (MO) and Petite France 
(PF). (b) Time series comparison of observed and computed wind speed (m s −1) from March 15 to April 6, 2019 at MO and PF. The solid blue line and purple line 
represent observed wind direction or speed at PF and MO, respectively. Blue and purple dots: computed wind direction or speed at PF and MO, respectively. (c) 
Dynamic connection occurrence (%) from March 26 to April 6 considering both 500 and 100 m domains with 15-min time resolution trajectories. Top: Daily variation 
of dynamic connection occurrence from 0hr UT to 23 hr UT. Bottom: Dynamic connection occurrence for each day.
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6 April. The maximum percentage of connections is observed from March 
21 to 25, from March 28 to 31 and from April 3 to 5, reaching at least 84%. 
A lower percentage of connection is observed on March 18 and 27, April 1 
and 2 for example, and could be related to the high altitude of most of the 
trajectory points.

Globally, the percentage of dynamical connection between the two sites 
(considering all days, hours and directions) is 44.8% (Table 2).

The wind direction measured locally is not always well linked with the larger 
scale pattern found for the trajectory's connection which depends on the 
three-dimensional wind patterns, nevertheless this is generally the case during 
BIO-MAÏDO campaign (Figure 5). Daytime, wind direction (4–14 hr UT) is 
mainly from north and west in MO and PF, the change of wind is observed mark-
edly by few connections between the two sites. At 4 hr UT (sunrise), the surface 
starts heating by absorption of solar radiation, the wind direction changes at PF 
and comes from the west. Anabatic and sea breeze processes occur, and the air 
is advected uphill to MO. At 7 hr UT, the wind regime changes at MO (wind 

from the north). Between 5 and 15 hr UT, backward and forward air masses are well connected but decrease for 
forward trajectories from 12 to 17 hr, probably due to the influence of land breeze at PF during the afternoon. The 3 
to 6 hr period matches with the cloud formation (Lesouëf et al., 2013) with a higher percentage of air masses from 
downstream. Moreover, clouds change the radiation and limit the heating of the ground that can reverse the thermal 
processes (anabatic winds and sea breeze), which can explain the less connection of both sites from 9 hr UT.

The main nighttime wind direction is ENE at PF and ESE at MO (Figure 5) and it presents the greatest connection 
between the two sites. Air masses come from the South-East of the island, reach MO and go down to PF (e.g., 
with backward trajectories in PF, in Figure S1 in Supporting Information S1). Winds at PF are in the same order 
of magnitude for day and night (average wind of 2.37 ± 0.69 m/s during the day and 2.94 ± 0.51 m/s during the 
night) but are more variable at MO, especially during the night (average wind of 1.78 ± 0.95 m/s during the day 
and 2.71 ± 1.31 m/s during the night). Lesouëf et al. (2011) showed that when air masses come from NE with 
weak wind speed, a “cap” effect cannot be observed, and the air masses pass over MO. The “cap” effect is occur-
ring if the latter is sufficiently weak and allow the development of breezes on the west coast, air pumping from 
lower layers protects the mountains from NE winds, forced to pass over a “cap”. In contrast, when winds have 
high intensity, air masses pass over MO and can more easily go down to PF. Since the 100 m trajectories domain 
is too small to include the whole circulation patterns at the scale of the island, calculations on the 500 m domain 
are used to provide a better estimation of the main land cover footprint sources (anthropogenic and/or biogenic) 
leading to the VOC concentrations at MO (Section 3.2.3).

Date (DD/MM/
YYYY)

% of dynamical 
connection 
calculated 

with backward 
trajectories (MO 

from PF)

% of dynamical 
connection 
calculated 

with forward 
trajectories (PF 

to MO)

% of total 
dynamical 
connection 

(all 
trajectories)

28/03/2019 84.4 49.5 66.9

31/03/2019 61.9 59.4 60.7

01/04/2019 17.7 42.2 29.9

03/04/2019 46.5 45.5 45.8

15/03 to 06/04/2019 45.3 44.3 44.8

Table 2 
Summary Table for Dynamical Connection Percentages for the Four 
Selected Days and From March 15 to April 6

Figure 5. Comparison of daily variation of observed and computed wind speed (m s −1) and wind direction (°) at Maïdo 
observatory and Petite France (averaged over the entire campaign).
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3.2. Variability of VOCs Concentrations and Ratios

Diurnal variation of methanol, acetone, benzene, isoprene and its oxidation product concentrations are repre-
sented in Figure 6 for the four selected days. Day and night concentrations and isoprene oxidation product on 
isoprene concentration (σ) are listed in Table 3. For all compounds, residuals concentrations of VOCs can be 
observed during the night at PF that it is not observed at MO for short lived-compounds (isoprene and its oxida-
tion products and benzene). This fact could be related to the boundary conditions at MO during the night, in 
general, under free tropospheric conditions.

The concentration of these VOCs at MO are in the same order of magnitude as those reported in previous studies 
(Rocco et al., 2020; Verreyken et al., 2021). On the other hand, higher concentrations of benzene, methanol and 
acetone are measured at PF than at MO, indicating that the former site is located closer to emission sources. 
This induces that the range of the measured VOC concentrations is larger at PF compared to MO and therefore 
that the values of STD are larger. In comparison with Bélouve measurements from OCTAVE (2018) (Rocco 
et al., 2020), concentrations of methanol and acetone are two times greater at PF suggesting that anthropogenic 
or marine sources can be a large contribution of these compounds at PF. Indeed (Colomb et al., 2009), show high 

Figure 6. Concentration of volatile organic compounds (isoprene, isoprene oxidation products, methanol, acetone, and benzene) from March 31, 2019 to April 1, 2019, 
with average concentration during the night (20–23hr UT) in Petite France (blue) and at the Maïdo Observatory (purple).
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concentrations of methanol and acetone in the marine boundary layer (Colomb et al., 2009; 1.93 ± 0.28 ppbv and 
1.08 ± 0.18 ppbv, respectively). Residual concentrations of these compounds can be measured during the night 
and explain the higher concentrations at PF than Bélouve.

Methanol and acetone show significant concentrations for both sites (until 5 ppb at PF and 2 ppb at MO, Figures 6c 
and 6d). Strong diurnal variations are observed for these compounds. A shift of 2 hr for methanol concentrations 
between the two sites shows that these compounds are not only formed or emitted at MO but are also advected 
from downhill. These compounds are emitted by primary and secondary ways by reaction of methyl peroxy 
radicals (CH3O2) with other peroxy radicals for methanol (Madronich & Calvert, 1990; Tyndall et al., 2001) and 
formed by organic precursors such as hydrocarbons for acetone (Jacob et al., 2002).

Benzene is present at PF in higher concentrations (Figure 6e), probably due to a higher traffic density. Similar to 
methanol, this compound is advected toward MO during the day. Higher concentrations of benzene is observed 
while concentration under detection limit are often observed during the night. Advection from PF to MO is 
clearly demonstrated on April 3. Indeed, the peak of benzene of 0.1 ppb at PF is observed at 3 hr UT and can be 
seen 3 hr later at MO (0.05 ppb).

Surprisingly, the concentration of isoprene is in the same order of magnitude in both sites with the maximum 
concentration of 0.06 ppb (Figure 6a). Generally, on the diurnal variation, two peaks have been observed. The 
first peak is present in the morning and shows local emissions of this compound at both sites. At 5–6 hr UT, cloud 
formation is occurring (Lesouëf et al., 2013), and the concentration of isoprene decreases. This depletion can be 
mostly explained by the decrease of solar radiation and temperature, affecting the biogenic emission of isoprene 
(Monson et al., 1992; Rinne et al., 2002), and by the oxidation processes of this compound leading to consump-
tion and decrease. A recent study had shown the presence of low-soluble VOCs, such as isoprene, in cloud water 
at Réunion Island (Dominutti et al., 2021). Even though the transfer from gas to the aqueous phase represents a 
minor sink due to isoprene’s solubility, this mechanism could also affect the depletion observed. Furthermore, the 
difference in NOx concentration (Figure S2 in Supporting Information S1) could play a role in VOCs emission or 
formation and, then in calculated ratios. Isoprene emissions induce the formation of its oxidation products during 

Compounds Site Isoprene Isoprene oxidation products Methanol Acetone Benzene σ

28/03/2019 PF 0.179 ± 0.114 0.207 ± 0.192 1.965 ± 0.779 1.238 ± 0.385 0.040 ± 0.041 1.15 ± 1.68

Day concentration ± std (ppb) MO 0.221 ± 0.148 0.130 ± 0.107 1.087 ± 0.366 0.452 ± 0.101 0.014 ± 0.009 0.58 ± 0.73

Night concentration ± std (ppb) PF 0.168 ± 0.103 0.159 ± 0.122 1.798 ± 0.685 1.175 ± 0.318 0.089 ± 0.042

MO 0.032 ± 0.064 0.022 ± 0.033 0.651 ± 0.162 0.346 ± 0.066 0.006 ± 0.005

31/03/2019 PF 0.208 ± 0.115 0.240 ± 0.235 2.307 ± 0.861 1.298 ± 0.410 0.040 ± 0.035 1.15 ± 2.04

Day concentration ± std (ppb) MO 0.203 ± 0.143 0.072 ± 0.062 1.105 ± 0.387 0.471 ± 0.112 0.014 ± 0.009 0.35 ± 0.43

Night concentration ± std (ppb) PF 0.169 ± 0.105 0.165 ± 0.153 1.969 ± 0.826 1.255 ± 0.398 0.039 ± 0.040

MO 0.078 ± 0.061 0.048 ± 0.040 0.652 ± 0.129 0.377 ± 0.066 0.007 ± 0.005

01/04/2019 PF 0.181 ± 0.107 0.179 ± 0.159 2.033 ± 0.860 1.309 ± 0.397 0.042 ± 0.042 0.98 ± 1.48

Day concentration ± std (ppb) MO 0.178 ± 0.105 0.069 ± 0.021 1.137 ± 0.193 0.594 ± 0.067 0.016 ± 0.005 0.38 ± 0.20

Night concentration ± std (ppb) PF 0.095 ± 0.028 0.070 ± 0.025 1.583 ± 0.285 0.859 ± 0.093 0.025 ± 0.020

MO 0.051 ± 0.080 0.023 ± 0.018 0.638 ± 0.101 0.387 ± 0.054 0.008 ± 0.004

03/04/2019 PF 0.179 ± 0.121 0.202 ± 0.141 1.723 ± 0.582 1.216 ± 0.371 0.048 ± 0.050 1.13 ± 1.16

Day concentration ± std (ppb) MO 0.175 ± 0.070 0.081 ± 0.022 1.211 ± 0.231 0.519 ± 0.070 0.019 ± 0.014 0.46 ± 0.32

Night concentration ± std (ppb) PF 0.072 ± 0.025 0.078 ± 0.027 1.134 ± 0.323 0.862 ± 0.091 0.023 ± 0.018

MO 0.041 ± 0.054 0.023 ± 0.022 0.641 ± 0.095 0.371 ± 0.044 0.006 ± 0.004

Note. σ represents the ratio of isoprene oxidation products and isoprene concentrations.

Table 3 
Averaged Measured Concentrations During All Day (Day and Night Including) and During the Night (From 20 to 23 hr UT Except for March 28 for Which Night 
Mean Values Have Been Calculated From 2 to 4 hr UT Due to a Lack of Measurement at MO) and Their Standard Deviation at the MO and at PF Sites for March 28 
and 31 and April 1 and 3, 2019

 21698996, 2022, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JD

035570 by C
ochrane France, W

iley O
nline L

ibrary on [06/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

ROCCO ET AL.

10.1029/2021JD035570

13 of 22

the day. Oxidation seems very strong at PF in comparison to MO. Indeed, isoprene oxidation products present 
strong diurnal variation with significant concentration (up to 1 ppb) at PF.

Table 4 reports daytime and nighttime averaged ratios of VOCs concentrations between sites [CMAIDO]/[CPF]. 
Daytime ratios have been calculated from 2 to 14 hr UT and then averaged for each day and nighttime ones from 
14 to 2 hr UT. For this analysis only the days dynamically connected were considered.

The first finding is that the calculated daytime ratio does not vary by more than 6% for isoprene, 3% for oxidation 
products of isoprene, 6% for methanol, 3% for acetone and 4% for benzene. It can be noted that the ratios are lower 
than 1 for all the days and nights, which indicates that VOC concentrations of studied compounds at PF are higher 
than those obtained at MO (Table 4). Also, it suggests that air masses between PF and MO have undergone either 
deposition-dilution processes or photochemical reactions leading to a decrease of VOC concentrations.

Methanol ratios are almost constant during the 4 days and nights observed. The methanol daytime ratio varies from 
0.45 ± 0.07 (March 28) to 0.56 ± 0.12 (April 3) but given the standard deviations it remains at the same level. 
Likewise, the acetone ratio remains constant around 0.3 during this period. Even if these two compounds have a 
long lifetime in the atmosphere (12 days and 61 days, respectively; Atkinson & Arey, 2003), a ratio lower than 1 
indicates that dilution, photochemical reactions and deposition of these compounds occur during the transport of 
the air masses. Dry and wet deposition of these compounds has been estimated to be 12% and 30% of total removal 
processes in the atmosphere for acetone and methanol, respectively (Heikes et al., 2002; Singh et al., 1994).

In the case of benzene ratios, an anthropogenic VOC (lifetime of 9 days, Atkinson, 2000), nighttime and daytime ratios 
are in the same order for all days (∼0.3) with higher concentrations at PF than at MO. Benzene and acetone present 
the same ratio, suggesting the same dilution and/or deposition processes, whereas methanol has a larger ratio showing 
potential local sources from vegetation at MO. Ratio of inert gas such as carbon monoxide (CO) shows median ratio 
of 0.29 (0.21–0.43; 25–75 percentiles) from data sampling of the whole campaign and a median ratio of 0.29 ± 0.08, 
0.26 ± 0.12, 0.39 ± 0.24, and 0.24 ± 0.11, for the four selected days . This indicates that processes of dilution and/or 
dry deposition are occurring between the two sites and even when air masses are not coming from PF.

Acetone shows a higher ratio at night than daytime, suggesting an additional acetone contribution during the day at PF 
which can originate from secondary products of VOC photo-oxidation, or brought by a local source. Furthermore, high 
residual concentrations of acetone have been observed during the night at PF which can explain these ratios.

Regarding biogenic VOC, during the daytime, isoprene average ratio is 0.73 ± 1.01 and during nighttime 0.32 ± 0.68 
while isoprene oxidation products ratios are 0.26 ± 0.26 (day) and 0.41 ± 0.73 (night). The larger ratio of isoprene, 
which has a short lifetime (1.4 hr, Atkinson, 2000), indicates that there is an additional source of isoprene (local 
source) close to MO. Furthermore, the ratios between isoprene oxidation products and isoprene (named σ) are 
presented in Table 3. Higher ratios have been observed at PF than MO, showing that oxidation processes are more 
significant in PF than MO as already underlined before. The σ ratio, if we are in a classic box model, must increase 
with time, because isoprene is consumed 3 times faster than MVK or MACR. But this ratio is lower at the MO and 
could be explained by two ways: loss of MVK + MACR by dissolution in the water of the cloud (1) and increase of 
the isoprene concentration on the way new fresh emission of isoprene close to the Maido (2).

Date (DD/MM/
YY) Compounds Isoprene

Isoprene oxidation 
products Methanol Acetone Benzene

28/03/2019 Daytime Ratio 0.68 ± 1.13 0.28 ± 0.32 0.44 ± 0.39 0.28 ± 0.26 0.27 ± 0.16

Nighttime Ratio 0.32 ± 0.83 0.40 ± 0.77 0.44 ± 0.25 0.35 ± 0.20 0.19 ± 0.17

31/03/2019 Daytime Ratio 0.78 ± 1.18 0.29 ± 0.32 0.43 ± 0.40 0.31 ± 0.29 0.34 ± 0.25

Nighttime Ratio 0.64 ± 1.16 0.73 ± 1.48 0.36 ± 0.28 0.40 ± 0.38 0.25 ± 0.18

01/04/2019 Daytime Ratio 0.77 ± 0.99 0.23 ± 0.18 0.51 ± 0.46 0.33 ± 0.32 0.32 ± 0.22

Nighttime Ratio 0.17 ± 0.35 0.31 ± 0.29 0.33 ± 0.12 0.38 ± 0.23 0.28 ± 0.11

03/04/2019 Daytime Ratio 0.68 ± 0.72 0.24 ± 0.24 0.55 ± 0.55 0.34 ± 0.31 0.34 ± 0.27

Nighttime Ratio 0.14 ± 0.38 0.19 ± 0.38 0.47 ± 0.32 0.37 ± 0.24 0.15 ± 0.10

Table 4 
Estimation of Daytime (2–14 hr UT) and Nighttime (14–2 hr UT) Ratios [CMAIDO]/[CPF] (Mean ± Standard Deviation) for 
Each Selected Day
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In the next section, normalized concentrations ratios are presented to get an overview of the diurnal variation of 
the VOC enrichment during the day and their link with air masses trajectories and land cover footprint.

3.3. Normalized VOC Concentrations at PF and the MO and Their Link With Air Masses Trajectory 
and Land Cover Footprint

Average day and night concentrations (ppbv) for the selected VOC are reported in Table 4. VOC concentra-
tions are in the same range as those obtained during the same period in 2018 (Rocco et al., 2020), and during a 
long-term observation campaign (Verreyken et al., 2021) at MO. Overall, higher concentrations of VOCs were 
observed during the day for both sites. Between the VOC, oxygenated species such as methanol and acetone (and 
HCHO not shown here) presented the highest mixing ratios (Table 4).

In order to analyze diurnal variations more precisely, normalized VOC concentration to night concentrations 
(concentration of compound X/average concentration of compound X from 20 to 23 hr UT) were calculated. 
Normalized concentrations plots have the advantage to better show the variation of concentration of VOCs during 
daytime for low concentrations as measured at MO and to enable to compare with those at PF. Figure 7 displays 
the diurnal variation of selected VOC at PF and MO. This kind of representation is used to evaluate the sinks or 

Figure 7. Normalized concentration of volatile organic compounds to average night concentration (isoprene (a), MACR + MVK (b), methanol (c), acetone (d), 
benzene (e)) for March 28, March 31, April 1, and April 3, 2019 at Petite France (blue) and Maïdo Observatory (purple). Average concentration during the night were 
obtained from 20 to 23 hr UT. Gray areas represent nighttime.
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the contribution of VOC concentration during the day. A concentration above 1 indicates that the concentration 
increases during the day compared to the values during the night. Conversely, a concentration below 1 indicates 
that concentration during the night is higher than the concentration during the day and there is a depletion of 
VOCs (dilution, oxidation…).

The backward trajectories have been calculated in the 500 m resolution domain to determine the land cover foot-
print of air masses and their potential influence on measured VOC concentrations at the island scale (Figure 8). 
They start from MO every 15 min from March 15 to April 8, 2019. Thresholds of 500 m over the ground level are 
established to consider only the air masses which are most influenced by surface land cover footprint determined 
with the Corine Land Cover 2018 data interpolated on trajectory points. Most of the time points 1,000 m above 
ground level are above the mixed boundary layer and are less affected by the surface emissions. The trajectory 
points located above the altitude threshold are considered less influenced by the surface and are therefore clas-
sified in a "high altitude" category. The daily percentages of category influences are given in Figure 8 for the 
altitude threshold. Backward and forward trajectories every 3 hr for the four chosen days are presented in the 
Supporting information (Figures S3, S4, S5, and S6 in Supporting Information S1).

3.3.1. Normalized VOC Concentrations at Petite France

During the four selected days, most compounds show their normalized concentrations higher than 1 at PF 
(Figure 7). Isoprene is well known to be most emitted during the day by biogenic sources which depend on 
temperature and light conditions (Monson et al., 1992). Therefore, isoprene oxidation products are also formed 
during the day. The high diurnal normalized to night concentrations of isoprene products (e.g., MACR + MVK) 
show that this oxidation process is very important at PF. Moreover, they are in the same order for the 4 days 
(Figure 6).

Methanol and acetone normalized to night concentration show a significant diurnal variation with maximal 
values between 5 and 18 hr UT (Figure 7, lines (c) and (d)). These compounds have anthropogenic, marine and 
biogenic origins (Bates et al., 2021; Heikes et al., 2002; Jacob et al., 2002, 2005; Wang et al., 2020). They can 
also be formed as secondary compounds (Jacob et al., 2002; Madronich & Calvert, 1990; Tyndall et al., 2001) and 
notably in biomass burning plumes (Holzinger et al., 2005).

No high normalized concentrations (such as observed for isoprene) have been observed for anthropogenic 
compounds (here benzene, Figure 7e) except on April 3, with two high peaks at 4 and 15 hr UT. The emissions of 
this compound are much localized and occur at specific moments (in the morning could be associated with traffic 
emissions) that explains the concentration spike during the day.

PF presents patterns of emissions associated with local sources during the day from biogenic and anthropogenic 
VOCs, but also by the secondary VOCs produced in the local atmosphere.

3.3.2. Normalized VOC Concentrations at the Maïdo Observatory and Link With the Corine Land 
Cover at the 500 m Domain

Unsurprisingly, higher normalized concentrations have been measured at MO during the day in comparison to 
PF, which means higher amplitude between day and night at MO than PF. Indeed, PF is always in the bound-
ary layer (see residual concentrations during the night, Figure 6) whereas MO is located in the PBL during the  
day and in the free troposphere at nighttime. Significant normalized to night concentrations are observed of 
isoprene, isoprene oxidation products, acetone and methanol for the 4 days. A shift of about 2 hr in the maximum 
concentrations between measurements at PF and MO (Figure 7) can be observed for methanol and acetone for 
most of the days. High normalized concentration of methanol and acetone during daytime and nighttime for 
March 28 and 31 have been observed. These compounds have several origins such as biogenic and anthropogenic 
origin, and also an oceanic origins (Bates et al., 2021; Heikes et al., 2002; Millet et al., 2008; Singh et al., 1994; 
Wang et al., 2020). Significant anthropogenic (industrial and urban) influences can explain the notable concen-
tration of benzene. For this compound, the normalized concentration is different at MO compared to PF. Acetone, 
methanol, and benzene normalized concentrations stays in the same order of magnitude for the four selected days 
(Figures 7c–7e).

On March 28, a high normalized concentration has been observed for isoprene and its products (up to 10 and 
5, respectively, Figures 7a and 7b). Isoprene normalized concentration presents a high increase at 3hr UT that 
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Figure 8. Corine Land cover categories of air masses (in %) for (a), March 28, 2019 (b), March 31, 2019 (c), April 1, 2019 
and (d), April 3, 2019 calculated from 500 m backward trajectories every 15 min from the Maïdo observatory for points under 
500 m. Six categories have been distinguished: oceanic (blue), anthropogenic (orange), cultures (light green), biogenic (dark 
green), others (purple) and high-altitude trajectories (brown).
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coincides with the sunrise and with the increase of temperature. The diurnal variation of isoprene shows the 
same pattern as the mountainous capped diel wind cycle with west wind from Verreyken et al. (2021) (calculated 
for the marine, urban, mountain and capped mountain categorical emission sources with FLEXPART-AROME 
12-hr back trajectory calculations). The dilution of PBL leads to a decrease in normalized concentration after 
13 hr UT. As suggested previously, the cloud formation inducesa decrease of the intensity of solar radiation and 
then, isoprene emissions. Then, in a second step, it can induce a transfer of gas-phase VOCs into cloud drop-
lets (Dominutti et al., 2021). Indeed, isoprene is the major VOC present in cloud droplet (55.4% of total VOC 
measured). Most of backward trajectories from MO show that air masses come from southeast and high altitude. 
Regarding forward trajectories from PF, a lot of air trajectories showed that air masses are going to MO (Figure 
S3 in Supporting Information S1). Thus, VOC measured (a not particular case of isoprene which has been emit-
ted locally) at MO have been likely advected from downhill to MO thanks to anabatic winds and sea-breeze 
phenomenon.

For this day (March 28), numerous masses are coming from altitude and southeast (Figure S3 in Supporting Infor-
mation S1). Both, forward trajectories from PF on the same day show the connection between sites (Figure S3 in 
Supporting Information S1). A lot of trajectory points have been observed above 500 m (high altitude percentage 
category in Figure 7a). No clear diurnal variation has been observed but more trajectory points below the thresh-
old have been observed during the night and a part of the day. This day presents a high biogenic footprint (20%) 
because meso-CAT indicates a significant residence time in the close vicinity of MO where the soil is classified 
as biogenic by the Corine Land Cover register (Figure 8a). PF forward trajectories show that air masses are start-
ing from downhill and reaching the MO altitude, explaining the variations of concentration measured in MO.

On March 31 presents with several dynamical connections between PF and MO (Figure S4 in Supporting Infor-
mation S1) but, surprisingly, it does not show greater normalized concentrations of isoprene and its products than 
the other days. It can be explained by the high oceanic and low biogenic origins of air masses during this day 
(Figure 8b). However, methanol and acetone present significant normalized concentration during the day that is 
in line with the oceanic origin measured with Corine Land Cover (Figure 8b). At 10 hr UT, the oceanic origin 
increases and becomes dominant reaching up to 70% when wind direction at MO becomes ENE (east-north-
east). From 6 to 9 hr UT, the slope toward MO is under the influence of up-slope winds and the sea-breeze 
phenomenon. Air masses come from the north and pass-through above Saint-Denis and canyons to join MO, 
bringing a little percentage of anthropogenic origin (~10%). During this period most air masses at PF are coming 
from downhill due to strong changes in wind regimes. At 13 hr UT, air masses come from the northwest and are 
influenced by the “Rivière des Galets” canyon (at the northwest of MO), passing over PF and reaching MO. At 
14 hr UT, it is nighttime and the ground behind is cold inducing a change of wind regime with katabatic winds 
and land-breeze. But the wind system remains and brings oceanic air masses to MO. From 7 to 15 hr UT, more 
diversified influences are observed with biogenic, anthropogenic, and other origins (air masses passed through 
Le Port, a big industrial city in the northwest of the Reunion Island, along the coast). Traffic, urban, port and 
industrial areas represent few percentages of the map (under 10%). These areas represent a low surface compared 
to biogenic or cultivated areas which represent 59% and 11% of the map, respectively. Urban areas and roads 
represent small surface areas while still having an impact on the chemical composition of air masses, depending 
on the category. The real influence of traffic, urban, port, and industrial areas is probably underestimated with our 
approach due to the low surface areas of these sources in the register. It is therefore not possible to compare quan-
titatively the influence of one category to another. However, our approach allows to establish temporal evolution 
of the influence of the air masses' origins and to compare from one date to another.

The normalized concentration of benzene is significant with a large peak during this day with a maximum at 8hr 
UT and which starts at 4 hr UT and reaches its lower level at 19 hr UT. This result is well-linked with the origin 
of air masses calculated from backward trajectories which show that 3% of them passed over anthropogenic areas 
from 6 to 14 hr UT (Figure 8b). The normalized concentration ratio shows an increase at 4 hr UT that can be 
explained with mixed boundary layer effects. Indeed, as previously said, the boundary layer increases in altitude 
during the day and can bring compounds to the MO.

A lot of air masses are coming from the northwest of the mountain (Figure S4 in Supporting Information S1) on 
March 31. MO is under the influence of northerly winds. Between 10% and 65% (min% and max%), 0% and 30% 
and 0% and 17% of air masses passed over vegetation, cultures and anthropogenic areas, respectively (Figure 8b). 
Most of the time, air masses passed over vegetation and culture areas. MO is then influenced by highly biogenic 
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areas around this site. Reunion Island is known for its sugar cane culture which covers 54% of the agricultural 
area. Other category origins ranged between 0% and 17% from 47 to 14 hr UT.

On April 1, air masses are coming from the downhill of MO (Figure S5 in Supporting Information S1). It is 
consistent with a higher normalized ratio of short lifetime VOC, such as isoprene but also for a long lifetime such 
as benzene and methanol. Anthropogenic origin has been observed from 7 to 14 hr UT, in agreement with back-
ward trajectories origins (up to 15% of anthropogenic area, Figure S5 in Supporting Information S1). From 6 to 9 
hr UT, air masses come from high altitudes, with high biogenic, culture, and oceanic influences.

As shown in Figure 8c, the number of high-altitude points is significant (86% of total). This induces that trajectory 
points considered are close to MO where biogenic and cultivated areas are mostly present, and the biogenic influence 
ranges between 5% and 9%. Despite this, the normalized to night ratio of isoprene is exceeding those measured on 
the other three days (March 28 and 31, and April 3) partly explained by the low concentration of isoprene measured 
at night (Table 3). From 15 to 17 hr UT, air masses provided from the downhill of MO are characterized by a low 
increase of the percentage of anthropogenic, cultures and other areas up to 40% of oceanic areas. After 19 hr UT, air 
masses are coming from the south-west and altitude, which explains the lack of oceanic and anthropogenic origins.

The April 3 presents the same pattern of normalized VOCs concentration as April 1, but with higher levels for 
benzene (Figure 7e). The reason for this higher concentration can be explained by probably a more intense anthro-
pogenic activity or more air masses with anthropogenic origins. On April 3, the backward trajectories are from 
the west side of the island passing over urban areas (Figure S6 in Supporting Information S1). For this day, the 
pattern is well-linked with the mountainous uncapped diel wind cycle as described in Verreyken et al. (2021). The 
concentration of isoprene decreases between 4 and 10 hr UT due to the cloud formation and the dilution of the 
boundary layer. But the up-slope phenomenon remains, and the concentration increases again at 10 hr UT when 
the cloud disappears. At 14 hr UT, the sun goes down and the phenomenon reverses generating katabatic winds 
and returning MO in the free troposphere.

Furthermore, this day shows a larger contribution of isoprene oxidation products with two significant peaks 
formed by cloud formation or dilution of boundary layer discussed above.

We found the same pattern as on previous days. Selected categories are around the Maïdo and present higher 
biogenic and cultures areas. At 21 hr, the meteorological context changes and brings air masses from low altitude 
that explained the low percentage of oceanic origin (<3%). At 12 hr 30 UT, air masses come always from the 
southeast but make a loop over the west coast and the cities on this coast (Figure S6 in Supporting Informa-
tion S1) as shown in Figure 8d with 3% of anthropogenic origin. The loop remains until 21 hr UT and disappears 
after this hour with air masses coming from the southeast. The loop can be explained by the presence of wind 
from the northeast advected by the anabatic wind (forward trajectories from PF, Figure S6 in Supporting Infor-
mation S1) that deviate from the initial flow from the southeast.

To summarize, during the 4 days, air masses origin ranges from 8% to 67% for biogenic areas, 0%–21% for 
cultures areas, 0%–16% for anthropogenic areas, 0%–73% for oceanic origin and 0%–18% for other areas.

The concentrations measured at MO are then well explained by the Meso-CAT plots which show that diurnal 
variations are due to the contribution of low altitude air masses, with VOCs being advected from below MO.

4. Conclusion
In this paper we present a new dynamical analysis of VOC concentration measurements at Réunion Island based on 
backward and forward trajectory calculations initialized with 100–500 m resolution topography and wind fields. Our 
results aims to provide a better understanding of chemistry and dynamics along the slope toward the MO. To fulfill 
this objective, two sites located at different altitudes on the western coast of the island (MO and PF) were targeted 
for VOC and meteorological parameter measurements. Our analyses were focused on the four selected days: March 
28 and 31 and April 1 and 3, 2019. Based on these high spatial resolution simulations we have characterized the 
breeze processes (sea/land) and the mountain winds (katabatic/anabatic) and their influence on VOC concentrations.

The backward trajectories have been coupled with the “Corine Land Cover” register to provide an estimation of the 
percentage of points over a different category of the surface. We saw that the major category contributions were 
the biogenic area (mixed forest) and the cultures area (sugar cane plantation for example) which ranged between 
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8% and 67% and between 0% and 21% for each area respectively. Furthermore, when air masses are coming from 
downhill, we showed a significant oceanic origin with maximal recorded percentage up to 73% between 7 and 
21 hr UT. However, the surface of traffic and industrial areas represent very small surfaces of the island, and the 
influence of industries and road traffic could be much greater than what is estimated with our approach.

The variability of VOC in concentration along the slope has been analyzed. The origin of air masses depends on 
the targeted day and the analysis can be very different among days. To summarize:

1.  On March 28, both backward and forward trajectories from PF, a lot of air masses are advected to MO showing 
up-slope winds during the day.

2.  On March 31, this day was marked by a high oceanic air masses origin (up to 73%). The main origin of the air 
masses is from the north and downhill of MO, the air masses are advected by the “Rivière des Galets” canyon.

3.  On April 1, air masses were coming from west and southwest. Air masses origins showed also oceanic origin 
with high concentrations of methanol and acetone. Isoprene and its oxidation products ratio concentration 
(sigma) from MO to PF are 0.86 ± 0.72 and 0.98 ± 0.49, respectively showing less oxidation of the air masses 
between the sites. The lower ratio at MO shows that isoprene emissions are higher and less oxidation is occur-
ring in this site than PF.

4.  On April 3, anthropogenic origin has been highlighted from the south-east that is well linked with the concen-
tration of benzene. Indeed, April 3 shows the highest concentration of benzene in comparison with the other 
case studies.

This new and first approach combines cover land footprint and backward trajectories. It provides information 
on the nature of the ground-surface during the few days and hours before the air mass arrives at the sampling 
sites. More modeling exercises such as 3D chemistry transport, including biogenic and anthropogenic emission 
inventories, are necessary to better evaluate the processes of oxidation, deposition, occurring on VOCs during 
the air mass transport.

Also, further investigation on trajectories evolution and their link with chemical measurements is needed to better 
understand what happened between the two sites and which reactions or dynamics processes are involved in the 
variation of concentrations with time.

The use of model tools in the future can bring a better understanding of dynamical and chemical processes occur-
ring on the island. For example, chemical models (CLEPS, Mouchel-Vallon et al., 2017) can be used to reproduce 
the air mass evolution conditions from the bottom of the slope to the MO and can provide a better understanding 
of multiphase processes and exchanges involved in the cloud formation.

These model approaches are included in the BIO-MAÏDO project and are currently in progress.

Data Availability Statement
The PTR-MS data set at Maïdo has been made available publicly (Amelynck et al., 2021).
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Erratum
The originally published version of this article contained errors in calculating forward and backward trajectories 
in the MESO-CAT model. Slight modifications to the text and figures were made because the updated calcula-
tions and trajectories lead to a more accurate interpretation of the link of trajectories and VOC measurements 
during the measurement campaign. The changes in the figures and main text are linked with a change in the 
percentage of connection due to the new calculation of backward and forward trajectories direction and do not 
affect the VOC concentrations description part. The modified sections in the article are as follows. The Abstract 
has been edited with these sentences: “We saw that the major category contributions were the biogenic area 
(mixed forest) and the cultures area (sugar cane plantation, for example), which ranged between 8% and 67% 
and between 0% and 21% for each area, respectively. Furthermore, when air masses are coming from downhill, 
we showed a significant oceanic origin with maximal recorded percentage up to 73% between 7 and 21 hr UT.” 
Figures 3a and 3b in Section 2.2 have been modified with the new trajectory calculations. The fifth paragraph of 
Section 2.2 should read “For this example, both FLEXPART-AROME backward trajectories (total column and 
footprint 0-1 km above ground level Figure 3c and 3d) agree partially with Meso-CAT at 500 m spatial resolu-
tion (Figure 3a).” The last sentence of the second paragraph of Section 3.1 has been modified according to new 
Figure 4c to read “On average, from March 15 to April 6, up to 44.8% of trajectory points are reaching the other 
site.” In the third paragraph of Section 3.1, the second sentence should read “During this period and when meas-
urements of VOC were in operation in both sites, most of the days show a pronounces dynamical connection 
occurrence between PF and MO.” In the third paragraph of Section 3.1, the second and third sentences should 
read “As is shown in Figure 4c (top), the average daily variation reveals that more connections are occurring 
from 5 hr UT to 15 hr UT (local time = UT + 4 hr). Some connections are observed during the night (from 
PF reaching MO) and decrease from 11 hr UT to 17 hr UT when the land breezes are occurring.” In the fourth 
paragraph of Section 3.1, the fifth sentence should read “The maximum percentage of connections is observed 
from March 21 to 25, from March 28 to 31 and from April 3 to 5, reaching at least 84%.” In the fifth paragraph of 
Section 3.1, the sentences “The highest dynamical connection percentage is observed on April 1” and “Maxima 
of connections have been observed for the four selected days for both backward and forward trajectories (see 
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Table 2)” have been deleted as they are not consistent with new Figure 4c. The global percentage of connection 
between the two sites is now 44.8% as we can read in the final sentence of the fifth paragraph. At the end of 
the sixth paragraph of Section 3.1, the text was corrected because it was not consistent with Figure 4c to read 
“Between 5 and 15 hr UT, backward and forward air masses are well connected but decrease for forward  trajec-
tories from 12 to 17 hr, probably due to the influence of land breeze at PF during the afternoon. The 3 to 6 hr 
period matches with the cloud formation (Lesouëf et al., 2013) with a higher percentage of air masses from 
downstream. Moreover, clouds change the radiation and limit the heating of the ground, which can reverse the 
thermal processes (anabatic winds and sea breeze), which can explain the less connection of both sites from 9 hr  
UT.” Table 2 was completely revised due to the change in connection percentage between the two sites in 
forward and backward trajectories. With new Figure 8, the text in Section 3.3.2 has been modified. In the third 
paragraph of Section 3.3.2, the sentences “This day shows no cases of dynamical connection between PF and 
MO from backward trajectories. Surprisingly” and “As backward trajectories have been only selected, they do 
not explain benzene concentrations measured at MO. Nevertheless,” have been deleted. In the eleventh sentence 
of the fourth paragraph of Section 3.3.2, the hours for the interpretation of dynamical connections should read 
“From 7 to 15 hr UT, more diversified influences are observed with biogenic, anthropogenic, and other origins 
(air masses passed through Le Port, a big industrial city in the northwest of the Reunion Island, along the coast).” 
For the oceanic origin at now “10 hr” the percentage is 70% and for anthropogenic origin “10%.” In the sixth and 
seventh paragraphs of Section 3.3.2, the percentage of connection has been modified as “To summarize, during 
the four days, air masses origin ranges from 8% to 67% for biogenic areas, 0%–21% for cultures areas, 0%–16% 
for anthropogenic areas, 0%–73% for oceanic origin and 0%–18% for other areas.” Percentages of major category 
contribution have been modified in the Abstract and Conclusion as “Lagrangian transport model showed that air 
masses were dynamically linked between the two measurements sites for 44.8% of the time during the complete 
campaign. Trajectories from the Meso-CAT model combined with the Corine Land Cover-2018 register shows 
that backward-trajectories are frequently located above biogenic area (mixed forest, 8%–67% of total number 
trajectory point) and cultures area (e.g., sugar cane plantation, 0%–21%).” In the Conclusion, item 1 in the list 
should read “On March 28, both backward and forward trajectories from PF, a lot of air masses are advected to 
MO showing up-slope winds during the day.” These errors have been corrected, and this may be considered the 
authoritative version of record.

 21698996, 2022, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JD

035570 by C
ochrane France, W

iley O
nline L

ibrary on [06/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	High Resolution Dynamical Analysis of Volatile Organic Compounds (VOC) Measurements During the BIO-MAÏDO Field Campaign (Réunion Island, Indian Ocean)
	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Sampling Sites of VOCs
	2.2. 
          Meso-CAT: A Coupling of Meso-NH and CAT Models
	2.3. Online Measurements of VOCs by PTR-MS: Proton-Transfer-Reaction Mass-Spectrometry
	2.3.1. BIRA PTR-MS
	2.3.2. LSCE PTR-MS
	2.3.3. Intercomparison of Both PTR-MS


	3. Chemical Context and Emission Sources
	3.1. Dynamical Connection Between the Two Sampling Sites and a Case Study Selection
	3.2. Variability of VOCs Concentrations and Ratios
	3.3. Normalized VOC Concentrations at PF and the MO and Their Link With Air Masses Trajectory and Land Cover Footprint
	3.3.1. Normalized VOC Concentrations at Petite France
	3.3.2. Normalized VOC Concentrations at the Maïdo Observatory and Link With the Corine Land Cover at the 500 m Domain


	4. Conclusion
	Data Availability Statement
	References
	Erratum


