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Abstract. From 23 January to 13 February 2020, twenty ATR-42 scientific flights were 

conducted in the framework of the EUREC4A field campaign over the tropical Atlantic, off the 

coast of Barbados (-58°30' W 13°30'N). By means of a side-pointing lidar, these flights allowed 

to retrieve the optical properties of the aerosols found in the sub-cloud layer and below the trade 

winds inversion. Two distinct periods with significant aerosol contents were identified in 20 

relationship with the so-called trade wind and tropical regimes, respectively. A very strong 

spatial heterogeneity of the aerosol field has been highlighted at the airborne measurements 

scale of a few tens of kilometres. This heterogeneity, difficult to capture using spaceborne 

instruments, can be related to the highly variable relative humidity field and the fractional cloud 

cover encountered during all the flights. 25 

 

Keywords: Trade wind, weather regime, transport, dust, biomass burning, tropical, Atlantic 

Ocean 

 

 30 

1 Introduction 

In the Barbados region mixtures of different types of aerosols have often been observed, 

especially mixtures of Saharan dust (SD) and biomass burning (BB) aerosols which add to the 

local oceanic sources of sea salts and sulphates. One of the first characterization of the SD 

transport across the tropical Atlantic Ocean was performed by Prospero (1968). Knowing that 35 

Africa is the world’s largest dust source (Huneeus et al., 2011), this work was then continued 
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by various authors given the climatic and physicochemical significant impacts of these aerosols. 

SD aerosols play a major role in the primary productivity of the ocean through the enrichment 

of surface waters by mineral deposits that promote the development of phytoplankton (e.g. Okin 

et al., 2011; Schlosser et al., 2013). They also contribute to the fertilization of continental 

surfaces (e.g. Shao et al., 2011; Muhs et al., 2007). SD dusts are also the major component of 5 

atmospheric aerosol composition over the tropical Atlantic and Caribbean where they play a 

leading role on the radiative balance (e.g. Li et al., 1996; Prenni et al., 2009) and cyclogenesis 

(e.g. Zipser et al., 2009). The impact of SD aerosols varies greatly over time over the Caribbean 

Sea. Indeed, Prospero et al (2014) showed a dominance of SD from January to May over French 

Guiana, whereas it is more prevalent from May to September over Martinique. Ben-Ami et al. 10 

(2010) identified the Bodélé depression in northern Chad as one of the main sources of SD 

aerosols also previously identified as such by Koren et al. (2006). Nevertheless, this source is 

more likely as the season shifts to summer in Africa. Indeed, sources further north (e.g., in 

northern Chad, Mali, Mauritania, and southern Algeria) become more active, linked to the 

development and movement of African easterly waves in concert with extratropical 15 

disturbances (Cuesta et al., 2020; Knippertz and Todd, 2010). However, SD aerosols have been 

shown not to necessarily dominate the atmosphere composition over the tropical Atlantic. 

Indeed, mixing of SD and BB aerosols over the Amazon/Caribbean areas was also detected in 

lidar profiles by Ansmann et al. (2009) and the BB aerosols were shown to be the dominant 

component in the aerosols with profiles typically extending to altitudes of 2-3 km (Baars et al., 20 

2011). As a result, it has recently been shown that BB aerosols have been underestimated as a 

phosphorus input to surface waters in the tropical Atlantic (Barkley et al., 2019). In fact, a large 

fraction of the African emissions of SD and BB aerosols are carried across the west coast of 

North Africa to the western Atlantic. As described by Adams et al. (2012) using CALIOP data, 

these long-ranged transported aerosols are originating from very intense Saharan desert sources 25 

and even from nearby BB areas. 

Very quickly, the scientific community became aware of the importance of knowing the vertical 

distribution of aerosols in order to assess their impact more accurately during their transport 

across the Atlantic Ocean. The first measurement was made off the West African coast, from 

the Cape Verde archipelago, where observations were made from a balloon sounding (Dulac et 30 

al., 2001), which highlighted a low altitude transport of dust in the trade winds over the tropical 

Atlantic into the so-called Saharan air layer as initially identified by Carlson and Prospero 

(1972) during summer. These measurements were very soon followed by more numerous and 
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continuous observations from ground-based lidar at Barbados (e.g. Ansmann et al., 2009; Baars 

et al., 2011) or even from nadir-pointing airborne lidar measurements (Chazette et al., 2001; 

Tanré et al., 2003). 

The study presented in this article is a follow-up to the EUREC4A (Elucidating the role of 

clouds-circulation coupling in climate) field campaign (Bony et al., 2017) which took place in 5 

January-February 2020 over the western tropical Atlantic, West of Barbados (Stevens et al., 

2021). During the airborne measurements performed from the French research aircraft ATR-42 

operated by the Service des Avions Français Instrumentés pour la Recherche en Environnement 

(SAFIRE), a variety of aerosol optical property signatures were observed (Chazette et al., 2020) 

and the objective of this paper is to describe their origin and the meteorological conditions that 10 

led to their observation over the Barbados region. Airborne observations of atmospheric 

aerosols off the coast of Barbados are scarce, especially in winter. They are nevertheless 

relevant to complete the existing body of literature, in particular concerning the satellite 

observations that are often disturbed by the ubiquitous presence of clouds over this region. 

The Section 2 is dedicated to a brief presentation of the lidar used and the flight plans of the 15 

SAFIRE ATR-42. The different optical parameters found with the lidar measurements will also 

be explained. The optical properties of aerosols encountered during the scientific flights will be 

presented in Section 3. The spatiotemporal evolution of the aerosol layers during transport, 

prior to their arrival off Barbados, will be presented in Section 4 based on spatial observations 

and modelling. Section 5 will discuss the results taking into account transport and weather 20 

conditions. The conclusion will be presented in Section 6. 

2 Lidar observations 

2.1 Instrument 

During all the EUREC4A field campaign, the Airborne Lidar for Atmospheric Studies (ALiAS, 

Chazette et al. (2012)) was installed in the ATR-42 aircraft of SAFIRE which performed a 25 

series of 20 flights off the east coast of Barbados. The lidar system main characteristics and 

implementation in the aircraft are presented in Chazette et al. (2020). The measurements are 

performed at 355 nm using an horizontal line-of-slight and they provide access to both the 

aerosol extinction coefficient and to the linear depolarization of atmospheric aerosols. 

2.2 Lidar derived aerosol optical properties 30 

The aerosol extinction coefficient (AEC) and volume depolarization ratio (VDR) can be directly 

deduced from the ALiAS horizontal measurements without any a priori assumptions on the 

nature of the aerosols (see Chazette et al. (2020) for EUREC4A related retrievals). After 

https://doi.org/10.5194/acp-2021-706
Preprint. Discussion started: 9 September 2021
c© Author(s) 2021. CC BY 4.0 License.



Page 4 sur 32 

 

calibration of the lidar and thus determination of its system constant, the lidar ratio (LR) and 

particle depolarization ratio (PDR) evaluations can be performed. 

2.2.1 Direct assessment from each horizontal line-of-sight 

The determination of the AEC from horizontal line-of-slight has already been described in 

Chazette et al. (2007). The calculation is performed by linear regression on the logarithm of the 5 

apparent backscatter coefficient (ApBC), here in the range from 0.2 to 1 km away from the 

aircraft where the effect of the overlap function of the lidar is negligeable (Chazette et al., 2020). 

The slope of the regression line is equal to −2 ∙ 𝐴𝐸𝐶(𝑧) and is given by 

𝐴𝐸𝐶(𝑧) = −
1

2

𝜕𝐿𝑛(𝐴𝑝𝐵𝐶(𝑥, 𝑧))

𝜕𝑥
 (1) 

In this expression, the ApBC depends on both the horizontal distance to the aircraft x and the 

flight altitude z. Since only measurements where the aircraft is not circling are retained, the 10 

angular stability with respect to the horizontal is better than 1°, which is equivalent to a 

vertically sampled layer of ~20 m. Only AECs associated with a relative regression error of less 

than 10% are retained. This avoids cloud-contaminated profiles in the regression range. The 

resulting error on the AEC is then lower than 0.01 km-1. Given the ATR-42 flight strategy, AEC 

profiles in the lower troposphere were obtained across the trade wind inversion layer and the 15 

sub-cloud layer. For a given flight, the lidar-derived aerosol optical thickness (AOT) is 

computed by integrating the AEC along the altitude range covered by the aircraft  [𝑧𝑏 𝑧𝑡] during 

the flight: 

AOT = ∫ 𝐴𝐸𝐶(𝑧) ∙ 𝑑𝑧
𝑧𝑡

𝑧𝑏

 (2) 

with zt corresponding to an altitude a few hundred meters above the trade wind inversion and 

zb being located in the sub-cloud layer, a few tens of meters above the sea surface. 20 

The mean VDR at a given altitude is also calculated over the same distance range along the 

lidar line-of-sight as the AEC: 

𝑉𝐷𝑅̅̅ ̅̅ ̅̅ (𝑧) =
1

0.8
∫ 𝑉𝐷𝑅(𝑥, 𝑧) ∙ 𝑑𝑥

1

0.2

 
(3) 

 

The determination of the VDR from the lidar characteristics is described in Chazette et al. 

(2012). The absolute error on the VDR is close to 0.2%. 25 
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2.2.1 Assessment needing a calibration of the lidar signal 

As opposed to AEC and VDR, LR and PDR calculations from horizontal shots require 

knowledge of the lidar system constant. It is assessed using the same linear regression as for 

determining the AEC but for the horizontal profiles at higher altitude where molecular 

scattering is predominant. The value at the origin of the regression function (Vo) is the product 5 

of the system constant (C) and the molecular backscatter coefficient (MBC), so that: 

𝐶 =
𝑉0(𝑧)

𝑀𝐵𝐶(𝑧)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 (4) 

Its value may change from flight to flight. However, as the lidar has remained in the same 

configuration, there is no reason for the system constant to change. Knowing C, in the presence 

of aerosols, the approach is similar and leads to the aerosol backscatter coefficient (ABC) by 

the relationship: 10 

𝐴𝐵𝐶 =
𝑉0(𝑧)

𝐶
− 𝑀𝐵𝐶(𝑧) (5) 

The LR and PDR can thus be derived from the relationships (Chazette et al., 2012): 

𝐿𝑅 =
𝐴𝐸𝐶

𝐴𝐵𝐶
 (6) 

𝑃𝐷𝑅(𝑧) =
𝑀𝐵𝐶(𝑧) ⋅ (𝑉𝐷𝑅𝑚 − 𝑉𝐷𝑅̅̅ ̅̅ ̅̅ (𝑧)) − 𝐴𝐵𝐶(𝑧) ⋅ 𝑉𝐷𝑅̅̅ ̅̅ ̅̅ (𝑧) ⋅ (1 + 𝑉𝐷𝑅𝑚)

𝑀𝐵𝐶(𝑧) ⋅ (𝑉𝐷𝑅̅̅ ̅̅ ̅̅ (𝑧) − 𝑉𝐷𝑅𝑚) − 𝐴𝐵𝐶(𝑧) ⋅ (1 + 𝑉𝐷𝑅𝑚)
 

(7) 

where VDRm is the molecular volume depolarization ratio equal to 0.3945% at 355 nm (Collis 

and Russel, 1976). 

3 Aerosol optical properties during EUREC4A 

In this section, the optical properties of aerosols determined from horizontal lidar measurements 15 

are presented. The lidar calibration dependent variables and lidar calibration independent 

variables will be presented and discussed separately. Among the 20 flights conducted during 

the EUREC4A campaign (Chazette et al., 2020) we focus on the flights that are most 

representative of the different aerosol load observation periods: 

▪ 28 January 2020 which corresponds to a background aerosol case, i.e. an atmospheric 20 

composition dominated by sea spray, 

▪ 31 January 2020 which corresponds to the beginning of a 5-day period when aerosols 

other than sea spray were observed, 
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▪ 2 February 2020 when the maximum value of lidar-derived AOT was observed during 

the 5-day aerosol outbreak, 

▪ 11 February 2020 which corresponds to a second aerosol outbreak event, less intense 

than the first one, during which aerosols other than sea spray were observed. 

3.1 Directly retrieved aerosol optical parameters 5 

On days when 2 ATR-42 flights were performed, the one with the most complete aerosol dataset 

is selected. Data from each of the 4 selected days are shown in Fig. 1 to 4, in chronological 

order (Figure 1 showing data from the flight performed on 28 January, etc…). The variability 

of AEC and VDR along the flight path is shown in panels a and c of Figs 1-4. The corresponding 

AEC and VDR profiles (obtained after averaging all available data at a given altitude during 10 

the flight) are shown in panels b and d, respectively, of Figs 1-4. The rectangular pattern ABCD 

highlighted in Fig. 1a, was performed during each flights  at an altitude of 700-800 m a.ms.l. 

corresponding approximately to the altitude of the cloud base (Bony et al., 2017; Chazette et 

al., 2020). The L-shape legs also seen in Fig. 1a were performed below cloud-base height, i.e. 

in the sub-cloud layer. 15 

The background situation on 28 January (Fig. 1) is characterized by AECs generally below 

0.1 km-1 over the entire flight, with a lidar-derived AOT of ~0.08 at 355 nm. Higher values of 

AEC can be observed in the marine boundary layer (MBL) which is located here below 500 m 

a.m.s.l. and just above to the cloud base (~700-800 m a.m.s.l.). These values generally 

correspond to the highest values of relative humidity (~100%) and can therefore be associated 20 

with aerosol size growing due to its hydrophilic properties. The local source here is mainly 

oceanic. The vertical profile of AEC is characteristic of what is returned over the open ocean 

with aerosols mainly trapped in the MBL (Flamant et al., 2000). The VDR values show a 

presence of very weakly depolarizing aerosol which is therefore mostly spherical in shape. 

The other three days show the presence of significant aerosol loads (Figs 2-4), mainly in the 25 

first two kilometres of atmosphere, i.e. below the trade winds inversion height. The AEC 

exceeds 0.2 km-1 in some parts of the profiles and the VDR is significantly increased compared 

to 28 January. This could be the signature of terrigenous aerosols, which are observed up to 

~2.5 km a.m.s.l. on 2 February. The vertical profiles show different structures on the selected 

3 days, with a higher AEC in the MBL on 31 January while the particles seem to be more 30 

homogeneously distributed on 2 February (Fig. 3c-d) with an AEC maximum just below the 

trade winds inversion. The vertical profile on 11 February highlights 2 distinct layers, with AEC 

maxima in both the MBL and above, below the trade winds inversion. The significance of the 
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vertical variabilities for the AEC and VDR is assessed by comparing the point-to-point 

statistical variability (light grey area in Figs 1-4) and the statistical error on the mean value 

(dark grey area). The point-to-point variability includes the variability due to the atmospheric 

environment and the variability due to the measurement noise. We thus have a very good 

assessment of the mean vertical profiles. 5 

What emerges from such atmospheric sampling is that it reveals significant small-scale 

horizontal heterogeneity in the optical properties of aerosols. This heterogeneity can be related 

to the variability of the horizontal relative humidity field if the particles are partly hydrophilic, 

but also to contributions from different sources, or even to convective processes on the scale of 

the clouds which are present at this period. 10 

 

a) b)

c) d)

A

B C

D

https://doi.org/10.5194/acp-2021-706
Preprint. Discussion started: 9 September 2021
c© Author(s) 2021. CC BY 4.0 License.



Page 8 sur 32 

 

Figure 1. a) Aerosol extinction coefficient (AEC) derived from ALiAS measurements during 

the flight F05 on 28 January 2020 along the horizontal line of slight, b) corresponding vertical 

profile of the AEC which shows the spread of measurements via the standard deviation (light 

grey area) and the statistical error (dark grey area). The same types of figures are given for the 

linear volume depolarization ratio (VDR) in c) and d), respectively. The level where a rectangle 5 

ABCD has been systematically depicted is highlighted in a). 

 

 
 

Figure 2. Same as Fig. 1 during flight F08 on 31 January 2020. 10 

 

a) b)

c) d)
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 Figure 3. Same as Fig. 1 during flight F10 on 2 February 2020. 

 

a) b)

c) d)
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Figure 4. Same as Fig. 1 during flight F18 on 11 February 2020. 

3.2 Optical parameters requiring calibration 

As discussed above, LR and PDR retrievals require calibration of the lidar data. This calibration 5 

is flight-dependent and is not due to the intrinsic operation of the lidar, which is stable during 

the flights, but to the evolution of the smearing on the side window. This smearing is related to 

the presence of aerosols and is very often strongly accentuated when the aircraft has flown in 

the MBL where sea spray causes salt deposits, which then agglomerate with other types of 

aerosols during the flight. Among the 20 flights conducted during EUREC4A, LR and PDR 10 

calculations could only be made on 31 January and 2 February 2020. 

a) b)

c) d)
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In the case of 31 January, heavy smearing was encountered during the evening flight (the second 

flight of the day, see Table 5 of Chazette et al., 2020), i.e. for flight F08 shown in Fig. 2, so that 

LR and PDR on that day were determined from data acquired during the morning flight (flight 

F07, see Table 5 of Chazette et al., 2020).  The average vertical profiles of flight F07 are 

presented in Fig. 5. The vertical profile of AEC is significantly different than the one in Fig. 2b 5 

although the AOT remains of the same order. There is a stronger spread in the data due to the 

high cloudiness at the flight altitude. The VDR remains around 2% at the bottom of the profile. 

The LR calculation leads us to values of the order of 45±10 sr corresponding to terrigenous 

aerosols or a mixture including terrigenous aerosols (Burton et al., 2012). The PDR is not very 

high and remains around 5% in the aerosol layers, both in the MBL and above. This effectively 10 

argues for a mixture of different aerosol types (Chazette et al., 2016) including terrigenous 

particles. 

LR and PDR derived on 2 February (flight F10) are shown in Fig. 6. The heterogeneous nature 

of the aerosol layers for a given flight stage can be noted. The LR ranges from 40 to 60 sr is 

always characteristic of a dust mixture. The PDR is higher than on 31 January, which shows a 15 

stronger influence of terrigenous particles in the aerosol mixture. Moreover, this mixture is 

found up to an altitude of 2.5 km a.m.s.l., as the vertical profile in Fig. 6d clearly shows. As 

previously stated, the variability observed in LR and PDR could be related to the hydrophilic 

character of the aerosol mixture. Nevertheless, LR does not rapidly evolve with increasing RH 

as shown by Raut and Chazette (2007). Therefore, aerosols of different nature could have been 20 

sampled during the flight. 
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Figure 5. Vertical profiles derived from ALiAS of a) the aerosol extinction coefficient (AEC), 

b) the volume depolarization ratio (VDR), c) the lidar ratio (LR), and d) the particle 

depolarization ratio (PDR). 

a) b)

c) d)
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Figure 6. a) Lidar ratio (LR) derived from ALiAS measurements during the flight F10 on 2 

February 2020, b) corresponding vertical profile of the LR which shows the spread of 

measurements via the standard deviation (light grey area) and the statistical error (dark grey 

area). The same types of figures are given for the particle depolarization ratio (PDR) in c) and 5 

d), respectively. 

 

4 Large-scale spatiotemporal evolution 

The identification of the origin of the aerosols, which allows to confirm or deny the previous 

results, can be done by using larger scale observations in order to visualize the whole tropical 10 

Atlantic basin, from Africa to the Caribbean Sea. The Moderate-Resolution Imaging 

Spectroradiometer (MODIS) (King et al., 1992; Salmonson et al., 1989) and the Cloud-Aerosol 

Lidar with Orthogonal Polarization (CALIOP) (Kim et al., 2018; Winker et al., 2007) space-

borne observations are used, together with aerosol transport modelling outputs from the 

a) b)

c) d)
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Copernicus Atmosphere Monitoring Service (CAMS, https://atmosphere.copernicus.eu/). To 

complement space-borne observations and aerosol transport modelling, 11-day back trajectory 

analyses are performed with the Hybrid Single Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model (Draxler and Rolph, 2014; Stein et al., 2015). The wind fields used are from 

the Global Forecast System (GFS) of the National Centers for Environmental Prediction 5 

(NCEP) weather forecast model at 0.25° horizontal resolution. The isentropic ensemble mode 

with 24 individual back trajectories is used to take into account the transport trajectory spread. 

4.1 3D distribution derived from MODID and CALIOP measurements 

For the 3 days where the ALiAS lidar measurement showed aerosol loads significantly different 

from the background content (31 January, 2 and 11 February), the MODIS and CALIOP 10 

observations were extracted and are shown in Figs. 7-9. For all 3 days, aerosol plumes are 

observed and extend from the African coast to the Caribbean Sea (see Figs 7a, 8a and 9a). The 

CALIOP-derived three-dimensional distribution of AEC (Figs 7b, 8b and 9b) as well as aerosol 

classification (Figs 7c, 8c and 9c) show that these plumes are generally observed between sea 

level and 2.5-3 km a.m.s.l., i.e. below the trade winds inversion, and this throughout the 15 

Atlantic. Obviously, this is a snapshot taken over one day and these figures do not fully reflect 

the dynamics of the phenomenon. Analysing the origin of the aerosol plumes on the MODIS 

data and the identification of the aerosol type (dust and polluted dust) from the CALIOP 

measurements, we see that the aerosols observed near Barbados are most likely mixtures of 

dusts and biomass burning aerosols, which certainly also include sea salts and sulphates. The 20 

main sources appear to be mainly located on the African continent and to a lesser extent in 

South America. 

The MODIS fire product shows that the sources of biomass burning aerosol are widespread 

during this season between Guinea Bissau and the Ivory Coast (Giglio et al., 2006), territories 

that seem to be the origin of a significant part of the plume. The sources of dusts seem to be 25 

located at the latitude of Mali and Occidental Sahara. CALIOP identifies dusts along the west 

coast of Africa, from Senegal towards Morocco. The aerosol mixing that can be inferred along 

the transport across the Atlantic confirm the results obtained from the ATR-42 lidar 

measurements. 
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Figure 7. a) MODIS-derived AOT at 550 nm, b) CALIOP aerosol extinction coefficient at 532 

nm for all orbits, and c) CALIOP aerosol classification for all orbits on 31 January 2020, in 

V4.1 version of the operational algorithm. 

a)

b)

c)
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Figure 8. Same as Figure 7 but on 2 February 2020. 

 

a)

b)

c)
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Figure 9. Same as Figure 7 but on 11 February 2020. 

4.2 Horizontal distribution of aerosol plumes via CAMS 

CAMS numerical simulations presented in Figs. 10-12 confirm the previous conclusions. The 

aerosol plume reproduced by the model is very close to the one actually observed by MODIS. 5 

The advantage of the chemistry-transport model is that it provides the chemical and optical 

speciation of the aerosols in the plume. For the three previous days, the two main aerosol 

components identified are dusts and carbonates (organic carbon and soot carbon), the latter 

being naturally emitted by biomass burning. The contribution to the AOT of the two types of 

compounds is almost equivalent. 10 

a)

b)

c)
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As with the satellite observations, the daily maps do not provide information on the dynamics 

of aerosol movement reaching Barbados. For this reason, we computed back trajectories by 

initializing them at the altitudes of the aerosol layers located by the airborne lidar 

measurements, the lowest initialization altitude corresponding for each flight to the level where 

the rectangle ABCD was described (Fig. 1a), i.e. 700-800 m a.m.s.l. 5 
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Figure 10. Aerosol optical thickness (AOT) derived from the CAMS numerical simulations on 

31 January 1200 UTC: a) total AOT, b) AOT of dusts, and c) AOT of carbonaceous components 

(black carbon and organic carbon). The back trajectories computed via Hysplit in ensemble 

mode are plotted in a) for an initial altitude of 700 m a.m.s.l. over the flight area close to 

Barbados, corresponding to rectangle ABCD in Fig. 1a. 5 
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Figure 11. Aerosol optical thickness (AOT) derived from the CAMS numerical simulations on 

2 February 1200 UTC: a) total AOT, b) AOT of dusts, and c) AOT of carbonaceous components 

(black carbon and organic carbon). The back trajectories computed via Hysplit in ensemble 

mode are plotted in a) for an initial altitude of 800 m a.m.s.l., corresponding to rectangle ABCD 

in Fig. 1a, and in b) for an initial altitude of 2250 m a.m.s.l., both over the flight area close to 5 

Barbados. 
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Figure 12. Aerosol optical thickness (AOT) derived from the CAMS numerical simulations on 

11 February 1200 UTC: a) total AOT, b) AOT of dusts, and c) AOT of carbonaceous 

components (black carbon and organic carbon). The back trajectories computed via Hysplit in 

ensemble mode are plotted in a) for an initial altitude of 750 m a.m.s.l. over the flight area close 

to Barbados, corresponding to rectangle ABCD in Fig. 1a. 5 

 

4.3 Back trajectory analyses 

On 31 January, the initial altitude of the back-trajectories was chosen at 700 m a.m.s.l. where 

the airborne lidar provided the best sampling just above the MBL. Fig. 10a shows the back-

trajectories in ensemble mode. They are all clustered over the Atlantic Ocean and pick up the 10 

dust plume off the Western Sahara and Mali. They then cross the biomass burning plume at 

about 30°W. These air mass trajectories are all located below 1.5 km a.m.s.l. when crossing the 

Atlantic Ocean. For February 2 (Fig. 11), the scenario is a bit more complex. Already, two 

levels of departure altitude of the back trajectories have been considered, 800 and 2250 m 

a.m.s.l., to take into account the vertical extent of the plume as shown in Fig. 3. In the lower 15 

layer, the particles observed seem to originate from the coast of the Western Sahara, whereas 

in the higher layer they have various origins. Indeed, they may have originated from Malian 

sources for the dust aerosols and mixed African and South American sources for the biomass 

fire aerosols. The mixture seems to be quite complex as the aerosols are all entrained in the 

central Atlantic before being transported over Barbados. On 11 February, the back-trajectories 20 

initiated at 750 m a.m.s.l. are very close and seem to indicate mainly a dust source located in 

northwest Africa whose plume could be less mixed with biomass burning aerosols. 

4.4 Vertical aerosol speciation as derived from CAMS 

Figure 13a shows the contribution to the AOT of the different aerosol types over time for an 

atmospheric column located in the centre of rectangle ABCD (Fig. 1a). The cases considered 25 

in this paper are marked by red dotted lines while the other flights are highlighted by dark grey 

dotted lines. The major contributions are related to dust and carbonaceous aerosols. Sea salt and 

sulphate aerosols contribute less than 10%. An exception is for 11 February where all aerosol 

types have about the same contribution. This can be explained by higher ocean surface wind 

speeds (> 10 m s-1) which favoured the suspension of marine aerosols (Blanchard and 30 

Woodcock, 1980; Flamant et al., 2000). Such mixing does indeed lead to a decrease in 

depolarization as observed via the VDR, as more spherical hydrophilic particles may be present. 

Figs. 13a-b show the corresponding vertical distributions of dust and carbonaceous aerosols, 

respectively. There is a very good agreement between the flight-derived lidar vertical profiles, 

and the vertical structures reproduced by CAMS. The mass contribution of dust aerosols is 5 35 
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times higher than that of carbonaceous aerosols, but the specific extinction cross section of the 

latter compensates for this difference (Raut and Chazette, 2009). On 2 February, dust and 

carbonaceous aerosols are distributed in the same proportions according to altitude, which 

explains the almost constant PDR observed up to ~2.5 km a.m.s.l. (Fig. 6d). The maximum 

altitude concentration of both compounds (~2.2 km a.m.s.l.) corresponds effectively to the AEC 5 

maximum in Fig. 3a. 

 

 
Figure 13. Temporal evolution derived from CAMS of a) the aerosol optical thickness (AOT) 

at 550 nm for different aerosol compounds, b) the vertical profile of dust aerosol mass 10 

concentration and c) the vertical profile of carbonaceous (black carbon and organic carbon) 

a)

b)

c)
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aerosol mass concentration. The locations of the considered flight are highlighted by red vertical 

dotted lines. The other flights are highlighted by black-grey vertical dotted lines. 

 

5 Discussion - Relationship to transport and weather conditions 

The intensity of long-range transport and even the contribution of aerosol sources observed 5 

during EUREC4A are closely linked to transitions between different weather regimes. Until 27 

January 2020, the Azores High is positioned over the eastern Atlantic (centred on 25°W) while 

a low pressure is located over the western Atlantic (centred on 55°W), north of the Caribbean, 

and the westerly sub-tropical jet is positioned north of 45°N. As a result, dust outbreaks from 

northern West Africa are seen to travel westward along 20°N over the Atlantic before being 10 

redirected towards the northeast due to the strong south-westerly flow between the low-pressure 

centre and the Azores high and cannot reach Barbados. Between 27 and 30 January, both the 

low-pressure centre and the high-pressure system moves eastward, the former across the 

Atlantic and the latter over North Africa (leading to the air mass trajectories see in Fig. 10a off 

the coast of Africa), as a result of an equatorward undulation of the westerly sub-tropical jet 15 

and an associated deep low trough off the US east coast. At this stage, the westerly flow 

associated with the high-pressure centre over northern Africa is still not strong enough to reach 

the Caribbean. From 31 January 1200 UTC onward, a high-pressure centre is travelling along 

30°N north of the Caribbean while the high-pressure system over north Africa strengthens. The 

aerosols transported out of the African continent over the Atlantic by the circulation around the 20 

easternmost anticyclone are then picked up by the easterly circulation south of the westernmost 

high-pressure system and can now reach Barbados. As the western high pressure moves 

westward, aerosols out of West Africa are more efficiently transported across the Atlantic 

towards Barbados from 1 to 4 February 2020. During this period, 2 cut-off lows are also seen 

to travel eastward in between the 2 high pressure systems, one of which is shown in Fig. 14a 25 

on 2 February. Rossby wave breaking events are also occurring ahead of the cut-off lows. The 

presence of the 2 distinct high-pressure centres (and the lower pressure in between) leads to the 

complex aerosol recirculation (loop) evidenced in the back trajectories ending in Barbados on 

2 February (Fig. 11a, b). It may also be the case that the injection of both dust and carbonaceous 

species above the sub-cloud layer and below the trade winds inversion is related to the 30 

interactions between the 3 features over the Atlantic. 

After this first episode of transport, the high-pressure system over North Africa is seen to move 

northward over Europe. Subsequently, between 7 and 13 February, an elongated high-pressure 

system develops across the whole Atlantic, along 30°N, which favours direct transport of 
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African aerosols towards the Americas. At first, the intensity of transatlantic ridge partially 

blocks the transport of aerosol towards the Barbados region (7-9 February), then as it moves 

northward (see Fig. 14b) air masses from West Africa are able to reach the Caribbean following 

a very direct course (Fig. 12a), as opposed on the 2 February case. Furthermore, the well-

established transatlantic high-pressure and the easterly circulation to its south create near-5 

surface wind conditions favourable to the significant, steady production of sea spray and 

sulphates that are seen in CAMS atmospheric composition near Barbados (Fig. 13). These two 

very contrasting situations are to be related to the weather patterns identified by Aemisegger et 

al. (2021). The situation on 2 February corresponds to the trade wind regime which favours the 

export of dusts via the recirculation of particles raised above very active sources such as those 10 

of the Bodélé. The case of 11 February is associated with the tropical regime and seems to 

favour coastal sources such as those of the Occidental Sahara and Mali.  
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Figure 14. Equivalent potential temperature at 925 hPa on a) 2 February 1800 UTC, example 

of the trade wind regime with an anticyclonic Rossby wave breaking and b) 11 February 1200 

UTC, example of the tropical regime. The anticyclones (A) and depressions (D) are indicated. 

6 Conclusion 5 

This study has shown a very strong consistency between airborne lidar observations, passive 

and active satellite instrumentation and aerosol transport modelling. The aerosol loads sampled 

over Barbados, and to a lesser extent the nature of the aerosols, are shown to be closely related 

to the weather patterns encountered. The trade wind regime favours the export of dust and 

biomass burning from equatorial Africa. It can even induce by recirculation the transport of 10 

biomass burning aerosols from South America. The tropical regime favours more sources along 

the west coast of Africa. Three-dimensional aerosol fields appeared to be highly variable in 

Anticyclonic
wave breaking

Trade wind regime 

A

AD

A
AA

The tropical regime 

D
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time, but also in space at the scale of airborne measurement, i.e. over distances of a few tens of 

kilometres. This is difficult to capture by other types of observations which are either very local 

or tend to apply a low pass filter on the three-dimensional fields. This variability may be related 

to transport processes, but most likely to dynamical processes associated with the presence of 

fractional cloud fields that influence the three-dimensional distribution of aerosols through the 5 

convection it generates at the top of the MBL and through the strong variability of relative 

humidity on flight levels. Such a heterogeneity of the aerosol field could significantly modulate 

the climatic impact of aerosols trapped over the tropical Atlantic. The EUREC4A project had 

as its main objective the study of clouds and their link to equatorial and subequatorial dynamics, 

but it was also a unique opportunity to help characterise the optical properties of aerosols and 10 

study their transport across the tropical Atlantic. 

 

Data availability. The airborne lidar ALiAS datasets are published open access on the AERIS 

database (https://en.aeris-data.fr/, last access: 19 August 2021). The digital object identifier 

(DOI) is https://doi.org/10.25326/59 for the ALiAS-derived aerosol products during 15 

EUREC4A. 

Author contributions. Patrick Chazette participated to the field experiment on board ATR-42 

as PI of lidar measurements, he analysed the data, and wrote the paper; Alexandre Baron and 

Cyrille Flamant participated to the field experiment on board ATR-42 and contributed to the 

paper editing. 20 

Competing interests. The authors declare that they have no conflict of interest. 

Acknowledgements. The authors acknowledge Sandrine Bony who coordinated EUREC4A. 

The authors gratefully acknowledge Jean-Christophe Canonici, Jean-Christophe Desbios, 

Thierry Perrin, Laurent Guiraud and all the Technicians, Engineers, Pilots and Director from 

SAFIRE, the French facility for airborne research (http://www.safire.fr), and Airplane Delivery, 25 

for making the preparation of the ATR and the EUREC4A airborne operations possible. Julien 

Totems is acknowledged for its help in preparing and participating in the field experiment. We 

thank the Caribbean Regional Security System (RSS) for hosting the ATR and the ATR team 

in Barbados during the experiment, Dr David Farrell and the Caribbean Institute for 

Meteorology and Hydrology (CIMH) for their logistical and administrative support, the 30 

Department of Civil Aviation in Barbados and Andrea Hausold (from DLR), for their help and 

support of airborne operations. The authors also thank AERIS for their support during the 

https://doi.org/10.5194/acp-2021-706
Preprint. Discussion started: 9 September 2021
c© Author(s) 2021. CC BY 4.0 License.



Page 30 sur 32 

 

campaign and for managing the EUREC4A database. Maëlie Chazette is thanked for 

proofreading the article. 

Financial support. This research was supported by the European Research Council (ERC) 

under the European Union’s Horizon 2020 research and innovation program (Grant Agreement 

No. 694768), with some additional support from by the French Space Agency CNES through 5 

the EECLAT project. 

 

References 

Adams, A. M., Prospero, J. M. and Zhang, C.: CALIPSO-Derived three-dimensional structure 

of aerosol over the atlantic basin and adjacent continents, J. Clim., 25(19), 6862–6879, 10 

doi:10.1175/JCLI-D-11-00672.1, 2012. 

Aemisegger, F., Vogel, R., Graf, P., Dahinden, F., Villiger, L., Jansen, F., Bony, S., Stevens, 

B. and Wernli, H.: How Rossby wave breaking modulates the water cycle in the North 

Atlantic trade wind region, Weather Clim. Dyn., 2(1), 281–309, doi:10.5194/wcd-2-281-

2021, 2021. 15 

Ansmann, A., Baars, H., Tesche, M., Müller, D., Althausen, D., Engelmann, R., Pauliquevis, 

T. and Artaxo, P.: Dust and smoke transport from Africa to South America: Lidar profiling 

over Cape Verde and the Amazon rainforest, Geophys. Res. Lett., 36(11), L11802, 

doi:10.1029/2009GL037923, 2009. 

Baars, H., Ansmann, A., Althausen, D., Engelmann, R., Artaxo, P., Pauliquevis, T. and Souza, 20 

R.: Further evidence for significant smoke transport from Africa to Amazonia, Geophys. Res. 

Lett., 38(20), n/a-n/a, doi:10.1029/2011GL049200, 2011. 

Barkley, A. E., Prospero, J. M., Mahowald, N., Hamilton, D. S., Popendorf, K. J., Oehlert, A. 

M., Pourmand, A., Gatineau, A., Panechou-Pulcherie, K., Blackwelder, P. and Gaston, C. J.: 

African biomass burning is a substantial source of phosphorus deposition to the Amazon, 25 

Tropical Atlantic Ocean, and Southern Ocean, Proc. Natl. Acad. Sci. U. S. A., 116(33), 

16216–16221, doi:10.1073/pnas.1906091116, 2019. 

Ben-Ami, Y., Koren, I., Rudich, Y., Artaxo, P., Martin, S. T. and Andreae, M. O.: Transport of 

North African dust from the Bodélé depression to the Amazon Basin: A case study, Atmos. 

Chem. Phys., 10(16), 7533–7544, doi:10.5194/acp-10-7533-2010, 2010. 30 

Blanchard, D. C. and Woodcock, A. H.: The production, concentration, and vertical distribution 

of the sea-salt aerosols, Ann. N. Y. Acad. Sci., 338(1), 330–347, doi:10.1111/j.1749-

6632.1980.tb17130.x, 1980. 

Bony, S., Stevens, B., Ament, F., Bigorre, S., Chazette, P., Crewell, S., Delanoë, J., Emanuel, 

K., Farrell, D., Flamant, C., Gross, S., Hirsch, L., Karstensen, J., Mayer, B., Nuijens, L., 35 

Ruppert, J. H., Sandu, I., Siebesma, P., Speich, S., Szczap, F., Totems, J., Vogel, R., 

Wendisch, M. and Wirth, M.: EUREC4A: A Field Campaign to Elucidate the Couplings 

Between Clouds, Convection and Circulation, Surv. Geophys., doi:10.1007/s10712-017-

9428-0, 2017. 

Burton, S. P., Ferrare, R. A., Hostetler, C. A., Hair, J. W., Rogers, R. R., Obland, M. D., Butler, 40 

C. F., Cook, A. L., Harper, D. B. and Froyd, K. D.: Aerosol classification using airborne 

High Spectral Resolution Lidar measurements – methodology and examples, Atmos. Meas. 

Tech., 5(1), 73–98, doi:10.5194/amt-5-73-2012, 2012. 

Chazette, P., Pelon, J., Moulin, C., Dulac, F., Carrasco, I., Guelle, W., Bousquet, P. and 

Flamant, P.-H. P.-H.: Lidar and satellite retrieval of dust aerosols over the Azores during 45 

SOFIA/ASTEX, Atmos. Environ., 35(25), 4297–4304, doi:10.1016/S1352-2310(01)00253-

https://doi.org/10.5194/acp-2021-706
Preprint. Discussion started: 9 September 2021
c© Author(s) 2021. CC BY 4.0 License.



Page 31 sur 32 

 

9, 2001. 

Chazette, P., Sanak, J. and Dulac, F.: New approach for aerosol profiling with a lidar onboard 

an ultralight aircraft: application to the African Monsoon Multidisciplinary Analysis., 

Environ. Sci. Technol., 41(24), 8335–8341, doi:10.1021/es070343y, 2007. 

Chazette, P., Bocquet, M., Royer, P., Winiarek, V., Raut, J.-C., Labazuy, P., Gouhier, M., 5 

Lardier, M. and Cariou, J.-P.: Eyjafjallajökull ash concentrations derived from both lidar and 

modeling, J. Geophys. Res. Atmos., 117(4), doi:10.1029/2011JD015755, 2012a. 

Chazette, P., Dabas,  a., Sanak, J., Lardier, M. and Royer, P.: French airborne lidar 

measurements for Eyjafjallajökull ash plume survey, Atmos. Chem. Phys., 12(15), 7059–

7072, doi:10.5194/acp-12-7059-2012, 2012b. 10 

Chazette, P., Totems, J., Ancellet, G., Pelon, J. and Sicard, M.: Temporal consistency of lidar 

observations during aerosol transport events in the framework of the ChArMEx/ADRIMED 

campaign at Minorca in June 2013, Atmos. Chem. Phys., 16(5), 2863–2875, 

doi:10.5194/acp-16-2863-2016, 2016. 

Chazette, P., Totems, J., Baron, A., Flamant, C. and Bony, S.: Trade-wind clouds and aerosols 15 

characterized by airborne horizontal lidar measurements during the EUREC4A field 

campaign, Earth Syst. Sci. Data, 12(4), 2919–2936, doi:10.5194/essd-12-2919-2020, 2020. 

Collis, R. T. H. and Russel, P. B.: Laser Monitoring of the Atmosphere, edited by E. D. Hinkley, 

Springer Berlin Heidelberg, Berlin, Heidelberg., 1976. 

Cuesta, J., Flamant, C., Gaetani, M., Knippertz, P., Fink, A. H., Chazette, P., Eremenko, M., 20 

Dufour, G., Di Biagio, C. and Formenti, P.: Three-dimensional pathways of dust over the 

Sahara during summer 2011 as revealed by new Infrared Atmospheric Sounding 

Interferometer observations, Q. J. R. Meteorol. Soc., 146(731), 2731–2755, 

doi:10.1002/qj.3814, 2020. 

Draxler, R. R. R. and Rolph, G. D. D.: HYSPLIT (HYbrid Single-Particle Lagrangian 25 

Integrated Trajectory) Model access via NOAA ARL READY Website 

(http://www.arl.noaa.gov/HYSPLIT.php). NOAA Air Resources Laboratory, College Park, 

MD., NOAA Air Resour. Lab. [online] Available from: 

http://ready.arl.noaa.gov/HYSPLIT_ash.php, 2014. 

Dulac, F., Chazette, P., Gomes, L., Chatenet, B., Berger, H. and Santos, J. M. V. Dos: A method 30 

for aerosol pro " ling in the lower troposphere with coupled scatter and meteorological 

rawindsondes and " rst data from the tropical Atlantic o ! Sahara, J. Aerosol Sci., 32, 1069–

1086, 2001. 

Flamant, C., Pelon, J., Chazette, P., Trouillet, V., Quinn, P. K., Frouin, R., Bruneau, D., Leon, 

J.-F., Bates, T. S., Johnson, J. and Livingston, J.: Airborne lidar measurements of aerosol 35 

spatial distribution and optical properties over the Atlantic Ocean during a European 

pollution outbreak of ACE-2, Tellus B, 52(2), 662–677, doi:10.1034/j.1600-

0889.2000.00083.x, 2000. 

Giglio, L., Csiszar, I. and Justice, C. O.: Global distribution and seasonality of active fires as 

observed with the Terra and Aqua Moderate Resolution Imaging Spectroradiometer 40 

(MODIS) sensors, J. Geophys. Res. Biogeosciences, 111(2), n/a-n/a, 

doi:10.1029/2005JG000142, 2006. 

Kim, M.-H. H., Omar, A. H., Tackett, J. L., Vaughan, M. A., Winker, D. M., Trepte, C. R., Hu, 

Y., Liu, Z., Poole, L. R., Pitts, M. C., Kar, J. and Magill, B. E.: The CALIPSO version 4 

automated aerosol classification and lidar ratio selection algorithm, Atmos. Meas. Tech., 45 

11(11), 6107–6135, doi:10.5194/amt-11-6107-2018, 2018. 

King, M. D., Kaufman, Y. J., Menzel, W. P. and Tanré, D.: Remote Sensing of Cloud, Aerosol, 

and Water Vapor Properties from the Moderate Resolution Imaging Spectrometer (MODIS), 

IEEE Trans. Geosci. Remote Sens., 30(1), 2–27, doi:10.1109/36.124212, 1992. 

Knippertz, P. and Todd, M. C.: The central west Saharan dust hot spot and its relation to African 50 

https://doi.org/10.5194/acp-2021-706
Preprint. Discussion started: 9 September 2021
c© Author(s) 2021. CC BY 4.0 License.



Page 32 sur 32 

 

easterly waves and extratropical disturbances, J. Geophys. Res. Atmos., 115(12), D12117, 

doi:10.1029/2009JD012819, 2010. 

Koren, I., Kaufman, Y. J., Washington, R., Todd, M. C., Rudich, Y., Martins, J. V. and 

Rosenfeld, D.: The Bodélé depression: A single spot in the Sahara that provides most of the 

mineral dust to the Amazon forest, Environ. Res. Lett., 1(1), 014005, doi:10.1088/1748-5 

9326/1/1/014005, 2006. 

Li, X., Maring, H., Savoie, D., Voss, K. and Prospero, J. M.: Dominance of mineral dust in 

aerosol light-scattering in the North Atlantic trade winds, Nature, 380(6573), 416–419, 

doi:10.1038/380416a0, 1996. 

Prenni, A. J., Petters, M. D., Kreidenweis, S. M., Heald, C. L., Martin, S. T., Artaxo, P., 10 

Garland, R. M., Wollny, A. G. and Pöschl, U.: Relative roles of biogenic emissions and 

saharan dust as ice nuclei in the amazon basin, Nat. Geosci., 2(6), 402–405, 

doi:10.1038/ngeo517, 2009. 

Prospero, J. M.: atmospheric dust studies on Barbados, Bull. Am. Meteorol. Soc., 49(6), 645–

652, doi:10.1175/1520-0477-49.6.645, 1968. 15 

Raut, J.-C. and Chazette, P.: Retrieval of aerosol complex refractive index from a synergy 

between lidar, sunphotometer and in situ measurements during LISAIR experiment, Atmos. 

Chem. Phys., 7(2001), 2797–2815, 2007. 

Raut, J.-C. and Chazette, P.: Assessment of vertically-resolved PM<inf>10</inf> from mobile 

lidar observations, Atmos. Chem. Phys., 9(21), 2009. 20 

Salmonson, V. V., Barnes, W. L., Maymon, P. W., Montgomery, H. E. and Ostrow, H.: 

MODIS: Advanced Facility Instrument for Studies of the Earth as a System, IEEE Trans. 

Geosci. Remote Sens., 27(2), 145–153, doi:10.1109/36.20292, 1989. 

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B. B., Cohen, M. D., Ngan, F., Stein, 

A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B. B., Cohen, M. D. and Ngan, F.: NOAA’s 25 

HYSPLIT Atmospheric Transport and Dispersion Modeling System, Bull. Am. Meteorol. 

Soc., 96(12), 2059–2077, doi:10.1175/BAMS-D-14-00110.1, 2015. 

Tanré, D., Haywood, J., Pelon, J., Léon, J. F., Chatenet, B., Formenti, P., Francis, P., Goloub, 

P., Highwood, E. J. and Myhre, G.: Measurement and modeling of the Saharan dust radiative 

impact: Overview of the Saharan Dust Experiment (SHADE), J. Geophys. Res. Atmos., 30 

108(857410), 8574, doi:10.1029/2002JD003273, 2003. 

Winker, D. M., Hunt, W. H. and McGill, M. J.: Initial performance assessment of CALIOP, 

Geophys. Res. Lett., 34(19), L19803, doi:10.1029/2007GL030135, 2007. 

Zipser, E. J., Twohy, C. H., Tsay, S. C., Thornhill, K. L., Tanelli, S., Ross, R., Krishnamurti, 

T. N., Ji, Q., Jenkins, G., Ismail, S., Hsu, N. C., Hood, R., Heymsfield, G. M., Heymsfield, 35 

A., Halverson, J., Goodman, H. M., Ferrare, R., Dunion, J. P., Douglas, M., Cifelli, R., Chen, 

G., Browell, E. V. and Anderson, B.: The Saharan air layer and the fate of African easterly 

waves: NASA’s AMMA field study of tropical cyclogenesis, Bull. Am. Meteorol. Soc., 

90(8), 1137–1156, doi:10.1175/2009BAMS2728.1, 2009. 

 40 

https://doi.org/10.5194/acp-2021-706
Preprint. Discussion started: 9 September 2021
c© Author(s) 2021. CC BY 4.0 License.


