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Abstract. African mineral dust is transported many thousands of kilometres from its source regions, and, be-
cause of its ability to nucleate ice, it plays a major role in cloud glaciation around the globe. The ice-nucleating
activity of desert dust is influenced by its mineralogy, which varies substantially between source regions and
across particle sizes. However, in models it is often assumed that the activity (expressed as active sites per unit
surface area as a function of temperature) of atmospheric mineral dust is the same everywhere on the globe.
Here, we find that the ice-nucleating activity of African desert dust sampled in the summertime marine bound-
ary layer of Barbados (July and August 2017) is substantially lower than parameterizations based on soil from
specific locations in the Sahara or dust sedimented from dust storms. We conclude that the activity of dust in
Barbados’ boundary layer is primarily defined by the low K-feldspar content of the dust, which is around 1 %.
We propose that the dust we sampled in the Caribbean was from a region in western Africa (in and around the
Sahel in Mauritania and Mali), which has a much lower feldspar content than other African sources across the
Sahara and Sahel.

Woodley, 2000). INPs can result in ice nucleation in droplets

The formation and growth of ice crystals strongly affect
the properties of clouds and have important implications for
cloud—climate feedbacks (Storelvmo, 2017). In the absence
of a special class of aerosol particle that can catalyse ice
formation, known as ice-nucleating particles (INPs), cloud
droplets can supercool to temperatures below —33 °C before
freezing homogenously (Herbert et al., 2015; Rosenfeld and

at much warmer temperatures, triggering microphysical pro-
cesses that can substantially alter the development of cloud
systems. For example, shallow clouds can persist in a super-
cooled state over large parts of the world but can transition
to a lower albedo state if INPs are present (Storelvmo et al.,
2015; Tan et al., 2016; Vergara-Temprado et al., 2018; Mur-
ray et al., 2021). In deep convective clouds, the presence of
INPs, ingested from the boundary layer or entrained from
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higher levels, can strongly alter the extent and lifetime of
anvil cirrus through perturbation of the microphysics and dy-
namics in the mixed-phase region of the cloud (Hawker et al.,
2021a; Rosenfeld et al., 2011; Gibbons et al., 2018; Hawker
et al.,, 2021b). Despite the importance of INPs for clouds
and climate, the global distribution, seasonal cycles, trans-
port, sources, and sinks of INPs remain poorly characterized
(Kanji et al., 2017; Vergara-Temprado et al., 2017).

Mineral dust from the world’s deserts is one of the most
important INP types for mixed-phase clouds around the
globe, even in locations many thousands of kilometres from
the arid source regions (Vergara-Temprado et al., 2017;
Hoose et al., 2010; Wiacek et al., 2010; Burrows et al., 2013).
It is often assumed that the activity of mineral dust in the at-
mosphere does not vary with source or physical and chemical
processing in the atmosphere (Niemand et al., 2012; Zhao et
al., 2021; Ullrich et al., 2017; DeMott et al., 2015). Also,
some commonly used laboratory-derived parameterizations
for the ice-nucleating activity of mineral dust are based on
the ice-nucleating activity of desert dust samples collected
from the surface in source regions rather than material trans-
ported hundreds or thousands of kilometres through the at-
mosphere (Ullrich et al., 2017; Niemand et al., 2012; Con-
nolly et al., 2009). However, there are reasons why these
parameterizations may not represent the ice-nucleating ac-
tivity of all atmospheric mineral dust from deserts: firstly,
dusts from different source regions, with different mineralo-
gies (Nickovic et al., 2012; Claquin et al., 1999), have been
found in some studies to have substantial differences in ac-
tivity (Boose et al., 2016b, 2019); secondly, dust may be
physically or chemically altered (referred to as weathering
or ageing) when transported in the atmosphere (Sullivan et
al., 2010; Fahy et al., 2022).

Mineral dusts generated from desert soils are composed
of various minerals, with the three most abundant groups
in the atmosphere being clay, quartz, and feldspar (Murray
et al., 2012; Perlwitz et al., 2015). These dusts are created
by the physical and chemical weathering of the Earth’s sur-
face and are commonly sourced from arid regions in Africa,
the Middle East, and Asia (Prospero et al., 2002). Feldspar
minerals rich in potassium (K-feldspars) are thought to be
the most effective ice nucleator of any major mineral com-
ponent found in dust (Niedermeier et al., 2015; Augustin-
Bauditz et al., 2014; Peckhaus et al., 2016; Harrison et al.,
2016; Zolles et al., 2015; Harrison et al., 2019; Holden et
al., 2019; Atkinson et al., 2013). The amount of feldspar in
desert soils varies substantially; for example, in parts of the
western Sahel in Mali and Mauritania, the total feldspar con-
tent is less than 2 %, whereas in large parts of the central Sa-
hara, the total feldspar content is ~ 12 % to 20 % (Nickovic
et al., 2012; Perlwitz et al., 2015). Hence, it would be ex-
pected that the ice-nucleating activity of mineral dust has a
dependence on source region. In addition, there is significant
variability in the ice-nucleating activity of K-feldspars with
similar crystal structures and chemical composition, which
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produces a range of ice-nucleating activities (Harrison et al.,
2016, 2019).

The concentration of INPs in a dust plume will of course
decrease as the plume mixes with non-dusty air, but the
dust’s activity (active sites per unit surface area) may also
change. For example, the ice-nucleating activity of dust has
been shown to decrease when exposed to acids (Wex et al.,
2014; Sullivan et al., 2010; Perkins et al., 2020; Kumar et al.,
2018). This reduced activity is presumably related to the acid
dissolution of ice-active sites, but interaction with less reac-
tive materials can also alter the nucleating activity of mineral
dust. For example, laboratory studies show that internal mix-
ing with a range of aqueous salts may reduce (or sometimes
enhance) the activity of mineral dust (Boose et al., 2019;
Kumar et al., 2018; Whale et al., 2018; Reischel and Vali,
1975). In addition, it has been reported that sea salt is cor-
related with reduced activity of desert dust in atmospheric
samples (Iwata and Matsuki, 2018; Si et al., 2019). Con-
versely, it has been shown that ammonium salts can enhance
nucleation (Whale et al., 2018; Reischel, 1987). Given the
global significance of desert dust as an INP type, it is clearly
necessary to characterize the ice-nucleating ability of desert
dust far from source regions as well as dust samples close to
those sources. In this paper, we report measurements of INP
concentrations and ice-nucleating activity (on a per-surface-
area basis) of mineral dust from African sources in the ma-
rine boundary layer (MBL) on the east (windward) coast of
Barbados during July and August 2017. Apart from offer-
ing insight into the activity of mineral dust advected from
Africa, these measurements help to define the INP spectrum
in the tropical Atlantic and the Caribbean boundary layer,
which is important for defining primary ice production in
deep convection. The summertime atmosphere above Bar-
bados is well known for containing substantial quantities of
dust which has been transported from Africa, typically over
the course of about a week (Zuidema et al., 2019; Prospero
and Carlson, 1972; Prospero et al., 2021). It is tempting to
think of mineral dust from North Africa to the Caribbean as a
simple source, transport, and receptor system; however, dust
transport across the Atlantic to the boundary layer of Barba-
dos is complex. Hence, we start this paper with a brief review
of dust transport that then informs our interpretation of the
measurements we report later in the paper.

2 Transport of African dust to the Caribbean

North Africa is the world’s largest single source of mineral
dust (Prospero et al., 2002; Ginoux et al., 2012), exporting
between 400 and 2200 Tg yr’1 (Huneeus et al., 2011). Dust
is transported across the Atlantic at a range of altitudes, and
the vertical distribution of dust is defined by the meteorol-
ogy in the source regions. The well-known Saharan air layer
(SAL) is an important dust transport route above the bound-
ary layer, but there are other transport routes which may be
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as or more important for the Barbados boundary layer (see
Fig. 1).

The SAL is a layer of hot, dry air that is frequently dusty,
which propagates westward towards the Caribbean (Carlson
and Prospero, 1972; Weinzierl et al., 2017). Its origins are
across the central Sahara, where air is heated and then mixed
vertically upwards due to dry convection before sliding over
the marine boundary layer (MBL) as it travels westward
over the Atlantic (Carlson and Prospero, 1972; Knippertz
and Todd, 2012). The SAL is typically confined to ~4km
thickness, with dust concentrations decreasing sharply at its
top boundary and a strong inversion at the bottom of the
layer separating it from the MBL (Carlson and Prospero,
1972; Gasteiger et al., 2017; Weinzierl et al., 2017). Mid-
level clouds can form in the upper part of the SAL where
the dust may promote primary ice formation (Barreto et al.,
2022).

In the summer, the SAL usually resides above the MBL
in the Caribbean, but the air in the MBL is also often very
dusty (Maring et al., 2003a; Reid et al., 2002; Weinzierl et
al., 2017). Some dust in the MBL comes from downward
transport from the SAL through moist convective erosion at
the base of the SAL (Prospero and Carlson, 1972; Reid et al.,
2003), but there is also a low-altitude transport route through
the MBL of dusty air from western Africa (Chiapello et al.,
1995; Carlson and Prospero, 1972; Reid et al., 2002). Ra-
diogenic isotope signatures of dust sampled in the Barbados
MBL suggest that the dominant source of transported dust
is in the western Sahel around Mali and Senegal rather than
sources in the central Sahara, such as the Bodélé depression
(Bozlaker et al., 2018; Pourmand et al., 2014).

Observations show very little or no detectable sea salt
aerosol above the boundary layer, indicating that turbulent
mixing between the MBL and free troposphere is relatively
weak (Maring et al., 2003a). Hence, it is not a surprise that
dust concentrations in the MBL and SAL are often decou-
pled. In fact, the dust concentrations in the MBL can be
greater than those in the SAL (Reid et al., 2002; Maring et
al., 2003a), which is consistent with independent transport
routes and African sources. In addition, the size distribution
of dust in the SAL is similar to the size distribution in the
MBL on average (Maring et al., 2003b), which suggests that
size-dependent sedimentation of SAL dust into the MBL is
not a major process and that dust properties are dependent on
transport history.

It typically takes around a week for African mineral dust to
reach the Caribbean from the west coast of Africa (Weinzierl
et al., 2017; Knippertz and Todd, 2012). The highest concen-
trations of dust often occur behind a tropical easterly wave
(a trough of low pressure), and because the SAL is relatively
warm, convection is suppressed in regions of high dust (Pros-
pero and Carlson, 1970; Carlson and Prospero, 1972). In-
stead, relatively shallow clouds tend to form at the top of the
MBL (that may cause some mixing), and deep convection
is associated with air masses containing less dust (Prospero
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and Carlson, 1970). Maring et al. (2003b) point out that wet
scavenging was a minor loss route, since the small cumu-
lus clouds which form in dusty air do not regularly precipi-
tate. Also, these small cumulus clouds are not supercooled,
and INPs are therefore not preferentially scavenged through
growth and precipitation of ice.

The size distribution of African dust is remarkably sta-
ble across the Atlantic. Based on gravitational settling alone,
one would expect the coarse-mode aerosol to be depleted on
transport across the Atlantic. However, the normalized size
distribution of particles less then ~ 7 um diameter is similar
on both sides of the Atlantic but with particles larger than
7 um being preferentially removed (Maring et al., 2003b).
Modelling indicates that other processes including turbulent
mixing in the SAL play a role in counteracting gravitational
settling (Maring et al., 2003b; Gasteiger et al., 2017).

Overall, the literature paints a complex picture of the rela-
tionship between the properties of dust measured in Barba-
dos and dust transport from Africa. However, it is clear that
the properties of dust in the Caribbean MBL may be distinct
from those in the SAL since the sources and transport path-
ways are distinct.

3 Methodology

3.1 Project overview

The Barbados Ice-nucleating particle Concentration
Experiment (B-ICE) was conducted at Ragged Point
(13°09'55.6” N, 59°25'54.7” W), which is on the far easterly
windward coast of Barbados and has been used to study
African dust for many decades (Prospero et al., 2021). The
air at this location is relatively pristine with little local
influence and consistently originates from the east (Zuidema
et al., 2019). The University of Miami has infrastructure on-
site including a ~ 17 m sampling tower, which is situated on
a 30 m bluff and was built to minimize the sampling of local
sea spray aerosol produced at the base of the cliff (Prospero
et al., 2021). It has been shown that the aerosol sampled
here are representative of the marine boundary layer (Wex et
al., 2016). The summer months are when Barbados typically
experiences the highest dust concentrations (Zuidema et al.,
2019), and so B-ICE ran during these months (24 July to
24 August 2017).

Our approach in B-ICE was to sample aerosol onto filters
for offline analysis of INP concentration spectra. INP droplet
freezing analysis was performed on-site at Ragged Point
within the IcePod mobile laboratory within hours of sam-
pling (O’Sullivan et al., 2018). This minimized any changes
in ice-nucleating activity caused by storage and transport of
filter samples back to our laboratory in Leeds (UK). Using
the IcePod to analyse the samples also had the advantage
that we could perform successive handling blanks in order to
identify and minimize sources of contamination. Given the
relatively low INP concentrations we observed and the po-
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Figure 1. Illustration of the transport of mineral dust from Africa to the summer Caribbean, highlighting transport of dust through the

Saharan air layer and also through the marine boundary layer.

tential for contamination, the ability to do handling blanks
on-site proved to be very important. In parallel with the
INP analysis, we quantified the particle size distribution. The
combination of these two measurements allowed us to derive
the temperature-dependent active site density of dust in Bar-
bados. The active site density allowed us to quantitatively
compare the ice-nucleating activity of African dust in the
Barbados MBL with the activity of dust sampled from the
surface and in other dusty locations.

3.2 Aerosol sampling and measurements

Three Mesa Labs BGI PQ100 aerosol samplers, atop the
sampling tower, were used at a flow rate of 16.7 L min~!
(i.e. 1 m?h~!) with an aerosol cut-off size of 10 um to sam-
ple aerosol onto track-etched polycarbonate filters (What-
man Nuclepore, 0.4 um pore size). The samplers were al-
lowed to run for varying periods of time, with the flow
rate and sampling duration being recorded by inbuilt mass
flow controllers (see Table S1). Often, two PQ100 samplers
were run side by side to obtain two filters that could be di-
rectly compared. Technical problems with the pumps meant
that sampling periods were not always uniform, but the re-
ported sample volumes are accurate. Where possible, one
filter would be used for the on-site ice nucleation exper-
iments (Sect. 3.3), and the other would be sealed, frozen
and shipped to Leeds for analysis by scanning electron mi-
croscopy with energy-dispersive X-ray spectroscopy (SEM-
EDS; Tescan VEGA3 XM SEM fitted with an X-max 150
SDD EDS system controlled by Aztec 3.3 software by Ox-
ford Instruments) (Sect. 3). The methodology for SEM-EDS
analysis to provide details on aerosol mineralogy and par-
ticle size distributions is described by Sanchez-Marroquin
et al. (2019). In addition, we used powder X-ray diffraction
(XRD) to examine the mineralogy of a dust sample using a
Bruker D8 instrument operating with Cu K-alpha 1 radiation.

Throughout the campaign, handling blanks were taken by
placing a clean filter in the filter holder of a BGI PQ100
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sampler, then removing it without sampling any aerosol
through it and performing ice nucleation experiments fol-
lowing the procedure we used for analysing aerosol samples
(see Sect. 3.3). For some additional handling blanks, a high-
efficiency particulate air (HEPA) filter was used instead of
the inlet head, and air was sampled for a duration of time
before removing the filter for analysis.

A TSI 3321 aerodynamic particle sizer (APS) was placed
in a weatherproof container on top of the tower with no size-
selective inlet head. Non-dried air was sampled at a flow rate
of 1 Lmin~! to take particle size distribution measurements
in the range of 0.5-20 um. Maring et al. (2003) suggest that
a change in relative humidity from 25 % to 95 % will lead
to a <6 % change in geometric diameter, with the typical
relative humidity at Barbados being ~ 80 %. Hence, hygro-
scopic growth will have a minor impact on the resulting size
distributions. The size distribution of smaller aerosol parti-
cles (~ 10-500 nm, volume equivalent diameter) was quan-
tified using a GRIMM 5420 scanning mobility particle sizer
(SMPS). The flow was dried to around 30 % RH and had a
sheath flow in the inlet at the top of the tower to achieve near
isokinetic sampling. The SMPS was situated in a laboratory
just to the side of the tower and was connected to an inlet
with an almost vertically oriented pipe.

The ambient aerosol size distribution was measured
throughout the field study by both the SMPS and APS, with
the exception of periods affected by sporadic power outages
or maintenance. SMPS and APS datasets were converted
to volume equivalent diameters and merged to produce the
volume equivalent size distribution, as described by Mo6h-
ler et al. (2008), using a particle density of 2.6 gcm™ and
a shape correction factor of 1.3 (i.e. values pertinent for min-
eral dust).

3.3 Ice nucleation experiments

An immersion-mode droplet assay technique, using the
microlitre Nucleation by Immersed Particle Instrument
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(UL-NIPI), was used for all ice nucleation experiments
(O’Sullivan et al., 2014; Harrison et al., 2016; Whale et
al., 2015). This method has previously been applied to the
analysis of filter-collected aerosol samples (O’Sullivan et al.,
2018), based on the method of filter sampling and subsequent
suspension of the aerosol particles in water described by De-
Mott et al. (2016). In brief, aerosol particles were washed
from polycarbonate filters using ultrapure water by placing
each filter in a 50 mL Falcon tube with 5 mL of water and agi-
tating it on a shaker for 30 min. The resulting wash water was
then used to pipette 1L droplets (roughly 30-50 droplets
per experiment) onto a hydrophobic glass slide which was
atop a cold stage and sealed from the atmosphere in a Per-
spex enclosure. Dry nitrogen gas was passed into the cham-
ber to prevent condensation on to the glass slide, while the
system was cooled down at 1 °C min~!. The temperature at
which the droplets froze was recorded using a digital camera
and synchronized thermocouple temperature measurements.
This leads to the recording of a fraction of droplets frozen at
a given temperature for each aerosol suspension. The fraction
frozen can then be used to calculate the atmospheric INP con-
centration Ninp(7') and the active site density per unit surface
area (ns(7)) of the aerosol suspension; see Eqs. (1) and (2).

_ ny(T) Vw

N[NP(T) =—In N VoV (1)
—In(1—AND

ny(T) = (A t ) @

where n, is the number of unfrozen droplets out of the total
number of droplets (), Vi, is the volume of wash water used
to collect the aerosol from the filters (5 mL), V, is the volume
of the droplets (0.001 mL), V; is the volume of air sampled
on to the filters, A is the surface area of aerosol particles in
each droplet, and AN is the number of frozen droplets at
temperature 7.

At the start of each day, a blank experiment was con-
ducted by performing the droplet assay technique using high-
performance liquid chromatography (HPLC)-grade water to
determine the background of the experiment before perform-
ing experiments on filter-collected aerosol. HPLC wash wa-
ter from the rinsing of handling blank filters was also pe-
riodically assayed to determine the extent of contamination
during the sampling process. The handling blanks and base-
lines were in agreement with one another, although there was
a large degree of variability across all blanks (~4 °C at T5,
where Tsq is the temperature at which 50 % of the droplets
have frozen). This variability was attributed to contamina-
tion of the HPLC water, possibly from aerosol present in the
working environment. Efforts were made to minimize con-
tamination, but backgrounds throughout the campaign were
variable. These backgrounds were used to background sub-
tract our data and can be seen in Fig. S2 (see also Text S1 for
a full description of the protocol).
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A subset of samples underwent heat testing to evaluate the
presence of protein-based biological INPs, since ice-active
proteins associated with some classes of biological INPs
can be denatured with heat, causing a decrease in their ice-
nucleating activity (O’Sullivan et al., 2018; Christner et al.,
2008; Garcia et al., 2012). In contrast, it is assumed that the
ice-nucleating activity of the most active component of min-
eral dusts, K-feldspar, is not heat-sensitive, consistent with
recent tests (Daily et al., 2022). A selection of suspensions
were heated to 100 °C for 1 h by immersing a suspension in
a sealed polypropylene falcon tube within boiling water. The
INP content of this suspension was determined before and
after heating.

The INP data presented in the following sections have
had the pure water background subtracted (unless specified).
Data points that had error bars spanning more than 4 orders
of magnitude, or were considered statistically insignificant,
are indicated with open symbols and should be considered
as upper limits. A description of the background subtraction
and the calculation of the errors is found in Text S1.

3.4 Characterization of aerosol in Barbados during the
campaign

A compilation of size distribution measurements at Ragged
Point using the SMPS and APS is shown in Fig. 2. These
distributions show that the aerosol particle size distribution
at Ragged Point during the campaign was relatively invariant
and always contained the same modes centred at about 0.04,
0.15, and 1.5 pm. The mode at 0.15 um is probably associated
with sea spray, whereas that at 0.04 um was probably associ-
ated with new particle formation events (Wex et al., 2016;
Quinn et al., 2021). The mode at 1.5 um is associated with
mineral dust, which is similar to the mode centred at 2.0 um
associated with mineral dust in the Amazon (Moran-Zuloaga
et al., 2018). This invariance in the measured size distribu-
tions during the campaign is consistent with a relatively con-
stant source of mineral dust and subsequent transport.

The SEM-EDS-derived size-resolved composition of
aerosol samples collected at Ragged Point is shown in Fig. 3.
These data show that mineral dust was the dominant aerosol
type in the accumulation and coarse mode (above ~ 300-
600 nm) in this location. Mineral dust is identified as Si-rich
material, which includes materials like quartz, silica, clays,
and feldspars, as well as a smaller proportion of Ca-rich ma-
terial. This analysis suggests that mineral dust was the main
contributor to the surface area of the aerosol in this location
with, on average, 92 % of the aerosol surface area being at-
tributable to mineral dust above 0.2 um. We use this obser-
vation later in this paper to justify the assumption that the
aerosol surface area derived from the APS and SMPS size
distribution measurements is a good approximation of the
mineral dust surface area in the derivation of ng(7).

There are also other particle types contributing to the
aerosol in Barbados. The mineral dust was often internally
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Figure 2. Compilation of size distributions of aerosol sampled over
the campaign compared to data from the eastern tropical Atlantic.
Data from the SMPS (scanning mobility particle sizer) and APS
(aerodynamic particle sizer) spectrometer corresponding to each
INP filter sample are shown (black points), alongside four distri-
butions from the SEM (scanning electron microscope) analysis (red
lines). The SMPS and APS size distributions have been merged to
produce the volume equivalent diameter assuming parameters for
mineral dust; see Methods. Size distributions for the eastern tropi-
cal Atlantic are shown for both the SAL (blue line) and the MBL
(green line) (Ryder et al., 2018).

mixed with sea salt, similar to a previous study of aerosol at
Ragged Point (Kandler et al., 2018), and sea salt (Na-rich cat-
egory) also appeared as an externally mixed (mostly submi-
cron) particle type. Previous work has linked sea salt aerosol
to wind speed (Kandler et al., 2018; Klingebiel et al., 2019).

Using the SEM-EDS analysis, we also quantified the size
distribution of the aerosol and compared this to the volume
equivalent size distributions from the APS-SMPS system in
Fig. 2. We use the APS-SMPS size distributions to define
ng(T), the density of active sites — an expression of active
sites per unit surface area. The aerosol surface area deter-
mined from these two very different methods of deriving size
distributions is within a factor of ~ 2. However, the size dis-
tribution from the SEM-EDS is shifted to larger sizes. This
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might be because particles on a filter will tend to orientate
with the shorter dimension in the vertical; hence the true
volume-equivalent diameter may be somewhat smaller. In
addition, particles of mineral dust are often aggregates of
smaller particles and may have a lower density than used
to derive the volume equivalent diameter from the APS and
SMPS data (we used 2.6gcm™3). It is also possible that
we undersampled the coarse-mode aerosol at the APS inlet,
which would result in a low bias in the surface area. When
calculating the values of ng(7T) for mineral dust in Barbados,
presented in Sect. 5.2, we need the surface area of mineral
dust. We integrated over the full size distribution; however
aerosol types other than mineral dust will likely dominate be-
low ~200nm. Hence we will overestimate the mineral dust
surface area by a factor of much less than 2. Nevertheless, the
uncertainty in mineral dust surface area is less than a factor
of 2 overall, which is relatively small in comparison to other
uncertainties in the derivation of ng(T) (see Text S1 in the
Supplement).

Given K-feldspars have been identified as the mineral
group that dominates the ice-nucleating activity of mineral
dusts, an estimate of the K-feldspar content of the dust is
useful. Kandler et al. (2018) reported that pure K-feldspar
grains made up 0.7 £ 0.2 wt % of the mineral dust (across ~ 1
to 10 um diameter; average taken from data in their Fig. 13)
sampled at Ragged Point (summer 2013 and 2016). Using
the method for analysing SEM-EDS spectra defined by Kan-
dler et al. (2018) suggests that 0.1 wt % of mineral dust grains
was made of K-feldspar in our samples. This value is likely
an underestimation of the K-feldspar component due to the
technique not being sensitive to the detection of K-feldspar
when it is internally mixed with other minerals (Kandler et
al., 2018; Marsden et al. 2019). The K-feldspar content of
dust in other locations around the world can be substantially
larger than this, ranging from values comparable to those re-
ported here up to 25 % in Morocco (Atkinson et al., 2013)

X-ray diffraction was used to analyse dust accumulated
in the rainwater trap on a BGI PQ100 sampler (between 3—
5 August 2017). This was an opportunistic sampling during
a heavy rain event and was not done routinely during the
campaign. The Rietveld analysis of the resulting powder pat-
tern (Fig. S4) revealed that there was kaolinite (57.8 wt %),
muscovite and/or illite) (27 wt %), quartz (9.1 wt %), plagio-
clase (3.6 wt %), and calcite (2.6 wt %) present (Fig. S4). K-
feldspar was below the detection limit of the method, which
we estimated at ~ 2 wt % (Hillier, 1999; Maters et al., 2019).
Overall, K-feldspar being in concentrations below 2wt %
and above 0.1 wt% is consistent with previous measure-
ments at Barbados of 1.7 wt % made by Glaccum and Pros-
pero (1980) and ~ 0.7 wt % by Kandler et al. (2018).
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Figure 3. Scanning electron microscope (SEM) analysis of the composition of particles collected during the campaign. Panels (a) to (d) show
the size-resolved composition of the particles with number of particles per bin indicated; panel (e) shows the surface area size distribution of
all particles (solid lines) and the mineral dust category (Si, Al-Si-rich and Ca-rich; dashed lines); and panel (f) shows an example of several
mineral dust grains in an electron microscope image (centre), the presence of Si in these (right) and particles rich in Na and ClI (i.e. fresh sea

salt; left). Each image is approximately 25 um wide.

4 Ice-nucleating particle measurements in Barbados

4.1 Ice-nucleating particle concentrations in Barbados

The INP concentrations measured in the MBL at Ragged
Point in Barbados during July and August 2017 are shown in
Fig. 3a. The concentrations are generally low, with between
~0.01 and 0.4 INPL~! at —20°C. As a result of the low INP

https://doi.org/10.5194/acp-22-9663-2022

concentrations, the fraction frozen curves were close to the
fraction frozen curves of the handling blanks; hence some of
the data are marked as an upper limit (open symbols; see Text
S1 for details of the background subtraction). The slopes of
the fraction frozen curves (dinNnp / dT') were very similar
throughout the campaign, indicating that the same INP type
was present throughout. Figure 5 illustrates the time series of
the temperature at which the INP concentration was 0.1 L1,
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again showing that the INP spectra were relatively invariant
through the campaign. For technical reasons we performed
very few parallel samplings where the same volume of air
was sampled over the same period of time on multiple filters
(we had technical problems with our samplers). However, on
4 August we did manage to do this and found excellent repro-
ducibility between the two samples, with the temperature at
0.1INPL~! being within the 0.4 °C instrument uncertainty
(Whale et al., 2015). The variability in the INP spectra of
~ 3K would therefore appear to be related to the activity
of the aerosol. In addition, the aerosol (and dust) mass con-
centrations were also relatively constant during the campaign
(Fig. 5), as were the meteorological parameters of pressure,
relative humidity, and temperature (see Fig. S7). The vari-
ability in dust mass concentration in our campaign in 2017
was substantially less than that in other years (Zuidema et
al., 2019); hence a campaign in a different year may have
found more variability in INP concentrations.

To determine whether biological ice-nucleating material
contributes to the INP population, we heated sample suspen-
sions to about 100 °C. Protein-based biological INPs are de-
natured by heat, and hence if they are present, we expect to
see a decrease in activity, whereas the activity of K-feldspar
is affected only marginally (a deactivation of around 1°C)
(Daily et al., 2022; O’Sullivan et al., 2018). On heating a se-
lection of aerosol suspensions, we observed that there was
no substantial decrease in ice-nucleating activity and there-
fore conclude that proteinaceous biological INPs were not
the dominant INP type (Figs. 6 and S8). However, inspection
of the individual fraction frozen curves (Fig. S8) shows that,
on two occasions (2 and 3 August), the INPs active at the
highest temperatures were sensitive to heat. These days were
characterized by relatively high wind speeds, and on 3 Au-
gust, the SEM-EDS analysis (Fig. 2) revealed more coarse-
mode sea spray than other days. Hence, we suggest that,
on some occasions, marine organic INPs were contributing
to the INP population. Nevertheless, overall, the heat tests
were consistent with mineral dust (specifically K-feldspar)
being the major INP type at this location with some possi-
ble sporadic contributions from biogenic (most likely marine
organic) sources.

In Fig. 4b, we compare the INP measurements with liter-
ature INP concentration data for the Caribbean region and a
compilation of concentrations around the world from precip-
itation samples. The new data for Ragged Point in Barbados
are consistent with other measurements in the MBL in other
parts of the Caribbean (DeMott et al., 2015, 2016; Schrod et
al., 2020). Relative to the compilation of INP concentrations
from Petters and Wright (2015), the INP concentrations in
the MBL of the Caribbean are at the low end of what is ob-
served around the world.

In Fig. 4c we also compare to measurements of INP con-
centrations in the eastern tropical Atlantic, much closer to
the African dust sources. Price et al. (2018) reported aircraft
measurements made in the eastern tropical Atlantic at alti-
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Figure 4. INP concentrations in Barbados and the tropical Atlantic.
(a) Compilation of INP concentration spectra from Barbados from
the 24 July—24 August 2017. See Table S1 where the data point
colour is linked to the sampling period. Data points which were con-
sistent with the background signal are displayed as hollow points
and are upper limits (see Text S1). The uncertainty on the uL-NIPI
instrument is estimated to be 0.4 °C (Whale et al., 2015). (b) INP
concentrations in the MBL of Barbados compared to other mea-
surements in the Caribbean (DeMott et al., 2015, 2016; Schrod et
al., 2020), as well as the range of INP concentrations derived from
precipitation samples around the globe (Petters and Wright, 2015)
and a representation of INP concentrations from marine locations
and wave tank experiments (DeMott et al., 2016). The range of re-
ported INP concentrations, at a set of temperatures, measured using
a continuous flow diffusion chamber (CFDC) in the marine bound-
ary (MBL) layer and free troposphere (FT) of the Caribbean are
presented as the shaded red and blue regions (DeMott et al., 2015).
(c) The Caribbean INP concentrations compared with the available
measurements in the eastern tropical Atlantic.
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Figure 5. Time series of the temperature at which the INP con-
centration was a specified value (0.1 INP L) in comparison to
the aerosol mass concentration derived from the APS (i.e. parti-
cles larger than 0.5 um), based on a gravimetric analysis (Zuidema
et al., 2019) and predicted by a global aerosol model (GLOMAP)
(Vergara-Temprado et al., 2017). The width of the green bars indi-
cates the time over which sampling took place.

tudes between 30m and 3.5 km, where INP concentrations
were between ~ 1 and 100 L~! at —20 °C, whereas they were
between 0.01 and 0.4L~! in Barbados. Welti et al. (2018)
reported ground-based MBL measurements in Cabo Verde
(~10~*t0 10~2L~! at —10°C). Note that the technique em-
ployed by Welti et al. (2018) was insensitive to INP concen-
trations above about 0.1 L™1; hence the actual INP concen-
trations may have extended to greater values at the lower end
of their temperature range. These INP concentrations overlap
with those found in the Caribbean but extend to higher val-
ues. Generally, the comparison of INP concentrations on the
two sides of the Atlantic suggests that there is a lower INP
concentration in the Caribbean versus the eastern tropical At-
lantic. Qualitatively, this is what we would expect, given the
surface area concentration of dust is lower in the Caribbean
than near the coast of Africa.

In an aircraft study, DeMott et al. (2015) reported that
the INP concentrations in the MBL layer were considerably
lower than in the free troposphere (Fig. 4b). Both the MBL
and the free troposphere are relatively dusty in the Caribbean;
hence it would appear that the activity of the dust in the MBL
and free troposphere is perhaps different, which might be
consistent with different transport pathways or distinct age-
ing processes in the two layers.

4.2 Ice-nucleating activity of African dust in Barbados

To quantify the ice-nucleating activity of the dust we sam-
pled in the MBL of Barbados, we derive the temperature-
dependent active sites per unit surface area, ng(7), for our
aerosol samples. We derive ns(7T) using the measured INP
concentrations and the surface area of aerosol derived from
the SMPS and APS data (Fig. 2). We assumed that the surface
area derived from the total size distribution measurements
was equal to the surface area of mineral dust. This assump-
tion is supported by the SEM-EDS analysis, which showed
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Figure 6. The response of a selection of the aerosol samples to heat,
to test for protein-based ice-nucleating material. The date and time
correspond to the start of sampling; see Table S1. We also show the
heat response of a 0.05 wt % Snowmax® (lyophilized Pseudomonas
syringae), a protein-based ice-nucleating material that is highly sen-
sitive to heat from Daily et al. (2022). These heat tests are wet heat
tests, where particles were suspended in water and heated in a bath
of boiling water.

that mineral dust made up > 90 % of the aerosol surface area
of particles larger than 0.2 um, the size range with the major-
ity of the surface area (Fig. 3).

In Fig. 7, we present ny(T") determined from our measure-
ments in Barbados as well as those reported in the literature
for African mineral dust (we have focused this comparison
exclusively on dust sourced from Africa, since the dust we
sampled in Barbados originates from Africa). The literature
data fall into two broad groups: the first is for African surface
samples (soil or settled from a dust storm) that were taken to
a laboratory for analysis of their ice-nucleating properties;
the second is for samples of airborne African mineral dusts
that were sampled and then analysed either in the field or in
a laboratory.

The active site density, ng(T), of dust sampled in Barba-
dos is about 2 orders of magnitude smaller than African dust
examined in a cloud chamber that was sampled from specific
locations (Ullrich et al., 2017) and about 1 order of mag-
nitude smaller than dust sampled in the eastern tropical At-
lantic by Price et al. (2018). The activity of African dust in
Barbados overlaps with the activity of airborne African dust
sampled in Israel (Reicher et al., 2018), the Canary Islands
(Boose et al., 2016a), and several locations near or in Africa
(Boose et al., 2016b). Our results show that transported min-
eral dust in the Caribbean MBL has a relatively low activ-
ity compared to dust samples in the African sources; hence
parameterizations based on the ice-nucleating activity of sur-
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Figure 7. Ice nucleation active site surface density, ns(T"), mea-
surements for Barbados compared with literature values for African
mineral dust. We have coloured all “surface samples” that were
taken from the surface (either soil samples, or settled dust from a
dust storm) and then analysed later in a laboratory with blue points
(Ullrich et al., 2017; Boose et al., 2016b). Note that we only show
data from Boose et al. (2016b) for the African sample that was not
milled. The other literature datasets are for mineral dust sampled
from the air in locations in or near Africa (Boose et al., 2016a;
Boose et al., 2016b; Reicher et al., 2018; Price et al., 2018; Gong et
al., 2020). We also show the parameterization for mineral dust sam-
ples from the surface (soil samples and dust precipitated from dust
storms) from multiple arid locations around the world (Ullrich et al.,
2017) and an ng(T) parameterization for K-feldspar from Harrison
et al. (2019) scaled to 1 %, where the grey band is the variability in
the ice-nucleating activity of K-feldspar samples (in other locations
the K-feldspar content was most likely greater than 1 %).

face samples from those sources will produce INP concen-
trations that are too high.

While the activity of dust in the MBL is relatively low,
there is evidence that the activity of the dust in the Caribbean
SAL is much greater. DeMott et al. (2015) found that the
INP concentration in the SAL was higher than in the MBL
during the ICE-T campaign in July 2011. They then used
a dust parameterization (based on a combination of lab and
field measurements) to predict the INP concentration in the
MBL and SAL using the measured aerosol size distribution.
They found that the parameterization represents the activity
of mineral dust in the SAL, and it over-predicts the activity
of dust in the MBL by a factor of ~ 15. Hence, the question
is why the African dust in the MBL of Barbados has a rela-
tively low activity compared to dust in the SAL, the eastern
tropical Atlantic, and the African source.
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5 Why African dust in the MBL in Barbados has a
relatively low ice-nucleating activity

The ng(T') values presented in Fig. 7 and the discussion above
show that dust in the MBL of Barbados has a lower activ-
ity than dusts used in laboratory experiments or dust in the
Caribbean SAL and the eastern tropical Atlantic. In this sec-
tion we discuss the possible reasons as to why dust in Barba-
dos has a relatively low ice-nucleating activity.

5.1 Low K-feldspar content

Mineralogy, and in particular the amount of K-feldspar,
strongly determines the ice-nucleating activity of mineral
dust (Augustin-Bauditz et al., 2014; Niedermeier et al., 2015;
Harrison et al., 2019; Atkinson et al., 2013). The mineral-
ogy measurements summarized in Sect. 4 indicate that the
K-feldspar content of dust in Barbados is typically around
0.1 % to 2 % by mass. Hence, in Fig. 7, we have plotted an
ng(T) parameterization from Harrison et al. (2019) for K-
feldspar scaled to 1 %, i.e. assuming 1 % of the surface area
of African dust is K-feldspar. Harrison et al. (2019) derived
this parameterization from data for K-feldspar from multi-
ple samples, which we use to indicate the variability in ns(7")
for K-feldspar as a shaded area in Fig. 7 (in Fig. S5 we also
show the predicted INP concentration associated with pla-
gioclase, albite, and quartz as well as K-feldspar, showing
that K-feldspar contributes more to the ice-nucleating activ-
ity of dust in this location than the other minerals). The 1 %
K-feldspar parameterization is an excellent fit to the African
dust in Barbados. It is also a good fit to the ns(7") values de-
rived from dust sampled in Israel (Reicher et al., 2018), the
Canary Islands (Boose et al., 2016a), and airborne dust sam-
pled from several locations near or in Africa (Boose et al.,
2016b).

The ng(T) values for surface samples of African dust that
were then aerosolized in a laboratory (Ullrich et al., 2017;
Boose et al., 2016b) are around 2 orders of magnitude higher
than those for Barbados but with a shallower slope (see
Fig. 7). Some of the samples used by Ullrich et al. (2017)
were particles that had sedimented over Egypt from dust
storms that originated over the Sahara, while others were di-
rect samples of soil in Egypt (50 km north of Cairo), Mo-
rocco, and Tunisia. These samples may be richer in coarser
material, and it is the coarser material that is known to con-
tain more feldspar, compared to the finer fractions (Perlwitz
et al., 2015), and perhaps this is why they have a greater ac-
tivity than airborne dust. Also, given the mineralogical diver-
sity of African dust source regions (Nickovic et al., 2012),
dust samples from relatively few locations have been stud-
ied for their ice-nucleating activity. It is possible that sources
relevant for Barbados in Western Africa, that have not been
directly tested for their ice-nucleating activity, have a lower
activity than the samples included in the parameterization de-
fined by Ullrich et al. (2017).
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There are several potential reasons as to why the K-
feldspar content of dust is lower in the MBL of Barbados
than in the eastern tropical Atlantic or in the SAL. The first is
that the source region of dust arriving in the Barbados MBL
may be different to the source region of dust in the SAL or in
the eastern tropical Atlantic. We examined back trajectories
corresponding to our samples, and while they are consistent
with the fact that there was generally a westerly flow and that
the SAL is derived from the African continent, trajectories
do not allow us to resolve African source regions. As dis-
cussed in Sect. 2, the transport of dust from African source
regions to the Caribbean MBL is complex and poorly rep-
resented in models. Trajectories relevant for the Caribbean
MBL often do not intercept the African coast; instead these
trajectories often have a strong northerly component (see
Fig. S6). Hence, dust is not transported directly from source
to the Caribbean; instead, processes such as the mixing of
dust down from the SAL into the MBL in moist convective
erosion at the base of the SAL somewhere between Africa
and the Caribbean must take place (Reid et al., 2003; Pros-
pero and Carlson, 1972). Hence, the trajectory models cannot
be used to indicate specific sources of African dust.

As discussed in Sect. 2, there is a body of evidence sug-
gesting that the dominant source of African dust found in
the Caribbean MBL is from western Africa, whereas the
Caribbean SAL is sourced from further east in Africa. Min-
eralogy maps of surface soils show that there is a large area
in West Africa with a very low total feldspar content (0 %—
2 %), whereas large parts of the Sahara have 12 %-16 %
feldspar (this is all feldspars of which K-feldspars consti-
tute one group; Nickovic et al., 2012). Nickovic et al. (2012)
indicate that the very low feldspar region is in and around
the Sahel in Mauritania and Mali, a region that has been im-
plicated as a dust source relevant for the MBL of Barbados
by isotope studies (Bozlaker et al., 2018; Pourmand et al.,
2014). Hence, our observations in the MBL of Barbados of
a low ice-nucleating activity for mineral dust are consistent
with K-feldspar concentrations found from specific sources
in western Africa that have been associated with transport to
the Caribbean.

There may also be some chemical and physical process-
ing during transport that reduces the K-feldspar content. K-
feldspars are more abundant in the coarse mode than the
accumulation mode (Perlwitz et al., 2015), and since atmo-
spheric lifetime decreases with particle size, the K-feldspar
proportion and activity of dust are therefore expected to de-
crease during transport (Atkinson et al., 2013). Measure-
ments indicate that only particles larger than about 7 um di-
ameter are lost through gravitational sorting across the At-
lantic (Maring et al., 2003b). Size-resolved mineralogy mea-
surements focusing on K-feldspar on both sides of the At-
lantic (in the same air mass) would be needed to resolve the
question of how important loss of the largest particles is for
the overall ice-nucleating activity of dust.
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Chemical processing by internal mixing with reactive ma-
terials may also preferentially remove K-feldspar. Dust par-
ticles can become internally mixed with sea salt (Fig. 3) and
become immersed in a concentrated brine (Zhu et al., 1992).
In addition, dust particles can become internally mixed with
acids, such as sulfuric or nitric acid. When exposed to acids,
feldspars react and transform to clays. In several laboratory
experiments, the activity of mineral dust decreased on expo-
sure to atmospherically relevant acids (Kumar et al., 2018;
Sullivan et al., 2010; Augustin-Bauditz et al., 2014; Wex et
al., 2014; Perkins et al., 2020). However, simulating the con-
ditions a dust particle experiences in the atmosphere is chal-
lenging, and the quantitative experiments we would need to
describe the temperature and concentration dependence of
the reactions have not been performed. Hence, we are un-
able to say how important this effect may be. However, for
these reactions to uniformly reduce the K-feldspar content to
around 1 % seems unlikely given atmospheric variability in
transport and chemistry.

5.2 Mixing with sea salt aerosol

Given mineral dust particles are internally and externally
mixed with sea salt (Fig. 3), we now consider if the salt may
have altered the nucleating ability of the dust. It has been ob-
served that immersion of K-feldspar particles in dilute salt
solutions reduces their ice-nucleating activity relative to im-
mersion in pure water (Whale et al., 2018). This deactiva-
tion is not a colligative (i.e. thermodynamic) effect, but in-
stead Na and Cl ions alter the kinetics of nucleation. Whale
et al. (2018) observed a 1-2°C decrease in activity for a
1.5x10~* M NaCl solution, which increased to a 3—4 °C de-
activation with 1.5 x 1073 M solution. Given that the mass
concentrations of sea salt at Ragged Point typically range
from 10 to 30ugm™ during July and August (Stevens et
al., 2016), we would anticipate our dust suspensions made
from the filter samples would have between 1.3 x 10~ and
3.8 x 1074 M NaCL Hence, the mixing of salt with mineral
dust might be expected to reduce freezing temperatures by
around 1-3 °C (which would correspond to a decrease in ac-
tivity of up to about 1 order of magnitude). In future, efforts
should be made to separate the salt and mineral dust from
filter samples in order to investigate the role of salt further.
Also, the role of salt and mixing state in nucleation requires
further attention since it is not clear what the effect of sea salt
would be on ice nucleation when an aerosol particle activates
to a cloud droplet (Whale et al., 2018).

In summary, we conclude that the primary reason for the
low ice-nucleating activity of dust in the MBL of Barbados,
when compared to literature parameterizations, is that the K-
feldspar content is less than 2 %. There may also be other
processes that reduce the activity of transported dust includ-
ing gravitational settling, chemical ageing (weathering), and
in particular interaction with sea salt.
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Figure 8. Ice-nucleating particle concentrations in Barbados com-
pared with model predictions for marine organics (Wilson et al.,
2015) and the K-feldspar component of desert dust (Harrison et
al., 2019) for the campaign period. The model simulations were
done with GLOMAP and are described in Vergara-Temprado et
al. (2017), with the exception that the parameterization for K-
feldspar from Atkinson et al. (2013) was replaced with that from
Harrison et al. (2019). Open symbols indicate upper limits. The
ranges indicate the variability through the campaign period.

5.3 Comparison of the measurements in Barbados with
a global aerosol model

In Fig. 8 we compare the INP concentrations predicted by
the GLOMAP global aerosol model, described by Vergara-
Temprado et al. (2017), with the Barbados measurements. In
GLOMAP, we represent the ice-nucleating activity of min-
eral dust with K-feldspar, for which we have a separate tracer
in the model and take into account dust source mineralogy
defined by Nickovic et al. (2012). Previously, we used a pa-
rameterization for the ice-nucleating activity of K-feldspar
from Atkinson et al. (2013), but here we have instead used
the more recent parameterization from Harrison et al. (2019)
that produces ng values a factor of 5—-10 smaller between —15
and —25 °C. For sea spray INPs, the other INP type that may
be important in this marine location, we model the emission
of primary marine organic material and use the parameteriza-
tion defined by Wilson et al. (2015) to define the associated
INP concentration.

The comparison in Fig. 8 reveals that the slope of the INP
concentration (dlog Ninp] / dT') is consistent with K-feldspar.
However, the model-simulated Npnp values are higher by
about a factor of 5. Marine organics make a much smaller
contribution to the INP concentration than mineral dust be-
low about —20°C but are predicted to make the dominant
contribution above about —15 °C, where the INP concentra-
tion is always less than ~ 1072 L~!. This is consistent with
the results of our heat tests where marine organic INPs are
expected to be deactivated with heat but where we observed
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no clear deactivation with heating in the bulk of our samples
(see Sect. 5.1).

The overestimation of INP concentrations by the model
appears to be a result of the modelled K-feldspar propor-
tion being too high. We reach this conclusion because the
average aerosol mass predicted in the GLOMAP simulations
during the campaign was typically within a factor of 2 of ob-
servations (Fig. 5), whereas GLOMAP predicted ~ 7 wt % of
the total aerosol mass was K-feldspar, with ~ 8 wt % of the
mineral dust mass component being attributed to K-feldspar
(Fig. S9). In contrast, the XRD and SEM-EDS analyses from
this study (see Sect. 3) and the work of previous studies in the
region (Kandler et al., 2018; Glaccum and Prospero, 1980)
showed the K-feldspar concentration to be in the range of
0.1wt% to 2wt %, which suggests that the GLOMAP K-
feldspar content is too high. Hence, it seems that GLOMAP
predicts too much K-feldspar in the region, and if this were
corrected, the agreement would be very good.

There are several possible reasons as to why GLOMAP
predicts too high a K-feldspar content of dust. One is that the
meteorology near West Africa associated with the complex
transport from the source regions is poorly represented in
GLOMAP. This could give rise to a poor vertical structure of
dust over the tropical Atlantic, even though the surface mass
concentrations of mineral dust in Barbados are well repre-
sented (Hawker, 2021). Hence, the model may be mixing
dust from high feldspar areas in the central Sahara with dust
from western Africa with much lower amounts of feldspar.

Another hypothesis is that the size of K-feldspar-
containing particles is not adequately represented in the
model, even though the total dust mass concentration is
consistent with observations in Barbados. Wet and dry
size-dependent removal processes will preferentially remove
larger particles; therefore the assumed distribution of the K-
feldspar across the particle size distribution may critically in-
fluence the transport of K-feldspar. Perlwitz et al. (2015) sug-
gest that Atkinson et al. (2013) place too large a proportion
of K-feldspar in the fine mode relative to the coarse mode,
which results in too much transportation of K-feldspar. In
GLOMAP, the size distribution of K-feldspar is based on the
mineralogical maps presented in Nickovic et al. (2012) that
provides the coarse (silt)-mode feldspar content but not the
fine (clay) mode. The ratio of K-feldspar in the fine mode to
the coarse mode is assumed to be the same ratio as for quartz
(which is reported by Nickovic et al., 2012). This assump-
tion likely over-predicts the amount of K-feldspar in the clay
mode, as feldspar is more readily broken down via chemi-
cal reactions than quartz, which would lead to a diminish-
ing population of feldspar particles in the clay mode relative
to the more chemically stable quartz. Hence, the amount of
K-feldspar that undergoes long-range transport will be de-
pendent on the size distribution of K-feldspar at source, a
property of the particles that is unfortunately poorly defined
(Perlwitz et al., 2015). In opposition to our hypothesis, Perl-
witz et al. (2015) suggest that there is more feldspar in the
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fine fraction than defined in Nickovic et al. (2012), which
would mean size sorting is a less effective way of reducing
K-feldspar content.

6 Conclusions

African desert dust is dispersed around the globe and con-
tributes to the INP population, even many thousands of kilo-
metres from the source regions across the Sahara and Sahel.
Hence, a quantitative understanding of the ice-nucleating ac-
tivity of African dust in the atmosphere is needed. We re-
port measurements of INP concentrations in the summertime
marine boundary layer of Barbados (July and August 2017).
INP concentrations during our campaign were comparable
to other remote marine locations around the world and much
lower than many terrestrial-influenced air masses. This was
despite the Caribbean being known as a location influenced
by African mineral dust.

The activity of African dust in Barbados, in terms of ac-
tive sites per unit surface area, is several orders of magnitude
lower than parameterizations based on dusts sampled from
the surface in Africa that were later analysed in a laboratory.
While there are several reasons as to why we might expect
mineral dust that has been transported thousands of kilome-
tres to have a lower ice-nucleating activity than dust samples
taken directly from the African source regions, it appears that
the low activity is mainly a result of the dust mineralogy in
Barbados. The activity of dust in Barbados is consistent with
measurements of the K-feldspar content of dust sampled at
Ragged Point in Barbados, of around 1 %, which is lower
than that measured in many African source regions (Atkin-
son et al., 2013). Previous dust isotope work suggests that
dust arriving in the MBL of Barbados is preferentially from
sources in West Africa (Bozlaker et al., 2018; Pourmand et
al., 2014). These regions, in and around the Sahel in Mauri-
tania and Mali, are known to have much lower feldspar con-
tents than most of the rest of the African dust source regions
(Nickovic et al., 2012). Hence, our measured dust activity is
consistent with these isotope studies that suggest transport of
dust to the MBL of Barbados from these specific regions in
western Africa. Furthermore, previous work suggests that the
activity of dust in the Saharan air layer may be much greater
than in the MBL (DeMott et al., 2015), which is consistent
with sources further east in Africa with greater feldspar con-
tent.

Comparison of our measurements with a global aerosol
model (GLOMAP) reveals that the model over-predicts the
INP concentration in Barbados by about a factor of 5. This
high bias in the model is related to the K-feldspar content of
the simulated dust arriving in Barbados being too high. While
we represent the mineralogy of dust sources across Africa in
the aerosol model, it seems that there are errors in either (or
both) the transport and mixing of dust from source regions or
the representation of the mineralogy of the dust at source.
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The model correctly predicts that at concentrations above
~0.01 L', mineral dust from Africa is the dominant INP
type rather than marine organics associated with sea spray.
At lower concentrations and at temperatures above about
—15°C, the model suggests that marine organics become
more important than mineral dust. This may mean that ma-
rine organics are important for primary ice production in
Caribbean (and across the tropical Atlantic) deep convective
clouds in the temperature regime where the influence of pri-
mary production is amplified by the Hallett—-Mossop process
(Hawker et al., 2021a; Heymsfield and Willis, 2014).

Overall, we conclude that parameterizations based on sam-
ples of African dust collected from the surface and later ex-
amined in a laboratory tend to over-predict the ice-nucleating
activity of African dust in the atmosphere over Barbados (and
possibly elsewhere). The reason for this may be that the spe-
cific sources of dust that these parameterizations are based on
may not be representative of all African dust sources. We also
note that there is significant variability of the ice-nucleating
activity of airborne African desert dust measured in various
locations downwind of the desert sources. Our hypothesis is
that these differences are primarily driven by variability in K-
feldspar content, which varies between ~ 1 % and 10 %. The
variability in K-feldspar content and the discrepancy with
laboratory-derived parameterizations needs to be considered
when inferring INP concentrations from mineral dust trac-
ers in models (Zhao et al., 2021; Schill et al., 2020) as well
as measured dust surface areas derived from lidar (Haarig et
al., 2019) or electron microscopy (Sanchez-Marroquin et al.,
2021; Hande et al., 2015).

The results presented here also indicate that accurate
model simulations of INP concentrations require the K-
feldspar content to be tracked and accurately related to
the size-resolved mineralogy of dust in the source regions.
Clearly, more work is needed to improve our quantitative
understanding of the ice-nucleating activity of atmospheric
mineral dust. This better understanding should include a
study of the ice-nucleating activity of dust from more key
source regions in Africa (and elsewhere), a better understand-
ing of the size of K-feldspar particles in source regions, and
better representation of the key emission and transport path-
ways of dust in models.

Data availability. The data are publicly available in the Leeds data
repository at https://doi.org/10.5518/1099 (Harrison et al., 2022).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-22-9663-2022-supplement.

Author contributions. ADH led the investigation and defined the
project methodology and analysis. BJM, JMP, and ADH led the con-
ceptualization of the project. ADH, DOS, MPA, GCEP, CB, and

Atmos. Chem. Phys., 22, 9663—9680, 2022


https://doi.org/10.5518/1099
https://doi.org/10.5194/acp-22-9663-2022-supplement

9676

SW conducted the ice-nucleating particle experiments during the
field campaign. MDT helped with campaign planning and provided
Leeds-based support for the field campaign. ADH and BJM led the
writing of the paper and all authors contributed to the review and
editing of the paper. JBM provided supervision for ADH. EB, RCL,
AS, and PS provided local knowledge and logistical support and
helped in the planning and conceptualization of the project. RH and
KSC led the modelling component. CG helped with the interpreta-
tion of the data. LN performed the X-ray diffraction analysis. ASM
performed the electron microscopy analysis. OOK, MLP, CP, and
UP made the fine-mode size distribution data measurements.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Armospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We are grateful to the staff at the Caribbean
Institute of Meteorology and Hydrology and the Ragged Point Ob-
servatory for their support. We thank Martin Daily for providing us
with a template for Fig. 6.

Financial support. This research has been supported by the
European Research Council, H2020 European Research Council
(Marinelce (grant no. 648661)), the Natural Environment Research
Council (M-Phase (grant no. NE/T00648X/1)), and the National
Science Foundation (grant no. AGS-1944958).

Review statement. This paper was edited by Joachim Curtius and
reviewed by two anonymous referees.

References

Atkinson, J. D., Murray, B. J., Woodhouse, M. T., Whale, T. F.,
Baustian, K. J., Carslaw, K. S., Dobbie, S., O’Sullivan, D., and
Malkin, T. L.: The importance of feldspar for ice nucleation
by mineral dust in mixed-phase clouds, Nature, 498, 355-358,
https://doi.org/10.1038/nature 12278, 2013.

Augustin-Bauditz, S., Wex, H., Kanter, S., Ebert, M., Niedermeier,
D., Stolz, F.,, Prager, A., and Stratmann, F.: The immersion mode
ice nucleation behavior of mineral dusts: A comparison of dif-
ferent pure and surface modified dusts, Geophys. Res. Lett., 41,
7375-7382, https://doi.org/10.1002/2014GL061317, 2014.

Barreto, A., Cuevas, E., Garcia, R. D., Carrillo, J., Prospero, J.
M., 1li¢, L., Basart, S., Berjon, A. J., Marrero, C. L., Hernan-
dez, Y., Bustos, J. J., Nickovi¢, S., and Yela, M.: Long-term
characterisation of the vertical structure of the Saharan Air
Layer over the Canary Islands using lidar and radiosonde pro-
files: implications for radiative and cloud processes over the

Atmos. Chem. Phys., 22, 9663—9680, 2022

A. D. Harrison et al.: The ice-nucleating activity of African mineral dust

subtropical Atlantic Ocean, Atmos. Chem. Phys., 22, 739-763,
https://doi.org/10.5194/acp-22-739-2022, 2022.

Boose, Y., Sierau, B., Garcia, M. 1., Rodriguez, S., Alastuey,
A., Linke, C., Schnaiter, M., Kupiszewski, P, Kanji, Z.
A., and Lohmann, U.: Ice nucleating particles in the Sa-
haran Air Layer, Atmos. Chem. Phys., 16, 9067-9087,
https://doi.org/10.5194/acp-16-9067-2016, 2016a.

Boose, Y., Welti, A., Atkinson, J., Ramelli, F., Danielczok, A.,
Bingemer, H. G., Plotze, M., Sierau, B., Kanji, Z. A., and
Lohmann, U.: Heterogeneous ice nucleation on dust parti-
cles sourced from nine deserts worldwide — Part 1: Im-
mersion freezing, Atmos. Chem. Phys., 16, 15075-15095,
https://doi.org/10.5194/acp-16-15075-2016, 2016b.

Boose, Y., Baloh, P, Plotze, M., Ofner, J., Grothe, H., Sierau, B.,
Lohmann, U., and Kanji, Z. A.: Heterogeneous ice nucleation
on dust particles sourced from nine deserts worldwide — Part 2:
Deposition nucleation and condensation freezing, Atmos. Chem.
Phys., 19, 1059-1076, 10.5194/acp-19-1059-2019, 2019.

Bozlaker, A., Prospero, J. M., Price, J., and Chellam, S.: Link-
ing Barbados Mineral Dust Aerosols to North African Sources
Using Elemental Composition and Radiogenic Sr, Nd, and Pb
Isotope Signatures, J. Geophys. Res.-Atmos., 123, 1384-1400,
https://doi.org/10.1002/2017jd027505, 2018.

Burrows, S. M., Hoose, C., Poschl, U., and Lawrence, M. G.:
Ice nuclei in marine air: biogenic particles or dust?, Atmos.
Chem. Phys., 13, 245-267, https://doi.org/10.5194/acp-13-245-
2013, 2013.

Carlson, T. N. and Prospero, J. M.: The Large-Scale Movement of
Saharan Air Outbreaks over the Northern Equatorial Atlantic,
J. Appl. Meteorol., 11, 283-297, https://doi.org/10.1175/1520-
0450(1972)011<0283:tlsmos>2.0.co;2, 1972.

Chiapello, 1., Bergametti, G., Gomes, L., Chatenet, B., Du-
lac, F., Pimenta, J., and Suares, E. S.: An additional low
layer transport of Sahelian and Saharan dust over the north-
eastern Tropical Atlantic, Geophys. Res. Lett., 22, 3191-3194,
https://doi.org/10.1029/95g103313, 1995.

Christner, B. C., Cai, R., Morris, C. E., McCarter, K. S., Fore-
man, C. M., Skidmore, M. L., Montross, S. N., and Sands,
D. C.: Geographic, seasonal, and precipitation chemistry influ-
ence on the abundance and activity of biological ice nucleators
in rain and snow, P. Natl. Acad. Sci USA, 105, 1885418859,
https://doi.org/10.1073/pnas.0809816105, 2008.

Claquin, T., Schulz, M., and Balkanski, Y. J.: Modeling the mineral-
ogy of atmospheric dust sources, J. Geophys. Res., 104, 22243—
22256, https://doi.org/10.1029/1999jd900416, 1999.

Connolly, P. J., Mohler, O., Field, P. R., Saathoff, H., Burgess,
R., Choularton, T., and Gallagher, M.: Studies of heterogeneous
freezing by three different desert dust samples, Atmos. Chem.
Phys., 9, 2805-2824, https://doi.org/10.5194/acp-9-2805-2009,
2009.

Daily, M. L., Tarn, M. D., Whale, T. F.,, and Murray, B. J.: An eval-
uation of the heat test for the ice-nucleating ability of minerals
and biological material, Atmos. Meas. Tech., 15, 2635-2665,
https://doi.org/10.5194/amt-15-2635-2022, 2022.

DeMott, P. J., Prenni, A. J.,, McMeeking, G. R., Sullivan, R. C.,
Petters, M. D., Tobo, Y., Niemand, M., Mdéhler, O., Snider, J.
R., Wang, Z., and Kreidenweis, S. M.: Integrating laboratory and
field data to quantify the immersion freezing ice nucleation activ-

https://doi.org/10.5194/acp-22-9663-2022


https://doi.org/10.1038/nature12278
https://doi.org/10.1002/2014GL061317
https://doi.org/10.5194/acp-22-739-2022
https://doi.org/10.5194/acp-16-9067-2016
https://doi.org/10.5194/acp-16-15075-2016
https://doi.org/10.1002/2017jd027505
https://doi.org/10.5194/acp-13-245-2013
https://doi.org/10.5194/acp-13-245-2013
https://doi.org/10.1175/1520-0450(1972)011<0283:tlsmos>2.0.co;2
https://doi.org/10.1175/1520-0450(1972)011<0283:tlsmos>2.0.co;2
https://doi.org/10.1029/95gl03313
https://doi.org/10.1073/pnas.0809816105
https://doi.org/10.1029/1999jd900416
https://doi.org/10.5194/acp-9-2805-2009
https://doi.org/10.5194/amt-15-2635-2022

A. D. Harrison et al.: The ice-nucleating activity of African mineral dust

ity of mineral dust particles, Atmos. Chem. Phys., 15, 393-409,
https://doi.org/10.5194/acp-15-393-2015, 2015.

DeMott, P. J., Hill, T. C. J., McCluskey, C. S., Prather, K. A.,
Collins, D. B., Sullivan, R. C., Ruppel, M. J., Mason, R. H.,
Irish, V. E., Lee, T., Hwang, C. Y., Rhee, T. S., Snider, J. R.,
McMeeking, G. R., Dhaniyala, S., Lewis, E. R., Wentzell, J.
J. B., Abbatt, J., Lee, C., Sultana, C. M., Ault, A. P, Ax-
son, J. L., Diaz Martinez, M., Venero, I., Santos-Figueroa, G.,
Stokes, M. D., Deane, G. B., Mayol-Bracero, O. L., Grassian,
V. H., Bertram, T. H., Bertram, A. K., Moffett, B. F., and
Franc, G. D.: Sea spray aerosol as a unique source of ice nu-
cleating particles, P. Natl. Acad. Sci. USA, 113, 5797-5803,
https://doi.org/10.1073/pnas.1514034112, 2016.

Fahy, W. D., Maters, E. C., Giese Miranda, R., Adams, M.
P, Jahn, L. G., Sullivan, R. C., and Murray, B. J.: Vol-
canic ash ice nucleation activity is variably reduced by ag-
ing in water and sulfuric acid: the effects of leaching, dis-
solution, and precipitation, Environ. Sci. Atmos., 2, 85-99,
https://doi.org/10.1039/D1EA00071C, 2022.

Garcia, E., Hill, T. C. J., Prenni, A. J., DeMott, P. J., Franc, G. D.,
and Kreidenweis, S. M.: Biogenic ice nuclei in boundary layer air
over two U.S. High Plains agricultural regions, J. Geophys. Res.-
Atmos., 117, D18209, https://doi.org/10.1029/2012jd018343,
2012.

Gasteiger, J., GroB, S., Sauer, D., Haarig, M., Ansmann, A.,
and Weinzierl, B.: Particle settling and vertical mixing in the
Saharan Air Layer as seen from an integrated model, lidar,
and in situ perspective, Atmos. Chem. Phys., 17, 297-311,
https://doi.org/10.5194/acp-17-297-2017, 2017.

Gibbons, M., Min, Q., and Fan, J.: Investigating the impacts
of Saharan dust on tropical deep convection using spectral
bin microphysics, Atmos. Chem. Phys., 18, 12161-12184,
https://doi.org/10.5194/acp-18-12161-2018, 2018.

Ginoux, P, Prospero, J. M., Gill, T. E, Hsu, N. C., and
Zhao, M.: Global-scale attribution of anthropogenic and nat-
ural dust sources and their emission rates based on MODIS
Deep Blue aerosol products, Rev. Geophys., 50, RG3005,
https://doi.org/10.1029/2012rg000388, 2012.

Glaccum, R. A. and Prospero, J. M.: Saharan aerosols over the trop-
ical north-Atlantic — mineralogy, Mar. Geol., 37, 295-321, 1980.

Gong, X., Wex, H., van Pinxteren, M., Triesch, N., Fomba, K.
W., Lubitz, J., Stolle, C., Robinson, T. B., Miiller, T., Her-
rmann, H., and Stratmann, F.: Characterization of aerosol par-
ticles at Cabo Verde close to sea level and at the cloud level —
Part 2: Ice-nucleating particles in air, cloud and seawater, At-
mos. Chem. Phys., 20, 1451-1468, https://doi.org/10.5194/acp-
20-1451-2020, 2020.

Haarig, M., Walser, A., Ansmann, A., Dollner, M., Althausen,
D., Sauer, D., Farrell, D., and Weinzierl, B.: Profiles of
cloud condensation nuclei, dust mass concentration, and ice-
nucleating-particle-relevant aerosol properties in the Saharan
Air Layer over Barbados from polarization lidar and airborne
in situ measurements, Atmos. Chem. Phys., 19, 13773-13788,
https://doi.org/10.5194/acp-19-13773-2019, 2019.

Hande, L. B., Engler, C., Hoose, C., and Tegen, I.: Seasonal
variability of Saharan desert dust and ice nucleating par-
ticles over Europe, Atmos. Chem. Phys., 15, 4389-4397,
https://doi.org/10.5194/acp-15-4389-2015, 2015.

https://doi.org/10.5194/acp-22-9663-2022

9677

Harrison, A. D., Whale, T. E,, Carpenter, M. A., Holden, M. A.,
Neve, L., O’Sullivan, D., Vergara Temprado, J., and Murray,
B. J.: Not all feldspars are equal: a survey of ice nucleating
properties across the feldspar group of minerals, Atmos. Chem.
Phys., 16, 10927-10940, https://doi.org/10.5194/acp-16-10927-
2016, 2016.

Harrison, A. D., Lever, K., Sanchez-Marroquin, A., Holden, M. A.,
Whale, T. F., Tarn, M. D., McQuaid, J. B., and Murray, B. J.:
The ice-nucleating ability of quartz immersed in water and its
atmospheric importance compared to K-feldspar, Atmos. Chem.
Phys., 19, 11343-11361, 10.5194/acp-19-11343-2019, 2019.

Harrison, A. D., O’Sullivan, D., Adams, M. P., Porter, G. C.
E., and Murray, B.: Data from the 2017 measurement cam-
paign in Barbados (Ice-B), University of Leeds [data set],
https://doi.org/10.5518/1099, 2022.

Hawker, R. E.: Influence of ice-nucleating particles on tropical con-
vection, PhD thesis, University of Leeds, 2021.

Hawker, R. E., Miltenberger, A. K., Johnson, J. S., Wilkinson, J.
M., Hill, A. A., Shipway, B. J., Field, P. R., Murray, B. J., and
Carslaw, K. S.: Model emulation to understand the joint effects
of ice-nucleating particles and secondary ice production on deep
convective anvil cirrus, Atmos. Chem. Phys., 21, 17315-17343,
https://doi.org/10.5194/acp-21-17315-2021, 2021a.

Hawker, R. E., Miltenberger, A. K., Wilkinson, J. M., Hill, A. A.,
Shipway, B. J., Cui, Z., Cotton, R. J., Carslaw, K. S., Field, P. R.,
and Murray, B. J.: The temperature dependence of ice-nucleating
particle concentrations affects the radiative properties of tropical
convective cloud systems, Atmos. Chem. Phys., 21, 5439-5461,
https://doi.org/10.5194/acp-21-5439-2021, 2021b.

Herbert, R. J., Murray, B. J., Dobbie, S. J., and Koop, T.:
Sensitivity of liquid clouds to homogenous freezing pa-
rameterizations, Geophys. Res. Lett, 42, 1599-1605,
https://doi.org/10.1002/2014GL062729, 2015.

Heymsfield, A. and Willis, P.: Cloud Conditions Favoring Sec-
ondary Ice Particle Production in Tropical Maritime Convection,
J. Atmos. Sci., 71, 4500-4526, https://doi.org/10.1175/JAS-D-
14-0093.1, 2014.

Hillier, S.: Quantitative Analysis of Clay and other Minerals in
Sandstones by X-Ray Powder Diffraction (XRPD), in: Clay Min-
eral Cements in Sandstones, Blackwell Publishing Ltd., 213—
251, ISBN 978-1-405-10587-3, 1999.

Holden, M. A., Whale, T. F., Tarn, M. D., O’Sullivan, D., Wal-
shaw, R. D., Murray, B. J.,, Meldrum, F. C., and Christen-
son, H. K.: High-speed imaging of ice nucleation in water
proves the existence of active sites, Sci. Adv., 5, eaav4316,
https://doi.org/10.1126/sciadv.aav4316, 2019.

Hoose, C., Kristjansson, J. E., Chen, J.-P., and Hazra, A.: A
Classical-Theory-Based Parameterization of Heterogeneous Ice
Nucleation by Mineral Dust, Soot, and Biological Particles
in a Global Climate Model, J. Atmos. Sci., 67, 2483-2503,
https://doi.org/10.1175/2010jas3425.1, 2010.

Huneeus, N., Schulz, M., Balkanski, Y., Griesfeller, J., Prospero,
J., Kinne, S., Bauer, S., Boucher, O., Chin, M., Dentener, F.,
Diehl, T., Easter, R., Fillmore, D., Ghan, S., Ginoux, P., Grini,
A., Horowitz, L., Koch, D., Krol, M. C., Landing, W., Liu,
X., Mahowald, N., Miller, R., Morcrette, J. J., Myhre, G., Pen-
ner, J., Perlwitz, J., Stier, P., Takemura, T., and Zender, C. S.:
Global dust model intercomparison in AeroCom phase I, At-

Atmos. Chem. Phys., 22, 9663—9680, 2022


https://doi.org/10.5194/acp-15-393-2015
https://doi.org/10.1073/pnas.1514034112
https://doi.org/10.1039/D1EA00071C
https://doi.org/10.1029/2012jd018343
https://doi.org/10.5194/acp-17-297-2017
https://doi.org/10.5194/acp-18-12161-2018
https://doi.org/10.1029/2012rg000388
https://doi.org/10.5194/acp-20-1451-2020
https://doi.org/10.5194/acp-20-1451-2020
https://doi.org/10.5194/acp-19-13773-2019
https://doi.org/10.5194/acp-15-4389-2015
https://doi.org/10.5194/acp-16-10927-2016
https://doi.org/10.5194/acp-16-10927-2016
https://doi.org/10.5518/1099
https://doi.org/10.5194/acp-21-17315-2021
https://doi.org/10.5194/acp-21-5439-2021
https://doi.org/10.1002/2014GL062729
https://doi.org/10.1175/JAS-D-14-0093.1
https://doi.org/10.1175/JAS-D-14-0093.1
https://doi.org/10.1126/sciadv.aav4316
https://doi.org/10.1175/2010jas3425.1

9678

mos. Chem. Phys., 11, 7781-7816, https://doi.org/10.5194/acp-
11-7781-2011, 2011.

Iwata, A. and Matsuki, A.: Characterization of individual ice resid-
ual particles by the single droplet freezing method: a case study
in the Asian dust outflow region, Atmos. Chem. Phys., 18, 1785—
1804, https://doi.org/10.5194/acp-18-1785-2018, 2018.

Kandler, K., Schneiders, K., Ebert, M., Hartmann, M., Wein-
bruch, S., Prass, M., and Pohlker, C.: Composition and mix-
ing state of atmospheric aerosols determined by electron mi-
croscopy: method development and application to aged Saharan
dust deposition in the Caribbean boundary layer, Atmos. Chem.
Phys., 18, 13429-13455, https://doi.org/10.5194/acp-18-13429-
2018, 2018.

Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-
Kohn, M., Cziczo, D. J.,, and Krimer, M.: Overview of
Ice Nucleating Particles, Meteorol. Monogr., 58, 1.1-1.33,
https://doi.org/10.1175/amsmonographs-d-16-0006.1, 2017.

Klingebiel, M., Ghate, V. P, Naumann, A. K., Ditas, F., Pohlker,
M. L., Pohlker, C., Kandler, K., Konow, H., and Stevens, B.:
Remote Sensing of Sea Salt Aerosol below Trade Wind Clouds,
J. Atmos. Sci., 76, 1189-1202, https://doi.org/10.1175/jas-d-18-
0139.1, 2019.

Knippertz, P. and Todd, M. C.: Mineral dust aerosols over the
Sahara: Meteorological controls on emission and transport
and implications for modeling, Rev. Geophys., 50, RG1007,
https://doi.org/10.1029/2011rg000362, 2012.

Kumar, A., Marcolli, C., Luo, B., and Peter, T.: Ice nucleation
activity of silicates and aluminosilicates in pure water and
aqueous solutions — Part 1: The K-feldspar microcline, At-
mos. Chem. Phys., 18, 7057-7079, https://doi.org/10.5194/acp-
18-7057-2018, 2018.

Maring, H., Savioe, D. L., Izaguirre, M. A., Custals, L., and Reid, J.
S.: Vertical distributions of dust and sea-salt aerosols over Puerto
Rico during PRIDE measured from a light aircraft, J. Geophys.
Res.-Atmos., 108, 8587, https://doi.org/10.1029/2002jd002544,
2003a.

Maring, H., Savoie, D. L., Izaguirre, M. A., Custals, L., and
Reid, J. S.: Mineral dust aerosol size distribution change dur-
ing atmospheric transport, J. Geophys. Res.-Atmos., 108, 8592,
https://doi.org/10.1029/2002jd002536, 2003b.

Marsden, N. A., Ullrich, R., Mohler, O., Eriksen Hammer, S., Kan-
dler, K., Cui, Z., Williams, P. 1., Flynn, M. J., Liu, D., Allan, J.
D., and Coe, H.: Mineralogy and mixing state of north African
mineral dust by online single-particle mass spectrometry, At-
mos. Chem. Phys., 19, 2259-2281, https://doi.org/10.5194/acp-
19-2259-2019, 2019.

Maters, E. C., Dingwell, D. B., Cimarelli, C., Miiller, D., Whale, T.
F., and Murray, B. J.: The importance of crystalline phases in ice
nucleation by volcanic ash, Atmos. Chem. Phys., 19, 5451-5465,
https://doi.org/10.5194/acp-19-5451-2019, 2019.

Mohler, O., Benz, S., Saathoff, H., Schnaiter, M., Wagner, R.,
Schneider, J., Walter, S., Ebert, V., and Wagner, S.: The ef-
fect of organic coating on the heterogeneous ice nucleation
efficiency of mineral dust aerosols, Environ. Res. Lett., 3,
https://doi.org/10.1088/1748-9326/3/2/025007, 2008.

Moran-Zuloaga, D., Ditas, F., Walter, D., Saturno, J., Brito, J., Car-
bone, S., Chi, X., Hrabé de Angelis, 1., Baars, H., Godoi, R. H.
M., Heese, B., Holanda, B. A., Lavri¢, J. V., Martin, S. T., Ming,
J., Pohlker, M. L., Ruckteschler, N., Su, H., Wang, Y., Wang,

Atmos. Chem. Phys., 22, 9663—9680, 2022

A. D. Harrison et al.: The ice-nucleating activity of African mineral dust

Q., Wang, Z., Weber, B., Wolff, S., Artaxo, P., Poschl, U., An-
dreae, M. O., and Pohlker, C.: Long-term study on coarse mode
aerosols in the Amazon rain forest with the frequent intrusion
of Saharan dust plumes, Atmos. Chem. Phys., 18, 10055-10088,
https://doi.org/10.5194/acp-18-10055-2018, 2018.

Murray, B. J.,, O’Sullivan, D., Atkinson, J. D., and Webb,
M. E.: Ice nucleation by particles immersed in super-
cooled cloud droplets, Chem. Soc. Rev., 41, 6519-6554,
https://doi.org/10.1039/c2cs35200a, 2012.

Murray, B. J., Carslaw, K. S., and Field, P. R.: Opinion: Cloud-phase
climate feedback and the importance of ice-nucleating particles,
Atmos. Chem. Phys., 21, 665-679, https://doi.org/10.5194/acp-
21-665-2021, 2021.

Nickovic, S., Vukovic, A., Vujadinovic, M., Djurdjevic, V., and
Pejanovic, G.: Technical Note: High-resolution mineralogical
database of dust-productive soils for atmospheric dust modeling,
Atmos. Chem. Phys., 12, 845-855, https://doi.org/10.5194/acp-
12-845-2012, 2012.

Niedermeier, D., Augustin-Bauditz, S., Hartmann, S., Wex, H.,
Ignatius, K., and Stratmann, F.: Can we define an asymp-
totic value for the ice active surface site density for hetero-
geneous ice nucleation?, J. Geophys. Res.-Atmos., 120, 5036—
5046, https://doi.org/10.1002/2014JD022814, 2015.

Niemand, M., Mohler, O., Vogel, B., Vogel, H., Hoose, C., Con-
nolly, P., Klein, H., Bingemer, H., DeMott, P., Skrotzki, J., and
Leisner, T.: A Particle-Surface-Area-Based Parameterization of
Immersion Freezing on Desert Dust Particles, J. Atmos. Sci., 69,
3077-3092, https://doi.org/10.1175/jas-d-11-0249.1, 2012.

O’Sullivan, D., Murray, B. J., Malkin, T. L., Whale, T. F., Umo,
N. S., Atkinson, J. D., Price, H. C., Baustian, K. J., Browse,
J., and Webb, M. E.: Ice nucleation by fertile soil dusts: rel-
ative importance of mineral and biogenic components, Atmos.
Chem. Phys., 14, 1853-1867, https://doi.org/10.5194/acp-14-
1853-2014, 2014.

O’Sullivan, D., Adams, M. P, Tarn, M. D., Harrison, A. D.,
Vergara-Temprado, J., Porter, G. C. E., Holden, M. A., Sanchez-
Marroquin, A., Carotenuto, F., Whale, T. F.,, McQuaid, J. B.,
Walshaw, R., Hedges, D. H. P, Burke, 1. T., Cui, Z., and Mur-
ray, B. J.: Contributions of biogenic material to the atmospheric
ice-nucleating particle population in North Western Europe,
Sci. Rep., 8, 13821, https://doi.org/10.1038/s41598-018-31981-
7,2018.

Peckhaus, A., Kiselev, A., Hiron, T., Ebert, M., and Leisner, T.:
A comparative study of K-rich and Na/Ca-rich feldspar ice-
nucleating particles in a nanoliter droplet freezing assay, Atmos.
Chem. Phys., 16, 11477-11496, https://doi.org/10.5194/acp-16-
11477-2016, 2016.

Perkins, R. J., Gillette, S. M., Hill, T. C. J., and De-
Mott, P. J.: The Labile Nature of Ice Nucleation by Ari-
zona Test Dust, ACS Earth Space Chem., 4, 133-141,
https://doi.org/10.1021/acsearthspacechem.9b00304, 2020.

Perlwitz, J. P., Pérez Garcia-Pando, C., and Miller, R. L.: Predict-
ing the mineral composition of dust aerosols — Part 1: Repre-
senting key processes, Atmos. Chem. Phys., 15, 11593-11627,
https://doi.org/10.5194/acp-15-11593-2015, 2015.

Petters, M. D. and Wright, T. P.: Revisiting ice nucleation from
precipitation samples, Geophys. Res. Lett., 42, 8758-8766,
https://doi.org/10.1002/2015GL065733, 2015.

https://doi.org/10.5194/acp-22-9663-2022


https://doi.org/10.5194/acp-11-7781-2011
https://doi.org/10.5194/acp-11-7781-2011
https://doi.org/10.5194/acp-18-1785-2018
https://doi.org/10.5194/acp-18-13429-2018
https://doi.org/10.5194/acp-18-13429-2018
https://doi.org/10.1175/amsmonographs-d-16-0006.1
https://doi.org/10.1175/jas-d-18-0139.1
https://doi.org/10.1175/jas-d-18-0139.1
https://doi.org/10.1029/2011rg000362
https://doi.org/10.5194/acp-18-7057-2018
https://doi.org/10.5194/acp-18-7057-2018
https://doi.org/10.1029/2002jd002544
https://doi.org/10.1029/2002jd002536
https://doi.org/10.5194/acp-19-2259-2019
https://doi.org/10.5194/acp-19-2259-2019
https://doi.org/10.5194/acp-19-5451-2019
https://doi.org/10.1088/1748-9326/3/2/025007
https://doi.org/10.5194/acp-18-10055-2018
https://doi.org/10.1039/c2cs35200a
https://doi.org/10.5194/acp-21-665-2021
https://doi.org/10.5194/acp-21-665-2021
https://doi.org/10.5194/acp-12-845-2012
https://doi.org/10.5194/acp-12-845-2012
https://doi.org/10.1002/2014JD022814
https://doi.org/10.1175/jas-d-11-0249.1
https://doi.org/10.5194/acp-14-1853-2014
https://doi.org/10.5194/acp-14-1853-2014
https://doi.org/10.1038/s41598-018-31981-7
https://doi.org/10.1038/s41598-018-31981-7
https://doi.org/10.5194/acp-16-11477-2016
https://doi.org/10.5194/acp-16-11477-2016
https://doi.org/10.1021/acsearthspacechem.9b00304
https://doi.org/10.5194/acp-15-11593-2015
https://doi.org/10.1002/2015GL065733

A. D. Harrison et al.: The ice-nucleating activity of African mineral dust

Pourmand, A., Prospero, J. M., and Sharifi, A.: Geochemical fin-
gerprinting of trans-Atlantic African dust based on radiogenic
Sr-Nd-Hf isotopes and rare earth element anomalies, Geology,
42, 675-678, https://doi.org/10.1130/g35624.1, 2014.

Price, H. C., Baustian, K. J., McQuaid, J. B., Blyth, A., Bower,
K. N., Choularton, T., Cotton, R. J., Cui, Z., Field, P. R., Gal-
lagher, M., Hawker, R., Merrington, A., Miltenberger, A., III, R.
R. N, Parker, S. T., Rosenberg, P. D., Taylor, J. W., Trembath,
J., Vergara-Temprado, J., Whale, T. F., Wilson, T. W., Young, G.,
and Murray, B. J.: Atmospheric Ice-Nucleating Particles in the
Dusty Tropical Atlantic, J. Geophys. Res.-Atmos., 123, 2175—
2193, https://doi.org/10.1002/2017JD027560, 2018.

Prospero, J. M. and Carlson, T. N.: RADON-222
in North Atlantic Trade Winds: its relationship to
dust transport from Africa, Science, 167, 974-977,
https://doi.org/10.1126/science.167.3920.974, 1970.

Prospero, J. M. and Carlson, T. N.: Vertical and areal distribution of
saharan dust over western equatorial north-atlantic ocean, J. Geo-
phys. Res., 77, 5255, https://doi.org/10.1029/JC0771027p05255,
1972.

Prospero, J. M., Ginoux, P., Torres, O., Nicholson, S. E., and Gill,
T. E.: Environmental characterization of global sources of at-
mospheric soil dust identified with the NIMBUS 7 Total Ozone
Mapping Spectrometer (TOMS) absorbing aerosol product,
Rev. Geophys., 40, 1002, https://doi.org/10.1029/2000rg000095,
2002.

Prospero, J. M., Delany, A. C., Delany, A. C., and Carlson, T. N.:
The Discovery of African Dust Transport to the Western Hemi-
sphere and the Saharan Air Layer: A History, Bull. Am. Mete-
orol. Soc., 102, E1239-E1260, https://doi.org/10.1175/bams-d-
19-0309.1, 2021.

Quinn, P. K., Thompson, E. J., Coffman, D. J., Baidar, S., Bariteau,
L., Bates, T. S., Bigorre, S., Brewer, A., de Boer, G., de Szoeke,
S. P, Drushka, K., Foltz, G. R., Intrieri, J., Iyer, S., Fairall, C. W.,
Gaston, C. J., Jansen, F., Johnson, J. E., Kriiger, O. O., March-
banks, R. D., Moran, K. P., Noone, D., Pezoa, S., Pincus, R.,
Plueddemann, A. J., Pohlker, M. L., Poschl, U., Quinones Me-
lendez, E., Royer, H. M., Szczodrak, M., Thomson, J., Upchurch,
L. M., Zhang, C., Zhang, D., and Zuidema, P.: Measurements
from the RV Ronald H. Brown and related platforms as part of
the Atlantic Tradewind Ocean-Atmosphere Mesoscale Interac-
tion Campaign (ATOMIC), Earth Syst. Sci. Data, 13, 1759-1790,
https://doi.org/10.5194/essd-13-1759-2021, 2021.

Reicher, N., Segev, L., and Rudich, Y.: The Welzmann Super-
cooled Droplets Observation on a Microarray (WISDOM) and
application for ambient dust, Atmos. Meas. Tech., 11, 233-248,
https://doi.org/10.5194/amt-11-233-2018, 2018.

Reid, J. S., Westphal, D. L., Livingston, J. M., Savoie, D. L., Mar-
ing, H. B., Jonsson, H. H., Eleuterio, D. P., Kinney, J. E., and
Reid, E. A.: Dust vertical distribution in the Caribbean during
the Puerto Rico Dust experiment, Geophys. Res. Lett., 29, 1151,
https://doi.org/10.1029/2001g1014092, 2002.

Reid, J. S., Kinney, J. E., Westphal, D. L., Holben, B. N., Welton, E.
J., Tsay, S. C., Eleuterio, D. P., Campbell, J. R., Christopher, S.
A., Colarco, P. R., Jonsson, H. H., Livingston, J. M., Maring, H.
B., Meier, M. L., Pilewskie, P., Prospero, J. M., Reid, E. A., Re-
mer, L. A., Russell, P. B., Savoie, D. L., Smirnov, A., and Tanre,
D.: Analysis of measurements of Saharan dust by airborne and
ground-based remote sensing methods during the Puerto Rico

https://doi.org/10.5194/acp-22-9663-2022

9679

Dust Experiment (PRIDE), J. Geophys. Res.-Atmos., 108, 8586,
https://doi.org/10.1029/2002jd002493, 2003.

Reischel, M. T.: Variation of the activity of ice nuclei upon ex-
posure to ammonium ion and iodine, Tellus B, 39, 363-373,
https://doi.org/10.1111/j.1600-0889.1987.tb00199.x, 1987.

Reischel, M. T. and Vali, G.: Freezing nucleation
in aqueous electrolytes, Tellus, 217, 4144217,
https://doi.org/10.3402/tellusa.v27i4.9989, 1975.

Rosenfeld, D. and Woodley, W. L.: Deep convective clouds with
sustained supercooled liquid water down to —37.5 °C, Nature,
405, 440-442, 2000.

Rosenfeld, D., Yu, X., Liu, G., Xu, X., Zhu, Y., Yue, Z., Dai,
J., Dong, Z., Dong, Y., and Peng, Y.: Glaciation tempera-
tures of convective clouds ingesting desert dust, air pollution
and smoke from forest fires, Geophys. Res. Lett., 38, L21804,
https://doi.org/10.1029/2011GL049423, 2011.

Ryder, C. L., Marenco, F., Brooke, J. K., Estelles, V., Cotton, R.,
Formenti, P., McQuaid, J. B., Price, H. C., Liu, D., Ausset,
P., Rosenberg, P. D., Taylor, J. W., Choularton, T., Bower, K.,
Coe, H., Gallagher, M., Crosier, J., Lloyd, G., Highwood, E.
J., and Murray, B. J.: Coarse-mode mineral dust size distribu-
tions, composition and optical properties from AER-D aircraft
measurements over the tropical eastern Atlantic, Atmos. Chem.
Phys., 18, 17225-17257, https://doi.org/10.5194/acp-18-17225-
2018, 2018.

Sanchez-Marroquin, A., Hedges, D. H. P., Hiscock, M., Parker, S.
T., Rosenberg, P. D., Trembath, J., Walshaw, R., Burke, I. T,
McQuaid, J. B., and Murray, B. J.: Characterisation of the fil-
ter inlet system on the FAAM BAe-146 research aircraft and
its use for size-resolved aerosol composition measurements, At-
mos. Meas. Tech., 12, 5741-5763, https://doi.org/10.5194/amt-
12-5741-2019, 2019.

Sanchez-Marroquin, A., West, J. S., Burke, 1., McQuaid, J. B., and
Murray, B. J.: Mineral and biological ice-nucleating particles
above the South East of the British Isles, Environ. Sci.-Atmos.,
2021, 176-191, https://doi.org/10.1039/D1EAO0003 A, 2021.

Schill, G. P,, DeMott, P. J., Emerson, E. W., Rauker, A. M. C., Ko-
dros, J. K., Suski, K. J., Hill, T. C. J., Levin, E. J. T., Pierce,
J. R., Farmer, D. K., and Kreidenweis, S. M.: The contribution
of black carbon to global ice nucleating particle concentrations
relevant to mixed-phase clouds, P. Natl. Acad. Sci. USA, 117,
22705-22711, https://doi.org/10.1073/pnas.2001674117, 2020.

Schrod, J., Thomson, E. S., Weber, D., Kossmann, J., Pohlker,
C., Saturno, J., Ditas, E., Artaxo, P., Clouard, V., Saurel, J. M.,
Ebert, M., Curtius, J., and Bingemer, H. G.: Long-term deposi-
tion and condensation ice-nucleating particle measurements from
four stations across the globe, Atmos. Chem. Phys., 20, 15983—
16006, https://doi.org/10.5194/acp-20-15983-2020, 2020.

Si, M., Evoy, E., Yun, J, Xi, Y., Hanna, S. J., Chivulescu, A., Rawl-
ings, K., Veber, D., Platt, A., Kunkel, D., Hoor, P., Sharma, S.,
Leaitch, W. R., and Bertram, A. K.: Concentrations, composi-
tion, and sources of ice-nucleating particles in the Canadian High
Arctic during spring 2016, Atmos. Chem. Phys., 19, 3007-3024,
https://doi.org/10.5194/acp-19-3007-2019, 2019.

Stevens, B., Farrell, D., Hirsch, L., Jansen, F., Nuijens, L.,
Serikov, 1., Brugmann, B., Forde, M., Linne, H., Lonitz, K.,
and Prospero, J. M.: THE BARBADOS CLOUD OBSERVA-
TORY Anchoring Investigations of Clouds and Circulation on

Atmos. Chem. Phys., 22, 9663—9680, 2022


https://doi.org/10.1130/g35624.1
https://doi.org/10.1002/2017JD027560
https://doi.org/10.1126/science.167.3920.974
https://doi.org/10.1029/JC077i027p05255
https://doi.org/10.1029/2000rg000095
https://doi.org/10.1175/bams-d-19-0309.1
https://doi.org/10.1175/bams-d-19-0309.1
https://doi.org/10.5194/essd-13-1759-2021
https://doi.org/10.5194/amt-11-233-2018
https://doi.org/10.1029/2001gl014092
https://doi.org/10.1029/2002jd002493
https://doi.org/10.1111/j.1600-0889.1987.tb00199.x
https://doi.org/10.3402/tellusa.v27i4.9989
https://doi.org/10.1029/2011GL049423
https://doi.org/10.5194/acp-18-17225-2018
https://doi.org/10.5194/acp-18-17225-2018
https://doi.org/10.5194/amt-12-5741-2019
https://doi.org/10.5194/amt-12-5741-2019
https://doi.org/10.1039/D1EA00003A
https://doi.org/10.1073/pnas.2001674117
https://doi.org/10.5194/acp-20-15983-2020
https://doi.org/10.5194/acp-19-3007-2019

9680

the Edge of the ITCZ, Bull. Am. Meteorol. Soc., 97, 787-801,
https://doi.org/10.1175/bams-d-14-00247.1, 2016.

Storelvmo, T.: Aerosol Effects on Climate via Mixed-Phase
and Ice Clouds, Ann. Rev. Earth Planet. Sci., 45, 199-222,
https://doi.org/10.1146/annurev-earth-060115-012240, 2017.

Storelvmo, T., Tan, I., and Korolev, A. V.: Cloud Phase Changes
Induced by CO, Warming — a Powerful yet Poorly Constrained
Cloud-Climate Feedback, Curr. Clim. Change Rep., 1, 288-296,
https://doi.org/10.1007/s40641-015-0026-2, 2015.

Sullivan, R. C., Petters, M. D., DeMott, P. J., Kreidenweis, S. M.,
Wex, H., Niedermeier, D., Hartmann, S., Clauss, T., Stratmann,
F., Reitz, P., Schneider, J., and Sierau, B.: Irreversible loss of
ice nucleation active sites in mineral dust particles caused by
sulphuric acid condensation, Atmos. Chem. Phys., 10, 11471—
11487, https://doi.org/10.5194/acp-10-11471-2010, 2010.

Tan, 1., Storelvmo, T., and Zelinka, M. D.: Observational constraints
on mixed-phase clouds imply higher climate sensitivity, Science,
352, 224-227, https://doi.org/10.1126/science.aad5300, 2016.

Ullrich, R., Hoose, C., Mohler, O., Niemand, M., Wagner, R., Hoh-
ler, K., Hiranuma, N., Saathoff, H., and Leisner, T.: A New
Ice Nucleation Active Site Parameterization for Desert Dust and
Soot, J. Atmos. Sci., 74, 699717, https://doi.org/10.1175/jas-d-
16-0074.1, 2017.

Vergara-Temprado, J., Murray, B. J., Wilson, T. W., O’Sullivan,
D., Browse, J., Pringle, K. J., Ardon-Dryer, K., Bertram, A.
K., Burrows, S. M., Ceburnis, D., DeMott, P. J., Mason, R. H.,
O’Dowd, C. D., Rinaldi, M., and Carslaw, K. S.: Contribution
of feldspar and marine organic aerosols to global ice nucleat-
ing particle concentrations, Atmos. Chem. Phys., 17, 3637-3658,
https://doi.org/10.5194/acp-17-3637-2017, 2017.

Vergara-Temprado, J., Miltenberger, A. K., Furtado, K.,
Grosvenor, D. P., Shipway, B. J., Hill, A. A., Wilkinson,
J. M., Field, P. R., Murray, B. J.,, and Carslaw, K. S.:
Strong control of Southern Ocean cloud reflectivity by ice-
nucleating particles, P. Natl. Acad. Sci. USA, 115, 2687-2692,
https://doi.org/10.1073/pnas.1721627115, 2018.

Weinzierl, B., Ansmann, A., Prospero, J. M., Althausen, D., Benker,
N., Chouza, F., Dollner, M., Farrell, D., Fomba, W. K., Freuden-
thaler, V., Gasteiger, J., Gross, S., Haarig, M., Heinold, B., Kan-
dler, K., Kristensen, T. B., Mayol-Bracero, O. L., Muller, T,
Reitebuch, O., Sauer, D., Schafler, A., Schepanski, K., Spanu,
A., Tegen, 1., Toledano, C., and Walser, A.: The saharan aerosol
long-range transport and aerosol-cloud-interaction experiment,
Overview and Selected Highlights, Bull. Am. Meteorol. Soc., 98,
1427-1451, https://doi.org/10.1175/bams-d-15-00142.1, 2017.

Welti, A., Miiller, K., Fleming, Z. L., and Stratmann, F.: Con-
centration and variability of ice nuclei in the subtropical mar-
itime boundary layer, Atmos. Chem. Phys., 18, 5307-5320,
https://doi.org/10.5194/acp-18-5307-2018, 2018.

Wex, H., DeMott, P. J., Tobo, Y., Hartmann, S., Rosch, M., Clauss,
T., Tomsche, L., Niedermeier, D., and Stratmann, F.: Kaolinite
particles as ice nuclei: learning from the use of different kaolinite
samples and different coatings, Atmos. Chem. Phys., 14, 5529-
5546, https://doi.org/10.5194/acp-14-5529-2014, 2014.

Atmos. Chem. Phys., 22, 9663—9680, 2022

A. D. Harrison et al.: The ice-nucleating activity of African mineral dust

Wex, H., Dieckmann, K., Roberts, G. C., Conrath, T., [zaguirre, M.
A., Hartmann, S., Herenz, P., Schifer, M., Ditas, F., Schmeiss-
ner, T., Henning, S., Wehner, B., Siebert, H., and Stratmann, F.:
Aerosol arriving on the Caribbean island of Barbados: physical
properties and origin, Atmos. Chem. Phys., 16, 14107-14130,
https://doi.org/10.5194/acp-16-14107-2016, 2016.

Whale, T. F., Murray, B. J., O’Sullivan, D., Wilson, T. W., Umo, N.
S., Baustian, K. J., Atkinson, J. D., Workneh, D. A., and Morris,
G. J.: A technique for quantifying heterogeneous ice nucleation
in microlitre supercooled water droplets, Atmos. Meas. Tech., 8,
2437-2447, https://doi.org/10.5194/amt-8-2437-2015, 2015.

Whale, T. F.,, Holden, M. A., Wilson, T., O’Sullivan, D., and Murray,
B. J.: The enhancement and suppression of immersion mode het-
erogeneous ice-nucleation by solutes, Chem. Sci., 9, 41424151,
https://doi.org/10.1039/C7SC05421A, 2018.

Wiacek, A., Peter, T., and Lohmann, U.: The potential influ-
ence of Asian and African mineral dust on ice, mixed-phase
and liquid water clouds, Atmos. Chem. Phys., 10, 8649-8667,
https://doi.org/10.5194/acp-10-8649-2010, 2010.

Wilson, T. W., Ladino, L. A., Alpert, P. A., Breckels, M. N., Brooks,
I. M., Browse, J., Burrows, S. M., Carslaw, K. S., Huffman, J. A.,
Judd, C., Kilthau, W. P,, Mason, R. H., McFiggans, G., Miller,
L. A., Najera, J. J., Polishchuk, E., Rae, S., Schiller, C. L., Si,
M., Temprado, J. V., Whale, T. F., Wong, J. P. S., Wurl, O,
Yakobi-Hancock, J. D., Abbatt, J. P. D., Aller, J. Y., Bertram, A.
K., Knopf, D. A., and Murray, B. J.: A marine biogenic source
of atmospheric ice-nucleating particles, Nature, 525, 234-238,
https://doi.org/10.1038/nature 14986, 2015.

Zhao, X., Liu, X., Burrows, S. M., and Shi, Y.: Effects of
marine organic aerosols as sources of immersion-mode ice-
nucleating particles on high-latitude mixed-phase clouds, At-
mos. Chem. Phys., 21, 2305-2327, https://doi.org/10.5194/acp-
21-2305-2021, 2021.

Zhu, X. R., Prospero, J. M., Millero, F. J., Savoie, D. L., and Brass,
G. W.: The solubility of ferric ion in marine mineral aerosol so-
lutions at ambient relative humidities, Mar. Chem., 38, 91-107,
https://doi.org/10.1016/0304-4203(92)90069-m, 1992.

Zolles, T., Burkart, J., Hausler, T., Pummer, B., Hitzenberger, R.,
and Grothe, H.: Identification of ice nucleation active sites on
feldspar dust particles, J. Phys. Chem. A, 119, 2692-2700,
https://doi.org/10.1021/jp509839x, 2015.

Zuidema, P., Alvarez, C., Kramer, S. J., Custals, L., Izaguirre, M.,
Sealy, P., Prospero, J. M., and Blades, E.: Is Summer African
Dust Arriving Earlier to Barbados? The Updated Long-Term In
Situ Dust Mass Concentration Time Series from Ragged Point,
Barbados, and Miami, Florida, Bull. Am. Meteorol. Soc., 100,
1981-1986, https://doi.org/10.1175/bams-d-18-0083.1, 2019.

https://doi.org/10.5194/acp-22-9663-2022


https://doi.org/10.1175/bams-d-14-00247.1
https://doi.org/10.1146/annurev-earth-060115-012240
https://doi.org/10.1007/s40641-015-0026-2
https://doi.org/10.5194/acp-10-11471-2010
https://doi.org/10.1126/science.aad5300
https://doi.org/10.1175/jas-d-16-0074.1
https://doi.org/10.1175/jas-d-16-0074.1
https://doi.org/10.5194/acp-17-3637-2017
https://doi.org/10.1073/pnas.1721627115
https://doi.org/10.1175/bams-d-15-00142.1
https://doi.org/10.5194/acp-18-5307-2018
https://doi.org/10.5194/acp-14-5529-2014
https://doi.org/10.5194/acp-16-14107-2016
https://doi.org/10.5194/amt-8-2437-2015
https://doi.org/10.1039/C7SC05421A
https://doi.org/10.5194/acp-10-8649-2010
https://doi.org/10.1038/nature14986
https://doi.org/10.5194/acp-21-2305-2021
https://doi.org/10.5194/acp-21-2305-2021
https://doi.org/10.1016/0304-4203(92)90069-m
https://doi.org/10.1021/jp509839x
https://doi.org/10.1175/bams-d-18-0083.1

	Abstract
	Introduction
	Transport of African dust to the Caribbean
	Methodology
	Project overview
	Aerosol sampling and measurements
	Ice nucleation experiments
	Characterization of aerosol in Barbados during the campaign

	Ice-nucleating particle measurements in Barbados
	Ice-nucleating particle concentrations in Barbados
	Ice-nucleating activity of African dust in Barbados

	Why African dust in the MBL in Barbados has a relatively low ice-nucleating activity
	Low K-feldspar content
	Mixing with sea salt aerosol
	Comparison of the measurements in Barbados with a global aerosol model

	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

