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Abstract. Arid regions are a major source of mineral dust
aerosol. Transport from these sources can have a great impact
on aerosol climatology in distant regions. In order to assess
the impact of dust on climate we must understand how dust
properties change after long distance transport from sources.
This study addresses the changes in columnar aerosol prop-
erties when mineral dust outbreaks from western Africa ar-
rive over the eastern Caribbean after transport across the At-
lantic Ocean, a transit of 5-7 days. We use data from the
NASA Aerosol Robotic Network (AERONET) located at
five Caribbean and two western Africa sites to characterize
changes in columnar aerosol properties: aerosol optical depth
(AOD), size distribution, single scattering albedo, and refrac-
tive indexes. We first characterized the local aerosol climatol-
ogy at each site and then using air mass back trajectories we
identified those days when trajectories over Caribbean sites
back-tracked to western Africa. Over the period 1996-2014
we identify 3174 days, an average of 167 days per year, when
the air mass over the Caribbean sites could be linked to at
least one of the two western Africa sites. For 1162 of these
days, AOD data are available for the Caribbean sites as well
as for the corresponding western Africa sites about 5-7 days
earlier, when the air mass passed over these sites. We identi-
fied dust outbreaks as those air masses yielding AOD > 0.2
and an Angstrm exponent below 0.6. On this basis of the
total 1162 days, 484 meet the criteria for mineral dust out-
breaks. We observe that the AOD at 440 nm decreases by
about 0.16 or 30 % during transport. The volume particle
size distribution shows a similar decrease in the volume con-

centration, mainly in the coarse mode. The single scattering
albedo, refractive indexes, and asymmetry factor remain un-
changed. The difference in the effective radius over western
Africa sites with respect to Caribbean sites ranges between
0 and —0.3 um. Finally we conclude that in about half of the
cases only non-spherical dust particles are present in the at-
mosphere over the western Africa and Caribbean sites, while
in the other cases dust particles were mixed with other types
of aerosol particles.

1 Introduction

Mineral dust is one of the most abundant aerosol types in the
global atmosphere and as such it could play an important role
in climate. Mineral dust absorbs and scatters terrestrial and
solar radiation and thus affects the Earth’s radiation budget
(Choobari et al., 2014). Dust is also involved in cloud micro-
physical processes which in turn affect radiation properties
and the hydrological cycle (Karydis et al., 2017; DeMott et
al., 2010). Dust also serves as a major source of nutrients for
ocean and terrestrial ecosystems and in this way dust depo-
sition can impact the carbon cycle (Jickells et al., 2005). All
these processes could have a significant impact on climate.
Given the importance of dust there is a need to understand
the factors affecting African dust source activity, the proper-
ties of the dust so produced, and how those properties change
during transport. Africa is the world’s largest dust source,
estimated to produce over half the global total (Huneeus et
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al., 2011). Much African dust is transported to the west and
significant quantities reach South America (Prospero et al.,
2014; Yu et al., 2014, 2015), the Caribbean Sea (Prospero
and Lamb, 2003), and southern United States (Bozlaker et
al., 2013).

Studies of the dust transport from Africa to the Ameri-
cas have been carried out using meteorological information
linked to in situ and satellite aerosol data (e.g., Jickells et
al., 2005; Rodriguez et al., 2015; Garcia et al., 2017). Re-
cently developed techniques such as MACC (Monitoring At-
mospheric Composition and Climate; Chouza et al., 2016)
or MOCAGE (Modélisation de la Chimie Atmosphérique
Grande Echelle; Martet et al., 2009) models have been also
used to monitor dust plumes.

Long-term (e.g., Prospero and Lamb, 2003; Prospero and
Mayol-Bracero, 2013) and short-term (e.g., Reid et al., 2003;
Colarco et al., 2003; Kaufman et al., 2005; Valle-Diaz et al.,
2016) studies show a seasonal dependence in the intensity
of dust transport to the Caribbean with the greatest transport
in boreal summer. In the SALTRACE program (Weinzierl et
al., 2017) an aircraft was used to carry out atmospheric col-
umn closure experiments performed in June and July 2013
at western Africa and Caribbean sites. A unique Lagrangian
in situ study was carried out in SALTRACE wherein a dusty
air mass was sampled aboard an aircraft over the islands of
Cabo Verde and again 5 days later over Barbados, a distance
of more than 4000 km. They measured a distinct change in
particle size during transit across the Atlantic and noted that
the removal rate of large super-micron particles was slower
than expected based on simple sedimentation calculations
(Weinzierl et al., 2017). Similar results had been obtained on
comparisons between surface based measurements at sites in
the Canary Islands and Puerto Rico (Maring et al., 2003).

Our study is inspired by that experiment, although our
approach is to use columnar aerosol data collected from
CIMEL sun photometers of the AERosol RObotic NET-
work (AERONET) in two areas, western Africa and on is-
lands in the eastern Caribbean. The temporal coverage of the
AERONET data is large in both regions, 19 years from 1996
to 2014. Therefore, the aim of this work is to investigate the
changes in dust optical and microphysical properties due to
the long-range transport, by comparing AERONET observa-
tions in western Africa and the Caribbean sites using a cli-
matological approach.

In Sect. 2 we present an overview of the database and
methodology used to match daily averaged AERONET data
at both sides of the Atlantic Ocean using air mass back-
wards trajectories. Section 3 describes, separately, the long-
term aerosol climatology observed at the western Africa and
the Caribbean sites and the correlation between aerosol op-
tical depth (AOD) and dust concentration observed at the
Caribbean sites. Section 4 presents the monthly variability of
size-related aerosol parameters. Section 5 presents the sea-
sonality of African—Caribbean Sea air mass connections, as
well as the change in aerosol optical depth, size distribu-
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tion, and single scattering albedo, among others after the
long-range transport. Finally the conclusions are presented
in Sect. 6.

2 Database and methodology
2.1 AERONET measurements and sites

The main database for this study includes the daily mean
values of columnar aerosol data measured by CIMEL CE-
318 Sun photometer in the AERONET framework (Hol-
ben et al., 1998). The direct sun algorithm provides a
database that contains instantaneous values (every 15 min)
of spectral AOD at 7 wavelengths in the range 340-
1020nm (in some cases also 1640nm depending on the
instrument model) and the associated Angstrém exponent
(AE) based on the wavelengths 440 and 870 nm. We only
use AOD and AE quality-assured cloud-screened level
2.0 data (version 2) which ensures the reliability of the mea-
surements (see http://aeronet.gsfc.nasa.gov/new_web/PDF/
AERONETcriteria_final1.pdf; last access: 18 June 2018). In
this work we use only the 440 nm measurements. Figure 1
and Table 1 present the five AERONET sites in the Caribbean
(CAR) area and the two sites in the western Africa (AF) re-
gion chosen in this study.

In addition the CIMEL instrument takes hourly measure-
ments of sky radiances in almucantar geometry at certain
wavelengths in the range 440-1020 nm (in some cases also
1640 nm; number of wavelengths depends on the instru-
ment model). The sky radiances, together with the AOD, are
used to derive optical and microphysical properties of the
aerosol using inversion procedures (Dubovik et al., 2006).
The inversion-derived parameters used in this study are vol-
ume particle size distribution (dV () /dIn(r); VPSD) and the
volume concentration for the fine, coarse, and total size dis-
tribution (VCg, VCc, VCr, respectively), sphericity fraction
(SF), total effective radius (ERT), real part of the refractive
index (REFR), imaginary part of the refractive index (REFI),
single scattering albedo (SSA), and asymmetry parameter
(8)-

The Level 2 inversion requirement rejects AOD values less
than 0.4 which dramatically reduces the amount of data. In
order to increase the number of measurements in the data
set we used level 1.5 inversion products but we applied an
extra level of quality control to ensure the reliability of the
inversion data:

— VPSD and ERt: same as AERONET level 2.0 criteria
(solar zenith angle >50°, number of symmetrical an-
gles, and sky error between 5 and 8 % depending on
AOD; see above), but without threshold with respect to
AOD.

— SSA, g, REFR, REFI, and SF: same as AERONET
level 2.0 criteria but with AOD > 0.20 (see Dubovik et

www.atmos-chem-phys.net/18/9411/2018/


http://aeronet.gsfc.nasa.gov/new_web/PDF/AERONETcriteria_final1.pdf
http://aeronet.gsfc.nasa.gov/new_web/PDF/AERONETcriteria_final1.pdf

C. Velasco-Merino et al.: Impact of long-range transport over the Atlantic Ocean

Latitude (°N)
N
o

=y
[9)]

-80 -75 65  -60

-70
Longitude (°E)

Latitude (°N)

9413

(b)

0 10
Longitude (°E)

Figure 1. AERONET sites in the Caribbean area (a) and western Africa region (b). For acronyms see Table 1.

Table 1. Geographical coordinates, considered time period, and total number of level 2.0 AOD daily data from the different AERONET sites
used for the global African and Caribbean databases. To highlight the number of available inversion products, the number of daily data of

volume particle size distribution (VPSD) is presented.

Area  Site Coordinates Time period  Number of AOD/
(°N, °E, ma.s.l.) VPSD daily data

AF Capo_Verde (CV) (16.71, —22.93, 60) 1993-2014  4635/1910
Dakar (DK) (14.38, —16.95, 0) 1996-2014  3593/2466

CAR Barbados (BA) (13.15, —59.62, 114)  1996-2000  938/50
Barbados_SALTRACE (BA) (13.15, —59.62, 114) 2013-2014  181/7
Ragged_Point (RG) (13.15, —59.42, 40) 2007-2014  1768/415
Guadeloup (GU) (16.22, —61.53, 39) 1997-2014  1949/441
La_Parguera (LP) (17.97, —67.03, 12) 2000-2014  3303/1467
Cape_San_Juan (SJ) (18.38, —65.62, 15) 2004-2014  1901/401

al., 2006; Mallet et al., 2013; Mateos et al., 2014) in-
stead of >0.4.

The use of level 1.5 filtered data with an extra quality con-
trol has been previously used by other authors (e.g., Burgos et
al., 2016) with minor loss of accuracy (Mateos et al., 2014).
All the available inversion products are daily averaged in this
study. With the threshold of AOD > 0.2, estimated uncer-
tainty for dust retrievals of the single scattering albedo is
0.03, REFR is 0.04, REFI is 50 %, and the VPSD is 35 %
(see Dubovik et al., 2000). The climatology of key aerosol
properties measured at western Africa and Caribbean sites is
addressed in Sect. 3. All daily available records (see Table 1)
at the two western Africa and five Caribbean sites are av-
eraged in the 1996-2014 period, resulting in two databases
with 5656 and 5099 days of data, respectively.

www.atmos-chem-phys.net/18/9411/2018/

2.2 Linkage between Caribbean and western Africa by
air mass back trajectories

All the air mass links between western Africa and Caribbean
sites are examined. This task requires separate analysis for
each Caribbean site. For example, the methodology used in
this study for Barbados is the following:

— Step 1: We calculated three-dimensional 10-day back
trajectories with 1h time resolution using the Hybrid
Single Particle Lagrangian Integrated Trajectory (HY S-
PLIT) model version 4.0 (Stein et al., 2015). The ge-
ographical coordinates used as the start point for Bar-
bados are presented in Table 1. As mineral dust can
be transported at altitude levels higher than the bound-
ary layer, most notably in the Saharan Air Layer (SAL;
Carlson and Prospero, 1972; Yu et al., 2014; GroB et al.,
2016), back trajectories were calculated at 750, 2500
and 4500 m (a.g.l.). The core of the SAL is typically
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at around 2500 m. For the trajectory vertical motion,
we used the model vertical velocity. The meteorologi-
cal database used as input for HYSPLIT is the global
NCAR/NCEP Reanalysis (Kalnay et al., 1996). The
evaluation is performed for each day in the period 1996—
2014 at 16:00 UTC (around local noon).

— Step 2: If any of these trajectories for Barbados (at one,
two or three heights) passes through a 3° x 3° box cen-
tered on the western Africa sites, we consider that a link
has been established between the two sites. The tran-
sit time is typically about 5-7 days. In some cases an
air mass back trajectory may link both the Capo_Verde
and Dakar boxes. In such cases the mean of the aerosol
observations is used.

— Step 3: Once the dates in which the air mass is mea-
sured in Barbados and in Capo_Verde or Dakar (or both)
sites are established, the associated AERONET aerosol
data are identified. In the case of Barbados site, the cor-
responding daily means of all AERONET products are
used. However, the western Africa site analysis requires
a special procedure. The visual inspection of many of
the cases shows that the aerosol records for the spe-
cific date obtained in the trajectory analysis often fell
on a day without data (e.g., due to cloudy or rainy con-
ditions) or did not capture the central days of the dust
event. To resolve this problem, we introduced a +1-
day adjustment to the back-trajectory-estimated date at
Capo_Verde and Dakar. This is in line with previous
studies which state that desert dust episodes in western
Africa sites usually last for several days (e.g., Knippertz
and Stuut, 2014). The aerosol values for each western
Africa site are therefore averaged over the 3 days (the
estimated date and £1 day). For the Barbados—African
cases with air masses overflowing both Capo_Verde and
Dakar sites, the corresponding average of aerosol data is
used.

These three steps described above are applied to all
Caribbean sites as shown in Table 1. This methodology
yields five databases (one per site) in which each Caribbean
site is linked with data for western Africa sites. For each
day between 1996 and 2014 we determine which Caribbean
sites present an air mass link with western Africa sites. If
more than one western Africa site yields a link for a specific
Caribbean event, we use the mean properties as discussed
above.

We identify a desert dust event on the basis of the fol-
lowing criteria: AOD>0.2 and AE <0.6 (e.g., Dubovik
et al., 2002; Guirado et al.,, 2014). In the evaluated
global Caribbean—African linked database, the Caribbean
and African data are analyzed separately. Hence, there are
two different inventories that contain all days meeting the cri-
teria for mineral dust events over the Caribbean and western
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Figure 2. Monthly average of AOD and AE from 1996 to 2014 in
the western Africa area. The number of daily means used in the
multi-annual averages is 5656.

Africa sites. In the global database there are, therefore, three
different cases which are extensively analyzed in Sect. 5:

a. DA+ Dcar: desert dust conditions occur in both
Caribbean and western Africa sites;

b. Dar+ NoDcar: dust conditions in western Africa sites
but no-dust condition at the Caribbean sites;

c. NoD: no-dust conditions or dust conditions at the
Caribbean sites with unproven origin.

We found a total of 3174 days with connections be-
tween western Africa and Caribbean sites. Only 1162 out
of 3174 days yielded AERONET data (level 2.0) for AOD
and AE. Of these 1162 acceptable days, 484 meet the cri-
teria for mineral dust outbreaks (AOD > 0.2 and AE < 0.6,
“DAF+ Dcar” case). However for the analysis of micro-
physical and radiative properties, the number of matching in-
version data is much smaller (just 71 cases) because of the
more stringent requirements. The frequent cloudiness at the
Caribbean sites is the main difficulty in the inversion of sky
radiances (see Table 1).

3 Seasonal variability of aerosol load at the western
Africa and Caribbean sites

In this section the analysis of the monthly seasonal cycle
of the main aerosol properties at the Caribbean and western
Africa sites is presented separately since there is no require-
ment that trajectories connect the sites. This section sum-
marizes overall multi-year statistics (from 1996 to 2014) of
AQOD, AE, and VPSD quantities.

Figures 2 and 3 present the multiannual AOD and
AE monthly averages of 19 years in western Africa and
Caribbean regions, respectively. There is a significant differ-
ence between the “cold” (October—April) and “warm” (May—
September) seasons in both areas.

www.atmos-chem-phys.net/18/9411/2018/
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Figure 3. Monthly average of AOD and AE in the Caribbean area
from 1996 to 2014 and surface dust concentrations in Barbados
in the period 1996-2011. The number of daily means used in the
multi-annual averages is 5099 for AODcaR and AEcaRr and 5167
for surface dust concentration in Barbados.

In the winter season there is a weak variation of AOD and
AE at the western Africa sites (see Fig. 2) with values around
0.3 and 0.3-0.5, respectively. In contrast in the summer sea-
son there is an increase of AOD together with a decrease of
AE until June when the maximum of AOD (0.6) coincides
with a minimum of AE (0.16). The AOD peak was also ob-
served by, e.g., Tegen et al. (2013). After June there is a pro-
gressive decrease of AOD values and increase in AE until
once again reaching winter levels. Overall, the large AOD
and low AE values suggest dominant effect of coarse parti-
cles in dust episodes. The ranges of AOD between 0.3 and
0.6 and AE below 0.5 were also obtained by previous studies
in western Africa sites (e.g., Dubovik et al., 2002; Horowitz
et al., 2017). Haywood et al. (2008), Derimian et al. (2008),
and Leon et al. (2009) reported that M’Bour site (western
Senegal, 70 km away from Dakar) is strongly influenced by
desert dust throughout the year. The effects of biomass burn-
ing are seen in November and December when AE reaches its
maximum of about 0.5; this is the time of year when biomass
burning is at a maximum in the Sahel.

The annual cycle of AOD at the Caribbean sites (see
Fig. 3) shows a bell shape with the maximum in June
(AOD = 0.3) and the minimum values in December—January.
In contrast, the AE displays a larger variability along the
year: an increase from January to April when AE =0.7 (the
annual maximum), followed by a steady sharp decline un-
til the absolute minimum in June—July with AE =0.26. Lev-
els remain constant around 0.55 from September to Decem-
ber. These features in the AOD and AE seasonality can be
understood as the fingerprint of the occurrence of mineral
dust transport from Africa. The AE variability evidenced by
the standard deviations is largely driven by the changes in
aerosol mixture that occur in this area (e.g., Reid et al., 2003).
Clean maritime conditions, associated with background val-
ues, have low AOD and low AE (Smirnov et al., 2000), but
they can be modified by mineral dust outbreaks from African
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deserts and biomass burning episodes. In particular, the large
change in AE in the cold season is largely due to the advec-
tion of pollutant aerosols from higher latitudes (e.g, Savoie
et al., 2002; Zamora et al. 2013).

Previous work (e.g., Smirnov et al., 2000) has shown
that high concentrations of dust at the surface are corre-
lated with high column optical depths measured by a col-
located AERONET instrument. Yu et al. (2014) has shown
that CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) dust concentrations over Barbados
track the surface-based measurements of dust. In Fig. 3
we show the relationship between the long-term measure-
ments of dust concentrations at the surface with the colum-
nar aerosol load manifested in AOD. We use the surface dust
concentration measured at the Ragged Point site, Barbados
(e.g., Prospero and Lamb, 2003; Prospero and Mayol, 2013)
between 1996 and 2011. Daily surface dust concentrations
are obtained with high-volume filter samplers using mea-
sured aluminum concentrations and assuming an Al content
of 8 % in soil dust (e.g., Prospero, 1999) or from the weights
of filter samples ashed at 500 °C after extracting soluble com-
ponents with water (Prospero, 1999; Prospero et al., 2014;
Savoie et al., 2002).

Surface dust concentration seasonal cycle (Fig. 3) presents
a significant increase between low values during October—
April season up to larger concentrations in May—September
season. Overall, the shapes of the annual cycles of AOD and
surface dust concentration at Barbados are similar and the
same seasonal pattern in both variables is observed.

Monthly mean AOD is highly correlated with surface
dust concentrations as shown in Fig. 4 which is based on
3700 pairs of daily data, a total of 192 monthly mean values,
and 12 interannual monthly mean values, the latter calcu-
lated as the average of the available daily data from the same
month over a multi-annual period. The seasonal distribution
of the surface—columnar values seems to follow a linear in-
creasing pattern from winter (bluish colors) to summer (red-
dish colors). The slope of the fit between dust concentration
and AOD is about 115ugm™> per unit of AOD for the two
cases analyzed here: using 192 monthly means (Fig. 4a) and
12 interannual monthly means (Fig. 4b). The Barbados dust
concentration vs. AOD shows very good correlation when
the same months are averaged along the years. However, the
monthly agreement between these two variables displays a
certain degree of dispersion with a moderate correlation co-
efficient. The positive intercepts on AOD in the fits are most
likely attributable to the effects of sea salt aerosol on AOD.

4 Monthly variability of size-related aerosol
parameters

Figure 5 displays the average monthly cycle of the vol-

ume particle size distribution (VPSD) for the western Africa
and Caribbean sites, respectively. These figures are based on
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Figure 5. Monthly averages of the volume particle size distribution (dV (r)/dIn(r)) from 1996-2014 in western Africa (a) and Caribbean

(b) areas.

3346 and 2165 daily mean values of the AERONET inver-
sion products selected as described above.

The coarse-mode predominance can be observed through-
out the year in both areas. The seasonal cycle of VPSD in
western Africa sites (Fig. 5a) shows a clear change of coarse-
mode concentration throughout the year, although the coarse-
mode effective radius does not change, with peak concentra-
tion of about 2 um. The coarse-mode concentration ranges
between maximum values in June with 0.32 um? um~=2 and
minima in November-December with 0.05um? um=2. In
terms of volume concentration the fine mode plays an al-
most negligible role throughout the year for the Dar + Dcar
cases. This seasonal pattern was already reported by previ-
ous studies at the western Africa sites (e.g., Dubovik et al.,
2002; Eck et al., 2010; Guirado et al., 2014). These studies
showed the domination of large particles (i.e., radius greater

Atmos. Chem. Phys., 18, 9411-9424, 2018

than 0.6 um) with VPSD peaks in the coarse mode at 2 um,
which are independent of the aerosol load.

The conditions observed at the Caribbean sites (Fig. 5b)
show a change in the mean size of the aerosol particles during
the course of the year. In the warm season (May—September)
the maximum concentration peaks of about 2 um radius iden-
tical to the coarse-mode size distribution found at the western
Africa sites (Fig. 5a), although the concentration values are
lower (as is AOD). In the cold season (October—April), how-
ever, the coarse-mode maximum concentration is shifted to
larger radii (>3 pm) highlighting the predominance of large
sea salt particles. This difference in the coarse-mode radii
between marine aerosol and dust has been observed in other
coastal locations affected by dust outbreaks (e.g., Prats et
al., 2011). In addition, the maximum volume concentration
of the coarse-mode exhibits maximum values in June with

www.atmos-chem-phys.net/18/9411/2018/
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Figure 6. Seasonal cycle of number of African—Caribbean Sea air
mass connections. The number of air mass links is 169 per year,
with a total of 3174 links in the 19-year period analyzed.

0.12 um? um~2 and minimum ones in November-December
with 0.02 um® um~2. In terms of volume concentration the
fine mode plays a minor role throughout the year at the
Caribbean sites. The entire size range of VPSD in the cold
season is in line with previous studies carried out in oceanic
environments (e.g., Dubovik et al., 2002) with low particle
volume concentrations peaking at very large radius (>3 um).

5 Air mass connections between western Africa and
Caribbean areas

In this section, we select only those days when the back tra-
jectories link western Africa sites with Caribbean sites as ex-
plained in Sec. 2.2. In this way, the aerosol properties ob-
served at the Caribbean sites can be compared those observed
5-7 days earlier over the western Africa sites.

5.1 Overview over air mass connections

Following the methodology described in steps 1 and 2 of
Sect. 2.2, we obtained a list of days when Caribbean air
masses could be linked to western Africa. Figure 6 shows
the seasonal cycle of the total number of days with this con-
nection in the period 1996-2014. Overall, almost half of the
days each year (~ 167 days per year) display a Caribbean—
African linkage with a total of 3174 cases in 19 years.

The total number of air mass connections between both
areas exhibits small values from January through April with
an absolute minimum in April of only 2 days per month. This
minimum at the Caribbean sites coincides with the minimum

www.atmos-chem-phys.net/18/9411/2018/
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in aerosol load observed in the seasonal cycle at the western
Africa sites (see Fig. 2).

With the beginning of the warm season (May—September)
the number of connections shows a notable increase achiev-
ing its maximum in July with almost all the days at the
Caribbean sites being connected with those in western
Africa. From October to December there is a progressive de-
cline in links from 20 to 10 days per month.

Unfortunately, columnar aerosol data are not available for
all of the 3174 connection days. A total of 1162 out of
3174 days (36 % of the total) are present in AERONET AOD
and AE data of level 2.0 (see Sect. 2.1). Furthermore, only
484 cases (15 % of the total) meet the dusty criteria in both
areas (DAfr+ Dcar case described in Sect. 2.2). This is due
to the limitation in the data coverage and to the strict cri-
teria used to unambiguously identify desert dust events. It
should be noted that this procedure underestimates the ac-
tual number of desert dust events observed by ground-based
measurements. For instance, during June—July—August at the
Caribbean sites there is essentially continuous dust (e.g.,
Prospero et al., 2014), which is corroborated in this study
with an average of 23-28 connection days in these months.

5.2 Scatter plot of AE-AOD in the western Africa and
Caribbean areas

The next step focuses on the comparison of the aerosol prop-
erties observed at the Caribbean sites and the values of the
same properties which were observed 5—7 days earlier over
the western Africa sites. In this way, the impact of the long-
range transport can be quantified. Figure 7 presents the scat-
ter plot of AE-AOD for those days with aerosol data and air
mass links between the two areas. When the criteria for iden-
tifying mineral dust (AOD > 0.2 and AE <0.6) are applied
to the global Caribbean—African connected database, three
different cases are identified (see Sect. 2.2).

At the western Africa sites (Fig. 7a), as expected be-
cause of the proximity to the Saharan Desert, the influence
of the mineral dust aerosol properties is predominant: 86 %
of the available data have AOD > 0.2 and AE < 0.6, (1000
out of 1162 days). We identified the occurrence of 498 dusty
days at the Caribbean sites, about 42 % of the entire global
Caribbean—African connected database, but just 484 days (in
the period 1996-2014) are shown to be dusty days at the
Caribbean sites with aerosol origin in the Saharan desert (in-
dicated as a Dap+ Dcar case in Fig. 7). Intense dusty days
(AOD larger than 0.5) occur in western Africa and Caribbean
sites in 430 and 67 cases, respectively. This difference is
attributable to a decrease in aerosol load during transport
between the two regions. Out of the total of 1162 cases
516 meet the dusty criteria only in the African database
(DAfr + NoDcar case in Fig. 7). This decrease in dust loads
is also observed in the change of the AE and AOD using
ground-based and satellite measurements (see, e.g., Yu et al.,
2014). For instance, there are 102 cases in the Caribbean
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in both areas (DAp+ DcaRr case; see Sect. 2.2). The color scale
indicates the AE in the Caribbean area (AEcaR). Dashed line in-
dicates no change in AOD between both areas, and R indicates the
correlation coefficient.

database where AE > 0.6, whereas the same air mass yielded
AE<0.6 at the western Africa sites days before. Probably
there are days with presence of dust with AOD and AE val-
ues close to the required thresholds (156 and 59 days in the
interval of 0.15<AOD <0.20 at the Caribbean and western
Africa sites, respectively). We considered lowering the AOD
threshold so as to include more cases but this would reduce
confidence about the actual presence of dust.
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Figure 9. Volume particle size distribution, dV (r)/dIn(r), in the
western Africa (AF) and the Caribbean (CAR) areas under desert
dust conditions (DA + DcaR case; see Sect. 2.2).

5.3 Scatter plot of connected AOD data

Once the connections have been detected, changes in AOD
due to the long-range transport over the Atlantic Ocean are
studied depending on the AE values. The results are shown in
Fig. 8. The AODcaR has been plotted as a function of AOD
at the western Africa sites (AODAFp).

The scatter plot in Fig. 8 shows that there is, as expected,
a decrease in AOD in air masses transiting the Atlantic.
The mean decrease of AOD between western Africa and
Caribbean sites is 0.16, a decrease of about 30 % with re-
spect to the values at Dakar and Cabo Verde. They are great-
est for cases where AOD values are large (AOD >0.8) at the
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Figure 10. Histogram of the differences between the total effec-

tive radii in the western Africa region and in the Caribbean area

for those cases with connected desert dust conditions in both areas

(DAF + DCAR case).

western Africa sites, with decreases up to 70 %. In the inter-
val 0.5 <AOD < 0.8 the decreases are in the range of about
28-45 %, while those in the interval 0.2<AOD < 0.5 are in
the range 11-27 %. These percentages based on long-term
and ground-based data are a first approach to assess the es-
timations done by studies dealing with satellite data. For in-
stance, Yu et al. (2015) have reported, in a latitudinal belt of
10° S-30° N, a loss of 70 % (£45-70 %) of the dust amount
(in Tgyr~') between western Africa (at 15° W) and the end
of the Caribbean sites (at 75° W). Hence, our estimations are
in line with these findings considering that the measured vari-
able and studied area are not identical.

The cases with low AE values are those cases with a wider
variability in AOD difference. In addition, there are some
cases in which AOD is larger at the Caribbean sites. There
could be different reasons which explain this effect: inhomo-
geneity of the dust layer, addition of other aerosol particles at
the Caribbean sites, temporal gaps in the instantaneous mea-
surements that cause non-representative daily averages, and
cloud contamination not detected by the cloud-screening al-
gorithm, for example.

5.4 Aerosol microphysical properties for
African—-Caribbean Sea connections

In this section we focus on the key aerosol microphysical
properties for those cases where we found a link between
the western Africa and Caribbean sites. Figure 9 shows the
average VPSD for the case analyzed before: dust conditions
in both areas (Dap + Dcar). The main characteristics of the
VPSD curve for this collection of data in the western Africa
sites are the same as described in detail in Sect. 4. The fine-
mode volume fraction (obtained as the ratio VCgr / VCr) is
on average 0.077.
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Figure 11. Sphericity fraction values in the western Africa region
and in the Caribbean area for those cases with desert dust in both
areas (Dap+ DcAaR case; see Sect. 2.2).

The VPSD at the Caribbean sites for the Dag+ Dcar
case is similar to that at the western Africa sites: average
coarse-mode volume concentration of 0.22 um?> um™~2, maxi-
mum peak of about 2 um radius, and very low fine-mode con-
centration (average of 0.02 um?> um~2 peaking at 0.086 um,
fine-mode volume fraction of 0.09). The coarse-mode vol-
ume concentration decreases from 0.34 um> um~2 in western
Africa to 0.22 um3 um~2 at the Caribbean sites. Hence, there
is a loss of about 35 % in the coarse-mode concentration be-
tween both areas caused by the long-range transport over the
Atlantic Ocean.

To quantify the change in the mean aerosol size caused
by the long-range transport, Fig. 10 shows the histogram of
the differences between the effective radius of the total size
distribution (ERT) in the two areas. On average, ERT shows
values of 0.88 and 0.76 um in western Africa and Caribbean
sites, respectively. Most of the differences in the ERt values
are negative, thus indicating the size distribution in western
Africa generally having larger particles than at the Caribbean
sites. The differences in the effective radii are mostly con-
fined (about 70 % of the cases) between no change and a de-
crease in the effective radius of about 0.3 um between both
areas. The maximum of occurrence is found for a decrease
of about 0.2 um. Positive differences (15 % of the cases),
meaning larger particle size at the Caribbean sites, could be
attributed to the presence of other aerosol layers (e.g., sea
salt) in the atmospheric column. Uncertainties of the inver-
sion could also explain the positive differences.

The third microphysical property studied here is the frac-
tion of spherical particles found in the inversion process.
In the retrieval, particles are modeled both as spheres and
spheroids, and the inversion finds which fraction of spherical
and non-spherical particles better fits the observations (for
details, see Dubovik at al., 2006). The results are presented
in Fig. 11. This figure shows that at the western Africa sites
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Figure 12. Average values of (a) single scattering albedo (SSA) and asymmetry parameter (g), (b) imaginary part of the refractive index
(REFI), and (c) real part of the refractive index (REFR) for those cases with desert dust in both the western Africa region (black lines) and

Caribbean area (red lines; Dagp+ DcaR case; see Sect. 2.2).

there is a large predominance of non-spherical particles, that
is, SF<0.05. Respectively, about 80 and 53 % of the values
at the western Africa and Caribbean sites were completely
non-spherical. Overall, in 32 out of 71 cases (45 %) there is
no change between both areas and the shape of the particles is
predominantly non-spherical. Cases with sphericity fraction
below 0.05 in western Africa sites display a wide variability
in the observed fraction at the Caribbean sites, even achiev-
ing values of 0.7. This increase could be explained by the
mixture of mineral dust with other (spherical) aerosol parti-
cles, such as maritime aerosols. Note that we use column ob-
servations; therefore the mixture in this case does not mean
that dust and other aerosol particles are necessarily in the
same layer; they can be separated in different atmospheric
layers. For instance, during the SALTRACE experiment the
main four dust events recorded presented a vertical structure
with up to three layers: the boundary layer, the entrainment
or mixing layer, and the pure Saharan dust layer (Grof et al.,
2015). Uncertainties of the inversion method can also be a
reason for the high fraction of spherical particles. The in situ
measurements at Barbados collect dust in the boundary layer
(Prospero, 1999; Smirnov et al., 2000; Yu et al., 2014), so
that dust is collected simultaneously with sea salt and other
aerosol types (e.g., Ansmann et al., 2009; Toledano et al.,
2011; Grof3 et al., 2011). There is a correlation between high
in situ dust mass concentrations, high total aerosol optical
depth, and low ;\ngstr(jm exponent (Grof et al., 2016). How-
ever the highest concentrations of dust are found in the ele-
vated Saharan Air Layer (Yu et al., 2014), where there are no
significant concentrations of sea salt aerosol (Savoie et al.,
2002).

5.5 Aerosol radiative properties for
African—Caribbean Sea connections

Figure 12 compares the main radiative properties (SSA, g,

REFR, and REFI) at the Caribbean and western Africa sites
to assess changes in optical properties that occur after long-
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range transport. SSA in Fig. 12a and REFI in Fig. 12c are the
same in both areas within the limits of uncertainty. The SSA
at Dakar and Cabo Verde increases with wavelength: from
0.94 at 440 nm up to 0.98 at 670, 870, and 1020 nm. These
figures are in line with previous studies in this area (Dubovik
etal., 2002; Eck et al., 2010; Kim et al., 2011; Toledano et al.,
2011; Giles et al., 2012, among others) and also with mea-
surements at various Spanish and Mediterranean sites dur-
ing desert dust outbreaks (e.g., Meloni et al., 2006; Cachorro
et al., 2010; Valenzuela et al., 2012; Burgos et al., 2016).
The SSA in dust events at the Caribbean sites is essentially
identical to that at the western Africa sites. The same is true
for REFI: 0.0025 at 440 nm and 0.001-0.0015 in the inter-
val 670—-1020 nm. The values in the visible and near infrared
ranges are slightly larger than those reported by Dubovik et
al. (2002) which were about 0.0007; their value at 440 nm is
very similar to the value we present here. There is no signifi-
cant change in the REFR either, as it is the mean real part of
the refractive index in the African and Caribbean database,
at about 1.45£0.01. This value is slightly lower than that
reported by Dubovik et al. (2002) which was about 1.48. Fi-
nally, the asymmetry factor g at 440 nm decreases slightly
from 0.77 in western Africa sites to 0.755 at the Caribbean
sites. The g values reported in this study are slightly larger
than those reported by previous studies for desert dust in
Africa (e.g., Dubovik et al., 2002). Overall, the intensive op-
tical properties (both absorption and scattering quantities) do
not change significantly in spite of the long-range transport.

6 Conclusions

The objective of this study was to characterize changes in
aerosol physical-radiative properties that occur in dust-laden
air masses that transit the Atlantic from Africa to the eastern
Caribbean. To this end we compared AERONET sun pho-
tometer measurements and inversion products made over the
period 1996-2014 at five island sites in the eastern Caribbean
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with those made at two sites in western Africa. Focusing first
on the results observed from the two western Africa sites, we
find that the dust properties are quite similar to those pre-
viously reported for Saharan dust in field experiments and
previous studies using AERONET data.

We focused efforts on paired measurements made on the
same dust outbreaks in a procedure that identified trajectories
from the Caribbean island sites that back-tracked to one or
both of the western Africa sites. We find that there is no sub-
stantial change in the intensive radiative properties in west-
ern Africa air masses after a journey of 5-7 days over a dis-
tance of 4000 km. There is a decrease of about 30 % in the
coarse-mode concentration of the size distributions but the
coarse-mode effective radius does not change. Non-spherical
particles characteristic of dust are the predominant shape in
both areas. In general there were no substantial changes in
the spectral dependence of the absorbing and scattering prop-
erties of dust during transit.

Our findings that suggest uniformity in properties are sim-
ilar to those reached in Bozlaker et al. (2017), who mea-
sured the concentrations and isotopic composition of a broad
suite of elements in Barbados dust samples collected in 2013
and 2016. Although dust concentrations were highly vari-
able, the elemental and isotopic abundances fell within a rela-
tively narrow range compared to wide-ranging compositions
reported for hypothesized dust sources in North Africa. In
contrast the Barbados composition was very similar to that
reported in the literature for samples collected at sites on the
coast of western Africa on islands or ships close to the coast.
These results suggest that during large dust events, the dust
from different sources which may have different signatures
becomes homogenized during transport from the interior of
North Africa to the coast and that there is relatively little
change in dust properties during transit of the Atlantic.

The results of our study and that of Bozlaker et al. (2017)
suggest that the modeling of the radiative effects of dust over
the Atlantic can be simplified in that it can be assumed that
the radiative properties of dust are relatively uniform and un-
changing during transport within the context of the range of
properties discussed here.

Data availability. Backward trajectories analysis has been sup-
ported by air mass transport computation with the NOAA (Na-
tional Oceanic and Atmospheric Administration) HYSPLIT (HY-
brid Single-Particle Lagrangian Integrated Trajectory) model using
GDAS meteorological data (Stein et al., 2015). AERONET sun pho-
tometer data are downloaded from the AERONET web page (Hol-
ben et al., 1998).
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