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Abstract Desert dust is one of the most important atmospheric ice-nucleating aerosol species around the
globe. However, there have been very few measurements of ice-nucleating particle (INP) concentrations in
dusty air close to desert sources. In this study we report the concentration of INPs in dust laden air over the
tropical Atlantic within a few days’ transport of one of the world’s most important atmospheric sources of
desert dust, the Sahara. These measurements were performed as part of the Ice in Clouds Experiment-Dust
campaign based in Cape Verde, during August 2015. INP concentrations active in the immersion mode,
determined using a droplet-on-filter technique, ranged from around 102 m�3 at�12°C to around 105 m�3 at
�23°C. There is about 2 orders of magnitude variability in INP concentration for a particular temperature,
which is determined largely by the variability in atmospheric dust loading. These measurements were made
at altitudes from 30 to 3,500 m in air containing a range of dust loadings. The ice active site density (ns) for
desert dust dominated aerosol derived from our measurements agrees with several laboratory-based
parameterizations for ice nucleation by desert dust within 1 to 2 orders of magnitude. The small variability in
ns values determined from our measurements (within about 1 order of magnitude) is striking given that the
back trajectory analysis suggests that the sources of dust were geographically diverse. This is consistent with
previous work, which indicates that desert dust’s ice-nucleating activity is only weakly dependent on source.

1. Introduction

The formation of ice in supercooled clouds is of fundamental importance for the formation of precipitation, as
well as cloud lifetime and radiative properties (McCoy et al., 2015; Tan et al., 2016). Mineral dust originating
from the world’s arid regions is one of themost important aerosol types for triggering ice nucleation, not only
in locations close to deserts but also thousands of kilometers from source regions (Atkinson et al., 2013;
Baustian et al., 2012; DeMott et al., 2003; Hoose et al., 2010; Wiacek et al., 2010). Of the various arid source
regions, the Sahara is the largest single source (Formenti et al., 2011; Prospero et al., 2002; Ridley et al.,
2012) with ~100 Tg of dust per year exported to the tropical Atlantic and beyond (Kaufman et al., 2005).

Mineral dust particles can serve as ice-nucleating particles (INPs), even when transported far from source and
after interaction with other atmospheric constituents. Aircraft observations have shown that INP concentra-
tions correlate with dust concentrations in dust plumes transported over Florida (DeMott et al., 2003), and
measured INP concentrations in dust plumes at mountain top atmospheric observatories were also found
to correlate with dust concentrations (Boose, Kanji, et al., 2016; Boose, Sierau, et al., 2016; Chou et al., 2011;
Klein et al., 2010). There is a propensity to find mineral dust particles within cloud ice crystals indicating that
mineral dust nucleated those ice crystals (Cziczo et al., 2013; Kamphus et al., 2010; Pratt et al., 2009; Twohy,
2014). Similarly, experiments where atmospheric aerosol samples were artificially exposed to supersaturated
conditions, at temperatures from �63 to �43°C (Baustian et al., 2012) and from �50 to �15°C (Richardson
et al., 2007), also suggest that mineral dust preferentially nucleates ice relative to other aerosol types.

Laboratory studies have been used to quantify the efficiency with which soil samples collected in desert
regions nucleate ice (DeMott, Prenni, et al., 2015; Niemand et al., 2012). Desert dusts from diverse arid
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sources have been shown to nucleate ice with comparable efficiency (Boose, Welti, et al., 2016; Kaufmann
et al., 2016; Niemand et al., 2012), which may indicate that there is a common component of desert dusts that
controls its ice-nucleating ability (Atkinson et al., 2013). Mineral dust from deserts is made up of a variety of
minerals (Glaccum & Prospero, 1980; Murray et al., 2012), and experiments with specific minerals have shown
that the potassium feldspars (K-feldspars) are much more effective at nucleating ice than other tested miner-
als in desert dusts across the mixed phase-cloud temperature regime (Atkinson et al., 2013; Augustin-Bauditz
et al., 2014; Harrison et al., 2016; Kaufmann et al., 2016; Niedermeier et al., 2015; Wex et al., 2014; Whale et al.,
2017; Zolles et al., 2015).

The ice-nucleating efficiency of desert dust samples from the ground (i.e., desert soils) and their mineral com-
ponents have been used to determine the concentration of INPs in models (Atkinson et al., 2013; Hoose et al.,
2010; Niemand et al., 2012; Vergara-Temprado et al., 2017), but very few measurements of the ice-nucleating
ability of atmospheric aerosol dominated by desert dust have been made within a few days’ transport over
the Eastern Atlantic from source regions (Boose, Sierau, et al., 2016; Conen et al., 2015). Sampling atmospheric
dust is also important because airborne desert dust is not pure mineral dust. The dust particles contain other
materials from the source regions such as biological material and salt residues, which may also interact with
trace gases and other aerosol in the atmosphere. Desert dust is subject to a range of chemical and physical
processes, which are challenging to simulate in the laboratory, such as the saltation process and chemical
weathering both on the ground and in the atmosphere. In fact, a recent study concluded that desert dust that
had been transported through the air and then sampled generally had a lower activity than desert dust
sampled directly from the surface (Boose, Welti, et al., 2016). Hence, it is important that we test our ability
to predict the ice-nucleating ability of desert dust dominated aerosol based on idealized laboratory-based
parameterizations against in situ measurements.

In order to make measurements of the INP spectrum (i.e., the INP concentration as a function of ice-activation
temperature) from an aircraft, we use a technique originally described and used by Schnell (1982). This tech-
nique involves collecting aerosol particles onto filters via inlets located outside the boundary layer of an air-
craft and then using a droplet freeze assay to quantify the concentration of INPs on the filter. This assay
involves placing an array of ultrapure water droplets onto the filters in order to quantify the concentration
of airborne INP particles as a function of activation temperature. Here we present themethodology and report
data collected during the August 2015 ICE-D (Ice in Clouds Experiment-Dust) field campaign based in Praia,
Cape Verde (14.9°N, 23.5°W). We go on to compare the INP concentrationmeasurements, in combination with
the aerosol size distribution, with several literature parameterizations for ice nucleation by desert dust.

2. Materials and Methods
2.1. The ICE-D Study Region

The ICE-D field campaign took place in the region around the Cape Verde archipelago in August 2015. This
region is strongly impacted by dust from sources across North Africa with the dust layers typically below
5 km. As part of the campaign, the UK’s Facility for Airborne Atmospheric Measurements (FAAM) BAe-146
research aircraft was used to sample and characterize cloud and aerosol layers. The aircraft was based out
of Praia on the island of Santiago and flights focused on the oceanic region around Cape Verde with flights
as far away as the Canary Islands. The flight tracks and location of filter sampling is shown in Figure 1.

2.2. Sample Collection

Onboard the FAAM research aircraft, filter samples were collected using the two parallel filter inlets on the
port side of the aircraft. This inlet system was in use on the C-130 aircraft before being installed on the
FAAM BAe-146 aircraft and has been used in the past to sample fine and coarse mode atmospheric aerosol
(e.g., Andreae et al., 2000; Formenti et al., 2008; Young et al., 2016). The aluminum nozzle inlets are positioned
outside of the aircraft boundary layer and approximately aligned with the local airflow. The inlet design was
based on criteria for aircraft engine intakes in order to minimize flow separation and turbulence. A vacuum
pump, aided by the ram effect of the aircraft, pulls air through the inlets, and flow volumes are measured
using mass flowmeters, which report standard liters sampled (where standard temperature is taken to be
273.15 K and standard pressure 101.3529 kPa). Flow rates vary with altitude (as well as between different
types of filter) with lower flow at higher altitudes due to the reduced pressure differential across the filter.
At high altitude the flow rate is so reduced that it is not practical to sample for a sufficiently long duration
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to collect a sample for analysis; we thus limit the measurements reported here to below 3,500 m (11,500 ft).
Filter samples were only collected in the absence of clouds or precipitation. The system is equipped with a
bypass line, the flow through which can be controlled independently of the main sampling line. For the
sampling here, the bypass line was closed in order to maintain subisokinetic conditions and also to allow
direct comparison with previous sampling (Young et al., 2016) where the bypass was closed. Sampled air
passes through filter holders positioned behind the inlet. These filter holders are isolated or exposed to
sample flow in-flight by using manually operated valves.

Two types of filter holders were used, one for INP concentration analysis and one for scanning electronmicro-
scope (SEM) analysis. The filter holders for the INP concentration analysis were modified for this study and are
illustrated in Figure 2. The holder is designed to keep the filters as flat as possible and minimize deformation.
This is done by using a 47 mm stainless steel fine mesh support screen (XX4304707, Millipore) to support the
filter, with a nitrile rubber O-ring holding it in place. Sartorius polytetrafluoroethylene (PTFE) membrane filters
(47 mm diameter, type-11806) with a pore size of 0.45 μmwere chosen due to their hydrophobicity (and thus
high contact angle for the droplet freezing assay) and their low ice-nucleating efficiency. It has been shown
that similar filters collect aerosol down to 10 nm with an efficiency greater than 99% (Soo et al., 2016). It was
very important to expose the shiny side of these filters, as the dull side of some filters was found to nucleate
ice at temperatures up to �6°C. Flow rates through these filters on the aircraft were up to 20 standard liters
per minute (sLmin�1). Filters were loaded into their holders in a clean hood (where air was filtered) in the
temporary laboratory in Cape Verde, and the holders and supports were cleaned in an ultrasonic bath
between each use.

The filter holders for the filters for SEM analysis were the standard configuration, which has been used in the
past (e.g., Young et al. (2016)). These were collected in parallel with the filters for INP analysis. Polycarbonate
track etched filters with 0.4 μm pores (Whatman, Nucleopore) were used. Composition analysis was deter-
mined using a Phillips FEI XL30 Environmental Scanning Electron Microscope with Field-Emission Gun
(ESEM-FEG) combined with an energy-dispersive X-ray spectroscopy system, based at the University of
Manchester Williamson Research Centre. The system is described previously (Hand et al., 2010; Johnson
et al., 2012). As discussed in Young et al. (2016), this technique is insensitive to carbonaceous particles due

Figure 1. Track plots showing the sampling locations of each of the filters.
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to interference from the substrate. In addition, any volatile materials are lost when exposed to the vacuum in
the instrument.

2.3. Droplet Freezing Assay

The droplet freezing assay technique used in this study is an adaptation and combination of techniques
described by Whale et al. (2015) and Schnell (1982). Briefly, 1 μL liquid droplets are cooled at constant rate
of 1 K per minute by an Asymptote EF600 Stirling cooler. Their freezing is observed via a video camera while
measuring the temperature of the cold stage. The fraction of droplets frozen at a particular temperature can
be used to calculate the concentration of INP in each droplet (see below). In this work we use the exposed
filter as a substrate, rather than a glass slide as in Whale et al. (2015). As mentioned above, hydrophobic
PTFE membrane filters were used. For each droplet freezing assay, a collected filter sample was placed onto
a hydrophobic glass cover slide (Ted Pella cover glass, 48 × 60 × 0.15 mm), which was held in place on the
metal cold stage using silicon oil. The glass was made hydrophobic to prevent ice forming on the glass sur-
face from the vapor. This was done using Turtle Wax ClearVue Rain Repellent solution. For each experiment, a
fresh slide was prepared by coating it in ClearVue; rubbing both sides with lens cleaning tissue; rinsing with
water, methanol, and chloroform; drying with zero grade nitrogen gas; and repeating. Due to the large size of
the slides and filters in these experiments, the base of the chamber used to cover the droplets and hold the
camera was wider than that used by Whale et al. (2015) and had a conical interior, with a base diameter of
62 mm. This enabled more droplets to be used per experiment: up to 130 1 μL droplets could be used per
filter (see Figure 3), as opposed to up to ~40 used previously. When the stage temperature was below the

Figure 2. The filter sampling and ice-nucleating particle analysis equipment. (a) Cross section of filter holder. A 47 mm Teflon filter sits on a fine stainless steel mesh,
held in place by nitrile rubber O-rings. The filter stack is designed to fit into the standard filter holders on the BAe-146 aircraft. (b) The Nucleation by Immersed
Particle Instrument described by Whale et al. (2015), but adapted for use with the 47 mm filter. The filter is placed on top of a hydrophobic glass cover slide.

Figure 3. Stills from the video recording of a drop freeze assay experiment. At the start of the experiment all droplets are liquid (left). As the droplets are cooled,
freezing events are observed, until all droplets are frozen (right). The area of the filter exposed to atmospheric aerosol can be seen by the slight discoloration
of the filter; droplets are only placed in this region.
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dew point of air in the laboratory, an ~0.2 sLmin�1
flow of zero grade dry nitrogen was used to inhibit con-

densation and frost growth.

To test if the filter acted as a thermal barrier between the cold stage and the droplets, experiments were done
using pure water andmineral dust suspensions in which half of the droplets in an experiment were placed on
a filter and the other half were placed directly onto the glass slide (see image in Figure 4). The results of these
experiments are shown in Figure 4, where it can be seen that droplets containing mineral dusts have the
same freezing temperatures on both the glass slide and on the filter. The only major difference occurred
for pure MilliQ (18.2 MΩ cm) water, when droplets on the filter froze at lower stage temperatures than those
on the glass slide. The offset between the two sets of droplets is not constant, implying that the difference
is caused not by a lack of thermal contact but by a difference in the ice-nucleating properties of the
two substrates.

Filters exposed on the aircraft were prone to slight deformation at high flow rates, and care was required to
ensure that each droplet was in good thermal contact with the cold stage. To assess the thermal contact, the
melting of the droplets was recorded by the camera as they warmed back to room temperature after freez-
ing. It was clear from a visual inspection of the melting pattern which droplets were in poor thermal contact
with the cold stage due to a slight deformation of the filter: these droplets (usually a small fraction of the
total) melted much later than the majority. These droplets, together with their immediate neighbors, were
disregarded from the analysis. Most of our filters were in good thermal contact with the cold stage and only
a minority required droplets to be disregarded as described. When droplets were disregarded, the reduced
number of data points in the experiment is reflected in the uncertainty analysis.

Samples collected on the FAAM BAe-146 aircraft were taken to a temporary laboratory immediately after
landing, and either the freezing experiment described above was done on the same day as sampling or
the sample was stored at�18°C for analysis over the following days. Filters were unloaded from their holders
in a clean hood (with filtered air) and placed in individual, sealed Petri dishes prior to analysis. We used
HiPerSolv CHROMANORM® water in the drop freeze assays. All aircraft samples were analyzed by drop freeze
assay on the island in order to avoid issues associated with transportation and long-term storage.

Figure 4. Experiments to assess how heat is transferred through a PTFE membrane filter on a glass slide. The uncertainty in
temperature was 0.5°C. Droplets of water from the same suspension were placed on to the filter and directly onto the
glass so that freezing can be observed during the same cooling cycle. There appears to be no difference in the freezing
temperatures of droplets on the filter and on the glass slide, which contain ice-nucleating materials. In the case of MilliQ
water, droplets on the filter freeze at lower temperatures than those on the glass slide, implying that the filter had
fewer “background” heterogeneous nucleation sites than the glass.
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In a drop freeze assay experiment, the number of INP per unit volume of
water at a given temperature, T, is given by Vali (1971)

K Tð Þ ¼ � ln 1� f Tð Þð Þ
Vd

(1)

where f is the fraction of droplets frozen at temperature T and Vd is the
volume of each uniformly sized droplet, 1 ± 0.1 μL. The uncertainty in
K(T) is determined using Monte Carlo simulations to find the Poisson sam-
pling uncertainty (Harrison et al., 2016). K(T) can be used to derive the
atmospheric INP concentration with knowledge of the total flow volume
and area the droplet occupied on the filter. If a filter was used to sample
a volume Va of air (measured by two Alicat MFC units onboard the aircraft),
the number of INP per unit volume of air, [INP], is calculated as follows:

INP½ � Tð Þ ¼ K Tð ÞVdAfil

Vαα
(2)

where Afil is the area of the filter exposed to aerosol particles and α is the
area of each droplet in contact with the filter. Afil was found to be
11 ± 2 cm2 by measuring the diameter of the discolored region on filters
exposed to high aerosol loadings. The α was determined to be

0.9 ± 0.1 mm2 based on a droplet volume of 1 ± 0.1 μL and a contact angle of 126 ± 3°, with the assumption
of a spherical cap geometry. The contact angle was measured using a contact angle goniometer: five of our
exposed filters were used for these measurements, with the contact angles of five droplets on eachmeasured
using the goniometer. The uncertainty in the volume of air sampled was estimated to be 0.5 L, and uncertain-
ties in [INP](T) were found by standard propagation of the uncertainties in each term. The uncertainty in
temperature was 0.4 K (Whale et al., 2015). The concentration calculated in this way assumes that the aerosol
distribution inside the aerosol sampling system is the same as outside—it ignores any size-dependent filter-
ing of the aerosol by the inlet system, which is discussed in section 2.3.

When analyzing a filter for atmospheric INP we first conducted blank experiments in order to test the water,
surfaces, and other components for contamination. Blank experiments involved placing an unexposed filter
on the cold stage and performing the droplet freezing experiment as described above. We note that on
some occasions we observed unsatisfactory (i.e., there were freezing events at temperatures warmer than
�15°C or more than half the droplets had frozen at temperatures warmer than �28°C) blank fraction frozen
curves, which indicated that there was some contamination in the system (see section 3.1). Changing the
water, cleaning the components of the system, and flushing the chamber with clean filtered nitrogen gas
was sufficient to improve the background. We only ran an aircraft filter after two successful repeats of the
blank experiments.

To check that the measured INP concentration per unit volume of air was independent of the volume of air
sampled, as expected, the same air mass was sampled at different flow rates, simultaneously through both
inlets. Each sample was collected over 30 min. To achieve this, during flight B929 (17 August 2015), a polycar-
bonate Nucleopore filter of pore size 0.2 μm was placed in the lowest level of one of the two filter holders,
supported by a polythene mesh. The purpose of this filter was to restrict the flow, rather than for sampling.
The air sampled through the unrestricted inlet, collected on filter B929_2, was thus ~2.5 times the volume as
that simultaneously through the restricted inlet, collected on filter B929_1. Figure 5 shows the resulting INP
concentration data for these two filters. Since a smaller volume of air flowed through B929_1, fewer aerosol
particles were deposited and the probability of finding an INP at a given temperature was reduced. Hence,
the freezing events observed on B929_1 were shifted to lower temperatures. In the region of overlap above
around �20°C, the agreement is within 50%. This agreement shows that the flow rate made little difference
to the INP concentration relative to other uncertainties.

2.4. Aerosol Size Distribution and Sampling Efficiency

Sampling of atmospheric aerosol in a representative way from an aircraft is a nontrivial task, and sampling
problems, particularly with the coarse mode, have been documented for aircraft inlet systems, in general
(Baumgardner & Huebert, 1993). Representative sampling of the coarse mode aerosol is particularly

Figure 5. Measured ice-nucleating particle concentration for two filters
collected simultaneously using different flow rates during flight B929.
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problematic because these particles can be enhanced when sampling is subisokinetic (as is the case here), or
they can be under-represented due to gravitational settling or inertial impaction on components of the inlet
system. In the following we briefly review tests for sampling efficiency of coarse mode aerosol that have been
performed with the inlet system we used in the present study.

Andreae et al. (2000) concluded that 35% of the coarse mode sea spray aerosol was collected on the filter.
Theymade this estimate by comparing Na+ concentrations from a filter sample collected by low flying aircraft
(a few hundred meters sampled over about 30 min) to a sample collected from a ship in a similar location.
Andreae et al. (2000) adjusted the bypass flow in order to maintain “slightly subisokinetic” sampling condi-
tions. There are significant uncertainties with this estimate, and Andreae et al. (2000) suggest that the height
difference alone could account for 20–30% of this difference since the sea spray loading at the surface will be
larger than at a few hundred meters.

Young et al. (2016) compared size distributions determined from SEM analysis of filter-collected Arctic aerosol
as part of the ACCACIA campaign with size distributions from under-wing probes. In these flights the filter
sampling system on the FAAM BAe-146 aircraft was used in a very similar way to that in the present study.
Young et al. (2016) kept the bypass fully closed and they used track etched polycarbonate filters. Hence, their
samples were collected under similar subisokinetic conditions to those in this study. Under such conditions
oversampling of coarse mode aerosol is expected. However, this was not observed by Young et al. (2016),
whose results ranged from agreement within uncertainty between optical probes and SEM analysis, to far
fewer coarse mode aerosol collected on the filter relative to the optical probes. The disagreement between
0.5 and 10 μm of these distributions implies that the inlet collection and filter efficiency issues were influen-
cing these samples. They suggest that the discrepancy might also be a result of high RH, with the RH in the
sampling periods being greater than 90%. Under such high RH conditions aerosol will be swollen with water,
and therefore, the size distribution from the optical probes will be shifted to larger sizes compared to the SEM
technique where samples are analyzed under dry conditions. In summary, the SEM technique, filter collection
efficiency, and inlet losses could all be introducing somemagnitude of error to the comparisons presented by
Young et al. (2016).

In contrast to both Young et al. (2016) and Andreae et al. (2000), Chou et al. (2008) found that mineral dust
coarse mode aerosol were oversampled on the filters. They based this on measurements of the size distribu-
tion using SEM and transmission electron microscopy and two Passive Cavity Aerosol Spectrometer Probes
(PCASP), one mounted under a wing and one in the aircraft cabin. Chou et al. (2008) state that they adjusted
the bypass flow in order tomaintain “slightly” subisokinetic sampling conditions. It is not clear why Chou et al.
(2008) oversample coarse mode aerosol while Andreae et al. (2000), who operated the system under similar
conditions, undersampled coarse mode aerosol. A possible explanation is that many of the hygroscopic aero-
sol particles sampled by Andreae et al. (2000) were lost at the bend in the inlet pipework, whereas solid
mineral dust aerosol may be more likely to bounce on impact at the bend and therefore find their way onto
the filter.

In the present study, the average total aerosol surface area per unit volume of air corresponding to each filter
sampling period was derived from particle size distributions measured by two open path underwing optical
particle probes. The instruments were the PCASP and Cloud Droplet Probe (CDP). The PCASP measures par-
ticles with diameters in the approximate range 0.1–3 μm, and the CDP measures particles with diameters in
the approximate range 2–50 μm. The derived size is affected by the optical properties of the particles (i.e.,
their complex refractive index) and their shape. Here the calibrationmethod and optical properties correction
method of Rosenberg et al. (2012) have been used. We use the value of 0.002 for the imaginary part of the
refractive index (a value derived by Rosenberg et al. (2012) for African desert dust) to determine the surface
area values that are presented in Table 1. This method uses Mie theory, which implies spherical particles.
Despite the nonspherical nature of dust, Rosenberg et al. (2012) found this to be a good approximation for
airborne dust. When calculating surface area, we again assume spherical particles for simplicity. A lognormal
distribution function was fitted to each size distribution using a reduced chi-square method, and then the
surface area and uncertainty in surface area were determined from the covariance matrix of these fits (the
values are presented in Table 1).

In order to assess biases in sampling we have compared the size distribution of dust collected on 0.4 μm track
etched polycarbonate filters with those determined from the under-wing probes (Figures 6 and 7). These
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filters were collected in parallel with the Teflon filters we used for the INP
analysis for a subset of the filter runs and then analyzed using SEM. The
analysis is set out in detail by Young et al. (2016). Examples of SEM size
distribution compared to the CDP/PCASP distribution, and an SEM image
(Figure 6), are shown in Figure 7. These results indicate that there is
enhancement of the coarse mode aerosol particles on the filters relative
to the underwing probe size distributions, a similar result to Chou et al.
(2008). This is consistent with oversampling of coarse mode aerosol due
to the subisokinetic sampling conditions. The integrated surface areas
were within a factor of 2.5 between the SEM and optical probes (see
caption of Figure 7). This discrepancy should be borne in mind when
interpreting the INP data presented later in the paper, which are not
corrected for sampling biases, since the sampling biases themselves are
uncertain. It should also be noted that the flow rate through the
polycarbonate filters for SEM analysis was greater than for the Teflon
filters for INP analysis (by a factor of 2.7 and 3.4, for filter pairs from B926
and B931, respectively). Hence, there may be differences between the
sampling efficiency between the two filters. However, we do have filter
samples for INP analysis sampled in parallel, but with different flow rates.
(Figure 5, see discussion above). There the flow rate differed by a factor
of 2.5, but there is good agreement between the INP concentrations

Table 1
Details of the 21 Successful Polytetrafluoroethylene Filters and the Two Scanning Electron Microscope-Analyzed Polycarbonate Filters (B926_1 and B931_1), Collected
From the Facility for Airborne Atmospheric Measurements Aircraft During the Ice in Clouds Experiment-Dust Campaign

Flight
Filter

number Date
Start time
(UTC)

End time
(UTC)

Total sampled
volume

(standard liters)
Altitude
(kft)

Aerosol surface
area (μm2 cm�3) Location

Temperature
(K)

Dew point
(K)

B920 2 7/8/2015 15:25:00 15:46:10 306 0.1 66.7 (6.4) Northeast of Santiago 297.4 (0.3) 294.0 (1.0)
B920 4 7/8/2015 15:50:00 15:55:15 60 3.6 47.8 (8.2) Northeast of Santiago 295.7 (0.6) 274.0 (7.2)
B920 6 7/8/2015 15:59:00 16:14:50 171 7.1 85.7 (8.8) Northeast of Santiago 293.7 (1.6) 282.4 (2.4)
B921 2 10/8/2015 14:33:00 14:51:29 89 10.0 178 (20) Northeast of Santiago 283.5 (0.1) 272.0 (0.8)
B921 4 10/8/2015 14:55:00 15:02:00 34 10.0 23.8 (7.4) Northeast of Santiago 282.8 (0.2) 278.5 (0.4)
B921 6 10/8/2015 15:04:45 15:29:15 107 10.0 92.5 (9.7) Northeast of Santiago 283.3 (0.5) 274.7 (3.6)
B922 2 11/8/2015 16:46:50 16:56:45 99 6.0 93.8 (10.9) Southeast of Santiago 288.2 (0.4) 288.0 (0.7)
B924 4 12/8/2015 16:09:30 16:14:30 63 3.0 1318 (217) Fuerteventura to Praia 301.4 (0.4) 284.3 (0.7)
B924 6 12/8/2015 16:17:40 16:22:40 62 3.0 1673 (228) Fuerteventura to Praia 302.0 (0.3) 285.5 (0.3)
B924 8 12/8/2015 16:25:25 16:29:25 50 3.0 1874 (220) Fuerteventura to Praia 299.3 (0.2) 286.3 (0.3)
B925 2 13/8/2015 15:03:10 15:28:10 111 10.0 175 (16) South of Santiago 283.0 (0.2) 272.9 (1.4)
B926 1 14/8/2015 15:29:50 16:24:00 1167 7.5–8.0a 133 (14) Southeest of Praia 287.3 (0.4) 281.4 (1.0)
B926 2 14/8/2015 15:29:50 16:24:00 430 7.5–8.0a 133 (14) Southwest of Praia 287.3 (0.4) 281.4 (1.0)
B927 2 15/8/2015 16:21:30 16:42:20 134 8.0b 628 (63) North of Santiago 287.1 (0.7) 282.5 (0.9)
B928 2 16/8/2015 15:13:18 15:38:00 397 0.1 204 (23) West of Santiago 299.7 (0.3) 297.9 (0.9)
B928 4 16/8/2015 16:01:50 16:23:42 132 9.0 212 (19) West of Santiago 286.1 (0.1) 276.6 (0.4)
B928 6 16/8/2015 16:55:10 17:18:08 89 10.8 688 (128) West of Santiago 281.8 (0.2) 277.8 (1.1)
B929 1 17/8/2015 16:06:55 16:36:53 98 8.0 511 (53) South of Santiago 286.0 (0.3) 282.0 (0.5)
B929 2 17/8/2015 16:06:55 16:36:53 248 8.0 511 (53) South of Santiago 286.0 (0.3) 282.0 (0.5)
B931 1 19/8/2015 16:42:03 16:51:21 377 0.1 97.6 (8.4) South of Santiago 300.2 (0.3) 296.1 (1.7)
B931 2 19/8/2015 16:42:03 16:51:21 108 0.1 97.6 (8.4) South of Santiago 300.2 (0.3) 296.1 (1.7)
B932 2 20/8/2015 11:01:47 11:17:00 156 0.1 132 (17) West Coast of Africa 297.1 (0.1) 295.0 (0.9)
B932 6 20/8/2015 11:48:09 12:03:09 95 11.5 419 (46) West Coast of Africa 280.6 (0.2) 272.1 (1.4)

Note. The surface area was derived from the Cloud Droplet Probe and Passive Cavity Aerosol Spectrometer Probes measurements, and the numbers in brackets in
the aerosol surface area column are the uncertainty in that derived data. The temperature is the mean true air temperature measured by the non-de-iced
Rosemount temperature probe, and the dew point is recorded by the Buck CR2 chilled mirror hygrometer. The numbers in brackets after the temperature and
dew point are the standard deviations in the recorded data across the run for which each filter was sampled (this does not represent the overall uncertainty in
these measurements).
aAltitude was varied during collection to stay within dust layer. bFilter was exposed during descent to 8.0 kft (altitude was constant at 8.0 kft from 16:23:30
onward).

Figure 6. Scanning electron microscope image of aerosol particles sampled
on a track etched polycarbonate filter during flight B926. The dark circular
shapes in the background are the 0.4 μm pores in the filter, while the
particles are lighter in color. The scale bar is 50 μm.
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determined from the two filters, indicating that sampling is not sensitive to
flow conditions under these specific conditions.

3. Results and Discussion
3.1. INP Concentration Measurements

Details of 21 filter samples collected for INP analysis during the ICE-D cam-
paign are given in Table 1, and Figure 8 shows the corresponding fraction
frozen curves from the drop freeze assays. Also shown, in light blue, are the
fraction frozen curves recorded when the shiny side of clean filters was
tested in the temporary laboratory in Cape Verde. It can be seen that there
is a clear difference in ice nucleation temperatures between the blank and
the exposed filters.

The data in Figure 8 are used to determine the temperature-dependent
INP concentration for each filter sample. These are shown in Figure 9a.
The measured INP concentrations span more than 3 orders of magnitude
between 102 to 105 m�3, over temperatures ranging from about �10 to
�25°C. The range of INP concentrations the technique is sensitive to is
determined by factors such as sampling volume, aerosol loading, and dro-
plet size. There is also significant variability in the INP concentration at a
given activation temperature; for example, at�20°C the INP concentration
ranges from about 103 m�3 to 105 m�3.

Figure 7. The size resolved composition and size distribution of samples collected in dusty air (B926: 133 ± 14 μm2 cm�3; B931: 98 ± 8 μm2 cm�3). Filter B926_1 was
from 7.5 to 8 kft, and filter B931_1 was sampled at 100 ft; hence, the two filters represent very different sampling conditions. The flow rate was 21 sLmin�1 and
40 sLmin�1 for filters B926_1 and B931_1, respectively. The in situ size distribution was determined from the PCASP and CDP optical probes and is compared with
a distribution determined by SEM. The surface area determined from the SEM analysis was 338.9 μm 2 cm�3 (B926) and 245 μm 2 cm�3 (B931). For these filter
samples, the surface areas are within a factor of 2.5 of the surface areas determined from the underwing in situ probes.

Figure 8. Fraction frozen curves for drop freeze assays performed during the
Ice in Clouds Experiment-Dust campaign in August 2015. Aircraft samples
are shown in red, while blanks with pure water droplets directly on clean
filters are shown in blue.
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In Figure 9b the results from the individual filter runs are divided into
two categories according to a back trajectory analysis. A summary of
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
back trajectory analysis (Stein et al., 2015) is given in Figure 9c. The
starting points for the trajectories were the averaged values of the lati-
tude, longitude, and height of each filter run. HYSPLIT back trajectories
are based on large-scale meteorological data, which do not represent
convection or turbulence. However, most of the convective cloud sys-
tems in this study were to the south; hence, the flow patterns were gen-
erally not complicated by convection. In order to test the sensitivity to
starting point, we used the ensemble mode where multiple trajectories
are run with variable starting locations; the trajectory in Figure 9c is for
the principle trajectory, which is generally representative of the ensem-
ble. In general, filter samples taken at low altitude tended to sample air
that had traveled from the north of the Cape Verde islands with the air
masses sometimes skirting the coast of Africa (labeled “Northerly” in
Figure 9b). Most of the other trajectories indicate sampled air, which
traveled over continental North Africa (labeled “African continental” in
Figure 9b). We left data from several filter samples out of Figure 9b
(B922_2, B925_2, and B926_2) because they had more complicated tra-
jectories and did not clearly fit into these two categories. The air from
both trajectories was dust laden, but the concentration of dust in the
African continental samples was much more variable and could be
much larger than in the Northerly group. There is a 2 order of magni-
tude variability in the INP concentration of the samples with African
continental trajectories, whereas those with a Northerly trajectory are
more uniform and generally at the lower end of, but overlapping with,
the African continental range. The highest INP concentrations in the
African continental category correspond to the flight with the highest
aerosol loadings when we flew through an optically thick dust layer
(B924). It should be noted as well that this flight sampled aerosol much
closer to its source region.

In Figure 10 we compare our INP concentrations (all measurements
shown in Figure 9b) with the INP concentrations predicted by the para-
meterization of DeMott, Prenni, et al. (2015) for INP concentrations in
dusty air (referred to as D15 from hereon). This parameterization uses
the concentration of aerosol particles larger than 0.5 μm (from the
optical probes) and activation temperature to determine INP
concentration. The parameterization is empirically based upon labora-
tory studies, conducted below �19°C, of desert dust samples using a
continuous flow diffusion chamber (CFDC) as well as a cloud expansion
chamber. D15 also show that their parameterization is consistent with
aircraft observations in dusty air over the Caribbean. The data from
our study and the D15 parameterization agree to within about 1 order
of magnitude. However, there are differences between the two general
categories defined by back trajectories (African continental and
Northerly, defined above). The D15 parameterization tends to predict
INP concentrations up to an order of magnitude higher than our mea-
surements for the African continental group, with a greater difference
at smaller INP concentrations, which correspond to higher tempera-
tures. The largest discrepancies are for higher temperatures and lower
INP concentrations, where the D15 parameterization is extrapolated
beyond the range of temperatures (> �19°C) of the measurements

Figure 9. Measured ice-nucleating particle concentration ([INP](T)) for all filter
measurements during Ice in Clouds Experiment-Dust. (a) All the filter measure-
ments are shown and are color coded. (b) The measurements are grouped using
back trajectory analysis into air masses dominantly originating in Africa and air
masses originating from the North of Cape Verde, possibly withmarine influence.
(c) The back trajectories are summarizedwhere the color correspondswith height
(the height corresponding to each filter sample is given in brackets in the key, in
meters). Low-level (<100 m) flights sampled air dominantly from the North of
Cape Verde, which may have had some marine, European and African influence.
Filter samples collected at higher altitudes tended to come from North Africa.
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on which it was based. This greater difference at higher temperatures is illu-
strated in Figure 11a for a high dust loading case (B924). In contrast, the D15
parameterization tends to predict lower values, by up to an order of magni-
tude, than measured INP concentrations for the Northerly group. In general,
the Northerly group (Figure 9) may have had some marine influence, and
therefore, some fraction of the coarse mode aerosol may have been sea
spray aerosol. However, the presence of a significant component of coarse
mode aerosol such as sea spray, which is less active than desert dust for a
similar size particle, would tend to lead to an overestimate in the D15 INP
concentration rather than an underestimate. Also, the SEM analysis in
Figure 7 for a Northerly run sampled at an altitude of only 100 ft (30.5 m)
shows that the particles on this filter were dominated by mineral dust, with
very little detectable sea salt. Some of the Northerly trajectories originated
close to Europe and passed by the North African coast and may have been
influenced by more active aerosol types such as biological materials had a
different dust mineralogy or perhaps contained small (<500 nm) sea spray
aerosol, which was too small to be detected using the SEM technique.

3.2. High Dust Loading Case Study

We sampled in an optically thick dust layer at ~3 kft (~915 m), which was
situated between Cape Verde and the Canary Islands on 12 August 2015
(flight B924). This was a very dense dust layer with aerosol number con-
centrations in the coarse mode of ~200 cm�3 and aerosol surface areas
of ~1,500 μm2 cm�3. The resulting INP data are shown in Figure 11a.
Due to the high dust loading, a short sampling time of 5 min was used,
which allowed us to take three consecutive filter samples in quick succes-
sion in the same layer. The INP concentrations determined from these

three filter samples, shown in Figure 11a, are within measurement uncertainty of each other indicating that
along the flight track the dust layer was relatively uniform in its ice-nucleating ability.

The approximate origin of the dust plume we sampled on 12 August can be deduced from Meteosat Second
Generation Spinning Enhanced Visible and InfraRed Imager images. In Figure 11b we show a sequence of
images where dust is shown in pink (not to be confused with deep red color for clouds). On 9 August a dust
signal appears on the border between Niger and Algeria (circled). This dust feature intensifies by 10 August
and moves to the north and west in a manner consistent with a haboob, which is generated by strong winds
associated with the outflow from organized deep convection (Knippertz & Todd, 2012). By 11 August the dust
plume spreads out and on 12 August at 11:00 UTC, 5 h before we took the filter samples corresponding to the
data in Figure 11a, part of the dust plume has moved out over the Atlantic south of the Canary Islands. Hence,
on this occasion, we can correlate the intense dust plume we sampled on 12 August with a dust emission
event on 9 and 10 August. Prospero et al. (2002) note that there are well-defined dust sources in an area
bounded by the Ahaggar mountains to the north in Algeria, the Massif de l’Air to the south east, and
the Adrar des Ifoghas in Mali to the west. Based on satellite data, Prospero et al. (2002) also note that
the most persistent source in this region is associated with a large system of ephemeral water courses that
drain the Massif de l’Air. In the soil mineralogy maps of Nickovic et al. (2012) this region is characterized by
desert soils with 10–20 wt % by mass of feldspar (all feldspars including K-feldspar), as well as quartz,
clays, and other minerals. Hence, this region is likely a source for ice-active feldspar dusts. Overall, this case
study of an individual dust plume illustrates that that it is possible to trace particular events back to emis-
sion in particular regions and associate them with particular meteorological events. In principle, this could
be done systematically in the future and the ice-nucleating activity associated with each event correlated
with emission factors, such as location, types of dust emitted (e.g., mineralogy, ephemeral rivers, and
lakes), and meteorological events associated with the dust emission.

3.3. Ice Active Site Density for Desert Dust Dominated Aerosol

Many of the filter samples were taken in very dusty conditions where the aerosol composition, and therefore
surface area, was dominated by silicates, which comprise a large fraction of desert dust (this can be seen in

Figure 10. Comparison of the measured ice-nucleating particle concentra-
tions with those predicted by the parameterization of DeMott, Prenni, et al.
(2015) for data set split into the two categories defined in Figure 9.
This parameterization is specifically for dust-laden air and relates the ice-
nucleating particle concentration to the concentration of particles larger
than 0.5 μm and temperature. We apply a factor of 3 correction factor
recommended by the authors. We removed two runs from this plot where
the uncertainty in a small concentration of aerosol larger than 0.5 μm was
very large. The concentration of particles larger than 0.5 μm is taken from the
optical probe size distributions (e.g., Figure 7); the uncertainty associated
with this quantity is shown, but typically of a similar size to the data points.
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the SEM analysis presented in Figure 7). This presents an opportunity to
determine the temperature-dependent cumulative density of active
sites, ns for aerosol, which is dominantly desert dust. We refrain from
referring to this material as mineral dust because the particles of air-
borne desert dust may also contain salts and possibly biological resi-
dues from the desert source region, which may be important for ice
nucleation. This material has also been in the atmosphere for several
days so may have been aged to some extent by interaction with other
atmospheric constituents. The composition analysis shown in Figure 7
identifies the major component(s) of individual particles but is limited
in its ability to identify mixtures of different particle types. Once air-
borne, desert dust also has the potential to be influenced by atmo-
spheric gases and mix with other aerosol types. These processes may
influence the ice-nucleating ability of transported desert dust. Hence,
comparison of laboratory-based parameterizations for desert dust with
ns for desert dust dominated aerosol relatively close to source regions
will help inform how representative the laboratory-based parameteri-
zations are for desert dust dominated aerosol in the atmosphere.

In order to compare to literature parameterizations for desert dust
we have taken a subset of high aerosol loading filter samples
(>100 μm2 cm�3) and derived ns for this subset. The choice of this
threshold was informed by the SEM analysis where it is clear that the
coarse mode is dominated by mineral dust aerosol (see Figure 7). We
define ns for desert dust dominated aerosol as (Connolly et al., 2009;
DeMott, 1995):

ns ¼ INP½ �=Aaer (3)

where Aaer is the total surface area of the aerosol per unit volume of
atmosphere derived from the underwing optical probes (see meth-
ods section). It must be noted that we observe an enhancement of
coarse mode aerosol on the filters, as discussed earlier, which means
our derived ns is likely to be biased high. This is discussed in more
detail below.

The subset of ns for desert dust dominated aerosol is shown in
Figure 12, where each point corresponds to a droplet freezing. The data
in Figure 12 are from filter samples, which were collected at altitudes
from 100 to 11,500 ft (30.5 to 3,350 m), and the back trajectories
suggest variable air mass histories (as illustrated by the back trajectory
analysis in Figure 9). Despite the variability in air mass histories, the
variability in ns at a given temperature for these samples is only about
1 order of magnitude. The suggested relatively minor dependence on
dust source region is consistent with the similar conclusions from pre-
vious studies of ice nucleation by desert dusts (DeMott, Prenni, et al.,
2015; Kaufmann et al., 2016; Niemand et al., 2012).

In addition to our data, in Figure 12, we plot ns determined using a
CFDC situated within the Saharan dust layer at a mountain-based
observatory in the Canary Islands (Boose, Sierau, et al., 2016). We only
plot data corresponding to 103% RH in what Boose, Sierau, et al.
(2016) classify as strong dust events. The two data sets agree to within
an order of magnitude in the temperature regime in which they over-
lap (at �25°C), despite being obtained with very different instruments.
However, it should be noted that Boose, Sierau, et al. (2016) did not
apply a factor to account for the potential insufficient droplet

Figure 11. Ice-nucleating particle measurements from flight B924 on 12 August
2015 in an optically thick dust layer between the Canary Islands and Cape Verde.
The three samples collected were collected in quick succession at the same
altitude. (a) The ice-nucleating particle concentrations were very similar in each
filter sample. We compare our results to the parameterization of DeMott,
Prenni, et al. (2015); note that this parameterization is based on data below
�19°C. (b) Meteosat satellite images where pink colors indicate dust aerosol and
dark red indicates clouds. We present images from 8 to 12 August, the day
which corresponds to the measurements in Figure 11a. A strong dust signal
emerges on 9 August in the region of the border between Niger and Algeria
(circled). On subsequent days this dust plume intensifies and moves north and
west until it spreads out over the Atlantic south of the Canary Islands. The last
image was for 11:00 UTC, and our filter sampling was some 5 h later. We
acknowledge EUMETSAT for the Meteosat Second Generation Spinning
Enhanced Visible and InfraRed Imager images.
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activation in their CFDC instrument. DeMott, Prenni, et al. (2015) corrected (enhanced) their CFDC INP
concentrations by a factor of 3. A similar enhancement to the data of Boose, Sierau, et al. (2016) would
result in ns values, which are still in reasonable agreement with our values.

We also compare our ns for desert dust dominated aerosol with several laboratory data sets. We plot the para-
meterization of desert dust ns from the AIDA cloud expansion chamber (Niemand et al., 2012) (referred to as
N12 from hereon). This parameterization is valid between �12 and �36°C where the bulk of the measure-
ments was made below �19°C (the data points from N12 have also been included in Figure 12). A revised
parameterization has very recently been produced with new data from the AIDA chamber for desert dusts
(Ullrich et al., 2017), and the resulting parameterization is very similar to N12. The values of ns from the
N12 parameterization are larger than the ns values for our desert dust dominated aerosol samples. Boose,
Welti, et al. (2016) report laboratory measurements of ice nucleation by desert dust samples, which were col-
lected from the air or by sampling dust that had deposited on surfaces (they also show results for sieved and
ground desert dust samples, but these are not as relevant as the dust samples that had undergone transport
through the air and they are omitted for simplicity). Two separate sets of experiments are reported by Boose,
Welti, et al. (2016), one with a CFDC fitted with a chamber designed to activate aerosol to droplets prior to
aerosol entering the CFDC (IMCA-ZINC) and one with the Frankfurt Ice Deposition Freezing Experiment
(FRIDGE) operated in the freezing mode. The IMCA-ZINC results are in good agreement with the N12 parame-
terization, whereas the FRIDGE measurements are in good agreement with the results of the present study.

There are a number of possible explanations for the discrepancies between our results and the desert dust
parameterization of Niemand et al. (2012). An obvious issue with the aircraft sampled particles examined
in this study is that there are sampling biases (these are discussed in section 2). However, the comparison
of the SEM with in situ optical probes (Figure 7) suggests that there may be an enhancement of coarse mode
particles on the filters, which indicates that the surface area we use to derive ns is too small by a factor of

Figure 12. Values of ns for desert dust dominated aerosol compared to a range of laboratory based parameterizations and
data as well as other literature measurements of ns for desert dust dominated aerosol. In this plot, we only include filter
samples where the aerosol surface area was larger than 100 μm2 cm�3, i.e., where the coarse mode is most likely
dominated by desert dust (see text for discussion). We compare these data sets to an ns parameterization for desert dust
(Niemand et al., 2012) and several scaled K-feldspar parameterizations (Atkinson et al., 2013; Niedermeier et al., 2015;
Peckhaus et al., 2016). In addition, we compare our results to the ns derived for aerosol in a dust event in the Canary Islands
(Boose, Sierau, et al., 2016) as well as laboratory measurements of desert dust sampled from the air or by sampling dust,
which has deposited on the ground (Boose, Welti, et al., 2016).
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around 2.5 (at least for the two filters we analyzed with SEM). The oversampling is a product of both oversam-
pling of the coarse mode at the inlet and also losses of aerosol in the pipework. But, the implication of over-
sampling is that our reported ns values may be biased high, which suggests an even greater discrepancy
between our results and those of Niemand et al. (2012). Discrepancies between various instruments have
been observed for the ice-nucleating ability of a mineral dust during an instrument intercomparison
(Hiranuma et al., 2015). The average ns from instruments for nx-illite with dry dispersed particles was larger
than those with wet-dispersed particles. However, several CFDC instruments (dry dispersed) reported ns
values consistent with cold stage droplet freezing instruments (wet-dispersed), which are inconsistent with
a simple dry-versus-wet discrepancy. Furthermore, the FRIDGE instrument (in immersion mode) produced
ns values up to about 2 orders of magnitude larger than many other droplet freezing instruments for nx-illite,
whereas the agreement between FRIDGE data and our data in Figure 12 is very good. Nevertheless, when
interpreting the data in Figure 12, it should be borne in mind that there are documented and unexplained
discrepancies between different instruments. Alternatively to an instrumentation or sampling issue, it could
be argued that in the desert dust dominated aerosol that we (and Boose, Sierau, et al. (2016)) sampled, only
around 10% of the surface area was desert dust and the remaining surface area wasmade up of less ice-active
aerosol. However, this seems very unlikely given that the SEM/EDX analysis indicates that the aerosol compo-
sition was dominated by mineral dust particles. The explanation for this discrepancy may also be that there is
a difference between airborne desert dust and desert dust collected from the surface and then aerosolized
for chamber experiments. For example, the dust samples taken from the surface and aerosolized in the
laboratory and those aerosolized through wind-driven processes may differ in their ice-nucleating ability.
In addition, in the atmosphere desert dust mixes with other chemical species, including acids. It is well known
that acids can deactivate desert dust (Augustin-Bauditz et al., 2014), and it is possible that the desert dust
dominated aerosol we sampled here had suffered some degradation in its ice-nucleating ability due to
aging processes.

We also compare K-feldspar ns parameterizations from Atkinson et al. (2013), Niedermeier et al. (2015), and
Peckhaus et al. (2016) (referred to as A13, N15, and P16, respectively) in Figure 12. K-feldspar is thought to
be the most ice-active mineral in desert dust and typically makes up between 1 and 25% of airborne desert
dust mass (Atkinson et al., 2013); hence, we scale the K-feldspar ns parameterizations to 1 and 25% making
the assumption that K-feldspar also makes up this fraction of the dust surface area. This rough approximation
has been used in the past to estimate the ice-nucleating ability of agricultural and desert soils (Atkinson et al.,
2013; O’Sullivan et al., 2014). The A13 parameterization for K-feldspar (black dotted-dash line) is a goodmatch
to the slope and magnitude of ns for most of the filter measurements above ~ �19°C, but overpredicts the
activity at lower temperatures. A minority of the data points sit above the A13 line above �12°C, but these
data points make up only ~0.5% of the data points included in the plot and the uncertainty of these “spora-
dic” points tends to be relatively high. The N15 parameterization (orange dotted-dash line) also tends to over-
predict relative to the new data for our samples of desert dust dominated aerosol. The P16 parameterization
(green dashed line) is a good predictor of ns values for both our measurements and those of Boose, Sierau,
et al. (2016) below about�19°C, but underpredicts our ns at higher temperatures. While none of the available
literature parameterizations fit the ns values for desert dust dominated aerosol across the entire temperature
range, it should be noted that the new data are consistent with the various parameterizations within about 1
to 2 orders of magnitude. Hence, the laboratory-derived parameterizations for desert dust go some way to
providing an approximation for the ns values we measure for our aircraft-collected samples of desert dust
dominated aerosol.

3.4. Comparison of the Measured INP Concentrations With the Predictions of a Global Aerosol Model

In Figure 13 we plot the modeled INP spectra for K-feldspar from desert sources and marine organics asso-
ciated with sea spray, where the range in values represent the range in model daily means during August.
For these model predictions, we have used the Global Model of Aerosol Processes for the grid box corre-
sponding to Cape Verde (2.8 by 2.8°). The version of this model from which the data have been extracted
is described in detail by Vergara-Temprado et al. (2017). The model is based on the year 2001 meteorology.
The K-feldspar INP spectrum is from the A13 parameterization, and the K-feldspar distribution in the model is
predicted based on wind speed-dependent desert dust emission together with the regionally resolved dust
mineralogy from Nickovic et al. (2012). The marine organics INP spectrum is based on measurements of the
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INP content per organic mass of ocean microlayer samples (Wilson et al.,
2015). This is consistent with DeMott, Hill, et al. (2015) who found that
the INP concentrations from artificial sea spray are consistent with
measurements of aerosolized INP in a wave tank and in the remote marine
atmosphere. The width of the lines for K-feldspar and marine organic INP
represent the variability in the daily means. These span relatively low dust
loading days to days influenced by strong dust events. In the tropical
Atlantic near Cape Verde, the model predicts that desert dust is more
important than marine organics in the entire temperature range over
which our measurements were made.

We have also overlaid all INP concentration measurements made during
the present study, which represent a range of conditions from dust out-
breaks to more quiescent situations (Figure 13). Comparison of field
measurements to a global model output raises the question of represen-
tivity. In this case we think this is justified on the basis that a relatively
large number of filter samples were acquired over a relatively large
spatial scale in a range of conditions. Above ~ �20°C the agreement
between the field measurements and the model in both the magnitude
and variability in INP concentrations is very good. At lower temperatures,
the model tends to overpredict the INP concentration of these samples,
which is consistent with Figure 12 where the A13 parameterization over-
predicts ns relative to our determination of ns for airborne samples. In
addition, a high bias at low temperatures in the modeled INP concentra-
tions has been noted at other locations around the world (Vergara-
Temprado et al., 2017). Nevertheless, overall, the model reproduces the
measured INP concentrations reasonably well.

3.5. Implications for the Hallett-Mossop Ice Multiplication Process in Tropical Atlantic
Convective Clouds

Convective clouds that form in the eastern tropical Atlantic have the potential to form clusters, which can
develop into tropical storms or hurricanes and were a major focus for the ICE-D campaign. Convective clouds
are commonly thought to be impacted by secondary ice production mechanisms such as the Hallett-Mossop
process where the freezing of a small number of large droplets and subsequent riming are thought to pro-
duce copious quantities of ice splinters (Field et al., 2017). Thus, the ice concentration in these clouds can
greatly exceed the INP concentration (Crawford et al., 2012; Rangno & Hobbs, 2005). The Hallett-Mossop pro-
cess is thought to peak in efficiency at a temperature of around�5°C, and be active between around�3 and
�8°C (Pruppacher & Klett, 1997). It is not clear what concentration of INPs is needed in order to trigger the
Hallett-Mossop process, but it has been estimated that only 0.01 to 10 m�3 are required (Beard, 1992;
Crawford et al., 2012). Recently, Huang et al. (2017) concluded that 10 m�3 is sufficient to trigger the
Hallett-Mossop process provided that the other criteria for this process are met (including sufficient numbers
of large and small droplets in the correct temperature range), but a reduction to 1 m�3 in the primary ice con-
centration inhibits its effective operation. Hence, the concentration and identity of INPs in the Hallett-Mossop
regime are of primary interest.

The bulk of the INP data from the present study does not cover the Hallett-Mossop temperature regime, but
we can derive limiting values and also use our global aerosol model to predict the INP concentration at higher
activation temperatures. The INP data from this work define an upper limit of the INP concentration of
approximately 100 m�3 (i.e., approximately the lowest values in our data set); i.e., the INP concentration in
the Hallett-Mossop regime is not more than about 100 m�3. This is consistent with the measurements pre-
sented by Welti et al. (2017), who made measurements of INP from the Cape Verde atmospheric observatory
over a period of 4 years (also shown in Figure 13). The bulk of their measurements are made with a filter-
based technique, which is sensitive to concentrations as low as 0.1 m�3, but they also used a thermal gradient
diffusion chamber (CFDC) for a limited period of time for measurements at higher INP concentrations at lower
temperatures. The CFDC measurements are in good agreement with our measurements where they overlap

Figure 13. Ice-nucleating particle concentration as a function of activation
temperature for marine organic aerosol and K-feldspar from the Global
Model of Aerosol Processes (GLOMAP-mode) (Vergara-Temprado et al.,
2017). The lighter shaded regions of the two curves indicate where the
parameterizations are extrapolated. Model output is shown for the grid box
around Cape Verde and represents concentrations for August (based on
meteorology from the year 2001) for altitudes up to 11,500 ft. The breadth of
the model lines indicates the model variability in the daily means during the
month of August. In addition to comparing the model output with data from
the present study (from Figure 9), we also compare to recent data from a
ground-based station in Cape Verde (Welti et al., 2017).
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at -25°C. Their filter-based results extend over a broader range of INP concentration than our global model
predicts for K-feldspar INP and our INP measurements, but the upper limit to their measurements is in good
agreement with our model predictions. There have been suggestions that biogenic INP might be important
in dusts from arid regions (Schnell, 1974a; O’Sullivan et al. 2016), but these results indicate that in this location
this is not the case. Overall, the model and field data suggest that INP concentrations from K-feldspar are only
10�3 to 1 m�3 at �5°C. It is not completely clear whether this is enough to trigger sufficient primary ice
production to allow secondary ice production to become active; however, several of the papers cited above
suggest that these low concentrations may be sufficient.

4. Conclusions

A filter and cold-stage method is described to measure the concentration of immersion-mode INPs collected
from an airborne platform. The method was used successfully to quantify the INP spectra in the tropical
Atlantic during August 2015. We present the INP concentrations over a range of altitudes from 100 ft
(30.5 m) through to 11,500 ft (3.5 km), sampling air with a wide range of aerosol loadings. The highest INP
concentrations, up to 105 m�3 at �20°C, were measured on 12 August in an optically thick dust layer where
the aerosol surface area was 1,300–1,900 μm2 cm�3 with a particle concentration of ~200 cm�3 (>0.5 μm). In
contrast, the lowest INP concentrations, ~103 m�3 at�20°C, were measured when the aerosol concentration
was less than 10 cm�3 (>0.5 μm).

When the INP concentrations were normalized to aerosol surface area in dust laden air, active site densities
were produced, which agreed with one another within about an order of magnitude. Our results are also con-
sistent with the only other measurements of ns for desert dust dominated aerosol close to the North African
continent, which were made using a CFDC from a mountain top observatory in the Canary Islands (Boose,
Sierau, et al., 2016). We compared the ice active site densities determined from our data to those of a range
of laboratory-based parameterizations and measurements in order to test how well these can represent the
ice-nucleating ability of a desert dust dominated aerosol. There are numerous processes that could lead to
airborne desert dust aerosol having different ice-nucleating ability to idealized proxies used in the laboratory.
These include acid processing or mixing with other aerosol types. We conclude that within 1 to 2 orders of
magnitude, depending on temperature, the laboratory-based parameterizations for desert dust have some
skill in predicting the ice nucleation ability of desert dust dominated aerosol.

In the past it has been suggested that that the ice-nucleating ability of desert dusts from different deserts
around the world have a relatively uniform ice-nucleating ability (Boose, Welti, et al., 2016; Kaufmann et al.,
2016; Niemand et al., 2012). Our study is consistent with this suggestion since the back trajectories indicated
that the dust sources were from across a wide area of North Africa. This could indicate that a particular ubi-
quitous component of desert dust is responsible for its ice-nucleating ability. In the past it was suggested that
this component is K-feldspar and this is supported by the present study where it was shown that the airborne
sampled ns values are consistent with the typical feldspar content of desert dust. However, there are discre-
pancies between the different K-feldspar parameterizations (Atkinson et al., 2013; Niedermeier et al., 2015;
Peckhaus et al., 2016), with no single K-feldspar parameterization providing a predictive capacity over the
whole temperature range.

While our measurements of INP concentrations in the eastern Atlantic are the first in this regionmade from an
aircraft, they are limited in the temperature and INP concentration range over which they extend. Ideally, we
would be able tomakemeasurements within the temperature regime relevant for the Hallett-Mossop icemul-
tiplication regime at around �5°C. While our measurements place an upper limit of 100 m�3 of INP above
�10°C, our model predictions suggest an INP concentration of 10�3 to 1 m�3 for feldspar. It is not clear
whether this small concentration of feldspar INP could trigger secondary ice production (Field et al., 2017).
Another open question is whether desert dusts serve as a carrier of other more active INP species. For exam-
ple, it has been shown that fungal ice-nucleating proteins can separate from fungal material and preferentially
bind to mineral dust particles (O’Sullivan et al., 2016). In the same vein, a study in the Sahel indicates that bio-
logical activity can produce biological ice nucleators, whichmay become aerosolized (Schnell, 1974b). In addi-
tion, it has also been observed that some feldspar minerals can be substantially more active ice nucleators
than the K-feldspar defined by Atkinson et al. (2013), but we do not know if these hyperactive feldspars
are present in desert soils (Harrison et al., 2016). Through some combination of longer sampling times and
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larger volumes of water encompassing a greater number of aerosol particles, it should be possible to increase
the sensitivity of INP measurements, as recently demonstrated by (DeMott, Hill, et al., 2015). This might allow
themeasurement of INP concentrations at temperatures pertinent to secondary ice production. Nevertheless,
the recent measurements reported by Welti et al. (2017) suggest that in this region the INP concentration are
extremely low in the Hallett-Mossop regime, consistent with the K-feldspar-based model prediction.

Overall, we have quantified the INP spectrum between�25 and�10°C for atmospheric aerosol rich in desert
dust, which was sampled within several days’ transport from the African source regions. We also demonstrate
that laboratory-based parameterizations of ice nucleation by desert dust can reproduce the observed values
within about 1 to 2 orders of magnitude. However, significant open questions remain, not least the identity
and concentration of INPs at temperatures warmer than �10°C, what causes the discrepancies between the
different desert dust INP parameterizations, and also how desert dust INPs are processed when subject to
long range transport.
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