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ons favoring the survival of African
dust-borne microorganisms during long-range
transport across the tropical Atlantic†

Ali Hossein Mardi, a Miguel Ricardo A. Hilario, b Regina Hanlon,c

Cristina González Mart́ın,d David Schmale, c Armin Sorooshian be

and Hosein Foroutan *a

Forward trajectories of trans-Atlantic dust plumes were studied over a 14 year period (N ∼500 000) with

a focus on ambient meteorological conditions affecting the survivability of the microorganisms co-

transported with dust. Major dust transport patterns that emerged from the ensemble of trajectories

closely follow the established seasonal transport patterns of African dust over the tropical Atlantic

Ocean: summer transport (June–August) reaching the southeastern US and the Caribbean at an average

altitude of 1600 m and winter transport (December–February) reaching the Amazon basin at around 660

m. Summer trajectories take on average 270 hours to cross the Atlantic, while winter ones take 239

hours. A higher diversity is expected in microorganisms co-transported to the Amazon due to the higher

diversity in contributing dust emission sources. Analysis of meteorological conditions along the

trajectories indicate more favorable conditions for microorganism survival reaching the Amazon. During

the winter and for Amazon trajectories, lower mean solar radiation flux of 294 W m−2 and mean relative

humidity levels at around 61% are observed as compared to averages of 370 W m−2 solar radiation and

45% relative humidity for summer trajectories entering the Caribbean basin. Nevertheless, 14% of winter

trajectories (4664 out of 32 352) reaching the Amazon basin face intense precipitation, potentially

removing microorganisms, as compared to 8% of trajectories (2540 out of 31 826) entering the

Caribbean basin during the summer. These findings have important implications for the survivability of

microorganisms in trans-Atlantic dust plumes and their potential for major incursion events at receptor

regions.
Environmental signicance

Annually, substantial portions of dust aerosols originating from northern Africa travel across the Atlantic Ocean through the atmosphere and impact areas as far
as U.S. southeast, the Caribbean, and the Amazon. A lesser studied aspect of this phenomenon is the co-transport of a wide range of microorganisms onboard
the dust aerosols. We studied the seasonal variations in travel path, altitude, and ambient meteorological conditions along dust transport trajectories across the
Atlantic Ocean focusing on transport conditions impacting the concentration, diversity, and longevity of transported microorganisms. Results suggest a more
suitable condition for the survivability of microorganisms reaching the Amazon during the winter; however, a greater portion of trajectories face intense
precipitation and potential removal during that time of the year.
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1. Introduction

Themost abundant type of aerosol in the atmosphere bymass is
dust1,2 of which the greatest portion is emitted from the surface
of desertied regions where evaporation exceeds the mean
annual precipitation.3,4 Deserts of North Africa, including the
Sahara and Sahel regions are one of the world's most prominent
dust sources5–7 with the greatest emission contributed by the
Sahel area.8 A great portion of this annual emission traverses
the Atlantic Ocean and ultimately reach distant downwind
regions. Dust is continually emitted from African sources
throughout the entire year, and these emissions exhibit
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a correlation with the westward component of the 700 mb
(∼2700 m) wind above the African continent.9,10 From time to
time, there are sporadic and intense dust plumes that pulse
through the Atlantic Ocean in intermittent waves and increase
the concentration of particulate matter (PM) far above the
seasonal backgrounds at downwind regions.11

Dust emissions across North Africa are not uniform, with
certain regions exhibiting higher emission rates. For instance,
the Bodélé depression in Chad is recognized as the world's
largest source of dust emissions.12–14 Additionally, the western
regions of North Africa, situated between Mali and Mauritania,
are another signicant aeolian dust source.14 Further research
suggests that the spatial variations in the location of major dust
sources follow a seasonal pattern. Ashpole and Washington15

applied a neural network-based classication scheme on daily
dust occurrence and specied two distinct regions as major
sources of emission over North African arid regions. One region
located where Algeria, Mali, and Niger meet with highest
emission activity from December to February and emissions
progressing toward the Mali and Algerian border from June to
August. A similar seasonal variation pattern in the sources of
dust emissions is also observed through remote sensing data
from the Cloud-Aerosol Lidar and Infrared Pathnder Satellite
Observation (CALIPSO)16,17 and Meteosat Second Generation
(MSG), utilizing the 8.7, 10.8, and 12.0 mm wavelength chan-
nels.18 These observations indicate that northwestern sources
are most active during the hot and dry season (June to August)
and during the boreal winter, the dust emissions shi closer to
the equatorial regions and over the Bodélé depression.

In winter, synoptic scale processes play a signicant role in
driving episodic and intense emissions, primarily concentrated
in the lower portion of the atmosphere,19 oen within or near
the marine boundary layer.20 Observations of the seasonal
average dust layer height using CALIPSO indicate that, during
winter emissions, the average top height is approximately 2
kilometers along a meridional trajectory.17,21 In the summer-
time, dust emissions exhibit a greater variety of sources and
mechanisms, oen resulting in a vertically extended dust layer
that can reach heights ranging from 5 to 7 kilometers.22 This
summer-time African dust layer is commonly referred to as the
Saharan dust layer, known for its unique characteristics such as
its extended altitude and signicantly lower moisture content
compared to the adjacent air layers.23 Summertime dust emis-
sions tend to ascend to higher atmospheric levels as they move
towards the cooler air outside the western boundary of the
Sahara.19,20 Dust aerosols travel path across the Atlantic is
mainly governed by the seasonal variations in the location of the
inter tropical convergence zone (ITCZ), which limits the
southern extent the plumes can reach.7,21

Microorganisms thrive in a variety of aquatic and terrestrial
environments and knowledge of their sources and potential
contribution to the global climate budget has received consid-
erable attention.24–26 The atmosphere is teeming with micro-
scopic life27,28 and dust aerosols are well documented as a vessel
for carrying microorganisms. The direct link between dust
aerosols and transport of microorganisms is depicted in the
form of an increase in the number of Colony Forming Units
© 2025 The Author(s). Published by the Royal Society of Chemistry
(CFU) in samples collected during the dust events as compared
to the background conditions29 (and references therein). Notes
of airborne transport of microorganisms are dated back to early
days of discovering microorganisms.30,31 Several cases of
modern crop plant diseases are documented to be transported
across the continents via aerial dispersion of spores of plant
pathogenic fungi.32 Microorganisms may be transported as
individual cells (e.g. spores), in clusters (e.g., conidiophores),
and/or attached to dust particles and previous studies of
atmospheric dust have revealed the presence of diverse bacte-
rial communities.33–36

Specic to the arid North African regions of Sahara and
Sahel, three main phyla of Actinobacteria, Firmicutes, and
Proteobacteria are detected as the most abundant types in
sands of Bodélé depression and surrounding regions.35 Across
four eld campaigns conducted in the Yucatán Peninsula,
Mexico, the same three bacterial phyla consistently dominate
the culturable bacterium samples where terrestrial microbiota
were predominant and African dust deposition is noted as
a contributing factor.37 During episodes of severe African dust
impact on the Caribbean, the number of cultivable microor-
ganisms is reported to increases by a factor of three compared
to clear atmospheric conditions and themajority of the detected
microbial isolates are predominantly associated with soil and
plant species.38 Additionally, traces of atmospheric dust have
been found in the most remote areas of the world with esti-
mated travel time-scales at around 13 days.39–41 Consequently,
microorganisms traveling with dust have the potential to be
transported around the world and impact the atmospheric
microbiome of the receptor regions42–44 by transport of high-
threat or invasive pathogens.35,38,45,46

Presence of African dust over Caribbean and Amazon is an
established fact. One of the earliest observations of African dust
long-range transport across the Atlantic is dated back to 1956,
which at the time was found surprising, given the 7–10 days
duration of travel and various deposition factors impacting the
dust plumes.47 This nding was later conrmed by isotopic
analysis on numerous dust samples collected over Caribbean
basin and Amazon48,49 and by study of the chemical composi-
tion of collected aerosols.22,50 Though trans-Atlantic transport of
dust has been the subject of a considerable amount of
research51 (and references therein), the long-range co-transport
of microorganisms and dust aerosols is one of the lesser studied
aspects of this phenomenon.52

Several crucial parameters affect the composition and
diversity of microorganisms found within dust aerosols, with
the origin of the dust being a particularly signicant one.
Additionally, the location of the dust source can inuence the
size distribution of aerosolized dust particles, the duration of
their travel, and the atmospheric conditions encountered by
these dust aerosols51,53 which motivates the need for the anal-
ysis of dust source locations. Nevertheless, it is challenging to
identify the exact source of emission for each receptor region
based on current remote sensing or in situ methods.14,51 More-
over, as dust particles passively travel via global circulation, the
amount of transported dust, the regions they reach, and the
conditions they experience along the way are driven mainly by
Environ. Sci.: Atmos., 2025, 5, 220–241 | 221
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prevailing circulation regimes from the emission point up to the
receptor region.54 These challenges emphasize the need for
a novel approach that could overcome some of the existing
limitations in detecting the exact origin of dust and ambient
meteorological conditions endured by co-transported microor-
ganisms along the way. To overcome these challenges, we
examined seasonal trends in atmospheric trajectories of trans-
Atlantic dust over a period of 14 years (2008–2021) and their
implication for microorganisms' transport. We hypothesize that
seasonal trends observed in dust emission sources, travel path,
and ambient meteorological conditions along these trajectories
will lead to distinct environmental conditions that can benet
the co-transport of different taxa of microorganisms, depending
on the season, contributing sources, and the receptor region. To
test this hypothesis, we combined a dust emission scheme and
forward trajectory analysis to characterize ambient conditions
along each dust transport trajectory from the point of emission
until it reached our dened receptor regions. The specic
objectives of this study were to (1) connect dust source and
receptor regions across the Atlantic Ocean, (2) report on the
seasonal trends observed in dust trajectories and ambient
conditions along the way with a focus on the implications for
viability and diversity of the microorganisms. Through this
analysis, we plan on setting a basis for future studies of dust
and microorganism samples collected across the Atlantic. We
aim to employ a comprehensive approach that considers every
arid region of the North African continent located at topo-
graphically low regions as a potential source of dust emission.
Aer locating major seasonal sources of dust, we report on the
trajectories initiated from North African sources that reach two
receptor regions located on the western side of the Atlantic
Ocean (US-CARIB and AMZN). We report on the spatial and
vertical distribution of these trajectories along with transport
duration through different seasons to depict a seasonally
resolved demonstration of dust travel across the Atlantic. We
then compare these results with literature and evaluate their
compatibility as an evaluation to our method and outputs. Next,
we discuss the amount of dust emission associated with these
trajectories to isolate emission areas with relative importance
for dened receptor regions. In the nal section, we discuss the
average meteorological condition experienced by the majority of
the dust trajectories across the Atlantic and its potential inu-
ence on the type, concentration, and diversity of co-transported
microorganisms.
2. Data and method
2.1. Dust emission sources

NASA Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2)55 is a continuation of the
modern satellite era (1980 onward) atmospheric reanalysis run
and managed by the NASA Global Modeling and Assimilation
Office (GMAO). The MERRA-2 system incorporates more
contemporary datasets not available to the original MERRA
reanalysis dataset with an improved meteorological observing
system. One of the greatest advantages of MERRA-2 is having
222 | Environ. Sci.: Atmos., 2025, 5, 220–241
analyzed aerosol elds that can be used as an input in analysis
of the interaction between aerosols and regional climate.

In MERRA-2, dust mass mixing ratios are simulated with
a radiatively coupled version of the Goddard Chemistry, Aerosol,
Radiation, and Transport model (GOCART)56 for ve non-
interacting size bins. Dust emission values are wind driven for
each size bin and calculated based on the parameterization
provided by Marticorena and Bergametti.57 Dust emission is
derived based on a map of potential dust source locations,
according to the observed co-location of large-scale topographic
depressions and dust emitting regions rst described by Ginoux
et al.56 In theirmodel, the emission source functions are based on
the colocation of TOMS AI hotspots detected by Prospero et al.12

and topographic depressions. The emission budget from these
dust source regions was further evaluated by simulation of
atmospheric dust through the GOCART model and comparison
of the results with global observations of dust concentration at
the surface level, different vertical levels, deposition at surface,
optical thickness and size distribution. Comparisons demon-
strate levels of success in reproduction of distribution patterns of
dust at the global scale by considering emissions from the
mentioned hotspot regions. This scheme has also demonstrated
capabilities in capturing the seasonal patterns of variations in
surface concentration and optical thickness in dusty regions.56

Nevertheless, it is important to note that the MERRA-2 dust
emission scheme relies solely on model estimation and does not
incorporate data assimilation. Recent in situmeasurements have
revealed a discrepancy in the observed size distribution of dust
plumes, showing a notably higher abundance of dust aerosols
with a diameter greater than 10 mm.58 This discrepancy results in
an overestimation of the emitted fraction of clay aerosols (<2 mm
diameter) in global circulation models. This adjustment is made
to match the radiative properties of dust plumes, which, in
general, leads to an underestimation of the actual dust emission
rate. Even though the MERRA-2 reanalysis data incorporate the
deposition and hygroscopic growth of the aerosols aer their
emission, in this study we use the MERRA-2 dust emission
scheme only to isolate the emission hotspots based on their long-
term seasonal activity.

MERRA-2 hourly dust emission data were obtained for 2008–
2021 (collection M2T1NXADG, DOI: https://doi.org/10.5067/
HM00OHQBHKTP), in ve different size bins (DUEM001–005,
kg m−2 s−1) covering a dry radius range from 0.1–10.0 mm for
an area in North Africa covering 12° N–38° N and 18° W–40°
E (Fig. 1). Hourly emissions of different size bins were
summed up for each day to create daily dust emission value
maps with a spatial resolution of 0.5° × 0.625°. To obtain the
seasonal dust emission hotspots, rst the daily emissions of
all days of that season were averaged to create a composite
map of average seasonal emission. Next, a gamma
distribution was tted to the pixel values of each map and the
80th percentile on the corresponding cumulative distribution
function was selected as the threshold. On each map, the
pixels with seasonal average values greater than the threshold
obtained for that season were nominated as the seasonal dust
emission hotspots. Finally, for each pixel of the nominated
dust emission hotspots and during each day of that season, if
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The approximate boundaries of the study region. Two dust receptor regions are shown as US-CARIB (red rectangle) and AMZN (green
rectangle). The MERRA-2 mean annual dust emission values are projected and represented by the color bar. The brown rectangle is where the
HYSPLIT forward trajectories are initiated following observed dust emission activities.
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the daily dust emission value was greater than 85th percentile of
total daily emission values, that day was selected as a signicant
dust emission day for that pixel. Hereaer, we refer to these
incidents as dust emission activities. Both 80th and 85th

percentile thresholds were tuned to cover the majority of
seasonal dust emission areas and be inclusive of the majority
of daily dust emission incidents yet, keep the total number of
trajectories within our data processing capacities. Over the
course of study, more than 500 000 pixels of dust emission
activities were nominated by this method and provided as
inputs to the trajectory analysis.

It is important to emphasize that this emission and trans-
port scheme focuses specically on extreme dust emissions.
Regardless of the geographic receptor region, these intense
episodes of African dust emissions hold signicant importance
as a few extreme dust events can contribute a substantial
portion of the annual dust budget at the receptor region.11

Moreover, these intense emission episodes have a higher like-
lihood of surviving the deposition mechanisms during their
journey, thereby leaving a profound impact on the receptor
regions. This impact can manifest in the form of increased
mineral deposition59,60 or microbial activity29,61 (and references
therein). Fiedler et al.62 estimated that annually, 55% of African
emissions occur within close proximity to geographic depres-
sions, a number that can rise to 90% on a seasonal scale. This
nding is relevant, given that these geographic depressions
served as the foundation for identifying the hotspots in the
present study. However, it is crucial to highlight that especially
in regions near the emission sources, local standard emissions
also constitute a large portion of total deposited dust, annually.
2.2. Dust atmospheric pathways

To track the dust emission activities and report on their endured
condition along the trajectories, NOAA Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) was
used.63–65 HYSPLIT single trajectory analysis has a proven record
© 2025 The Author(s). Published by the Royal Society of Chemistry
in studying the origin or transport of air parcels in the atmo-
sphere. Neff and Bertler66 used HYSPLIT forward trajectories to
explore transport of dust from southern hemisphere sources to
the Southern Ocean and Antarctica over a three decade span. In
their analysis, they initiated 10-day forward trajectories from
possible dust sources at 100 m altitude above ground level using
reanalysis meteorology elds provided by the National Centers for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR). There cannot be a preset initial condition
for HYSPLIT trajectories as different studies might benet from
HYSPLIT trajectory modeling according to their specic research
goals. One of the earliest of such studies was Swap et al.67 who
tracked a dust incident both from a location near Chad in forward
mode and from a receptor region in Amazon, in backward mode.
They analyzed a range of initiation altitudes ranging from 600 to
975 mb, equivalent approximately to 4500 to 600 m, respectively.
They reported 700 mb (∼2700 m) as the altitude with closest
resemblance to aircra in situ observations. As a part of
a comprehensive analysis of Bodéĺe dust impact on the Amazon,
Ben-Ami et al.68 initiated a series of HYSPLIT forward trajectories
from several locations over the Bodélé at 0, 500, and 1000m above
the ground level. They reported on trajectories reaching the
Amazon in a period of 10–17 days and at an altitude of 1700 to
5000 m, which best represent the in situ and remote sensing
retrievals of the studied dust plume. A similar study analyzed the
seasonal climatology of HYSPLIT forward trajectories over lake
Eyre in Australia for ve levels, starting from surface to 5000 m
above the ground level.69 They used the NCEP/NCAR global re-
analysis meteorological dataset with trajectories extended for up
to 8 days. In an attempt to cluster arriving trajectories over rural
and urban sites located at United Kingdom, Abdalmogith et al.70

ran three-day backward HYSPLIT trajectories 6 hours apart using
the NCEP meteorology les. It is inferred from the mentioned
analyses that analysis with a focus on transport in the higher
altitudes of the atmosphere select a higher initial altitude for
trajectories, usually above the 600 m AGL.
Environ. Sci.: Atmos., 2025, 5, 220–241 | 223
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Accordingly, for each pixel designated as a dust emission
activity, we chose to start trajectories in forward mode from an
altitude of 300 m above the ground level on a daily basis. This
altitude was selected to minimize the risk of trajectories inter-
fering with surface terrain and be inclusive of low altitude
atmospheric transport scenarios. All of the trajectories were
initiated at 00:00:00 UTC and run for 360 hours, equivalent to 15
days to assure that the majority of the trajectories reached the
downwind receptor regions. Two receptor regions were dened in
the downwind area (Fig. 1), one covering the southeast U.S. and
Caribbean (5° N–25° N and 65° W–95° W, US-CARIB from now
on) and the other covering parts of the Amazon (10° S–5° N and
50° W–85° W, AMZN from now on). The location and boundaries
of the receptor region were dened based on the reported oscil-
lation pattern of trans-Atlantic dust transport trajectories due to
the seasonal variation of the ITCZ over the Atlantic
Ocean.7,19,21,51,71,72 Locations were selected to ensure they received
the majority of westward trajectories originating from the North
African arid areas. The NCEP/NCAR Reanalysis archived data
were used for HYSPLIT runs with a spatial resolution of 2.5
degree of latitude and longitude on a global grid and with an
output every 6 hours.73 It should be noted that the resolution of
the meteorology model powering the HYSPLIT trajectories have
a great impact on model's ability to represent the dust transport
over small distances, specically over the Sahara. Given the
spatial resolution, the model is expected to predict the direction
at which the dust particles move, however, it would be chal-
lenging for the model to capture the ne-scale evolution of the
dust plumes due to the coarse resolution. This would not be
surprising because even models with ner spatial resolutions are
still not capable of capturing the dynamic evolution of dust
plumes at synoptic scales.74 The top of the model was set at 10
km, and model vertical motion was based on the input meteo-
rological data. The NCEP/NCAR Reanalysis archived data are
available from 1948 onward; however, the dataset's ability to
represent the real-world conditions increased considerably aer
1970, due to increased number of observations provided as an
input for the assimilation.75 The meteorological parameters were
also reported along the trajectories for further analysis.

To better capture the governing ow of the wind over the region
of study, seasonal mean wind velocity and directions were ob-
tained from the eastward and northward components of NCEP-
NCAR Reanalysis 1 (ref. 73) and averaged over the area of study
for two different pressure levels of 1000–850 mb and 850–650 mb.
The averaging over the 1000–850mb level would best represent the
governing wind elds within the boundary layer and the 850–650
mbwas selected to represent the ow of air in the free troposphere
and adjacent to the top of atmospheric boundary layer. For this
purpose, we used monthly mean values averaged from the NCEP
initialized reanalysis which is calculated by temporal resolution of
four times per day and a spatial resolution of 2.5 degree for 17
altitudinal pressure levels, covering 1000–10 mb.

The HYSPLIT forward trajectory analysis inherently comes
with uncertainties, including but not limited to the coarse
resolution of the meteorology les and long trajectory run
time65,76–78 (and references therein). For analysis of the archived
data, these uncertainties can be categorized as physical errors,
224 | Environ. Sci.: Atmos., 2025, 5, 220–241
due to inaccurate representation of the space and time for the
atmosphere, computational errors as a result of numerical
inaccuracies, and measurement errors caused by misrepresen-
tation of real-world conditions by meteorological data elds. It
requires extensive knowledge of real-world atmospheric
measurements to assess the extent of computational and
measurements errors for the HYSPLIT model, which we believe
is beyond the scope of the current study. However, by
comparing backward trajectories initiated from the point each
trajectory had entered receptor regions, a so-called forward/
backward trajectory analysis is performed.79 This evaluation
was done for the select year of 2021 with an applied method-
ology similar to the one described by Freitag et al.,80 where the
start points of backward trajectories are compared to the end
points of trajectories initiated from the end point of initial
backward trajectories. For the purpose of current study, we
compared the end point of backward trajectories initiated from
the point each forward trajectory had entered each receptor
region and run for the same duration of steps to the starting
point of each corresponding forward trajectory. Additionally, we
have averaged meteorological parameters such as RH, ambient
temperature, and solar ux along these trajectories and
compared them to the initial forward ones.

In addition to the uncertainties mentioned above, the
embedded uncertainties in the dust emission scheme do not
enable us to report on properties and fate of each individual dust
emission trajectory with certainty and this approach lacks
calculated consideration of dust deposition which makes the
emissions reported to be the maximum possible. Nonetheless,
through this approach, we aim to establish pathways from North
African dust emission regions to receptor sides on the western
side of the Atlantic by combining more than 500 000 trajectories
over a period of 14 years, and gauge the uncertainty associated
with the trajectory model81 for the seasonal trends governing the
majority of dust trajectories across the tropical mid-Atlantic. Of
all dust trajectories sourced from North Africa, only westward
trajectories that reach either one of receptor regions were isolated
for further analysis. It is possible for a trajectory to impact more
than one region and be counted for both. For a trajectory to
impact a receptor region, the average altitude of trajectory inside
that region must be below 5 km. This criterion is dened to
neglect those trajectories that pass above the receptor regions at
higher altitudes. An additional criterion has been dened to
exclude trajectories that travel eastward, eventually reaching
receptor regions from the opposite direction aer circling the
globe. To achieve this, the general direction of each trajectory is
calculated by summing the trajectory longitudes for the initial
120 steps, which corresponds to one-third of the total trajectory
duration. This calculated general direction represents the longi-
tudinal position of each trajectory relative to its starting point.
Trajectories that end up east of their initiation point aer 120
steps are excluded from the analysis.
2.3. Meteorological parameters

For each forward trajectory, the mean downward solar radiation
ux (W m−2), ambient temperature (K), RH (%), and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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precipitation (mm h−1) from NCEP/NCAR reanalysis were
calculated for the duration of travel time from the emission
point to the receptor region. In addition to the means, values
were also integrated for the travel path to reect the total impact
perceived by each trajectory and account for differences in travel
times. Bymultiplying the solar radiation ux by number of steps
with an hour of duration for each step, total solar radiation dose
(J m−2) was calculated for each trajectory, similar to the meth-
odology used by Kowalski.82 For ambient temperature (and RH),
we used an integration scheme as follows:

Tamb;P ¼
 Xn

i¼1

1

Tamb;i

!
� n (1)

In eqn (1), Tamb,P is the path integrated value of 1/Tamb over n
number of steps for each trajectory with the unit of h K−1. The
purpose behind integrating the inverted values of Tamb is to
reach a higher integrated value for trajectories experiencing
lower temperatures for a longer time. Similarly, RHamb,P is
calculated for the duration of each trajectory with a unit of h per
percent RH and a higher number reects a lower RH impacting
the trajectories for a longer period of time.
3. Results and discussion
3.1. Forward trajectory analysis

Table 1 summarizes the number of trajectories reaching each
receptor region during each season. From more than 500 000
dust associated trajectories emitted from the North Africa, 115
715 trajectories (23%) impacted either one of designated
receptor regions. Each one of the receptor regions has received
approximately half of the total trajectories with 68 564 and 56
113 trajectories reaching US-CARIB and AMZN, respectively.
Together, these numbers add up to 124 677 trajectories which
include 8962 trajectories that have impacted both sub-domains
and are accounted for both. Selection of receptor regions, based
on the seasonal oscillation of the cross Atlantic dust transport
pathway can be the reason behind receiving approximately half
of the trajectories at each region. This oscillation is mainly
driven by the seasonal change of the latitudinal location of the
ITCZ.51

The majority of the trajectories reached US-CARIB during
June–August with an average latitude of 17.5° N, and AMZN
during December–February with an average latitude of 9.6° N,
which is also evident in Fig. 2 (panels a–h). Results obtained for
both the seasonality and the transport pathways are consistent
Table 1 The seasonal change in the number of trajectories that
occurred during each defined seasonal range for the two sub-
domains, the southeast United States and Caribbean (US-CARIB), and
Amazon (AMZN)

# Trajectories Dec–Feb Mar–May Jun–Aug Sept–Nov Total

US-CARIB 7839 9377 31 826 19 522 68 564
AMZN 32 352 11 883 3305 8573 56 113
Total 40 190 21 260 35 131 28 095 124 677

© 2025 The Author(s). Published by the Royal Society of Chemistry
with previous reports on trans-Atlantic dust transport51,83,84 (and
references therein). Another notable difference among the
receptor regions was the altitude at which the trajectories
traveled before reaching each receptor region. As depicted in
Fig. 2 (panels i–p), the summer trajectories reached higher
levels of the free troposphere immediately aer leaving the
African continent at about 25° W with an average altitude of
1639 m for US-CARIB trajectories during the June–August
season. In contrast, the winter trajectories reaching the AMZN
traveled over a notably lower mean altitude of 663 m from
December to February. The vertical structure of the frequency of
trajectories captured by the model matches the frequency of
dust observations from CALIOP measurements with seasonal
maximums observed at 2 km during June–July, and below 1000
m during December–February.7,16,17,20,21 Observations during the
Puerto Rico Dust Experiment (PRIDE) in July 2000 conrmed
the presence of dust inside the marine boundary layer in higher
concentrations as compared to the Saharan air layer above85

This is mentioned as a possibility for dust transport only
occurring within the marine boundary layer;86 however, it was
observed during a different season. It is also denoted that for
this geographic region, trajectories that are associated with
a higher concentration of dust at the point of reception, travel at
a lower median altitude,86 which is in accordance with results
from our modeling. This is also important as the interaction
between the co-transported dust microbiome and ocean surface
is one of the main drivers of variations in ocean surface
microbial activity.44,87 The different seasonal trajectory path and
altitude have implications for longevity, concentration, and
diversity of onboard microorganisms as it implies different
mean temperatures, solar radiation dose, and RH are experi-
enced by microorganisms.88,89 More details of trajectories'
seasonal mean path and altitude can be found in Table S1.†

Fig. 3 shows the seasonal histograms of travel duration for
trajectories impacting each receptor region. On the histograms,
a cut off is evident at 360 hours which is due to 360 steps
duration chosen for forward trajectories. The existing limitation
in the number of steps does not allow for a complete depiction
of dust trajectories. Nevertheless, we believe that the selected
number of steps allows capturing of the majority of dust
trajectories that reach the receptor regions because the travel
time at which the highest number of trajectories travel are
captured with the current run time. We do not expect to see
a new peak for travel times higher than een days because the
longest travel times mentioned for African dust carrying
trajectories are in the order of een days51 and this was the
basis for selecting the current number of steps. It should also be
noted that trajectories with longer travel times have lower
possibility for transporting viable cultures of microorganisms,
due to having microorganisms exposed for a longer period of
time to the extreme atmospheric environment.90 Comparing
peak seasons of December–February and June–August, summer
time trajectories spend a longer period of time traveling before
reaching the receptor regions, which implies a lower possibility
for transporting viable microorganisms due to being exposed to
the harsh atmospheric environment for a longer period of time.
Longer transport times also increase the likelihood of dust
Environ. Sci.: Atmos., 2025, 5, 220–241 | 225
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Fig. 2 Seasonal trajectory density maps for US-CARIB (a–d) and AMZN (e–h) receptor regions during December–February, March–May, June–
August, and September–November. Seasonal density maps of the altitudes taken by trajectories from the point of emission until reaching US-
CARIB (i–l) and AMZN (m–p). Panels are made with 115 715 total number of trajectories impacting either one of receptor regions. The contoured
regions denote the area with a concentration of trajectories above 50.
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particles being removed by dry deposition process, in addition
to the increased likelihood of being intercepted by
precipitation.86

Trajectories reaching AMZN from December–February have
a more uniform distribution with peak number of trajectories
taking between 200 to 250 hours to travel (Fig. 3a); however, the
number of trajectories taking longer than 250 hours is also
notable. On the other hand, trajectories reaching US-CARIB
from June to August show a skewed distribution with peak
number of trajectories occurring between 240 and 280 hours
(Fig. 3c). The average travel time of trajectories is also
summarized in Table S2.† Comparing the two peak seasons, the
total number of trajectories taking less than 200 hours to travel
is considerably higher during the AMZN peak season (10 468
versus 3997, Fig. 3a), which implies a higher probability of
survival for the co-transported microorganisms. Additionally,
the two datasets were analyzed via a Student's t-test for the
difference of the means and results indicate that summertime
trajectories impacting the US-CARIB travel on average for
226 | Environ. Sci.: Atmos., 2025, 5, 220–241
a signicantly longer period of time compared to wintertime
AMZN trajectories with higher than 95% statistical condence.
However, it should be noted that a considerable portion of these
trajectories intercept the ITCZ region where the carried dust is
scavenged via wet deposition mechanisms. This removal rate is
reportedly higher for winter time trajectories reaching the
AMZN region.91 It is also crucial to address the level of reliability
in HYSPLIT trajectories, specically over extended time and
distances. We address this issue with further details in Section
3.4.

Shorter travel times for AMZN peak season trajectories can
be partly attributed to the shorter distance between the Amazon
and arid regions of northern African continent.51 The winter
time transport of dust aerosols to the Amazon is attributed to
the southward movement of the ITCZ, which allows for trans-
port of dust aerosols carried by the trade winds to the latitudes
farther south.24 However, the long-term variations in the large-
scale circulation regime over the tropical north Atlantic can
cause irregularities in the transport of dust aerosols across the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Seasonal histograms of travel duration for trajectories reaching the US-CARIB (red), and AMZN (green) during December–February (a),
March–May (b), June–August (c), and September–November (d). Histograms are made with a total number of 124 677 trajectories, including
8962 trajectories that are accounted for both sub-domains.
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Atlantic. Examples of such interactions would be an estimated
impact from widespread deforestation over tropics on increased
dust transportation via weakening of the Hadley cell.92 Irregu-
larities in dust emission over African sources is another
parameter impacting dust transport to the Amazon. As an
example, separate analysis revealed a connection between the
seasonal amount of rainfall in the Sahel region and the amount
of seasonally emitted dust.93,94

From December to February, trajectories reaching the US-
CARIB travel at time scales similar to the AMZN trajectories
while the mean travel time from June to August is higher for
trajectories reaching the AMZN. Relatively longer mean travel
time of the summer trajectories impacting the AMZN sub-
domain can be explained by differences observed in the trans-
port regime of such trajectories, which closely follows the
established seasonal variation in transport patterns of African
dust plumes driven by Harmattan winds during the winter and
transitioning into the Saharan air layer (SAL) in summer.19 In
a relevant study and over an 8 years period of 1995–2002, during
July–October, Dunion95 reported an average wind velocity of
© 2025 The Author(s). Published by the Royal Society of Chemistry
5 m s−1 for trajectories described as moist and tropical, arriving
at the Caribbean majorly in the direction of easterly trade
winds. These trajectories demonstrate characteristics similar to
those impacting the AMZN sub-domain in the current study. In
the same study, trajectories described as Saharan air layer travel
considerably faster, with an average wind velocity of 9 m s−1.
This is also evident from the seasonally averaged ow of the
wind over the tropical Atlantic Ocean and the neighboring
regions (Fig. S2 and S3†), both within and above the marine
boundary layer. Focusing on the free troposphere (Fig. S3†),
a strong corridor of wind forms at around 20° N, mainly during
the season of June–August and partly extends into the season of
September–November. This corridor extends from the western
coast of Africa to the Caribbean and acts as an atmospheric
bridge, transporting plumes of dust between the two regions.
From March to May, the observed pattern for travel times is
somewhat similar to June–August. However, outside the peak
seasons the number of trajectories is considerably lower. From
September to November, trajectories of both receptor regions
Environ. Sci.: Atmos., 2025, 5, 220–241 | 227
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demonstrate similar travel times with a higher number of
trajectories reaching US-CARIB.
3.2. Dust emission activities

To isolate North African dust sources and any associated
microorganisms contributing to each receptor region,
composite maps of dust emission activities were made by
summing up total seasonal dust emission activity associated
with trajectories impacting each receptor region, as shown in
Fig. 4. Focusing only on emissions capable of reaching our
receptor regions on the western coasts of the Atlantic, the new
seasonal maps differ from the mean seasonal dust emission
Fig. 4 Total seasonal dust emissions associated with trajectories impactin
Modern-Era Retrospective analysis for Research and Applications, Versio
impacting each receptor sub-domain are summarized in Table 1, includ

228 | Environ. Sci.: Atmos., 2025, 5, 220–241
maps (compare Fig. 4 and Fig. S4†). Note that maps in Fig. 4 are
generated for the regions nominated as seasonally signicant
sources of dust emission (hashed areas in Fig. S4†) and not the
entirety of Northern African regions. That is the reason for the
sharp contrast observed between adjacent pixels in some
regions. The new sets of maps in Fig. 4 are made for 124 677
trajectories that have impacted either one of receptor sub-
domains including 8962 trajectories that are counted for both.
On the maps, most emission regions were clustered around the
west and southern regions of the North African continent with
minimal impact from the north and eastern sources, even
though on seasonal analysis, north and eastern regions
g US-CARIB (a, c, e, and g) and AMZN (b, d, f, and h) based on the NASA
n 2 (MERRA-2) dust emission dataset. Seasonal number of trajectories
ing 8962 trajectories accounted for both sub-domains.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated statistically signicant dust emission levels
based on a gamma distribution tted to the long-term daily
emission values of each pixel. Such composite maps of seasonal
dust emissions are also presented in ref. 93 study of dust vari-
ability over Northern Africa with spatial patterns following
Fig. 4, even though timespans selected as seasons are slightly
different from this study.

Seasonal variations in total amount of dust that reach each
receptor region can be partly explained by the seasonal varia-
tions in dust emission activity of nominated hotspots and partly
by seasonal variations in general ow of wind over the tropical
Atlantic Ocean. The role of boundary layer wind ow in activity
of dust sources is most evident over the Bodélé depression
where average ow of wind in the boundary layer is highest
during the December–February season (Fig. S2a†), in accor-
dance with the highest emission observed (Fig. S3a†). During
the boreal winter season, such strong Harmattan winds are
combined with the strong ow of wind over the tropical Atlantic
Ocean at around the equator (Fig. S3a†) that leads to the
greatest dust transport activity from the Bodélé and sources at
western regions to the AMZN receptor area. For the US-CARIB
region, the June to August emissions stand out from the other
seasons. This would be no surprise as it is also the season
during which the majority of trajectories reach this receptor
region. Similarly, during the December–February season when
the majority of trajectories reach AMZN, total dust emission
associated with these trajectories is more pronounced,
compared to the rest of the year (Fig. 4b). At vertical levels
representing the boundary layer processes, high emission rates
are expected for dust sources located at western regions of
Africa almost all year long (four panels of Fig. S2†). However, it
is only during the June–August season that strong westward
ow of wind in free troposphere bridges the west African
emissions to the US-CARIB areas (Fig. S3c†).

Comparing the June–August season of US-CARIB with
December–February season for AMZN enables us to better
understand which North African sources have the highest
impact on each receptor region. In summary, results indicate
that for the US-CARIB region and during the high dust season
(June–August), the majority of emissions come from sources
located on the western half of North Africa. This follows the
results reported by Gläser et al.,51 Kumar et al.,49 Pourmand
et al.,48 and Yu et al.,11,91 even though the extent of the receptor
regions slightly differs between the studies. Winter was
observed as the peak season for dust transport to AMZN with
a great impact perceived from Bodélé depression emissions, in
accordance with previous studies.96,97
3.3. Ambient meteorological conditions along the
trajectories

The diversity and concentration of viable microorganisms
arriving at each receptor region is linked to the amount of dust
traveled as well as the meteorological parameters along the
trajectory.98 The erythemal part of the solar ultraviolet (UV)
radiation, which mainly consists of UV-B (280–315 nm) is one of
the main factors reducing the viability of microorganisms from
© 2025 The Author(s). Published by the Royal Society of Chemistry
the upper atmosphere, especially ones with lower resistance to
UV radiation.99 Desiccation and extreme temperatures in the
upper levels of troposphere may also reduce the viability of
microorganisms during transit.100 Consequently, we examined
the mean solar radiation ux, ambient temperature, and RH
along the trajectories in an effort to highlight the differences
observed in meteorological conditions of different seasons and
discuss the potential impact they have on the viability of
microorganisms during transport from emission sources to
receptor regions. Additionally, we analyzed the accumulated
amount of precipitation perceived by each trajectory from
above, as a measure of dust aerosol removal due to wet
deposition.

Fig. 5 compares the histograms of average solar radiation
ux, ambient temperature, and RH along the trajectories for
dust aerosols reaching US-CARIB during the June–August, and
AMZN during the December–February season. Only the peak
seasons with the highest number of trajectories were compared
to demonstrate the contrast between the two peak dust transfer
seasons. Regardless of the region, trajectories receive higher
and more uniform levels of mean solar radiation during the
June to August season with an average of 370 Wm−2 for the US-
CARIB region as compared to 294 W m−2 for the AMZN region
(Fig. 5a and b). Additionally, the spatial distribution of trajec-
tories colored with average received solar radiation ux is
depicted in Fig. 6 (panel a and b) for the same seasons. The area
denoted with contours of 1, 5, and 10 on each panel of Fig. 6
denotes the pixels with 1, 5, and 10 percent of total seasonal
dust emissions passing above them, respectively. In other
words, the majority of total seasonal dust emission passes
through the denoted corridors. For the AMZN, the average
received solar radiation ux is higher for those trajectories
passing from lower latitudes yet trajectories reaching the US-
CARIB region demonstrate a more uniform distribution, lati-
tudinally. Within the HYSPLIT model, downward solar radia-
tion is calculated as the amount of solar radiation reaching the
Earth's surface for each grid point, based on the cloud coverage
and solar elevation angle.63 The seasonal shi in solar elevation
angle explains the observed difference between boreal summer
and winter. During summer, trajectories tend to travel with less
latitudinal variations (5°–25° N) and with relatively consistent
solar angles. In contrast, trajectories reaching the Amazon
region span a wider latitudinal range (10° S–30° N), leading to
greater variability in experienced solar elevation angle. Solar
radiation levels reaching the Earth's surface might differ from
those perceived by trajectories above the clouds, particularly
when trajectories pass above the low-level cloud decks.
However, the tropical Atlantic Ocean experiences minimal low-
level cloud cover, and mainly in the form of disorganized cloud
formations cells.101

Relying solely on average values would be an over-
simplication of the impact from meteorological parameters,
and the cumulative amount of time a trajectory receives
a certain level of solar radiation is another key parameter
impacting the longevity of microorganisms. Panels (a) and (b) in
Fig. 7 demonstrate the histograms of the cumulated solar
radiation uxes in the form of solar dose by summing up hourly
Environ. Sci.: Atmos., 2025, 5, 220–241 | 229
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Fig. 5 Probability histograms of average conditions along the trajectories impacting US-CARIB (red) and AMZN (green) for solar radiation flux (a
and b), ambient temperature (c and d), RH (e and f). Only peak seasons of June–August for US-CARIB and December–February for AMZN are
compared.
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averages. Considering the duration of travel time, histograms
are now more dispersed and trajectories are impacted by
a wider range of solar dose. Still, solar doses are higher on
average for both receptor regions during the June to August
peak season and trajectories demonstrate a more distinct peak
in histogram of solar doses perceived by summertime
trajectories.
230 | Environ. Sci.: Atmos., 2025, 5, 220–241
The erythemal UV portion of the total atmospheric irradi-
ance is dependent on geographic location, time of the year, and
total ozone column concentration in the atmosphere and is
discussed in detail by Utrillas et al.102 Following their results, we
assume 0.02% of total atmospheric irradiance as erythemal UV
radiation. Using this conversion rate, dust trajectories are esti-
mated to be exposed to UV radiation levels ranging from 20–100
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Average parameters along the trajectories impacting US-CARIB during the June–August season (a, c, and e) and AMZN during the
December–February season (b, d, and f). Areas denoted by blue contour lines represent pixels having at least 1, 5, and 10 percent of the total dust
emission for trajectories passing above them, respectively.
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kJ m−2. To provide some context, it is reported that UV radiation
levels of around 40 J m−2 are capable of a one log decrease in
concentration of microorganisms in a single stage decay model,
which decreases the chance of survival for non-UV resistant
microorganisms to extremely low levels.82 However, it should be
noted that these results are obtained in the lab environment
and certain UV resisting strains of microorganisms are capable
of surviving up to 2 kJ m−2 of UV radiation with minimal decay
© 2025 The Author(s). Published by the Royal Society of Chemistry
and no negative correlation with UV concentration, which
increases their chance of survival in extreme atmospheric
conditions.99 The established positive increase in the concen-
tration of viable microorganisms from samples of long-range
transported dust is suggestive of co-transported microorgan-
isms' capability to survive the extreme atmospheric environ-
ment, within dense dust plumes103 and in spite of extremely
high doses of erythemal UV radiation. Survival of
Environ. Sci.: Atmos., 2025, 5, 220–241 | 231
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Fig. 7 Histograms of path-integrated meteorological parameters along the trajectories impacting US-CARIB (blue) and AMZN (orange) for solar
dose flux (a and b), ambient temperature (c and d), and RH (e and f). Only peak seasons of June–August for US-CARIB and December–February
for AMZN are compared. A higher path integrated value of temperature or RH reflects a lower temperature or RH level impacting the aerosols for
a longer period of time.
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microorganisms during extreme atmospheric conditions can be
partly explained by attenuation of UV radiation by dust aerosols
at higher levels of atmosphere104 or microorganisms being
shielded from UV radiation within the cracks and crevasses of
inorganic dust aerosols.38 Furthermore, adapting UV resistant
abilities such as forming cell clumps or aggregates can increase
232 | Environ. Sci.: Atmos., 2025, 5, 220–241
microorganisms' UV survivability,99 which is a common feature
among microorganism taxa that are usually found in desert
soils.105 It is hypothesized that similar DNA repair characteristics,
which make a phenotype resistant to UV radiation, will also
increase the ability to survive other environmental stressors such
© 2025 The Author(s). Published by the Royal Society of Chemistry
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as desiccation,106 and therefore, UV resistance can be considered
the key parameter in survivability of microbes in the atmosphere.

Next, we compared the average ambient temperature along
the trajectories for the same seasons and regions. When
comparing trajectories reaching the peak receptor regions of
each season, no discernible difference can be noted with an
average of 293.5 K for US-CARIB from June to August as
compared to 294.1 K for AMZN from December to February.
However, summertime AMZN trajectories experience higher
mean temperatures which can be due to traveling from more
southern latitudes during the boreal summer. Moving from the
most southern latitudes of this corridor up to the highest ones,
a difference of around 5 K is noted for the trajectories during
both seasons but in the middle of the corridor where the
trajectories are more concentrated, average ambient tempera-
ture is the highest and most uniform.

Compared to histograms of average conditions, histograms
of path-integrated ambient temperatures (see eqn (1)) are more
dispersed, mainly due to variable travel time of trajectories
(Fig. 7, panel c and d). The peak value appears around 150–
250 h K−1 for trajectories reaching US-CARIB from July to
August and from 50–150 h K−1 for AMZN trajectories from
December to February. Mean values do not exhibit a signicant
difference, hence, the observed difference of path-integrated
ambient temperature is mainly due to different travel times of
trajectories reaching each receptor region. For atmospheric
microorganisms, there is evidence in support of high temper-
ature (27 °C on average) as a suitable condition and lower
temperature (23 °C on average) as a limiting factor for the
survivability of microorganisms.107 As lower mean path inte-
grated ambient temperatures represent higher temperatures
endured for a longer time, transport condition is more suitable
for survivability of microorganisms transported to AMZN
between December–February. Nevertheless, Zhai et al.108

reviewed results from numerous studies of temperature
impacts on the survivability of microorganisms in the atmo-
sphere and reported some contradicting results, and thus,
concluded that the range of atmospheric conditions and type of
microorganisms should be taken into consideration.

Finally, the RH along the trajectories is compared for the
peak seasons with an average of 45 ± 11% for trajectories
reaching US-CARIB during the June–August season and 61 ±

13% for AMZN during the December–February season.
Compared to US-CARIB, the distribution of AMZN trajectories is
more skewed with more trajectories experiencing a higher RH
(Fig. 5e and f) and a bimodal distribution. It was discussed
earlier that the majority of the summer-time trajectories travel
above the boundary layer, while the majority of winter time
trajectories travel at much lower altitudes and within the
marine boundary layer (see panels k andm in Fig. 2). As a result,
the difference between the averages of RH for the bulk of
trajectories in two peak seasons can be attributed to the sharp
difference in RH observed above and within the marine
boundary layer.109 Additionally, higher levels of RH are expected
for winter time trajectories due to positioning of ITCZ and
proximity of trajectories to this region.
© 2025 The Author(s). Published by the Royal Society of Chemistry
During the December–February season, a striking divergence
can be seen in the histograms of RH for trajectories reaching
the AMZN region (Fig. 5e and f). This is characterized by
a bimodal distribution, which is attributed to an increased
number of trajectories originating from Bodélé and spending
more time traversing arid regions. Among the meteorological
parameters examined, RH exhibits the most signicant contrast
between land and ocean, which is to be expected as the ocean
plays a signicant role in determining RH levels. This is evident
on panel f in Fig. 6 where wintertime trajectories sourced from
the Bodélé depression that spend a longer time over continental
Africa, experience lower mean levels of RH compared to the rest
of the trajectories. However, wintertime trajectories reaching
the AMZN overall experience higher RH levels.

RH also has a crucial role in the removal of aerosols by
increasing their size through hygroscopic growth and acceler-
ating the rate of dry deposition. This is due to the fact that even
a small increase in particle size can signicantly boost their fall
velocity by up to 10 times, leading to a faster rate of dry depo-
sition.110 Based on some modeling analysis, this increase can be
even higher for particles with a diameter in the range of 0.1–10
mm, which includes great portion of dust aerosols.111 Based on
the literature, the RH level of 98% was assumed as a criterion
above which the size of particles increases signicantly due to
hygroscopicity.112,113 Even though aerosol hygroscopic growth
can occur at RH levels around 70%, such high levels of RH are
selected due to the hydrophobic nature of Saharan dust relative
to more hydrophilic aerosols commonly found in the atmo-
sphere.114 In addition to the dry deposition, wet scavenging of
dust aerosols during precipitation periods is another mecha-
nism for their removal from the atmosphere. Within the HYS-
PLIT model, precipitation is reported as the cumulative rainfall
observed at ground level at each step of the analysis.115

Considering that over the Atlantic Ocean, the majority of
precipitation is derived from clouds positioned at altitudes
exceeding 4700 meters above sea level,116 consequently, nearly
all trajectories are inuenced by the recorded precipitation data
provided by the HYSPLIT model. Accordingly, nearly all trajec-
tories travel outside the high-altitude clouds and are not
impacted by high RH levels inside the cloud layer. This moti-
vates the analysis of the cumulative time aerosols spent under
the inuence of RH levels above 98% and as a function of total
accumulated precipitation along the trajectories. For context,
Dadashazar et al.77 calculated a 53% reduction in the ratio of
PM2.5 relative to background CO levels when comparing
>13.5 mm accumulated precipitation along trajectories from
North America to Bermuda versus trajectories with <0.9 mm
accumulated precipitation. Hilario et al.78 demonstrated that
a higher accumulated precipitation along trajectories was
associated with much lower aerosol concentrations during
transport over the West Pacic. The impact of precipitation
along the trajectories was also studied along trajectories origi-
nating from the South American continent and moving toward
the Pacic Ocean.80 They concluded that trajectories with
accumulated precipitation above 50 mm demonstrate distinc-
tive characteristics of wet scavenging on plumes. Yu et al.91

discussed that in contrary to previous studies, the Bodélé
Environ. Sci.: Atmos., 2025, 5, 220–241 | 233
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depression plays a little role in contributing to the dust load
over the Amazon and a greater contribution comes from
northwestern sources like the El Djouf region. In their study,
they highlighted the impact from wet deposition due to
precipitation as one of the main removal mechanisms of dust
emitted from the Bodélé depression. However, the possibility of
dust transport is not ruled out entirely and the proven record of
African dust samples over the Amazon and the Caribbean basin,
makes the long-range transport of viable microorganisms
a possibility. Caution should be taken as in this study; dust
aerosols are analyzed for their role in transport of viable
microorganisms. Unlike nutrients that should be continuously
carried in considerable amounts to leave a measurable impact
on the receptor site, even a few instances of viable microor-
ganism transport can leave a notable impact on the biota of the
receptor regions.

Fig. 8 compares histograms of accumulated precipitation along
the trajectories impacting each sub-domain during the June–
August and December–February seasons. Average accumulated
precipitation along the trajectories was 13.69 and 18.16 mm for
US-CARIB and AMZN, respectively. Higher mean precipitation
values observed for AMZN trajectories can be attributed in part to
a higher proportion of trajectories passing in close proximity to the
ITCZ during the peak season for the Amazon (Fig. 2). This prox-
imity increases the likelihood of these trajectories intersecting
with precipitating clouds. However, by isolating trajectories to
a region encompassing solely the Bodéĺe depression from 15°–19°
latitude and 15.5°–19.5° longitude, the average accumulated
precipitation along trajectories does not undergo a notable
change, which suggests that based on the current methodology,
there is not a statistically signicant difference between precipi-
tation perceived by trajectories initiated fromBodéĺe, as compared
to the rest of the trajectories during the winter season.

In contrast, US-CARIB trajectories follow paths at more
northern latitudes during the boreal summer, placing them
farther from the ITCZ summertime location. The established
Fig. 8 Histograms of accumulated precipitation along the trajectories f
orange denote trajectories impacting US-CARIB and AMZN, respectively

234 | Environ. Sci.: Atmos., 2025, 5, 220–241
lower mean travel altitude20,21 for trajectories during the boreal
winter is another parameter that increases the endured RH
levels by wintertime trajectories and hence, increases their
chance of removal. It is worth mentioning that two main
mechanisms of convective cold pools and the nocturnal low-
level jets account for more than 80% of dust emission inci-
dents over the arid regions of Africa.117 Both mechanisms
meteorologically drive the dust emission over the warm and dry
continental North Africa during the summer, where extremely
low levels of moisture exist in the atmosphere.118 As a dust layer
reaches the west African coast, it slides above the cool marine
air mass and is lied to higher altitudes119 which gives the
trajectories little to no chance of enduring high RH levels before
leaving the continental regions.

Field measurements also conrm that there is a signicant
rise in RH levels within the boundary layer compared to drier
conditions in the free troposphere, with an increase of up to three
times.120 Another explanation of higher precipitation along the
wintertime trajectories would be the location of a high-
precipitation band across the Atlantic Ocean. Summertime
precipitation across the tropical Atlantic Ocean happens between
0° N–15° N (ref. 121) and shis southward, between 10° S–10° N
during the winter.122 In both seasons, the greater portion of
precipitation occurs in close proximity to the coast of the South
American Continent. As the majority of summertime trajectories
travel above and parallel to the summer band of precipitation
(Fig. 6), a lower portion of them are intercepted and washed out
by heavy precipitation while on the other hand, wintertime
trajectories travel within high-precipitation zones and hence,
endure a higher precipitation along the trajectories.

Around 14% of AMZN trajectories exhibit accumulated
precipitation levels higher than 30 mm, compared to around
8% percent of US-CARIB trajectories. We did the same analysis
for the duration each trajectory spends in RH levels above 98%
(not shown in gure). Of the trajectories impacting AMZN,
around 4.7% spend at least one hour in such conditions. The
or seasons of (a) June–August and (b) December–February. Blue and
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analogous analysis for US-CARIB trajectories revealed signi-
cantly lower values (<0.2%). Overall, the combined impact of
ambient moisture levels, either in form of precipitation or high
RH levels is not strong enough to totally eliminate the airborne
dust from the atmosphere. This is also evident from the pres-
ence of dust during the rainy seasons at receptor sites.22,59

However, the role of wet deposition mechanisms in removal of
dust should be considered when assessing the amount of dust
reaching each receptor sub-domain.
3.4. Implications for the transport of microorganisms

The effect of meteorological factors on the survival of airborne
microorganisms has been widely studied.123 Bacteria, virus, and
fungi have different characteristics that help them overcome
adverse atmospheric conditions (e.g., extreme temperatures,
low water and nutrient availability, high solar radiation, desic-
cation). Cellular characteristics, such as rigid cell walls in Gram-
positive bacteria, make microorganisms more resistant to
damage. Also, spore-forming microorganisms, like fungi and
some bacteria, can survive under adverse circumstances,
because they are able to stop or decrease their metabolism.

Traditionally in studies of airborne microorganisms, temper-
ature and RH have been considered to have a positive impact on
microbial abundance.124–126 However, this seems to be partially
true only for culture-based studies. Next-generation sequencing
analyses of airborne communities have not detected such
correlation,127–130 and some even have described how bacterial
richnessmay increase under low temperature conditions.131Upon
closer look, meteorological factors, such as temperature and RH
may have a specic inuence on different groups of microor-
ganisms. For instance, Park et al.132 found a negative correlation
between temperature and the phylum Proteobacteria, while this
correlation was positive with the Firmicutes and Bacteroidetes
phyla. Some authors consider that at higher temperatures, the
solar radiation usually increases as well, which can lead to
a decrease in the microbial survival rates due to DNA damage.126

A notable example is that of Waters et al.,133 where meta-
genomes from trans-Atlantic airborne dust samples were
compared to data from the Chad region, speculated to be the
source of the dust. Despite the metagenomes of airborne
samples not closely clustering with the speculated origin of the
dust, they exhibited similarities irrespective of the temporal
distances of collection, ranging from months to a year. The
conclusion drawn is that atmospheric dust samples develop
similarities due to atmospheric processes. Additionally, the
study suggests that the interaction between airborne samples
and the oceanic microbiome could be another signicant factor
inuencing the atmospheric microbiome over the Atlantic
Ocean, leading to numerous shared traits among the samples.

By considering the similarities between atmospheric dust
samples and how themicrobial airborne community may change
due to factors such as continuous mixing with atmospheric
aerosols and deposition during their transport, specic protec-
tive mechanisms unique to each microbe, and specic charac-
teristics of each dust event (e.g., particle sizes, dust plume
altitude, and amount of dust), results from the current studymay
© 2025 The Author(s). Published by the Royal Society of Chemistry
benet prediction of the effects of the environmental factors and
chance of survival for specic groups of microorganisms.

4. Conclusions

In this study, we integrated the NASA MERRA-2 dust emission
scheme with the NOAA HYSPLIT forward trajectory analysis to
study spatiotemporal characteristics of more than half a million
trajectories carrying dust aerosols across the Atlantic during
a 14 year period (2008–2021). We followed the dust transport
pathway from its emission sources over Sahara and Sahel
regions in North Africa until reaching receptor areas as far as
the southeast U.S., Caribbean, and Amazon. Along the transport
paths, we studied the meteorological conditions endured by
dust aerosols with a main focus on parameters impacting
concentration, diversity, and longevity of co-transported
microorganisms. Results are suggestive of the following
conclusions:

- Modeling results closely follow the established seasonal
pattern of dust emission and transport from northern African
sources and across the tropical Atlantic Ocean12–15,47,59,118,134,135

with the majority of westward, dust-carrying trajectories
entering the southeastern regions of the United States and the
Caribbean basin during the summer season (June–August). In
winter (December–February), the majority of trajectories enter
the Amazon basin. Other seasons of the year serve as transitory
times when the total number of westward trajectories are split
between the two sub-domains.

- Similarly, the vertical structure of travel paths closely follow
the seasonal variations observed from CALIOP's vertically
resolved aerosol concentration per season and receptor
region17,19–21 with signicant differences between the two
seasons. During summer (June–August), trajectories traverse
the Atlantic at a signicantly higher altitude compared to winter
(December–February) trajectories. Summer trajectories mainly
travel above the marine boundary layer and demonstrate char-
acteristics mentioned for the Saharan air layer which, is
described to reach higher altitudes, above the cooler moist
marine boundary layer air mass upon leaving the North African
continent136 at around 10° N–25° N. In addition to the preceding
observations, another altitudinal characteristic of the dry and
warm Saharan air layer which is closely reproduced by the
current modeling results is a travel altitude between 1–5 km
near the coast of Africa that can occasionally reach altitudes of
5–6 km (ref. 137) and descend to 0–3 km as trajectories
approach the Caribbean basin.21 In contrast, winter trajectories
spend a greater portion of their travel time within the marine
boundary layer in a relatively cooler and moist ambient
environment.

- Analysis of dust emission incidents associated with trajec-
tories suggests that during the summer time, the majority of
dust intruding the US-CARIB basin is emitted from sources
located on the western side of arid regions of northern Africa.
However, other source regions such as the Bodélé depression
play a role as well. During the winter time and for trajectories
impacting the AMZN sub-domain, the Bodélé depression emits
the greater portion of the intruding dust but source regions are
Environ. Sci.: Atmos., 2025, 5, 220–241 | 235
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not clustered as clearly as they are during the summer. Distinct
emission sources during each peak season suggest different
taxa of microorganisms being co-transported with dust aero-
sols. Additionally, a higher diversity of microorganisms is ex-
pected during the winter solely based on a more diverse source
base.

- Long-term analysis of dust emitting regions during the
peak seasons suggests an interannual oscillation in the equiv-
alent center of emissions for the winter time between the
western regions and the Bodélé depression. However, during
summer, such spatial variation is not as profound and emission
sources are more clustered. Accordingly, a higher interannual
variation is expected for the taxa of microorganisms being co-
transported with dust aerosols during the winter.

- Trajectories take an average of 270 hours during the
summer and 239 hours during the winter to reach receptor sub-
domains in the Americas. These timeframes are shorter than
the 13 day timescales cited for the transport of dust aerosols to
the world's most remote areas.39–41 Based solely on atmospheric
travel times, microorganisms co-transported to the AMZN sub-
domain have a higher likelihood of survival.

- During summer, trajectories endure signicantly higher
and more uniform levels of solar UV radiation when compared
to the winter season. Endured RH is also lower on average for
the summer time trajectories intruding the US-CARIB sub-
domain. A bimodal distribution is observed in the histogram
of the mean RH endured by wintertime trajectories impacting
the AMZN sub-domain. Overall, ambient meteorological
conditions are less suitable for the survivability of co-
transported microorganisms during summertime.

- Periods of intense precipitation and high RH contribute to
the removal of dust aerosols from the atmosphere, however, the
total number of trajectories impacted by such conditions
constitute no more than 14% of trajectories reaching AMZN
sub-domain in winter and 8% trajectories reaching the US-
CARIB sub-domain in summer.

The present study is a part of the ongoing NASA Microbes in
Trans-Atlantic Dust (MITAD) eld campaign, which aims to
investigate microbial long-range transport and survival in dust
plumes via an interdisciplinary approach that integrates mul-
tiplatform observations such as remote sensing, reanalysis, and
atmospheric simulation data with microbiological analysis
performed on a series of dust samples, collected at multiple
locations across the Atlantic Ocean. Future studies will focus on
specic taxa of airbornemicroorganisms detected in actual dust
samples and the correlation between their concentration,
diversity, longevity, and environmental conditions in the
atmosphere.
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Disproving the Bodélé depression as the primary source
of dust fertilizing the Amazon Rainforest, Geophys. Res.
Lett., 2020, 47, e2020GL088020.

92 Y. Li, J. T. Randerson, N. M. Mahowald and P. J. Lawrence,
Deforestation strengthens atmospheric transport of
mineral dust and phosphorus from North Africa to the
Amazon, J. Clim., 2021, 34, 6087–6096.

93 N. Brooks and M. Legrand, Dust variability over northern
Africa and rainfall in the Sahel, Linking Climate Change to
Land Surface Change, 2000, pp. 1–25.

94 J. M. Prospero and P. J. Lamb, African droughts and dust
transport to the Caribbean: Climate change implications,
Science, 2003, 302, 1024–1027.

95 J. P. Dunion, Rewriting the climatology of the tropical North
Atlantic and Caribbean Sea atmosphere, J. Clim., 2011, 24,
893–908.

96 C. S. Bristow, K. A. Hudson-Edwards and A. Chappell,
Fertilizing the Amazon and equatorial Atlantic with West
African dust, Geophys. Res. Lett., 2010, 37(14), DOI:
10.1029/2010GL043486.

97 R. Washington, C. Bouet, G. Cautenet, E. Mackenzie,
I. Ashpole, S. Engelstaedter, G. Lizcano, G. M. Henderson,
K. Schepanski and I. Tegen, Dust as a tipping element:
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