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Abstract (max. 260 words) — 260 words

North Africa is the world's largest source of dust, a large part of which is transported across
the Atlantic to the Caribbean and beyond where it can impact radiation and clouds. Many
aspects of this transport and its climate effects remain speculative. The Saharan Aerosol Long-
range Transport and Aerosol-Cloud-Interaction Experiment (SALTRACE:

http://www.pa.op.dIr.de/saltrace) linked ground-based and airborne measurements with

remote-sensing and modeling techniques to address these issues in a program that took place
in 2013-2014. Specific objectives were: to (1) characterize the chemical, microphysical and
optical properties of dust in the Caribbean, (2) quantify the impact of physical and chemical
changes (“aging”) on the radiation budget and cloud-microphysical processes, (3) investigate
the meteorological context of trans-Atlantic dust transport, and (4) assess the roles of removal

processes during transport.

SALTRACE was a German-led initiative involving scientists from Europe, Cabo Verde, the
Caribbean and the US. The Falcon research aircraft of the Deutsches Zentrum fir Luft- und
Raumfahrt (DLR), equipped with a comprehensive aerosol and wind-lidar payload, played a
central role. Several major dust outbreaks were studied with 86 hours of flight time under
different conditions making it by far the most extensive investigation on long-range

transported dust ever made.

This article presents an overview of SALTRACE and highlights selected results including data
from trans-Atlantic flights in coherent air masses separated by more than 4,000 km distance

that enabled measurements of transport effects on dust properties.

SALTRACE will improve our knowledge on the role of mineral dust in the climate system and

provide data for studies on dust-interactions with clouds, radiation and health.
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Capsule Summary

The aircraft and ground-based SALTRACE campaign in the tropical Atlantic in 2013 — 2014
characterizes the large-scale transport of African dust, dust "aging" during transit, and its

impact on radiation and cloud-microphysics.
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1. Introduction

Although substantial effort has been undertaken in the last decades to improve our
knowledge about the role of aerosols in the climate system, aerosols and clouds still pose the
largest uncertainty to estimates and interpretations of the Earth’s changing energy budget
(IPCC, 2013). Among aerosols, mineral dust particles (hereafter, simply "dust particles" or
"dust") are of key importance because they contribute to about half of the global annual
particle emissions by mass (Hinds, 1999; Huneeus et al., 2011), significantly impact the
radiation budget of the Earth by scattering, absorption and emission of solar and terrestrial
radiation (Sokolik et al., 2001; Tegen, 2003; Balkanski et al., 2007), act as cloud condensation
nuclei (CCN), and have been identified as effective ice nucleating particles (INP; Hoose and
Mohler, 2012). Deposited dust can be a significant nutrient to the ocean (Jickells et al., 2005;
Maher et al., 2010; Niedermeier et al., 2014). In addition, dust may have a severe impact on
aviation by causing poor visibility (Weinzierl et al., 2012) affecting the take-off and landing of
aircraft. Last but not least, there is increasing evidence that dust might be a human health

concern (Goudie, 2014; Morman and Plumlee, 2014).

The major dust source regions are located in the Northern Hemisphere and extend from the
west coast of North Africa, through the Middle East, to Central Asia and China. AeroCom
models estimate that North Africa including the Sahara emits about 200 to 3000 Tg of dust
every year, thereby contributing about 70% to the total global dust emission (Huneeus et al.,
2011). African dust is regularly transported westwards across the Atlantic Ocean to the
Caribbean (e.g. Prospero, 1999; Prospero and Lamb, 2003; Stevens et al., 2015), the southern
United States (Prospero, 1999), and northeastern South America (Swap et al., 1992; Prospero

et al,, 2014).

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 4
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During the summer months the main dust transport takes place in the Saharan Air Layer (SAL),
a hot, dry, elevated layer that has its origins over the Sahara desert (Carlson and Prospero,
1972; Prospero and Carlson, 1972). The SAL often covers large parts of the tropical Atlantic
Ocean and can be easily tracked by satellite observations of aerosol optical depth (AOD) and
lidar (e.g. Liu et al., 2008; Chouza et al., 2016a). Presently, the SAL is attracting great interest
because it is suspected to influence tropical cyclone activity (e.g. Dunion and Velden, 2004;
Braun, 2010; Evan et al., 2011; Peng et al., 2012; Brammer and Thorncroft, 2015; Hankes et

al., 2015). However, the details of this influence are not yet understood.

In the past decade several comprehensive airborne dust field experiments including the
Saharan Mineral Dust Experiment (SAMUM-1, Heintzenberg, 2009; SAMUM-2, Ansmann et
al., 2011) were performed in the vicinity of the Sahara and in the outflow region of African
dust in the Cabo Verde area. Table 1 and references therein give an overview over major
airborne dust field experiments over Africa, the Atlantic Ocean, and in the Caribbean.
Although a few airborne dust campaigns focused on the Caribbean, most of these previous
measurements in the Caribbean only covered altitudes below 3 km, and they lacked of the
extensive instrumentation available to us in SALTRACE. Recent ground-based measurements
at the Caribbean island of Puerto Rico studied African dust size distribution, optical properties,
dust-cloud impacts (Spiegel et al., 2014; Raga et al., 2016), and chemical composition (Gioda
et al., 2013; Denjean et al., 2015; Fitzgerald et al., 2015; Denjean et al., 2016; Valle-Diaz et al.,

2016).

Despite substantial progress, many questions concerning the role of dust in the climate system
remain open (e.g. Ansmann et al., 2011; Ryder et al., 2015). For example, the uncertainty of
IPCC Assessment Report 5 estimates for global average direct radiative forcing by

anthropogenic mineral dust aerosol which is assumed to be 20% of total dust is [-0.3; +0.1]

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 5
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Wm2 (Table 8.4 in Myhre et al., 2013). This range has not changed since the previous IPCC

report in 2007, indicating further research needs.

A critical parameter for the derivation of radiative forcing estimates is the particle size
distribution which is set at emission (Mahowald et al., 2014), but changes during long-range
transport. For example, preferably large super-micron dust particles are lost through
gravitational settling and efficient particle aging occurs when particles act as CCN and INP
(Poschl, 2005). Cloud-processing is one possible pathway producing sulfate-coated dust
particles and changing the aerosol size spectrum (e.g. Levin et al., 1996; Wurzler et al., 2000),
thus changing the probability of rain formation and influencing wet deposition of dust. Recent
laboratory measurements indicate that dust particles may become better CCN after cloud
processing (Kumar et al.,, 2011). Understanding the very complex interaction between
aerosols, clouds and precipitation is challenging and requires comprehensive, coordinated and
long-term measurements and state-of-the-art modeling (Stevens and Feingold, 2009). Many
models have attempted to simulate the effects of aging (e.g. Abdelkader et al., 2015), but it is
difficult to assess the validity of these results because of the absence of data with which to

test the effect.

In a recent review Mahowald et al. (2014) concluded that new measurements of dust size
distributions agree roughly within the size range between 0.1-5 um particle diameter, but
below and above this size range, the dust size distribution is not well understood. In particular,
it is not clear, why in-situ observations generally lead to considerably larger mean particle
sizes than retrievals from remote sensing instruments (Reid et al., 2003a; Miiller et al., 2010;
Toledano et al., 2011). This is particularly important for radiative forcing estimates, as the
coarse mode size distribution has a strong impact on the radiative budget and can even switch

the sign of the radiative forcing from a net cooling to heating (Otto et al., 2007).

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 6
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These various studies demonstrate that dust is associated with a significant climate effect and
may have a substantial impact on cloud processes and, furthermore, that particle aging might
enhance these effects. We lack the understanding of the processes that lead to mixing of dust

with other aerosols and of the factors that affect dust deposition.

In SALTRACE we collected a unique data set which provides new insights into these processes.
This article presents an overview of the SALTRACE program and highlights important results.
In Section 2, we introduce the SALTRACE measurement sites, intensive observation periods,
and instrumentation. Section 3 evaluates the SALTRACE measurements in the context of the
50-year Barbados dust record. Section 4 and 5 describe the dust source activity during
SALTRACE and follow with the conceptual “big picture” of trans-Atlantic dust transport.
Section 6 highlights selected SALTRACE results and discusses the modification of dust during
trans-Atlantic transport, the passage of tropical storm Chantal and its impact on the dust layer

structure, and dust as a reservoir/source for CCN and INP.

2. Overview of the SALTRACE project

The Saharan Aerosol Long-range Transport and Aerosol-Cloud-Interaction Experiment

(SALTRACE: http://www.pa.op.dlr.de/saltrace) was conducted from spring 2013 until summer

2014. Table 2 gives an overview of activities performed within the SALTRACE framework. The
core of the SALTRACE program was an atmospheric column closure experiment?! in June/July
2013 involving ground-based and airborne in-situ and remote sensing observations in

Barbados (main super-site), Puerto Rico and Cabo Verde. For the airborne SALTRACE

L Atmospheric column closure experiments aim to characterize the same parameters of a system with different,
independent methods and models to minimize the measurement uncertainties through comparison of the
derived values.
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measurements, the DLR research aircraft Falcon was equipped with a suite of in-situ
instruments for the determination of microphysical and optical aerosol properties, and with
sampling devices for offline particle analysis, a nadir-looking 2-um wind lidar, dropsondes and
instruments for standard meteorological parameters. Details about the instrumentation at the
main super-site Barbados and on the research aircraft as well as accompanied modeling
activities at large-eddy and regional scale are given in Table 3 (supplemental material). Before
the measurements in June/July 2013, a cruise of the research vessel Meteor between
Guadeloupe and Cabo Verde took place in April/May 2013 (Kanitz et al., 2014). Later, in
February/March 2014 (SALTRACE-2) and June/July 2014 (SALTRACE-3), additional intensive
ground-based lidar and sun photometer observations followed to cover the annual variability

of dust flow into the Caribbean (Table 2).

Figure 1 sketches the airborne SALTRACE observations in summer 2013 including flight tracks
(red lines). Figure 2 shows the Falcon base at Grantley International Airport together with the
measurement locations of the in-situ and remote-sensing measurements on Barbados. In total
31 research flights were performed. The DLR research aircraft Falcon spent more than 86 flight
hours studying dust from several dust outbreaks under a variety of atmospheric conditions

between Senegal, Cabo Verde, the Caribbean, and Florida.

A detailed list of SALTRACE flights including take-off time, landing time and objective is
provided in the supplemental material (Table 4). The flights in the Cabo Verde region (11-17
June 2013) aimed to characterize dust close to the source region and are also used for
comparison with data from SAMUM-2 measurements (January/February 2008) in the Cabo
Verde area (Ansmann et al., 2011; Weinzierl et al., 2011, and the references therein). The first
part of the research flights in the Caribbean (20-26 June 2013) studied the horizontal

variability of dust properties with extended east-west and north-south sampling flights and

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 8
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included the trans-Atlantic dust sampling of the same air mass on both sides of the Atlantic
(17 and 22 June 2013). The flights on 30 June and 1 July were intended to investigate the
variability of dust properties between Barbados, Antigua and Puerto Rico and to study the wet
deposition of dust. The second half of the measurements (5-12 July 2013) focused on
extended vertical profiling over the Atlantic east of Barbados, over the lidar and ground-sites
on Barbados, and west of the Caribbean islands to study downwind transport from Barbados
and island effects (Chouza et al., 2016b; Jahn et al., 2016). Furthermore, we had the unique
opportunity to make measurements before, during and after the passage of tropical storm
Chantal (8-10 July 2013). To our knowledge, these are the first measurements of dust
conditions in the vicinity of such a storm ever made with an extensive aerosol instrument
package. A second sequence of dust sampling flights was performed towards Puerto Rico and
into the Bahamas/Florida area (11-13 July 2013). The flight program culminated with a route
that took the Falcon along the east coast of the US, across the high-latitude North Atlantic and
back to our home base in Germany. During the flights back to Germany, the Falcon
encountered thick smoke layers where refractory black carbon mass mixing ratios reached
values as high as 100-380 ng kg%, higher than the values around 270 ng kg observed in an
intense smoke layer in the upper troposphere over Germany originating from the pyro-

convective Pagami Creek fire (Minnesota, USA) (Dahlkotter et al., 2014).

3. SALTRACE in the context of the 50-year Barbados dust record

Barbados was chosen as main super-site for SALTRACE because it is the easternmost island of
the Caribbean which enables measurements of undisturbed African dust layers after they

transit the Atlantic. Furthermore Barbados has the world's longest record of ground-based

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 9
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dust measurements which started in 1965 and continues today (Prospero and Lamb, 2003;

Prospero et al., 2014) allowing us to evaluate the SALTRACE data in long-term context.

Dust transport follows a pronounced seasonal cycle with a minimum in winter and a maximum
in summer peaking in June-July-August (Doherty et al., 2008; Prospero et al., 2014). Figure 3
depicts average summer (June-July-August) dust mass concentration values measured at
Ragged Point, Barbados, between 1965 and 2013. The years of the SAMUM and SALTRACE
measurements are indicated in red. Average summer dust mass concentrations vary between
less than 10 and around 50 pg m™3 from year to year. The periods of high dust concentrations
in the early 1970s and in the mid-1980s were linked to drought conditions in Africa (Prospero
and Lamb, 2003; Prospero et al., 2014), and the variability of the winds over the Sahara has
been shown to impact in the dust load over the Atlantic (Wang et al., 2015; Evan et al., 2016).
The causes of the variation in dust transport since the 1980s are still a subject of research and
numerous efforts have been made to relate the Barbados dust record to various climate
indices, e.g., El Nifio Southern Oscillation (ENSO) (Prospero and Lamb, 2003; DeFlorio et al.,
2016), North Atlantic Oscillation (NAO) (Ginoux et al., 2004; Evan et al., 2006), Atlantic
Multidecadal Oscillation (AMO) (Evan et al., 2011; Wang et al., 2012; DeFlorio et al., 2016). Of
these the AMO seems to have played a particularly strong role. However it is notable that high
concentrations in 1997-1998 were coincident with an exceptionally strong El Nifio. Since about
1970, excepting the periods of high concentration in summer, low summer mean values seem
to fall between 15 to 20 pg m3 which might be thought of as a "background" value range. The
mean value of 21 pg m3 during SALTRACE is slightly above in this range. Thus measurements
made during SALTRACE could be regarded as being representative of "normal" dust

conditions.

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 10
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Figure 4 shows time series of AOD (black crosses) measured with AERONET (AErosol RObotic

NETwork, http://aeronet.gsfc.nasa.gov/) sun photometers at Cabo Verde, Barbados and

Puerto Rico throughout the main SALTRACE period. It illustrates the dust layer at Barbados
with a time-height cross-section of volume linear depolarization ratio (VLDR, for details see
discussion of Figure 6). Maximum AOD (500 nm) detected with the sun photometers reached
values of 0.85 at Cabo Verde, 0.61 at Barbados and 0.56 at Puerto Rico during SALTRACE. The
ground-based lidar measurements at Barbados showed that mineral dust contributed about
50-70% of the total AOD at 532 nm (GroR et al., 2015). The red triangles in Figure 4 indicate
the median AOD (500 nm) during the 3-4 hour duration of the individual Falcon flights which
fell into the range 0.5-0.8 for flights in the Cabo Verde area and 0.1-0.5 for flights in the
Caribbean. The Angstrom exponent of the AOD at the Barbados site (not shown) was around

0.2 on most days except for very clean (dust-free) days where it increased to 0.5.

Most Falcon flights were performed during high-dust concentration conditions, but some
flights also focused on low-dust conditions. Figure 4 shows surface-level dust mass
concentration at Ragged Point (blue dots) (see Kristensen et al., 2016 for more details on
ground-based measurements during SALTRACE). The dust mass concentration was derived
from spectral absorption coefficients measured with a Spectral Optical Absorption
Photometer (SOAP, Miiller et al., 2009) by fitting spectral mass absorption coefficients
between wavelengths 425 and 675 nm to the measurements following a reanalysis of data

from Miiller et al. (2009) and Schladitz et al. (2009).

The temporal trends of AOD and dust concentration at the ground agree well indicating that:
(1) dust makes a major contribution to the AOD in the Caribbean; (2) dust transported at
higher altitudes into the Caribbean in the SAL is effectively mixed down into the boundary

layer over Barbados; and (3) we can expect good comparability between ground-based,

Submitted to Bull. Am. Met. Soc. on 21 Nov 2016 11
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airborne and remote sensing observations (see also Figure 12). Previously, Smirnov et al.
(2000) had shown that monthly means of AOD and ground-based dust concentrations were

highly correlated at Barbados. Our results show a good correlation on a daily basis.

4. Dust source activity during SALTRACE

Various sources across North Africa contribute to the dust load in the Caribbean. Figure 5
summarizes the most active dust sources for SALTRACE, SAMUM-1, and SAMUM-2. The Dust
source activity (DSA) was inferred from infrared dust index images calculated from brightness
temperature measurements by the Spinning Enhanced Visible and Infra-Red Imager (SEVIRI)
onboard the Meteosat Second Generation (MSG) satellite (Schepanski et al., 2007; 2009;
2012). For each of the three field campaigns, daily maps of DSA were summarized and
occurrence frequencies of DSA were calculated (Figure 5). Areas showing a DSA frequency
above the 97t percentile for the corresponding time period were colored. The gray-shaded
areas indicate all source regions which were active during SALTRACE. Although seasonal and
thus campaign-related differences in the pattern distribution of frequent DSA are apparent,
dust sources located in the Adrar-Hoggar-Air mountain region as well as the Bodélé
Depression region were predominantly active throughout all three campaigns. Dust source
hotspots over the northern part of the Sahara and the Maghreb region were predominantly
active during SAMUM-1 (May/June) and SALTRACE (June/July) suggesting that these regions

are of additional importance in late spring and early summer.

Dust from the most active sources during SALTRACE identified in Figure 5 is expected to have
a high kaolinite and low illite abundance, as well as low calcium and high total iron contents
(Scheuvens et al., 2013; Nousiainen and Kandler, 2015). The ratio of oxide to total iron is

estimated to be higher for Bodélé and Hoggar than for Mali sources (Formenti et al., 2014). In
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contrast, the less active sources in the northern Sahara would be dominated by illite and
exhibit higher calcite contents. Except for Bodélé, the most active sources have a generally
high iron oxide content. The dust therefore is expected to contribute considerably to
shortwave radiation absorption. It is particularly expected to dominate absorption for super-
micron particles (Miller et al., 2009). Furthermore, their comparatively high feldspar content

(Nickovic et al., 2012) might influence the specific ice nucleation ability (Atkinson et al., 2013).

5. The big picture: mineral transport from Africa into the Caribbean

The large scale features of dust transport from Africa across the Atlantic were initially
described in the early 1970s (Prospero et al., 1970; Carlson and Prospero, 1972; Schiitz, 1980),
but the modification of dust properties during long-range transport is still an open question.
After emission over Africa, the warm, dry and dust-containing SAL leaves the African continent
and travels westward at a speed of about 1000 km d%, crossing to Barbados in about five days
(e.g. Huang et al., 2010). Within the course of the year, the main transport corridor for the
dust outflow from Africa exhibits a south-north migration related to the seasonal
displacement of the Hadley cell in general and the cycle of the complex West African
circulation in particular, in which the African easterly jet and its disturbances, so-called African
easterly waves (AEWs), play an important role (e.g. Thorncroft and Blackburn, 1999; Kiladis et
al., 2006; Knippertz and Todd, 2010). In June/July, the center of the dust corridor and the
largest AOD is found between 15°N and 20°N transporting mineral dust into the Caribbean
and towards Florida, whereas in winter, the dust corridor is centered between 5°N and 10°N

and the dust extends to South America (Schitz, 1980; Huang et al., 2010; Yu et al., 2015).

As visible in Figure 4, dust concentrations in Barbados have a pulsating nature which is

connected to the passage of AEWs (Carlson and Prospero, 1972) which periodically interrupt
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the dust flow into the Caribbean and occasionally intensify into tropical cyclones (Zipser et al.,
2009). The passage of AEWs is associated with moist air, cloudiness and precipitation. Dust

events appear to follow behind AEWs (Karyampudi and Carlson, 1988).

The structure and vertical distribution of the mineral dust layer changes during transit. Figure
6 (top panel) shows these changes by means of cross-sections of backscatter from the
airborne wind lidar system onboard the Falcon (Chouza et al., 2015; Chouza et al., 2016a). The
bottom panel of Figure 6 sketches the changes in dust layer structure and also the processes
modifying the size distribution of the dust aerosol. Over West-Africa, dust extends from the
surface to 6-7 km altitude (e.g. Schiitz, 1980; Weinzierl et al., 2009). When leaving the African
continent, the dust-containing continental outflow over-rides the cool dust-free trade winds
to form the elevated SAL (Weinzierl et al., 2009; Weinzierl et al., 2011; Khan et al., 2015). In
the Cabo Verde region, the lidar shows a homogenous dust layer extending above the trade-
wind inversion from about 1.5 km to 6-7 km altitude (Figure 6, top panel). During transit, the
top of the SAL descends from 6-7 km over West Africa to 4-5 km in the Caribbean with an
average of ~0.4-0.6 km d%. Dust is transferred from the SAL to the marine boundary layer by
entrainment at the top of the marine boundary layer, via turbulent and convective downward
mixing, and by gravitational settling of mainly super-micron particles leading to changes in the
dust size distribution. In addition, cloud processing, dilution, and wet deposition are expected

to modify aerosol properties in the SAL in the course of transport.

The vertical layering described in Figure 6 is typical for summer. Figure 7 illustrates the
variability and seasonal differences in vertical structure based on ground-based lidar BERTHA
(Haarig et al., 2016b; Haarig et al., 2016a) from TROPOS Leipzig at three different locations
between Africa and the Caribbean in summer 2006, 2008, 2013 and 2014 and in winter 2008

and 2014. The six panels depict time-altitude cross-sections of the volume linear
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depolarization ratio (VLDR) at a wavelengths of 710 and 1064 nm, respectively. The VLDR is
derived from the ratio of the measured cross- to co-polarized component in the backscattered
light when linearly polarized light is emitted by the laser. This quantity includes the
contribution from both, molecules and particles. From the VLDR the linear depolarization ratio
of particles (PLDR) can be derived which serves to identify aerosol types (e.g. Tesche et al.,
2009; Tesche et al., 2011; Weinzierl et al., 2011; Burton et al., 2012; Grol3 et al., 2013). Regions
with predominantly aspherical particles of pure dust (PLDR of 31 + 3% at 532 nm;
Freudenthaler et al., 2009) appear in red. Marine aerosol with mostly spherical particles (PLDR
of 2 + 1% at 532 nm for relative humidities > 50%; GroR et al.,, 2011) are shown in blue.
Mixtures of dust particles with spherical particles (e.g. marine aerosol at high relative

humidity, but also biomass particles) appear as yellow-greenish colors (Tesche et al., 2009).

In all cases, the aerosol layers extend from the ground up to altitudes between 3 and 5 km.
However, the layer structures change with season because of variations in aerosol types and
meteorological conditions, notably the south-north migration of the main transport corridor
for the dust and biomass-burning outflow from Africa. In winter, dust is typically transported
below 2 km altitude while biomass-burning dust mixtures are carried aloft; transport is
primarily in latitudes south of Barbados which receives little aerosol during that time of year.
In summer, the vertical aerosol distribution over Barbados shows three layers with different
aerosol properties: (1) the boundary layer from the surface up to about 700 m where marine
aerosols dominate; (2) above that, a layer of mixed mineral dust and marine aerosols reaching
up to 1.5-2.5 km - this also is the height range where (mainly) trade wind cumulus clouds are
present; (3) the top layer extends from 1.5-2.5 km to typically 4-5 km and is characterized by
relatively pure Saharan dust. This layer contributes about half of the total optical depth at

532 nm (GroR et al., 2015).
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Although we describe the trans-Atlantic dust transport in simple terms, it should be clear that
the processes are quite complex. Note for example that at Cabo Verde during summer, when
transport to the Caribbean is at a maximum, there is very little dust in the marine boundary
layer which is dominated by the low-level northeasterly trade wind flow. Transport takes place
in the SAL above the measurement site. Similarly at Barbados in summer, the VLDR product
would suggest that there is little dust in the boundary layer despite the fact that about 10-
40 pug m of dust (Figure 4) are present (for comparison: 50 pg m=3 is the limit value for 24h-
exposure to fine particulate matter (PM10) in the EU,

http://ec.europa.eu/environment/air/quality/standards.htm). This is a consequence of the

boundary layer being heavily loaded with sea-salt aerosol thus lowering the dust contribution
to the total aerosol volume to about 30-40% (Grol3 et al., 2016) and thereby decreasing the

PLDR impact of dust.

6. Highlighted SALTRACE results

In this section, we highlight three results from SALTRACE: the first example investigates the
modification of mineral dust during trans-Atlantic transport on the basis of a Lagrangian dust
sampling experiment between Cabo Verde and Barbados. The second example presents the
SALTRACE measurements during the passage of tropical storm Chantal. The third example
shows vertical profiles of lidar and in-situ parameters for a case with high and low dust loads

and discusses the SAL as a reservoir for CCN.

Modification of dust during transport across the Atlantic Ocean — A Lagrangian case study

One major objective of SALTRACE was to study the “aging” of dust during long-range transport

and its impact on the radiation budget and cloud-microphysical processes. This could be
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achieved by statistically comparing dust properties measured on the eastern Atlantic and later
on the western Atlantic, or by a Lagrangian experiment in which the same air mass is sampled

multiple times on its trajectory as determined by means of meteorological models.

During SALTRACE we performed a Lagrangian experiment that studied dust in the Cabo Verde
region and five days later in the Western Atlantic. We started with a series of north-south
tracks in the Cabo Verde area on 17 June 2013. Flight legs at four different altitudes between
1 and 5 km were performed between the islands Sal and Santiago, a distance of 210 km,
roughly perpendicular to the dust outflow from the African continent. Before and after the
flight, we ran trajectory and dispersion simulations with the Lagrangian dispersion model
HYSPLIT (Draxler and Hess, 1998) to predict when the sampled air would arrive over Barbados.
This was determined to be on 22 June 2013. In the Caribbean, we carried out two flights on
20 and 21 June 2013, prior to the arrival of the Lagrangian-selected air mass. We performed
the Lagrangian flight on 22 June 2013 where we flew on a north-south track along 59.5°W, i.e.
perpendicular to the direction of propagation of the dust layer from Africa to the Caribbean.
The flight included several overpasses over Barbados at altitudes between 0.3 and 9 km, and
extended over a distance of ~¥470 km between 10.4°N and 14.6°N. According to post-campaign
analyses, the air mass sampled on 17 June 2013 at an altitude of 2.6 km in the Cabo Verde
region was again sampled on 22 June 2013 over Barbados at an altitude of 2.3 km. It was above

the typical scattered cloud layer extending from ~0.7 to 2 km on that day.

The Lagrangian experiment relies on a certain degree of homogeneity of the sampled air mass,
a precondition which is satisfied by the well-mixed SAL. For example, the variability of the
particle number concentration in the Lagrangian leg over Cabo Verde was below ~10% in the
coarse mode (0.5-50 um) and below ~20% in the accumulation mode (80-310 nm) over

distances of more than 180 km.
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Figure 8 visualizes the air mass transport of the Lagrangian experiment on the basis of COSMO-
MUSCAT (COSMO: Consortium for Small-scale Modelling; MUSCAT: MUItiScale Chemistry
Aerosol Transport Model) simulations. COSMO-MUSCAT is a regional dust model system
which computes the size-resolved distribution of Saharan dust including radiative effects and
feedbacks (Heinold et al., 2007; Heinold et al., 2011). Simulations were run for the period April
to July 2013 with 28 km horizontal grid spacing on a model domain that covers the Saharan
desert and the tropical Atlantic Ocean including the Caribbean. Combined with trajectory
analysis, COSMO-MUSCAT shows the relationship between the sampling areas at Cabo Verde
and Barbados. According to these simulations, the predominant
number of trajectories launched over Cabo Verde arrived at Barbados within a 250-km radius

within the five days transport time.

The four panels in Figure 8 illustrate the location and extent of the dust layer sampled on both
sides of the Atlantic in the Lagrangian experiment as it crosses the Atlantic Ocean. Color-coded
dust AOD maps are combined with longitude-altitude cross-sections through the dust layer
which show model dust mass concentrations on 17, 18, 20 and 22 June 2013. The position and
timing of maps and cross-sections exactly correspond to the course of a 7-day forward
trajectory starting over Cabo Verde (23.3°W/15.5°N) on 17 June 2013, and computed with
COSMO wind fields. During transport, the modeled dust layer depth decreases from about
5 km (Cabo Verde) to 4 km (Barbados area) and about half of the dust mass is removed.
AERONET measurements in Cabo Verde and Barbados confirm a decrease in the AOD (500 nm)
by a factor of about two from 0.54 to 0.26 within the five days. Similar results were obtained
from the long-range transport study carried out based on the airborne Doppler wind lidar
retrievals and model results of MACC (Monitoring Atmospheric Composition and Climate), the

global aerosol model from European Centre for Medium-Range Weather Forecasts (Chouza et
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al., 2016a). Although MACC was able to reproduce the general characteristics of the dust long-
range transport process, important differences were observed in the dust vertical distribution

and the African Easterly Jet intensity.

Figure 9 shows aerosol size distributions detected in Cabo Verde (blue symbols) at an altitude
of 2.6 km and the corresponding measurements made five days later at an altitude of 2.3 km
over Barbados (red symbols). The size distribution includes the total aerosol in the SAL and
was detected with a combination of a condensation particle counter (CPC) and several optical
particle counters (OPC). Detailed information about instruments used is given in Table 3 in the
supplemental material. Data from the CPC, the Grimm Sky OPC, and the Ultra Sensitivity
Aerosol Spectrometer (UHSAS-A) were inverted with a consistent Bayesian inversion
procedure and parameterized assuming three log-normal distributions following the method
described following the method described in Walser et al. (2016). The uncertainty range in the
submicron size range reflects the uncertainty in the lognormal size distribution mode
parameters. The super-micron size range was detected with a Cloud and Aerosol
Spectrometer with Depolarization Detection (CAS-DPOL). The shaded areas indicate the 10
and 90 percentile concentration values from the CAS-DPOL spectrometer. The complete size
distribution (sub- and super-micron range) was parameterized with four log-normal

distributions (solid lines).

Although in particular the coarse mode aerosol size range is associated with considerable
uncertainties, changes are clearly visible in both, total particle number concentration and
number size distribution. With respect to particle number concentration in the size range
between 10 nm and 50 um, about 49% of all particles are “lost” during trans-Atlantic
transport. The number fraction of removed particles is size-dependent and increases with

increasing particles size. For example, in the size range between 1 and 10 pm about 60% of
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the particles are removed whereas 80% of the 20 um particles and 90% of the 30 um particles
are gone suggesting that dry deposition is the dominating removal process at least during this

case.

The detection of 20-30 um particles in the Caribbean even after more than 4000 km and five
days of transport is unexpected. Although Maring et al. (2003) pointed out that Stokes
gravitational settling overestimated the removal of particles < 7.3 um, they found that larger
particles were effectively removed between Tenerife and Puerto Rico. In contrast, Denjean et
al. (2016) found that the modal peak diameter of the volume size distribution remained
unvaried from one side to the other of the Atlantic Ocean (i.e. Cabo Verde to Puerto Rico)
suggesting that after 2-3 days from uplift gravitational settling is practically ineffective.
Assuming a density of 2.6 g cm™ for dust and a shape factor of 1.4 (Hinds, 1999) to account
for the non-spherical particle shape which slows down the settling velocity, a particle with
20 pm (30 um) in diameter descends 2.1 km (4.6 km) per day. This means that even if 20 um
(30 um) particles had been at the top of the SAL at an altitude of 6-7 km over Cabo Verde,
they should have been removed from the atmosphere within three days (1.5 days). The
Barbados measurements shown in Figure 9 were performed at 2.3 km altitude above ground
and about 1.3 km below the SAL top. Assuming SAL transport without vertical shear, and thus
a Stokes settling distance of 1.3 km for this measurement, the expected maximum particle
size would be about 7 um. In contrast, 20% (10%) of the 20 um (30 um) survived in the dust
layer and were observed over Barbados after five days of transport (Figure 8), a fact which
may have important implications for the dust radiative effects and the ability of particles to
act as INP. To understand the presence of these super-micron particles, Gasteiger et al. (2016)
investigated particle settling in the SAL from an integrated model, lidar, and in-situ

perspective. Although not claiming that their simplified model describes processes during
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long-range transport in detail, their model suggests that day-time convective mixing within
the SAL would allow a fraction of particles with diameters of 20 um and larger to arrive in the

Caribbean.

During SALTRACE, we sampled particles onboard the Falcon for offline-chemical analyses. For
the Lagrangian case, approximately 3000 particles were collected. These were analyzed by
scanning electron microscopy and energy-dispersive X-ray diffraction (EDX) for size and
composition, and by transmission electron microscopy and EDX for volatility and composition.
Particles were classified according to the chemical composition as described in Kandler et al.
(2009) with the exception of quartz being classified as silicate. Volatility was determined

according to a method previously described (Kandler et al., 2011; Kristensen et al., 2016).

Figure 10 shows the aerosol composition and volatility state before and after trans-Atlantic
transport for the Lagrangian case. The general composition with comparatively low calcium
contents in the super-micron fraction is in line with the mainly southern Saharan/Sahelian
sources (Scheuvens et al., 2013). The change in composition at about 500 nm particle size after
long-range transport is more pronounced than in the dust-influenced Cabo Verde boundary
layer (Kandler et al., 2011; Lieke et al., 2011), but less distinct than observed by chemical and
microphysical measurements over the African continent (Kaaden et al., 2009; Kandler et al.,

2009; Miller et al., 2009; Weinzierl et al., 2009).

Comparing the chemical composition before and after transport reveals an increase in the
number abundance of soluble sulfates — most ammonium- and sodium-dominated sulfates —
for submicron particles; also, there is a slightly increased abundance of particles internally
mixed between silicate and sulfate. This is corroborated by the fact that the abundance of

silicate particles with detectable amounts of sulfate (approx. 1 %) increased from 2.5 % to
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4.3 %. For super-micron particles, no considerable modification is visible, which is consistent
with other recent observations in the Caribbean (Denjean et al., 2015). Also, the relative
composition of the dust component with respect to different silicates (not shown) is

indistinguishable before and after transport.

The volatility experiment for submicron particles reveals, in contrast, that there is an increase
in both the amount of volatile material on the single particles and the abundance of totally
volatile particles. The lower panel of Figure 10 shows the composition of the refractory
residuals. Here, there is a clear increase in soot whereas dust decreases. Refractory material
classified as “other” consists mainly of iron (probably oxides/hydroxides) and K-rich particles
(perhaps biomass burning material) (Lieke et al., 2011). The median volume fraction of volatile
material internally mixed with soot is higher in transported aerosol (89 % versus 79 %). This

volatile volume fraction for internally-mixed dust particles does not change (7 % versus 8 %).

The passage of tropical storm Chantal and its impact on the Saharan Air Layer

During SALTRACE, we had the unique opportunity to perform extended aerosol
measurements before, during and after the passage of tropical storm Chantal which evolved
in a SAL environment. The SAL is attracting great interest because it is suspected to influence
tropical cyclone activity (e.g. Dunion and Velden, 2004; Evan et al., 2011). The observed
modulation of the tropical Atlantic cyclone activity in the presence of the SAL has been
attributed to various causes. Evan et al. (2011) link weak cyclone activity to surface cooling
through the radiative effects of the dust particles in the SAL. Furthermore, dust particles acting
as CCN and INP might influence the development and formation of precipitation in the

convective clouds and thus impact on the cyclone development. Local vertical wind shear can
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be enhanced by the midlevel jet found in the SAL, thereby hindering cyclone development

(Dunion and Velden, 2004).

Figure 11 (top panel) shows a time series of VLDR and range corrected backscatter for the
period between 8 and 11 July 2013 detected with the LMU lidar system POLIS (Freudenthaler
et al., 2016) together with a map of the Meteosat SAL-tracking satellite product which we
overlaid with contours of dust AOD from simulations with the regional Saharan dust model
COSMO-MUSCAT. Both observations and regional dust simulations show that the passage of
Chantal was associated with a reduced dust load in the Caribbean which may largely be caused
by mixing in clean air from further south but also by wet removal of aerosols. This change in
air mass is obvious from the SAL-tracking product (Figure 11, bottom panel), while the analysis
of dust model results including and without the storm event (not shown) reveals a minor role
of wet deposition in the removal of dust. Vertical mixing was enhanced especially to the rear
of the cyclone. Immediately after the passage of Chantal, changes in the dust properties were
observed (Figure 12) which might be linked to a change in the large-scale flow pattern over
the tropical North Atlantic and West Africa causing increased dust transport from southern
Saharan and Sahelian dust sources. The dust layer was seen to extend to about 5 km, higher
than the typically observed 4-5 km. Details about DSA over North Africa and transported dust
reaching Barbados are given in GroR et al. (2015). Future investigations will focus on the
interactions of tropical storm Chantal and dust transport, including sensitivity studies on dust

radiative effects and feedbacks on atmospheric dynamics and sea surface temperature.

The SAL as a reservoir/source for CCN

Here we highlight the vertical distribution of the microphysical properties of mineral dust, its

ability to act as CCN. Mineral particles may serve as CCN in liquid cloud droplet formation
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(Sullivan et al., 2009; Garimella et al., 2014), and as such they are likely to be of great
importance over the tropical Atlantic (Twohy et al., 2009). The efficacy of dust particles to act
as CCN increases significantly with particle size, but it is also influenced by the presence of
coatings and the amount of (water soluble) coating material (e.g. Garimella et al., 2014). Pure
mineral dust particles are hydrophobic, but if they are larger than ~0.4-0.8 um they will act as
CCN at atmospherically relevant supersaturations (Sullivan et al., 2009; Garimella et al., 2014).
The addition of even minor amounts of water soluble material will increase the potential of
dust particles to act as CCN (Sullivan et al., 2009). Furthermore, the addition of soluble
material onto dust particles increases the water uptake at sub-saturated conditions with
respect to liquid water (Hatch et al., 2008), and thus influences their optical properties and

the ability to scatter/absorb radiation.

Consequently, to assess the direct and indirect climate impacts from mineral particles, it is
essential to investigate their mixing state and how that could change as the particles age in
the atmosphere. Some studies indicate that processing of dust in the atmosphere leads to an
addition of water soluble material (e.g. Perry et al., 2004; Begue et al., 2015). However, there
have been only few studies of the properties of aged African dust transported across the
Atlantic. Denjean et al. (2015) investigated super-micron mineral dust particles sampled in
Puerto Rico. They reported that up to 24% of the studied mineral dust particles were internally
mixed with sulfate or chloride, while 3-6% formed aggregates with sea-salt particles. Only the
latter group of mineral particles showed increased hygroscopic growth for relative humidity

up to 94%.

Ground-based and airborne direct measurements of CCN concentrations were performed
during SALTRACE. The potential of polarization lidar data to estimate vertical profiles of cloud-

relevant aerosol parameters (CCN and INP number concentrations) was explored (Mamouri
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and Ansmann, 2015). Furthermore, samples were collected for off-line analysis of hygroscopic

growth and ice nucleation ability.

Figure 12 contrasts vertical profiles of aerosol number concentration in different size classes
together with extinction coefficient measured with the ground-based lidar system from LMU
Munich for days with high (11 July 2013) and low (8 July 2013) dust concentrations in
Barbados. In addition, vertical profiles of PLDR enable us to distinguish the SAL pure dust layer
which extends above about 1.5 km (8 July) and 1.8 km (11 July), respectively, from the marine
aerosol-dust mixture in the marine mixed layer. The particle number concentration in the fine
mode (10 nm — 60 nm) seems to be depleted inside the SAL, while accumulation (60 nm —
1 um) and coarse mode (0.5 — 50 um) is enhanced by a factor of more than 4 and 15,
respectively, compared to free-tropospheric concentrations in these size ranges. The vertical
profile of the CCN number concentration is correlated with accumulation and coarse mode
number concentration. On the day with high dust loads, the CCN number concentration at
altitudes of ~2-4 km is enhanced by a factor of about 5 compared to the day with the low dust
load. Hence, it is likely that properties of clouds in the Caribbean formed at those altitudes are

significantly influenced by long-range transported particles from Northern Africa.

7. Summary and outlook

Although it is generally accepted that mineral dust affects many climate processes, our
understanding of long-range transported dust is limited by the fragmentary nature of past
studies. The strategy of SALTRACE was to attain a large-scale picture of African dust transport
across the Atlantic by linking ground-based and airborne measurements with remote sensing
and modeling. Specific objectives were: (1) to characterize the chemical, microphysical and

optical properties of “aged” dust in the Caribbean, (2) to quantify the impact of dust “aging”
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on the radiation budget and cloud-microphysical processes, (3) to investigate the
meteorological context of African dust transport into the Caribbean, and (4) to assess the roles

of removal processes during transport.

The SALTRACE program in 2013 — 2014, especially with the aircraft field experiment in
June/July 2013, comprised by far the most extensive measurements ever performed to study
long-range transported dust. To our knowledge, the Lagrangian in-situ study which sampled
coherent air masses separated by a distance of more than 4,000 km was unique and enables

a detailed investigation of transport effects on dust properties.

The Lagrangian results were surprising in that they suggest that the removal rate of large
super-micron particles is slower than expected and the chemical alterations to the particles
are less pronounced than expected. The exact nature of these aging processes is unclear and
more research will be needed. The SALTRACE data set enables future studies to look in detail
at changes of chemical, microphysical and optical dust properties during transport and

guantify their associated effects on radiation and clouds.

To place the SALTRACE measurements in a long-term context we related our measurements
to the 50-year Barbados dust record and found that the situation investigated during
SALTRACE can be regarded as “normal” dust conditions. Thus the SALTRACE data set is well-
suited to constrain the Atlantic and Caribbean dust properties and concentrations in models.
Temporal trends of ground-based dust mass concentrations and AOD at Barbados agreed well
with aircraft measurements indicating that (1) mineral dust makes a significant contribution
to the AOD in the Caribbean, (2) dust transported at higher altitudes into the Caribbean is
effectively mixed down into the boundary layer, and (3) that in general we can expect good

comparability between ground-based, airborne and remote sensing observations.
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We carried out extensive measurements in tropical storm Chantal which developed when dust
concentrations were high over broad areas of the western Atlantic. Chantal passed through
the Barbados region on 9 July 2013. Interestingly, by the time the storm over-passed our
ground-site on Barbados essentially all dust was gone, an observation which we attribute to
enhanced advection of dust-free air from the south. The SALl-tracking product
and modeled dust AOD in Figure 11 clearly show this change in air mass associated with the

passage of storm Chantal.

We collected numerous in-situ and remote sensing profiles of dust properties which we
evaluated with respect to their ability to act as CCN. We found the CCN number concentration
in the SAL to be highly enhanced (~up to a factor of 5) under conditions of high dust loads

compared to low dust loads.

The SALTRACE data should yield new insights on the formation (and destruction) of the dust-
bearing SAL and its impact on cloud evolution processes, the atmospheric radiation budget,
and local meteorology. Ongoing analyses are expected to elucidate details on the processes

occurring at the end of the atmospheric dust cycle as the SAL moved over the Caribbean.

Simultaneous Doppler lidar backscatter and wind measurements were conducted for the first
time along the main Saharan dust transport path. This unique dataset not only provides the
opportunity to investigate various features associated with this transport, but also to test the
ability of different global and regional models to simulate them. Ongoing regional modeling
will use the rich data set to address fundamental questions on Saharan dust transport: how
export across the tropical Atlantic is influenced by the West African circulation; the role played

by the different removal and mixing processes; and the impact of dust on radiative forcing on
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the dynamics of the SAL. Regional dust simulations and trajectory analysis will be used to

explore deposition processes, particle aging, and dust-cloud interactions.

The role of dust as CCN and INP and the associated impacts on weather needs further
research. The next generation of mineral dust field experiments should focus on extended
characterization of dust aerosol and include enhanced cloud observations (e.g., mixed phase
and ice clouds developing in dusty air layers) by combined in-situ and remote sensing

observations.

Finally, the long-term dust record from Barbados shows that large changes in transport have
occurred and that these are clearly linked to climate in ways that we do not fully understand.
In the coming decades we might expect continuing changes in global climate. However the
projections for North Africa are highly uncertain and we cannot anticipate whether dust
transport will increase or decrease (Seneviratne et al., 2012). Thus it is important that dust
transport out of Africa is carefully monitored in the coming years to better understand the
controlling processes so as to develop better model projections of dust transport and the role

of dust in a changing climate.
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Tables

Table 1. Overview of airborne mineral dust field experiments near the dust sources over

Africa, the Atlantic Ocean, and in the Caribbean mainly focusing on the past two decades.

Campaign Time span Region Objective/Science focus Overview
acronym
Field experiments near the dust sources/Africa
SAMUM-1  May/Jun 2006 Southern Characterize Saharan aerosol near the source region Heintzenberg
Morocco and quantify dust-related radiative effects (2009)
AMMA- Jan/Feb 2006 (South) Characterize Saharan aerosol and biomass burning Redelsperger et
SOPO West Africa  aerosols from West Africa al. (2006)
DABEX Jan/Feb 2006 Niger same topic as AMMA-SOPO Haywood et al.
(2008)
DODO Feb and Aug West Africa Characterize Saharan dust in two seasons, constrain McConnell et al.
2006 model simulations, quantify deposition of iron to the (2008)
North Atlantic Ocean
GERBILS Jun 2007 North Africa  Geographic distribution and physical and optical Haywood et al.
properties of Saharan dust, impact on radiation, (2011)
validation of satellite retrievals and numerical weather
prediction models
FENNEC Apr and Jun Algeria and Improve understanding of the Saharan climate system  Washington et
2011, Jun Mauritania,  through a synergy of observations and modelling al. (2012);
2012 Ryder et al.
(2015)
Atlantic Ocean off the coast of Africa
SHADE Sep 2000 Cabo Verde Investigation of aerosol parameters relevant for the Tanré et al.
determination of the direct radiative effect (2003)
NAMMA Aug-Sep 2006  Cabo Verde  Improve understanding of the relationship between Zipser et al.
the African Easterly Waves, the SAL, and tropical (2009)
cyclogenesis
SAMUM-2  Jan/Feb 2008  Cabo Verde Characterize Saharan aerosol and biomass-burding Ansmann et al.
aerosol over the Eastern Atlantic (2011)
SAMUM- May/Jun 2008 Cabo Verde  Same as SAMUM-2, but summer measurements Ansmann et al.
2b (2011)
SALTRACE  Apr-Jul 2013, Cabo Verde  Characterize dust properties before long-range this study
see Table 2 transport with the same instrumentation as over the
Caribbean
ICE-D Aug 2015 Cabo Verde  Study influence of mineral dust on clouds and improve Cotton (2016 )
representation of dust-produced INP and CCN in
models
Caribbean
BOMEX May —Jul Barbados Measure vertical distribution of Saharan dust in the Prospero and
1969 Caribbean and quantify dust transport over Atlantic Carlson (1972)
PRIDE Jun/Jul 2000 Caribbean Understand the issues of dust transport and radiative Reid et al.
forcing in the north subtropical Atlantic Ocean (2003b)
CRYSTAL-  Jul 2002 Southern Investigate ice nucleation potential of long-range Sassen et al.
FACE Florida transported Saharan dust (2003)
BACEX Mar/Apr 2010  Barbados Observe cloud-aerosol interactions Jung et al.
(2013)
CARIBBA Nov 2010/ Barbados High resolution and collocated measurements of trade  Siebert et al.
Apr 2011 wind cumuli and aerosol to characterize aerosol-cloud (2013)
interactions
SALTRACE  2013-2014, Barbados &  Characterize properties of aged dust in the Caribbean, this study
see Table 2 Caribbean quantify the impact of “aging” on the radiation budget

and cloud-microphysical processes, investigate the
meteorological context of trans-Atlantic dust
transport, and assess the roles of removal processes
during transport
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AMMA-SOPO: African Monsoon Multidisciplinary Analysis, Special observing period 0; BACEX: Barbados Aerosol Cloud
Experiment; BOMEX: Barbados Oceanic and Meteorological Experiment; CARRIBA: Cloud, Aerosol, Radiation and
tuRbulence in the trade wind regime over Barbados; CRYSTAL-FACE: Cirrus Regional Study of Tropical Anvils and Cirrus
Layers-Florida Area Cirrus Experiment; DABEX: Dust and Biomass-burning Experiment; DODO: Dust Outflow and
Deposition to the Ocean; Fennec: not an acronym; GERBILS: Geostationary Earth Radiation Budget Intercomparison of
Longwave and Shortwave radiation; ICE-D: Ice in Cloud Experiments — Dust; NAMMA: NASA AMMA; PRIDE: Puerto Rico
Dust Experiment; SAMUM: Saharan Mineral Dust Experiment; SHADE: SaHAran Dust Experiment
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1077  Table 2. Airborne, ground-based, and ship-borne measurements in the context of SALTRACE

Activity Time Observations, location Stratification
METEOR-cruise 29 Apr—23 May 2013  Ship-borne lidar, Guadeloupe — Cabo Verde Dust above marine
SALTRACE 10 Jun — 15 Jul 2013 SALTRACE column experiment (ground- Dust above marine

based and airborne in-situ & remote
sensing observations), for measurement
locations see Figure 1

SALTRACE-2 15 Feb — 8 Mar 2014 Ground-based lidar & sun photometers, Smoke/dust above
Barbados marine

SALTRACE-3 19 Jun—12 Jul 2014 Ground-based lidar & sun photometers, Dust above marine
Barbados

1078
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Figure 1. Flight tracks (red lines) of the airborne SALTRACE observations in summer 2013 with the
ground-sites Barbados (main super-site), Cabo Verde and Puerto Rico indicated. Furthermore, the
locations of the SAMUM measurements in Morocco (2006) and Cabo Verde (2008) are shown.

Figure 2. Map with SALTRACE measurement locations on Barbados. a) Photograph of trade-wind
cumuli over Barbados which were frequently observed. b) Lidar and sun photometer container at
Caribbean Institute for Hydrology and Meteorology Barbados (13°8‘55“N, 59°3729““W). The green line
is the laser beam from the TROPOS lidar instrument. c) Measurement tower with the ground-based in-
situ measurements at Ragged Point (13°09’54’’N, 59°25’56"’W). d) The DLR Falcon research aircraft
taking off at Barbados (13°4’32””N, 59°29'30"W) on 20 June 2013.

Figure 3. Summer (June-July-August) mean dust concentrations at Barbados from 1965 to 2013 with
the years of the airborne field experiments SAMUM and SALTRACE indicated.

Figure 4. Aerosol optical depth (AOD, 500 nm) throughout SALTRACE at Cabo Verde, Barbados, and
Puerto Rico together with a time-height cross-section of volume linear depolarization ratio (VLDR, 532
nm) illustrating the dust layer at Barbados. The red triangles in the three time series indicate the
median AOD during the duration of the Falcon flights. For Barbados, also the dust mass concentration
near the ground at Ragged Point is shown (blue circles). Lidar sequences in which clouds shielded the
dust layer were removed. To better visualize the time evolution of the dust layer, the lidar data were
linearly interpolated in periods without data. Interpolation was only performed if AOD time series
suggested that no major changes were taking place. White-shaded areas mark interpolated sequences.

Figure 5. Regions of most active dust sources during SALTRACE (red contours), SAMUM-1 (green
contours), and SAMUM-2 (blue contours). The gray-shaded areas indicate all source regions active
during SALTRACE regardless their emission intensity and activation frequency. Solid contour lines
represent the orography with altitudes (in m ASL) indicated.

Figure 6. Top: lidar cross-sections of dust layer structure in the Cabo Verde region (right) and Barbados
(left) together with a photograph of dust layers in the Caribbean (mid) during SALTRACE in summer
2013. Bottom: schematics of dust “aging” processes during transport from Africa into the Caribbean.

Figure 7. Time-altitude cross sections of volume linear depolarization ratio (VLDR) detected with the
TROPOS lidar BERTHA at three different locations between Africa and the Caribbean
(Ouarzazate/Morocco, Praia/Cabo Verde, Barbados) in summer 2006, 2008, 2013 and 2014 and in
winter 2008 and 2014. The aerosol extends from the ground to 3-5 km altitude. The top of the aerosol
layers is indicated by the white dashed lines. Note: VLDR values in Morocco and Cabo Verde were
measured at a wavelength of 710 nm, whereas the VLDR values in Barbados refer to 1064 nm.

Figure 8. COSMO-MUSCAT simulations showing the trans-Atlantic dust transport for the Lagrangian
dust sampling flights between 17 and 22 June 2013. Color-coded dust AOD maps are combined with
longitude-altitude cross-sections through the dust layer which show model dust mass concentrations.

Figure 9. Mineral dust size distribution detected with a combination of instruments before and after
trans-Atlantic transport: the size distribution between 0.01 — 1 um was determined from the data of a
CPC, a Grimm Sky OPC and a UHSAS-A using a consistent Bayesian inversion procedure (Walser et al.,
2016); for the coarse mode above 1 um, data points and uncertainty ranges from the CAS-DPOL
spectrometer are shown. The air mass studied in the Cabo Verde region (blue symbols) on 17 June
2013 was sampled again five days later above Barbados (red symbols). According to Stokes
gravitational settling, no particles larger than 7 um should be present at an altitude of about 1.3 km
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below the SAL top, i.e. at the altitude where these measurements in Barbados were taken. Number
concentrations are given for standard pressure and temperature conditions (1013 hPa, 273 K).

Figure 10. Composition / volatility size distribution for the Lagrangian observations. The samples were
collected near Cabo Verde (left) at 2.6 km altitude and near Barbados (right) at 2.3 km altitude. Top:
chemical particle groups are shown in color, volatility observations are given in black and white (‘small
inclusion’ referring to less than 30% of the particle volume, ‘large inclusion’ to 30% - 90%, and ‘coating’
to more than 90% of the volume being refractory). Bottom: composition of the refractory residuals
with particle sizes given as projected area diameter. The numbers above the diagram are the particle
counts for each bar; they cannot be considered as number size distribution.

Figure 11. Top: Measurements of volume linear depolarization ratio (VLDR) and attenuated
backscatter coefficient detected with the LMU lidar POLIS before, during and after the passage of
tropical storm Chantal, and on 11 July 2013 during the time of the first Falcon flight (Figure 12). Bottom:
Meteosat SAL-tracking satellite image (courtesy of the University of Wisconsin — CIMSS) overlaid with
contours of modelled dust AOD (500 nm, green contours) from the regional Saharan dust model
COSMO-MUSCAT. The Falcon flight track is indicated in turquoise.

Figure 12. Vertical profiles of extinction coefficient and PLDR detected with the POLIS lidar, aerosol
number concentration detected with several instruments in different size classes, and CCN number
concentration at 0.2% supersaturation (SS) for high (red) and low (blue) dust loads taken over Barbados
on 8 and 11 July 2013 (see also Figure 11 for the periods of the Falcon flights on those days). The
corresponding ground-based measurements at Ragged Point are shown with green symbols. Date
collected during sequences at constant altitude were averaged and are indicated with big symbols. The
error bars indicate the 16- and 84-percentile values within the individual horizontal level. The grey-
shaded areas sketch the overlap of the lidar and the range where the Constant Pressure Inlet (CPI) of
the CCN counter did no longer keep the CCNC at a constant pressure of 500 hPa. All data are given for
ambient conditions.
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* 110 flight hours between 10 June — 15 July 2013
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» Five large dust outbreaks
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Figure 1. Flight tracks (red lines) of the airborne SALTRACE observations? in summer 2013

with the ground-sites Barbados (main super-site), Cabo Verde and Puerto Rico indicated.

Furthermore, the locations of the SAMUM measurements in Morocco (2006) and Cabo

Verde (2008) are shown.

2 Note: no data are available in Brazilian airspace
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Figure 2. Map with SALTRACE measurement locations on Barbados. a) Photograph of trade-
wind cumuli over Barbados which were frequently observed. b) Lidar and sun photometer
container at Caribbean Institute for Hydrology and Meteorology Barbados (13°8‘55‘N,
59°3729W). The green line is the laser beam from the TROPOS lidar instrument. c)
Measurement tower with the ground-based in-situ measurements at Ragged Point
(13°09’54”’N, 59°25’56"’W). d) The DLR Falcon research aircraft taking off at Barbados

(13°4’32”’N, 59°29'30""W) on 20 June 2013.
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1167  Figure 3. Summer (June-July-August) mean dust concentrations at Barbados from 1965 to

1168 2013 with the years of the airborne field experiments SAMUM and SALTRACE indicated.
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Figure 4. Aerosol optical depth (AOD, 500 nm) throughout SALTRACE at Cabo Verde,

Barbados, and Puerto Rico together with a time-height cross-section of volume linear

depolarization ratio (VLDR, 532 nm) illustrating the dust layer at Barbados. The red triangles

in the three time series indicate the median AOD during the duration of the Falcon flights.

For Barbados, also the dust mass concentration near the ground at Ragged Point is shown
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1175  (blue circles). Lidar sequences in which clouds shielded the dust layer were removed. To
1176  better visualize the time evolution of the dust layer, the lidar data were linearly interpolated
1177  inperiods without data. Interpolation was only performed if AOD time series suggested that

1178 no major changes were taking place. White-shaded areas mark interpolated sequences.
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Figure 5. Regions of most active dust sources during SALTRACE (red contours), SAMUM-1

(green contours), and SAMUM-2 (blue contours). The gray-shaded areas indicate all source

regions active during SALTRACE regardless their emission intensity and activation

frequency. Solid contour lines represent the orography with altitudes (in m ASL) indicated.
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1194  Figure 6. Top: lidar cross-sections of dust layer structure in the Cabo Verde region (right)
1195 and Barbados (left) together with a photograph of dust layers in the Caribbean (mid)
1196  during SALTRACE in summer 2013. Bottom: schematics of dust “aging” processes during

1197  transport from Africa into the Caribbean.
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Figure 7. Time-altitude cross sections of volume linear depolarization ratio (VLDR) detected

with the TROPOS lidar BERTHA at three different locations between Africa and the

Caribbean (Ouarzazate/Morocco, Praia/Cabo Verde, Barbados) in summer 2006, 2008, 2013

and 2014 and in winter 2008 and 2014. The aerosol extends from the ground to 3-5 km

altitude. The top of the aerosol layers is indicated by the white dashed lines. Note: VLDR

values in Morocco and Cabo Verde were measured at a wavelength of 710 nm, whereas the

VLDR values in Barbados refer to 1064 nm.
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Figure 8. COSMO-MUSCAT simulations showing the trans-Atlantic dust transport for the

Lagrangian dust sampling flights between 17 and 22 June 2013. Color-coded dust AOD maps

are combined with longitude-altitude cross-sections through the dust layer which show

model dust mass concentrations.
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Figure 9. Mineral dust size distribution detected with a combination of instruments before
and after trans-Atlantic transport: the size distribution between 0.01 - 1 um was
determined from the data of a CPC, a Grimm Sky OPC and a UHSAS-A using a consistent
Bayesian inversion procedure (Walser et al., 2016); for the coarse mode above 1 um, data
points, 10 and 90 percentile concentration values from the CAS-DPOL spectrometer, and a
fits to the coarse mode size distribution data are shown. The air mass studied in the Cabo
Verde region (blue symbols) on 17 June 2013 was sampled again five days later above
Barbados (red symbols). According to Stokes gravitational settling, no particles larger than
7 pm should be present at an altitude of about 1.3 km below the SAL top, i.e. at the altitude
where these measurements in Barbados were taken. Number concentrations are given for

standard pressure and temperature conditions (1013 hPa, 273 K).
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Figure 10. Composition / volatility size distribution for the Lagrangian observations. The

samples were collected near Cabo Verde (left) at 2.6 km altitude and near Barbados (right)

at 2.3 km altitude. Top: chemical particle groups are shown in color, volatility observations

are given in black and white (‘small inclusion’ referring to less than 30% of the particle

volume, ‘large inclusion’ to 30% - 90%, and ‘coating’ to more than 90% of the volume being

refractory). Bottom: composition of the refractory residuals with particle sizes given as

projected area diameter. The numbers above the diagram are the particle counts for each

bar; they cannot be considered as number size distribution.
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Figure 11. Top: Measurements of volume linear depolarization ratio (VLDR) and attenuated
backscatter coefficient detected with the LMU lidar POLIS before, during and after the
passage of tropical storm Chantal, and on 11 July 2013 during the time of the first Falcon
flight (Figure 12). Bottom: Meteosat SAL-tracking satellite image (courtesy of the University
of Wisconsin — CIMSS) overlaid with contours of modelled dust AOD (500 nm, green
contours) from the regional Saharan dust model COSMO-MUSCAT. The Falcon flight track

is indicated in turquoise.
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SALTRACE: 11 July 2013 (high dust load) & 8 July 2013 (low dust load)
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Figure 12. Vertical profiles of extinction coefficient and PLDR detected with the POLIS lidar,
aerosol number concentration detected with several instruments in different size classes,
and CCN number concentration at 0.2% supersaturation (SS) for high (red) and low (blue)
dust loads taken over Barbados on 8 and 11 July 2013 (see also Figure 11 for the periods of
the Falcon flights on those days). The corresponding ground-based measurements at Ragged
Point are shown with green symbols. Date collected during sequences at constant altitude
were averaged and are indicated with big symbols. The error bars indicate the 16- and 84-
percentile values within the individual horizontal level. The grey-shaded areas sketch the
overlap of the lidar and the range where the Constant Pressure Inlet (CPI) of the CCN counter
did no longer keep the CCNC at a constant pressure of 500 hPa. All data are given for ambient

conditions.
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