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Abstract: The Sahara Desert is the largest contributor of global atmospheric dust aerosols impacting
regional climate, health, and ecosystems. The climate effects of these dust aerosols remain uncer-
tain due, in part, to climate model uncertainty of Saharan source region contributions and aerosol
microphysical properties. This study distinguishes source region elemental signatures of Saharan
dust aerosols sampled during the 2015 Aerosols Ocean Sciences Expedition (AEROSE) in the tropical
Atlantic. During the 4-week campaign, cascade impactors size-dependently collected airborne Saha-
ran dust particulate upon glass microfiber filters. Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) analysis differentiated metal isotope concentrations within filter samples from various
AEROSE dust sampling periods. Back-trajectory analysis and NOAA satellite aerosol optical depth
retrievals confirmed source regions of AEROSE 15 dust samples. Pearson correlational statistics
of source region activity and dust isotope concentrations distinguished the elemental signatures of
North African potential source areas (PSAs). This study confirmed that elemental indicators of these
PSAs remain detectable within dust samples collected far into the marine boundary layer of the tropi-
cal Atlantic. Changes detected in dust elemental indicators occurred on sub-weekly timescales across
relatively small sampling distances along the 23W parallel of the tropical Atlantic. PSA-2 emissions,
covering the western coast of the Sahara, were very strongly correlated (R? > 0.79) with Ca-44 isotope
ratios in AEROSE dust samples; PSA-2.5 emissions, covering eastern Mauritania and western Mali,
were very strongly correlated with K-39 ratios; PSA-3 emissions, spanning southwestern Algeria
and eastern Mali, were very strongly correlated with Fe-57 and Ti-48 ratios. The abundance of Ca
isotopes from PSA-2 was attributed to calcite minerals from dry lakebeds and phosphorous mining
activities in Western Sahara, based on source region analysis. The correlation between K isotope
ratios and PSA-2.5 was a likely indicator of illite minerals near the El Djouf Desert region, according
to corroboration with mineral mapping studies. Fe and Ti ratio correlations with PSA-3 observed in
this study were likely indicators of iron and titanium oxides from Sahelian sources still detectable
in Atlantic Ocean observations. The rapid changes in isotope chemistry found in AEROSE dust
samples provide a unique marker of Saharan source regions and their relative contributions to desert
outflows in the Atlantic. These elemental indicators provide source region apportionments of Sahara
Desert aerosol flux and deposition into the Atlantic Ocean, as well as a basis for model and satellite

validation of Saharan dust emissions for regional climate assessments.
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1. Introduction

The Sahara Desert is the largest single-emitter of dust aerosols, globally, with atmo-
spheric emissions in the range of 600-1000 Tg/yr [1-3]. Topographic lows containing fluvial
sediments from extinct waterways and basins create natural sources for desert aerosol
emissions across the nine million km? desert [4]. These aerosols, suspended by trade winds
and dry convection in the Sahara, travel thousands of kilometers from their source within
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the hot and dry Saharan Air Layer (SAL), residing at roughly 1-5 km in altitude [5,6].
Many of these dust aerosols enter the Atlantic Ocean and surrounding regions as the SAL
overrides the cooler Atlantic marine boundary layer [7].

There are numerous climate and health implications associated with these dust emis-
sions, driving the need for in situ and remote observations. Saharan dust aerosols directly
affect climate through scattering and absorption of solar and terrestrial radiation [8]. Semi-
direct and indirect climate effects can occur as dust particles alter cloud formation through
temperature changes caused by absorption of solar radiation and cloud ice nucleation,
respectively [9,10]. Additionally, the bioavailable nutrients from settling dust aerosols can
impact oceanic carbon cycling [11]. Numerous studies have also linked prolonged exposure
to Saharan dust emissions with upper respiratory and cardiovascular illnesses [12,13].

Accurate estimates of the changes in composition and size of these dust aerosols
improve the prediction of their environmental effects. These silicate-based aerosols contain
various amounts of clay minerals, carbonates, iron oxides, titanium oxides, feldspars, and
trace metals that largely depend upon the Saharan source region [14,15]. Dust aerosol min-
eralogy and size determine its optical characteristics, such as refractive index and extinction
coefficient, that define its global radiative forcing effects [16-18]. Notably, dust refractive
indexes can vary by an order of magnitude in global models due to unresolved heterogene-
ity in dust aerosol size and composition [19]. During its deposition into the Atlantic Ocean,
the iron and phosphorous content within mineral dust can serve as limiting nutrients for
microalgae Sargassum and phytoplankton growth, impacting oceanic productivity and
carbon cycling [20-22]. The composition of mineral dust is also of health and environmen-
tal consequence due to its potential toxicity and bioaccumulation in downwind receptor
sites [12,13,23]. These implications underscore the importance of in situ measurements in
the tropical Atlantic that uniquely characterize the chemical and microphysical evolution
of Saharan dust aerosols with minimal contributions from downwind surface emissions.

This investigation addresses two key research questions: (I) How do Saharan dust
aerosols evolve (age) with respect to particle microphysics and elemental characteristics
during atmospheric transport across the Atlantic? (II) What source-specific elemental
markers remain detectable in Saharan dust plumes crossing the Atlantic? To address
these questions, this study distinguishes source region elemental signatures of Saharan
dust aerosols sampled in the tropical Atlantic during the 2015 Aerosol Ocean Sciences
Expedition (AEROSE).

By identifying source-specific elemental markers in desert outflows, a basis for model
and satellite validation of regional desert aerosol flux and its Atlantic Ocean deposition can
be achieved. Elemental isotope markers in downwind dust aerosol samples can characterize
regional precursors of Saharan dust emission activity, advancing the prediction of dust-
climate feedback effects [24,25]. This technique can also distinguish anthropogenic sources
of dust emissions related to mining, industrial, agricultural, and other land-usage practices,
shown to be chemically detectable at SAL receptor sites [26,27]. Previous studies have
established broad potential source areas (PSAs) for annual Saharan dust emission [28,29],
but refinement and geochemical fingerprinting of these PSAs are necessary to distinguish
their downwind contributions and environmental implications.

In the following sections, we discuss the AEROSE campaign and methodologies for
elemental differentiation of Saharan dust sources encountered during the campaign; this
includes dust aerosol sampling and elemental isotope analysis of sampled particulate
matter (PM). We also discuss techniques for the detection of dust intrusions encountered
during the campaign and the quantification of their source region contributions. Lastly, we
evaluate the relationships between source region contributions and elemental characteristics
of AEROSE "15 dust samples.
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2. Materials and Methods
2.1. AEROSE Campaign Overview

AEROSE is a series of ship campaigns designed to characterize African aerosol evo-
lution, understand the Atlantic climate effects of African aerosol intrusions, and improve
regional satellite observations and climate models [30,31]. The AEROSE campaign is one of
few ocean-based research campaigns with a full suite of in situ, vertical profiling, and ra-
diometric aerosol measurement capabilities. AEROSE collaborates with the Pilot Research
Moored Array in the Tropical Atlantic-Northeast Extension (PNE) project. PNE is a joint
effort between the United States, France, and Brazil to maintain and expand moored buoys
that retrieve critical measurements of oceanic and maritime meteorological conditions [32].

The 2015 AEROSE/PNE campaign began aboard the NATO Alliance research vessel
in the Canary Islands on 15 November, with an initial southwestward path towards the
first mooring located at approximately 20° N, 38° W, that was reached on 20 November, as
shown in Figure 1.
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Figure 1. AEROSE 15 sampling locations by date, shown in yellow dots with captions. Sahara
Desert Potential Source Areas (PSAs) 1-5, PSA-Hoggar, and the added PSA-2.5 are also shown in red
and black borders across north Africa. The PSAs cover the following domains: PSA-1: northeastern
Algeria and Tunisia, PSA-2: Western Sahara and southern Morocco, PSA-2.5: El Djouf Desert, PSA-3:
eastern Mali, southern Algeria, and western Niger, PSA-4: Tibesti Massif, PSA-5: Bodélé Depression
and Chad Basin, and PSA-Hoggar: Hoggar Mountains. Map data were provided by ©2024 Google.

After reaching the first mooring site on November 20th, the NATO Alliance headed
eastward to the second mooring site at approximately 20° N, 23° W, which was reached
on November 25th. The RV then headed southward along the 23° W parallel from 25
November to 6 December, where the Alliance reached its southernmost point of the cruise
at approximately 25. Three more moorings, two US and one French, were transected along
this southern leg of the cruise. The Alliance made its northward return to port, mostly along
the 23° W parallel, from 6 December to 13 December.
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2.2. Aerosol Sampling and Elemental Analysis
2.2.1. Cascade Impactor

One-stage and Six-stage Staplex cascade impactor air samplers were deployed
throughout the AEROSE "15 campaign for size-dependent collection of aerosol particu-
late matter upon glass microfiber filters (Staplex filter model TEFAGF247). This sampling
method mainly captured clay fraction mineral dust less than 2 pm in diameter (D). Due
to its long atmospheric lifetime, clay fraction mineral dust may account for nearly half of
the dust aerosol optical depth and 15% of the atmospheric dust load [17]. The PM-2.5
dust aerosols are also of significant importance and uncertainty from a human health
perspective [12], justifying campaign investigations of its microphysical characteristics
in long-range transport.

The cascade impactor, shown in Figure 2, uses a vacuum pump to draw in air flow
through a series of stages that gradually decrease in nozzle diameter. Due to inertial
flow, larger particles are incrementally inhibited from passing to lower stages. In total,
10 um and 2.5 um pre-impactors were utilized throughout air sampling to discriminate
against larger non-dust aerosols. The two-stage air sampler allowed for size-dependent
cutoffs in aerosol collection at 0.8 um, with Stage 1 allowing aerosol particles greater
than 0.8 um, and Stage 2 allowing aerosol particles with diameters less than 0.8 um. The
bottom three stages of the Six-Stage sampler collected aerosols in diameters of 1.1-2.1 um
(Stage 5), 0.65-1.1 um (Stage 6), and 0.65 pm > D (Stage 7). One-stage and Six-Stage air
samplers operated throughout the entirety of the AEROSE campaign. The air sampling
flow rate was 2 L per minute over a 24-, 48-, or 72-h sampling period, depending on the
sampling date. Glass fiber filters had very high retention of fine particles, with retention
efficiency of 97-99% for 0.3 pm particles. After sampling, filter samples were stored
in air-tight plastic containers and analyzed for elemental composition. As shown in
Figure 2, aerosol sampling primarily occurred in regions of high aerosol optical depth
(AOD), according to time-averaged MODIS satellite retrievals (20 November 2015-10
December 2015).

2.2.2. Isotope Analysis of Dust Samples

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis detected metal
isotope concentrations in dust-impacted AEROSE filter samples. Samples were analyzed
using a PerkinElmer NexION 300D single quadrupole mass spectrometer coupled with ICP
ionization. Detectable isotopes measured during this study included Al (isotope: 27), Ca
(isotopes: 42, 43, 44, 46, 48), K (isotope: 39), Na (isotope: 23), Mg (isotopes: 24, 25, 26), Fe
(isotopes: 54, 56, 57, 58), Ti (isotopes: 46, 47, 48, 49, 50), and Sr (isotopes: 84, 86, 87, 88). For
ICP-MS sample preparation, % of each filter was digested in 20% nitric acid solution with
ultrapure (18 MOhm) water. The supernatant liquid was extracted from the filter samples
and introduced to the ICP-MS, where the resulting plasma-induced ions could be separated
and detected by the coupled mass spectrometer in terms of pulse intensity, measured
in counts per second (cps). An external calibration standard (PerkinElmer’s Instrument
Calibration Standard 2) was used to convert ICP-MS intensity to sample concentration
in parts per million (ppm). Calibration curves featured standard concentrations of 0.01,
0.05,0.1, 0.5, and 1 ppm of each elemental isotope of interest to this investigation and were
verified for linear correlations (R? > 0.9). The internal standard (IS) set used for calibration
quality included Be-9, In-115, U-238, CeO-156, Ce-140 (IS), Ce++70, with background
220 counts (cps) remaining below 1. Relative standard deviations (RSDs) were less than 5%
for Ce-140 during preceding system performance checks. These internal standards resulted
in elemental isotope intensity RSDs of less than 10% for all evaluated isotopes and below
5% for most.
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Figure 2. (a) Time-averaged MODIS Combined Dark Target and Deep Blue AOD retrieval at 0.55 microns
for land and ocean; 1-degree daily AOD was averaged from 20 November 2015 to 10 December 2015
(b) One-Stage and Six-Stage cascade impactors deployed during the AEROSE campaign, (c) Dusty
AEROSE 15 filter samples collected on 28 November 2015 using a One-Stage cascade impactor.

Dusty filter isotope concentrations were differenced by mean concentrations of envi-
ronmental blank filters from the campaign to isolate dust aerosol contributions to measured
isotopes. This method mitigated potential signal interference due to blank filter content
and non-dust aerosol components. Ship-based sun photometer and interferometer mea-
surements (to be discussed in Section 2.3.1), as well as Al concentration thresholds, were
used to distinguish airmasses for environmental blank filter selections. During elemental
analysis, non-Al isotope concentrations were divided by Al concentrations to normalize
elemental data to an indicator of aluminosilicates present in Saharan dust.

The uncertainty in elemental ratios was quantified using error propagation principles
to evaluate the limits of detection for isotopes of interest. Non-Al to Al isotope ratio
uncertainty was quantified as

2 2
Al = (AEnonAl, blunk) n (AEAZ, blunk) , (1)

Enoanl, sample EAI, sample
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where E and AE represent the isotope concentration in dusty filters and the standard
deviation of isotope concentration in blank filters, respectively. The first and second terms
in the quadrature represent the fractional uncertainties in non-Al and Al isotope filter
concentrations, respectively.

2.3. Source Region Identification of Dust Samples
2.3.1. Dust Event Classification

Aerosol collection periods were labeled as distinctive dust events to compare source
regions of AEROSE dust samples. Dust event designations were determined by relative
maximums in dust aerosol presence, as determined by dust sample Al concentrations and
ship-based radiometric aerosol retrievals. Aluminum concentration has been demonstrated
to be a strong indicator of Saharan dust PM due to its aluminosilicate mineralogy [33,34].

For this study, the Marine Atmospheric Emitted Radiance Interferometer (M-AERI)
was used for spectral detection of Saharan dust plumes throughout AEROSE "15. The
M-AERI was operational from 17 November 2015 through 6 December 2015. This sea-going
Fourier transform infrared (FTIR) spectrometer measured high-resolution infrared (IR)
radiances from upward and downward viewing angles in nearly 5-min intervals [35]. Based
on M-AERI retrievals from earlier campaigns, two narrow spectral channels were used
for dust detection, namely 961 cm ™! and 1231 em~! [36]. Both channels are relatively
insensitive to water vapor and ozone, but the 961 cm~! has much higher sensitivity to
mineral dust; thus, we can use the following simple equation for dust detection:

Tp(961 cm™!) — Tp(1231 cm™ 1)

D(Tg) = ,
(Te) Tp(961 cm~—1) + Tp(1231 cm 1)

()

where Ty is the wavenumber-dependent brightness temperature. The resultant dust signal
was resampled to 1-h resolution.

Microtops II handheld sun photometers provided daytime, multi-channel, aerosol
optical depth (AOD) measurements from the visible to the near-infrared spectrum of
atmospheric columns during sun-viewing opportunities. These measurements were a
part of NASA’s Aerosol Robotic Network-Marine Aerosol Network (AERONET-MAN)
observation system that provides satellite and aerosol transport model validation [37].
Sun photometer measurements were acquired in the 440, 500, 675, 870, and 936 nm solar
spectrum bands during AEROSE "15. Level 2.0 AOD series datasets were used throughout
this investigation.

If Al-26 concentrations, a proxy for dust particulate mass, exceeded 1 ppm (according
to filter sample analysis) during elevated sun photometer aerosol optical depth (AOD)
retrievals (>0.3) or 90th percentile M-AERI dust retrievals, the dust sampling periods were
considered Dense Events (DEs). The remaining sampling periods with detectable Al-26
concentrations above background concentrations were classified as Trace Events (TEs).

2.3.2. Source Region Quantification

Statistical air-trajectory approaches, such as Potential Source Contribution Function
(PSCF) and Concentration Weighted Trajectory (CWT), have been used to identify air
pollutant sources [38—41]. These approaches quantify back-trajectory intersections with
geospatial grid points, where PSCF uses background pollutant criteria to compute precursor
back-trajectories probability and CWT uses grid trajectory residence time as a concentration
weighting factor. PSCF, which is most applicable to isotope tracing, requires enough
ambient pollutant concentrations associated with back-trajectories to mitigate high biases
in PSCF values [38,40]. Due to PSCF limitations, AEROSE ship movement, and the 4-week
duration of the campaign, this study used a novel approach for back-trajectory analysis
that combines back trajectory grid densities and co-located satellite aerosol retrievals.

This study leveraged Hybrid Single Particle Lagrangian Integrated Trajectory (HYS-
PLIT) trajectory models [42] and Visible Infrared Imaging Radiometer Suite (VIIRS) Level 3
(L3) satellite AOD retrievals [43] to quantify PSA contributions to AEROSE dust sample
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PM. Dust event criteria (Section 2.3.1) were used to down-select back-trajectory periods that
localize dust emission sources. PSA activity was quantified for each AEROSE "15 dust event
using a potential source area frequency (PSAF) metric, where the weighted back-trajectory
density per filter sample period was calculated. For this metric, we assimilate HYSPLIT
back-trajectory and VIIRS aerosol optical depth data in 1 x 1-degree raster datasets for
each dust event. The PSAF is calculated as

n 120
PSAE(d, h) idz @) x Y109, 3)
=1 =1

where T is VIIRS level-3 aerosol optical depth at appropriate 1-day intervals, d, and I is
HYSPLIT intersections with VIIRS pixels at 1-h, 4, initializations from sampling location.
Then, 120-h HYSPLIT back-trajectories were simulated at 5 m above sea level (m a.s.l.) and
initialized in hourly increments from the ship location during dusty observation periods.
VIIRS AOD was temporally averaged from the dust sampling date to the date of the
HYSPLIT intersection with the farthest PSA, totaling n number of days for averaging.
In total, 5 m a.s.l. was determined to be representative of mean dust aerosol transport
pathways within the atmospheric boundary layer based on comparisons to upper altitude
back-trajectories (Figure S1, Supplemental Materials). Global Data Assimilation System
(GDAS) data were used to compute back-trajectories.

For this study, the co-location and weighting of back-trajectory analysis with satellite
AOD offer several advantages: (1) The hourly resolution of back-trajectories provides a sta-
tistically significant and representative sample size for reliable dust source identification of
air sampler measurements, (2) By incorporating AOD, we can relate these back-trajectories
to indicators of emission intensity per pixel, whereas traditional approaches use event
probabilities per pixel, (3) We can quantify relative source contributions of dust events
using fewer back-trajectories than traditionally required, (4) We are able to quantify relative
source contributions using a consistent spatial framework of reference.

2.4. Correlating Source Region Contributions to Elemental Isotope Ratios

The relationship between dust sample composition and PSA activity was evaluated
using Pearson correlation metrics. We define PSAs for elemental discrimination according
to prior Sahara Desert classifications [28,29], as shown in Figure 1. However, substantial
dust emissions can occur between PSAs 2 and 3 in the El Djouf desert region [44], so this
study created an additional PSA called PSA-2.5, also shown in Figure 1. For each PSA, this
study evaluated the correlation (R?) between its mean PSAF values and elemental isotope
ratios, where each AEROSE dust event was an independent observation in the analysis. In
this study, we define very strong, strong, and moderate Pearson correlational strength as
0.8-1.0, 0.6-0.79, and 0.4-0.59, respectively.

3. Results and Discussion
3.1. Source Region Identification
3.1.1. Dust Event Detection and Classification

Corroborated AEROSE in situ observations revealed three dense and two trace dust
events during the AEROSE "15 campaign. M-AERI dust signals, which ranged from roughly
0.3-0.4, reached the 90th percentile during the 11/20-11/22,11/26, and 11/27 timeframes,
and as high as the 80th percentile after 11/27, as shown by Figure 3

Concurrent sun photometer measurements peaked in AOD on 11/20 (0.33), 11/22
(0.51), 11/28 (0.45), and 12/09 (0.44), while the remaining measurement dates recorded
AOD < 0.3. Al concentrations in filter samples exceeded 1 ppm during the 11/21-11/23,
11/26,11/28,12/03, and 12/09 collection dates, as shown in Figure 1. Lesser amounts of Al
(1 ppm>) were observed on 11/27 and 12/09. Based on these observations and ship maneu-
ver, we classify filter samples collected on 11/21-11/23, 11/25-11/26,11/27,11/28, and
12/09 as DE1, DE2, TE1, DE3, and TE2, respectively. The corroboration of cascade impactor
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filter samples, sun-photometer, and M-AERI aerosol retrievals confirmed Saharan dust
aerosol deposition within the marine boundary layer during the AEROSE "15 campaign.
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Figure 3. (a) Dust filter Al-27 concentration (ppm) collected during Cascade Impactor aerosol
sampling and detected with ICP-MS. (b) Dust signal band ratios from M-AERI retrieval (blue) and
AOD from ship-based sun-photometer measurements (red).

3.1.2. Source Region Quantification

PSAF analysis showed that a mixture of Saharan source regions (mostly PSA-2, PSA-
2.5, and PSA-3) along a shared northeasterly wind trajectory likely contributed to high
AOQOD observation periods in the Atlantic during AEROSE "15. Changes in these trajectories
are closely associated with fluctuations in Harmattan pulses, determined by North African
high-pressure and monsoonal tropical low-pressure orientations [33]. The majority of dust
particulate sampled during AEROSE “15 likely originated in the western half of the Sahara
Desert, with most emissions occurring outside previously established PSAs (PSA-2.5), as



Atmosphere 2024, 15, 554

9 of 18

shown in Figure 4 and Table 1. The El Djouf Desert, which resides in PSA-2.5, was the
largest single contributor of dust aerosols sampled during the campaign, according to
PSAF analysis. These findings exclude the Bodélé Depression as a likely source, which
showed high levels of AOT near its source region, according to MODIS satellite imagery
shown in Figure 2. Consistent with previous studies [25,44], this work demonstrates that
established western Saharan PSAs must be geographically refined to accurately account for
dust emissions in the tropical Atlantic.

-

W
7

Figure 4. PSAF values for dust event DE1 (top left), DE2 (top right), TE1 (middle left), DE3 (middle
right), and TE2 (bottom left) during the AEROSE 15 campaign. The color map represents PSAF
frequency on a scale of 0 to 5 (purple to yellow). Red outlines represent PSA-1, PSA-2, PSA-3, and
PSA-Hoggar. The additional PSA-2.5 is also shown in black shading. Map data were provided
by ©2024 Google.
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Table 1. The spatial mean of PSAF values within each PSA boundary was computed for each dust
event during AEROSE “15.

Dust Events

Mean PSAF for Mean PSAF for Mean PSAF for Mean PSAF for Mean PSAF for

PSA-1 PSA-2 PSA-2.5 PSA-3 PSA-Hoggar
DE1 0.089 0.932 1.096 0 0
DE2 0 1.206 0.276 0 0
DE3 0.006 0.487 0.810 0.003 0
TE1 0 0.959 1.875 2.435 0.610
TE2 0 1.601 1.859 1.123 0

This study finds that DE2 was the only AEROSE “15 dust episode with one primary
source region, where PSA-2 contributed as much as 80% of the total PSAF for DE2. For
the remainder of dust events, two or more PSAs each accounted for at least 33% of total
PSAFs per dust event. PSA-2, the westernmost PSA, showed the second-highest PSAF;
its most significant increases occurred during DE2 and TE2 (1.2 and 1.6, respectively).
PSA-2.5, spanning eastern Mauritania and Western Mali, was the most active of PSAs
with the highest dust contributions occurring during TE1 and TE2 (PSAF > 1.8). PSA-3,
bordering southwestern Algeria and eastern Mali, demonstrated moderate activity levels
throughout the campaign; its highest PSAF was during TE1 and TE2 sampling periods (2.4
and 1.1, respectively).

3.2. Elemental Characterizations of AEROSE "15 Dust Samples
3.2.1. Dust Event Isotope Concentrations

Elemental isotope concentrations in AEROSE ‘15 dust samples were spatially and
temporally dynamic over the 4-week sampling period, according to ICP-MS analysis. We
observe that each AEROSE ‘15 dust event had a unique elemental isotope signature, as
shown in Figure 5. This variability in isotope concentration was indicative of changes in
Saharan source region contributions and atmospheric processing of mineral dust. Ca, Fe, K,
Mg, Sr, and Ti isotope ratios (per Al-26) were particularly useful discriminators of airmass
and source region changes throughout AEROSE "15 aerosol sampling periods. In various
combinations, these isotope ratios reached local maximums during DE2, TE1, and TE2.
These elemental isotope signals highlight the chemical complexity of Saharan dust plumes
that is often indetectable from satellite observations.

Ca-44 per Al-27 ratios ranged between 0.8 and 1.7 during the AEROSE 15 campaign.
The mean and standard deviation for dusty filters was 1.11 and 0.26, respectively. Peak
ratios occurred during DE2 and TE2 with values of 1.72 (1.28) and 1.39 (1.21) in the largest
(finest) size fraction. Ca/Al ratios were highest in the coarsest size fraction for all dust
events except TDE2, where peak concentrations occurred in the 0.65-1.1 um range. Many
studies have confined size-dependency trends in Ca concentrations to Moroccan and Saudi
Arabian desert soils [14,33,45,46], which is consistent with our observations.

Fe-57 per Al ratios ranged between 0 and 0.4 during dust event observation periods
for the campaign. The mean and standard deviations for all dusty filters were 0.22 and
0.10, respectively. The TE1 sampling period recorded the highest Fe-57 ratios, at roughly
0.4. In contrast to Ca/Al ratios, this study did not observe significant size dependencies in
measured Fe-57 ratios.

K-39 per Al ratios ranged between 0.2 and 0.5 throughout the campaign; the mean
and standard deviations were 0.28 and 0.08, respectively. Peak K-39 ratios (0.3-0.5) were
observed during TE1 and TE2 sampling periods.

Mg-24 per Al ratios were relatively stable at 0.2 to 0.4, with peak ratios occurring
during the DE2 observation period. The mean and standard deviations were 0.36 and
0.07, respectively.
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This study observed highly correlated Ti-48 and Sr-88 ratios (per Al) throughout the
campaign that fell within the range of 0.02-0.3. For Ti-48, the mean and standard deviations
were 0.09 and 0.08, respectively. For Sr-88, the mean and standard deviations were 0.06
and 0.09, respectively. Ti-48 and Sr-88 peaked in concentration ratios, measured near 0.3,
during the TE1 sampling period.
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Figure 5. ICP-MS elemental isotope concentration ratios per Al-26 for aerosol filter samples collected
during AEROSE “15 dust events. Ca-44 (a), Fe-57 (b), K-39 (c), Ti-48 (d), Sr-88 (e), and Mg-24 (f) ratios
are shown per time with associated dust events labeled in parenthesis. Each aerosol size fraction
was plotted and illustrated per observation period using a respective symbology and color coding.
Filter sample elemental ratios for six-stage and two-stage samplers are shown in blue and green,
respectively. Circles, squares, diamonds, exes, and pluses represent 1.1-2.1 um (Stage 5), 0.65-1.1 um
(Stage 6), 0.65 pm > D, D > 0.8 um, and D < 0.8 pm aerosol diameters, respectively. Uncertainty bars
for each elemental isotope ratio are shown across all AEROSE 15 observation periods.



Atmosphere 2024, 15, 554

13 of 18

3.2.2. Correlational Analysis of Dust Sample Isotopes and Source Region Emissions

Pearson correlational analysis identified statistical relationships between elemental
isotope ratios and PSA apportionments of AEROSE “15 dust events. Each attributed PSA
demonstrated significant correlations with specific elemental isotopes measured in this
study, as shown in Figure 6. Collectively, these isotope correlations produced unique
spectral signatures of each North African PSA sampled during the campaign.
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Figure 6. Pearson correlation between dust filter isotope ratios (discussed in Section 3.2.1) and mean
PSAF (Table 1) for each source region; the area above the dashed line represents strong to very strong
correlations (RZ > 0.59 and R? > 0.79). Each PSA-isotope correlation is shown individually (PSA1: top
left, PSA-2: top right, PSA-2.5: middle left, PSA-3: middle right, PSA-Hoggar: bottom left). Fine
and coarse fraction (at 0.8 um) dust sample correlations are shown in blue and orange, respectively.
The corresponding p-values for highly correlated isotopes and PSAs (R? > 0.79) were: Ca-44 and
PSA-2: 0.08 (fine); K-39 and PSA-2.5: 0.05 (fine); Mg-24 and PSA-1: 0.11 (fine); Fe-47 and PSA-3: 0.04
(fine); Fe-47 and Hoggar: 0.04 (coarse) and 0.009 (fine); Ti-48 and PSA-3: 0.08 (coarse) and 0.08 (fine);
Ti-48 and Hoggar: 0.001 (coarse) and 0.001 (fine); Sr-88 and PSA-3: 0.14 (coarse) and 0.12 (fine); Sr-88
and Hoggar: 0.01 (coarse) and 0.01 (fine).

PSA-2 dust emissions were very strongly and strongly correlated with Ca-44 and
K-39 isotope ratios, respectively. R? values for Ca-44 and PSA-2 were near 0.8 and 0.7
for fine and coarse dust aerosol fractions, respectively. K-39 and PSA-2 correlational
values were near 0.6 for both fine- and coarse-sized sample fractions. The very strong
correlation between Ca-44 ratios and PSA-2 emissions was consistent with several literature
findings demonstrating elevated calcium content in Moroccan, Western Saharan, and
Mauritanian soils [14,33,46]. Ephemeral lakes containing calcite minerals are a likely
source of Ca isotopes measured from PSA-2 [7,45]. However, studies have also linked
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anthropogenic sources in Morocco and Western Sahara to higher Ca content in downwind
mineral dust [7,26]. Mining activities related to rock extraction, wind erosion of exposed
mining sites, changes in soil texture, and phosphoric acid production can influence dust
aerosol emissions in the region. Additionally, agricultural fields in western Marrakesh have
been linked to dust emissions [7]. This study identified a region near the port city of El
Marsa, Western Sahara, as the most likely anthropogenic source (nearest PSAF pixel > 5)
of high Ca-44 ratios during DE2 (Ca/Al > 1.7); this site exports phosphorous rock from
the nearby Bou Craa phosphorous mining facility using a 100 km conveyor belt. The
geochemical composition of these sedimentary phosphate rock deposits is primarily CaO
and P,Os5 oxides [47], which is often detectable in Ca/ Al ratios (in addition to P, Cl, nitrates,
sulfates, and ammonium) in mineral dust at receptor sites downwind of Moroccan mining
facilities [26]. Based on this analysis, Ca isotope ratios are a strong indicator of PSA-2 dust
aerosol emissions due to natural and anthropogenic sources near ephemeral lakes, mining
facilities, and agricultural sites.

PSA-2.5 dust emissions were very strongly correlated with K-39 ratios and moderately
correlated with fine fraction Fe-57 ratios. Previous studies have linked high K/ Al ratios
with the presence of illite clay minerals in Saharan soils [33,48]. The illite mass fraction
in clay minerals has been shown to exceed 40% in Mauritania and 30% in much of the
El Djouf Desert, according to mineral mapping and characterization efforts [14,45]. Thus,
the high correlation we observe between K-39 ratios and PSA-2.5 emissions may be an
indicator of K-bearing illite minerals found in high abundance near the El Djouf Desert.
This elemental indicator could benefit model validation studies and satellite observations
constraining PSA-2.5 emissions, an underpredicted source region of Saharan dust export to
the Atlantic [25,44]. The activity and elemental distinctiveness of PSA-2.5 dust emissions
also highlight the need for refinement of traditional PSA designations in the Sahara to
improve desert aerosol flux estimates.

PSA-3 dust emissions were very strongly correlated with fine fraction Fe-57 and Ti-48
ratios, and strongly correlated with S5r-88 and coarse fraction Fe-57 ratios. The abundance
of Fe-57 in PSA-3 is consistent with prior studies evaluating Fe/Al ratios in PSA-3 [33].
The strong correlation between Fe-57 ratios and PSA-3 emissions is likely associated with
the abundance of iron-rich, hematite and geothite minerals (greater than 3% in clay soils)
within the PSA-3 boundary [14]. Additionally, the correlation of Ti-48 and Fe-57 ratios
in PSA-3 relates to previous studies that have identified titanium oxide and iron oxide
minerals in Sahelian soils [15].

PSA-1 and PSA-Hoggar exhibited low dust emissions in this study, limiting analytical
judgements on source elemental indicators. However, the high correlations between Mg
ratios and PSA-1 that we observe have been shown to be an indicator of dolomite minerals
present in northern Algeria, based on previous chemical analysis of Saharan dust aerosols
sampled at the Canary Islands [33].

4. Conclusions

In summary, cascade impactor air sampler size-dependently collected airborne Sa-
haran dust particulate matter in the tropical Atlantic during the 2015 AEROSE campaign.
ICP-MS analysis measured elemental isotope concentrations in dust-impacted air sampler
filters from the 4-week campaign. The probable source regions of these isotopes were deter-
mined using a newly defined air back-trajectory method and PSA correlational analysis.
The results of this study show that:

—  Regionally specific elemental indicators remain detectable in dust aerosols collected
along the Saharan air layer trajectory far into the Tropical Atlantic marine boundary
layer. We find that the combination of Ca, Fe, K, Sr, and Ti isotopes can uniquely
fingerprint PSA contributions in downwind Saharan dust particulates sampled in the
tropical Atlantic. These elemental characteristics can change rapidly over sub-weekly
timescales and short distances (1000 km>) within the tropical Atlantic.
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—  Western Sahara (PSA-2) was the largest contributor of Ca isotopes detected during
AEROSE dust observation periods; previous studies have traced Ca-rich dust aerosols
to the northern latitudes of Morocco and Algeria [29,33]. The very strong correlation
(R-squared > 0.79) between Ca-44 and PSA-2 dust emissions was attributed to calcite
minerals from dry lake beds and mining activities in Western Sahara.

- K-39 isotopes were very strongly correlated with El Djouf Desert aerosol emissions
(PSA-2.5). The correlation between K-39 ratios and PSA-2.5 was a likely indicator of
illite minerals near the El Djouf Desert region, according to corroboration with mineral
mapping studies. Previous studies have shown that this region could be the second
largest dust aerosol emitter in the Sahara, despite its non-attribution in previous PSA
designations [25,44].

—  PSA-3 dust emissions were very strongly correlated with Fe, Ti, and Sr isotopes. Fe-57
isotope correlations may indicate that iron oxide mineral deposition is occurring at
a higher rate following PSA-3 dust emissions; these minerals may have important
implications for oceanic carbon cycling since they are limiting nutrients in marine
ecosystem productivity.

The geochemical tracers identified in AEROSE dust samples can support climate
model estimates and satellite retrievals of Saharan aerosol source region emissions, depo-
sition rates, and radiative effects. These estimates vary significantly due to unresolved
model parameterizations of dust microphysical properties, source region apportionment,
and model ensemble variability [3,7,49,50]. Size-resolved elemental characterizations of
mineral dust can improve refractive index parameterizations in dust aerosol models, a key
uncertainty in dust radiative effects. Additionally, the geochemical tracers identified in this
study can address source region apportionment uncertainties in dust model simulations.
We anticipate that the multi-decadal record of AEROSE measurements in the tropical At-
lantic will support the advancement of regional aerosol observational networks for dust
model validation and satellite retrieval.
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