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Abstract

New information is needed about the potential sources and pathways of trans-Atlantic dust plumes. Such knowledge has
important implications for the long-distance transport and survivability of microorganisms. Forward trajectories of trans-
Atlantic dust plumes were studied over a 14-year period, between 2008 and 2021 (n =>500,000 trajectories). Two major dust
transport patterns emerged from these analyses. First, summer trajectories (June — August) that arrive in the southeastern
regions of the United States and the Caribbean basin and travel above the marine boundary layer at an average altitude of 1,600
m. Second, winter trajectories (December — February) that arrive in the Amazon basin and travel within the boundary layer
at an average altitude of 660 m. Ambient meteorological conditions such as solar radiation and relative humidity along dust
trajectories suggest a more suitable condition for the survivability of microorganisms reaching the Amazon during the winter
with a lower mean solar radiation flux of 294 W m-2 and mean relative humidity levels at around 61% as compared to averages
of 370 W m-2 solar radiation and 45% relative humidity for summer trajectories intruding the Caribbean basin. Nevertheless,
14% of winter trajectories (4,664 out of 32,352) reaching the Amazon basin face intense precipitation of higher than 30 mm
and get potentially removed as compared to 8% of trajectories (2,540 out of 31,826) intruding the Caribbean basin during the
summer. Collectively, our results have important implications for the survivability of microorganisms in trans-Atlantic dust

plumes and their potential for major incursion events at receptor regions.
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Key Points:

e Trans-Atlantic dust plumes affect the southeast United States and the Caribbean basin
mainly in summer and the Amazon mainly in winter.

e Shorter travel time, higher humidity, and lower UV radiation provide higher chance of
survival for microorganisms transported to Amazon.

o Majority of summer dust plumes originate from the western arid regions of North Africa,

while winter dust plumes vary in their origin.
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Abstract

New information is needed about the potential sources and pathways of trans-Atlantic dust
plumes. Such knowledge has important implications for the long-distance transport and
survivability of microorganisms. Forward trajectories of trans-Atlantic dust plumes were studied
over a l14-year period, between 2008 and 2021 (n =>500,000 trajectories). Two major dust
transport patterns emerged from these analyses. First, summer trajectories (June — August) that
arrive in the southeastern regions of the United States and the Caribbean basin and travel above
the marine boundary layer at an average altitude of 1,600 m. Second, winter trajectories
(December — February) that arrive in the Amazon basin and travel within the boundary layer at an
average altitude of 660 m. Ambient meteorological conditions such as solar radiation and relative
humidity along dust trajectories suggest a more suitable condition for the survivability of
microorganisms reaching the Amazon during the winter with a lower mean solar radiation flux of
294 W m2 and mean relative humidity levels at around 61% as compared to averages of 370 W
m2 solar radiation and 45% relative humidity for summer trajectories intruding the Caribbean
basin. Nevertheless, 14% of winter trajectories (4,664 out of 32,352) reaching the Amazon basin
face intense precipitation of higher than 30 mm and get potentially removed as compared to 8%
of trajectories (2,540 out of 31,826) intruding the Caribbean basin during the summer. Collectively,
our results have important implications for the survivability of microorganisms in trans-Atlantic

dust plumes and their potential for major incursion events at receptor regions.

Plain Language Summary:

Each year, dust aerosols from arid northern Africa travel across the Atlantic, impacting areas as
far as the Americas. One of the lesser studied aspects of this Trans-Atlantic dust transport is the
transport of microorganisms onboard the dust aerosols. We defined two dust receptor
subdomains on the western side of the Atlantic Ocean and analyzed the seasonal transport of
dust to each subdomain from 2008 to 2021. For trajectories connecting the dust sources to each
receptor region, travel path, altitude, and ambient meteorological conditions along the trajectories
were studied. During the summer transport season, the majority of aerosols intrude the
southeastern regions of the United States and the Caribbean basin. They travel with an average
altitude above the marine boundary layer. During the winter transport season, the Amazon basin
emerges as the main receptor region of dust trajectories. These trajectories travel at considerably

lower altitudes and mainly within the boundary layer. Ambient meteorological conditions such as
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solar radiation dose, relative humidity, and travel time suggest a more suitable condition for the
survivability of microorganisms reaching the Amazon during winter. However, a greater portion of

trajectories face intense precipitation and get potentially removed during that time.

1. Introduction

The most abundant type of aerosol in the atmosphere by mass is dust (Kok et al., 2021a; Kinne
et al., 2006) of which the greatest portion is emitted from the surface of desertified regions where
evaporation exceeds the mean annual precipitation (Shao, 2008; Kok et al., 2021b). Deserts of
North Africa, including the Sahara and Sahel regions are one of the world’s most prominent dust
sources (Schitz, 1980; d'Almeida, 1986) with the greatest emission contributed by the Sahel area
(Ginoux et al., 2012). Dust emissions are not homogeneous over North Africa and some areas
are known to have higher emission rates. As an example, the Bodélé depression in Chad is known
to be the greatest source of dust emission in the World (Prospero et al., 2002; Washington et al.,
2003; Engelstaedter and Washington, 2006) and the western side of North Africa, on the border
of Mali and Mauritania is known as another major source of aeolian dust (Engelstaedter and
Washington, 2006). Extensive emissions of North African dust contribute to one of the greatest
global atmospheric dust transport pathways across the Atlantic (Kellogg and Griffin, 2006), which
is sometimes referred to as a dust river (Chakraborty et al., 2021).

After being emitted, North African dust aerosols remain airborne for days until they reach multiple
receptor regions located as far as the Amazon, the Caribbean, and the southeast U.S. depending
on the season (Prospero, 1999; Prospero et al., 2014). Dust aerosols have the potential to impact
the atmospheric microbiome of the receptor regions (Gat et al., 2017; Mazar et al., 2016; Rahav
et al., 2016), which can include transport of high-threat or invasive pathogens, depending on the
source of emission (Shinn et al., 2003; Griffin et al., 2001; Hara and Zhang, 2012; Favet et al.,
2013). Source location can also influence the size distribution of emitted dust particles, travel
time, and atmospheric conditions experienced by dust aerosols (Glaser et al., 2015; Grini et al.,
2005). This motivates the need for the analysis 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 (Engelstaedter et al., 2006; Glaser et al., 2015). Moreover, 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 prevailing
circulation regimes from the emission point to the receptor region (Schepanski et al., 2017).

Occasionally, receptor regions such as the Caribbean, Southeast U.S., and Amazon have
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experienced anomalous levels of dust due to irregularities in the circulation regime (Yu et al.,
2021).

The atmosphere is teeming with microscopic life (Burrows et al., 2009a; Burrows et al., 2009b).
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 considerable
attention (Jaenicke, 2005, Mayol et al., 2017; Shi et al., 2022). Notes of airborne transport of
microorganisms are dated back to early days of discovering microorganisms (Gregory, 1971;
Gorbushina et al., 2007). Several cases of modern crop plant diseases are documented to be
transported across the continents via aerial dispersion of spores of plant pathogenic fungi (Brown
and Hovmgller, 2002). Microorganisms may be transported as individual cells (e.g. spores)
(Gregory, 1961), in clusters (e.g., conidiophores), and/or attached to dust particles (Kellogg,
2006). Previous studies of atmospheric dust have revealed the presence of diverse bacterial
communities (Giongo et al., 2015; Gonzalez-Martin et al., 2014; Favet et al., 2013; Yamaguchi et
al., 2012). Traces of atmospheric dust have been found in the most remote areas of the world
with estimated travel time-scales at around 13 days (lwasaka, et al., 1983; Uno et al., 2009; Zhang
et al., 2007). Consequently, microorganisms traveling with dust have the potential to be

transported around the world.

Though trans-Atlantic transport of dust has been the subject of a considerable amount of research
(Glaser et al., 2015, and references therein), the long-range co-transport of microorganisms and
dust aerosols is one of the lesser studied aspects of this phenomenon (Schuerger et al., 2018).
New information is needed about the atmospheric trajectories of trans-Atlantic dust, sources
contributing to them, and their implication for microorganisms’ transport. In this manuscript, we
examined seasonal trends in atmospheric trajectories of trans-Atlantic dust over a period of 14
years (2008-2021). 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 benefit the co-transport of different taxa of microorganisms,
depending on the season 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 defined receptor regions.
The specific 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



135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

conditions along the way, and (3) explore possible implications related to concentration, diversity,
and longevity of the co-transported microorganisms.

After locating major seasonal sources of dust, we report defined 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 through
different seasons to depict a seasonally resolved demonstration of dust travel across the Atlantic.
Next, we discuss the amount of dust emission associated with these trajectories to isolate
emission areas with relative importance for defined receptor regions. In the final section, we
discuss the average meteorological condition experienced by the majority of the dust trajectories
across the Atlantic and its potential influence 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;
Gelaro et al., 2017) 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 analyzed aerosol fields 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) for five non-interacting
size bins. 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.
Dust emission values are wind driven for each size bin and calculated based on the
parameterization provided by Marticorena and Bergametti (1995). Even though the MERRA-2
reanalysis model incorporates the deposition and hygroscopic growth of the aerosols after 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.
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MERRA-2 hourly dust emission data were obtained for 2008-2021 (collection M2T1NXADG,
DOI:10.5067/HMOOOHQBHKTP), in five different size bins (DUEM001-005, kg m* s™) covering
a dry size range from 0.1-10.0 um for an area in North Africa covering 12°N - 38°N and 18°W -
40°E (Figure 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° X 0.625°. To obtain the seasonal
dust emission hotspots, first 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 fitted to the
pixel values of each map and the 80™ 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 the daily dust emission value was greater than 85" percentile of total
daily emission values, that day was selected as a significant dust emission day for that pixel.
Hereafter, we refer to these incidents as dust emission activities. Both 80" and 85" 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.

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
(Draxler and Rolph, 2010; Rolph et al., 2017; Stein et al., 2015). For each pixel designated as a
dust emission activity, trajectories were initiated 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
interfering with surface terrain. 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 defined in the downwind area (Figure 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 defined based on the reported
oscillation pattern of trans-Atlantic dust transport trajectories due to the seasonal variation of the
inter tropical convergence zone (ITCZ) over the Atlantic Ocean (Doherty et al., 2012; Glaser et

al., 2015). Locations were selected to ensure they receive the majority of westward trajectories
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originating from the North African arid areas. The NCEP/NCAR Reanalysis archived data were
used for HYSPLIT runs, and meteorological data were reported along the trajectories. The top of
the model was set at 10 km, and the meteorological data file directly handled the vertical motion
in the model.

Forward trajectory analysis is prone to a series of errors, including but not limited to the coarse
resolution of the meteorology files and long trajectory run time (Stein et al., 2015; Wotawa and
Kalinowski, 2000; Dadashazar et al., 2021; Hilario et al., 2021 and references therein).
Additionally, 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. However, by
combining more than 500,000 trajectories over a period of 14 years, our analyses are expected
to yield notable results and gauge the uncertainty associated with the trajectory model (Harris et
al., 2005) for the seasonal trends governing the majority of dust trajectories connecting North

African sources to Middle West Atlantic Ocean receptor regions.

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 was defined to neglect
those trajectories that pass above the receptor regions at higher altitudes. The general direction
of each trajectory was calculated by adding up the trajectory longitude for one third of the total
number of steps for each trajectory and trajectories moving east of their emission points were
neglected. This was done to avoid trajectories that reach westward receptor regions by circling
the globe in eastward direction, even though we do not expect to encounter a great number of

such trajectories.

2.3. Meteorological Parameters

For each forward trajectory, the mean downward solar radiation flux (W m2), ambient temperature
(K), relative humidity (RH, %), and precipitation (mm hr') 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 reflect the total impact perceived
by each trajectory and account for differences in travel times. By multiplying the solar radiation

flux by number of steps with an hour of duration for each step, total solar radiation dose (J m?)
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was calculated for each trajectory, similar to the methodology used by Kowalski (2010). For

ambient temperature and RH, we used an integration scheme as follows:

z :n 1
Tamb,P = ( 1 Tamp ) Xn (1)
i=1 lamb,i

In equation (1), Tympp is the path integrated value of 1/T,,,;, over n number of steps for each

trajectory with the unit of hr.K*. The purpose behind integrating the inverted values of Ty, is to
reach a higher integrated value for trajectories experiencing lower temperature for a longer time.
Similarly, RH,mp p is calculated for the duration of each trajectory with a unit of hr.percent® RH

and a higher number reflects a lower RH impacting the aerosols 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
were 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
trajectories at each region. This oscillation is likely due to the seasonal change of the latitudinal
location of the ITCZ (Glaser et al., 2015).

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 Figure 2 (panels a-h). Results obtained for both the seasonality and the transport
pathways are consistent with previous reports on trans-Atlantic dust transport (Schepanski et al.,
2009; Chiapello et al., 2005; Glaser et al., 2015, 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 Figure 2 (panels i-p), the summer trajectories
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reached higher levels of the free troposphere immediately after they leave the African continent
at about 25°W with an average altitude of 1,639 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 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
experienced by microorganisms (Chen et al., 2020; Kowalski and Pastuszka, 2018). More details

of trajectories’ seasonal mean path and altitude can be found in Table S1.

Figure 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 fifteen days because the
longest travel times mentioned for African dust carrying trajectories are in the orders of fifteen
days (Glaser et al., 2015) 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 atmospheric extreme environment (Smith et al., 2011).

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 harsh atmospheric
environment for a longer period of time. Trajectories reaching AMZN from December — February
have a more uniform distribution with peak number of trajectories taking between 200 to 250
hours to travel (Figure 3-a); 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
(Figure 3-c). 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 (10468 versus 3997, Figure 3-a), which

implies a higher probability of survival for the co-transported microorganisms. Additionally, the
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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 a significantly
longer period of time compared to wintertime AMZN trajectories with higher than 95% statistical

confidence.

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 (Glaser et al., 2015).
Additionally, 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 Atlantic. Examples of
such interactions would be the impact from wide spread deforestation over tropics on increased
dust transportation via weakening of the Hadley cell (Li et al., 2021) or connection between the
seasonal amount of rainfall in the Sahel region and the amount of seasonally emitted dust (Brooks
and Legrand, 2000).

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 transport regime of such
trajectories. In a relevant study and over an 8 years period of 1995 — 2002, during July — October,
Dunion (2011) reports an average wind velocity of 5 m s for trajectories described as moist and
tropical with characteristics similar to those impacting the AMZN sub-domain. In the same study,
trajectories described as Saharan air layer travel considerably faster, with an average wind
velocity of 9 m s*. 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 demonstrate similar

travel times with a higher number of trajectories reaching US-CARIB.

3.2. Dust Emission Activities

To isolate North African dust (and potential microorganisms) sources 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 (Figure 4). By
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 maps (compare

Figure 4 and Figure S1). These new sets of maps are made for 124,677 trajectories that have
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impacted either one of receptor sub-domains including 8,962 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 demonstrated statistically significant dust
emission levels based on a Gamma distribution fitted to the long-term daily emission values of
each pixel. Such composite maps of seasonal dust emissions are also presented in Brooks and
Legrand (2000) study of dust variability over Northern Africa with spatial patterns following Figure

4, even though timespans selected as seasons are slightly different from this study.

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 most distinct, compared to
the rest of the year (Figure 4-b). 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. 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 Glaser et al., (2015), even
though the extent of the receptor regions slightly differs between the two 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 (Bristow et al., 2010;
Washington, et al., 2009).

Focusing solely on the long-term seasonal averages or total emission maps might obscure the
interannual variations in the location of dust sources impacting each receptor region the most.
For this reason, we had a closer look at the interannual variations in the equivalent center of dust
emission for each receptor region. The latitude and longitude for the equivalent dust emission

center is calculated based on the following formulas:

Yi, Eilat;
Lat = ==2—2 (2a)
Lon = Yitq EiLlon; (2b)
Z?=1Ei
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In equations (2a,b), n represents the number of dust-emitting pixels on each panel of total
seasonal dust emission maps for a certain year, E; represents the emission associated with a
certain pixel, and Lat; and Lon; are the latitude and longitude of that pixel, respectively. The
seasonal location of the equivalent dust emission centers for trajectories impacting each receptor
region are shown in Figure 5. Except for trajectories reaching US-CARIB in the peak season of
June - August, the location for the center of emission experienced notable spatial variation
throughout the years, moving along a diagonal line between south-central and north-western parts
of North African desertified regions. Almost all of the interannual spatial variation in the center of
emissions happens along this line, connecting the western emission sources and the Bodélé
depression, which denotes the profound role of these two regions in driving the equivalent dust
emission source. The strong impact from these two regions is also frequently mentioned in the
literature but to the best of our knowledge, no previous study has looked at the longer interannual
trend. As an example, Wagner et al., (2016) compared the emission source between 2007 and
2008 and mentioned 2008 as the year with the greatest impact from the Bodélé depression. We
do not have the data from 2007 but our results demonstrate the heaviest impact from Bodélé in
2008, from December to February. In a similar study, Barkley et al., (2022) studied the North
African dust emissions during 2014 and 2016 and captured the heavy dust emission activity from
Bodélé that dragged the center of emission towards the south-central region. Similarly, in our
results, the dust emission center is shifted toward the central regions in 2016, which denotes a
higher impact from Bodélé in that year. Long term variations in the equivalent center of dust
emissions can also be impacted by ongoing variations in greater scale meteorology over the
tropical Atlantic Ocean. In a related study, Li et al (2021) analyze the long-term impact of
deforestation in tropics on African dust emissions and reports a shift in the location of peak surface
dust concentrations toward the south as a result of a change in the albedo of tropics, induced by
deforestation. This interconnectedness of dust emissions to the greater variations in the governing
circulations regimes over the Atlantic Ocean motivates future studies in this field, beyond the

scope of the current study.

Another intriguing finding in the study period is the small variation observed in the equivalent dust
emission source location for trajectories reaching US-CARIB during the peak of June to August,
in contrast to the variation observed for AMZN during its peak of December to February.
Considering the ongoing debate about the role of the Bodélé depression in trans-Atlantic dust
transport, perhaps dividing the receptor region into smaller sub-domains could result in a more

detailed and resolved answer about the origin of dust aerosols impacting the Western Central
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Atlantic Ocean receptor regions. Current results indicate that when combined with trajectory
analysis, emissions from the Bodélé depression do not have as profound of an impact on the US-
CARIB region as compared to AMZN. Additionally, it should be noted that based on these results,
even though Bodélé plays an integral role in dust emissions impacting the AMZN, it is not the sole
source contributing to the annual dust load. These results are notable as distinct geographical
regions will emit distinct taxa of microorganisms (Favet et al., 2013); hence, based solely on the
origin of emissions, higher interannual diversity is expected for emissions impacting the AMZN

receptor region.

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
(Prospero et al., 2005). 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 the upper atmosphere, especially ones with lower resistance to UV radiation (Yang et al.,
2008). Desiccation and extreme temperatures in the upper levels of troposphere may also reduce
the viability of microorganisms during transit (Griffin et al., 2007). Consequently, we examined the
mean solar radiation flux, 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, as a measure of dust aerosol removal due to wet deposition.
Figure 6 compares the histograms of average solar radiation flux, 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 W m2 for the US-CARIB
region as compared to 294 W m for the AMZN region (Figure 6-a and b). Additionally, the spatial
distribution of trajectories colored with average received solar radiation flux is depicted in Figure
7 (panel a and b) for the same seasons. The area denoted with contours of 1, 5, and 10 on each
panel of Figure 7 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 flux is
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higher for those trajectories passing from lower latitudes yet trajectories reaching the US-CARIB

region demonstrate a more uniform distribution, latitudinally.

Relying solely on average values would be an oversimplification 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 Figure 8 demonstrate the histograms of the cumulated solar radiation fluxes in form of the solar
dose by summing up hourly 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.

The erythemal UV portion of the total atmospheric irradiance 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. (2018). Following their results, we assume 0.02% of total atmospheric
irradiance as erythemal UV radiation. Using this conversion rate, dust trajectories are estimated
to be exposed to UV radiation levels ranging from 20 — 100 KJ m. To provide some context, it is
reported that UV radiation levels of around 40 J m2 are capable of a one log decrease in
concentration of microorganisms in a single stage decay model (Kowalski, 2010), which
decreases the chance of survival for non-UV resistant microorganisms to extremely low levels.
However, certain UV resisting strains of microorganisms are capable of surviving up to 2 KJ m=
of UV radiation with minimal decay and no negative correlation with UV concentration, which
increases their chance of survival in extreme atmospheric conditions (Yang et al., 2008). The
established positive increase in the concentration of viable microorganisms from samples of long-
range transported dust is suggestive of co-transported microorganisms’ capability to survive the
extreme atmospheric environment, within dense dust plumes (Schlesinger et al., 2006) and in
spite of extremely high doses of erythemal UV radiation. Survival microorganisms during extreme
atmospheric conditions can be partly explained by attenuation of UV radiation by dust aerosols at
higher levels of atmosphere (Herman et al., 1999) or microorganisms being shielded from UV
radiation within the cracks and crevasses of inorganic dust aerosols (Griffin et al., 2001).
Furthermore, adapting UV resistant abilities such as forming cell clumps or aggregates can
increase microorganisms’ UV survivability (Yang et al., 2008), which is a common feature among
microorganism taxa that are usually found in desert soils (Musilova et al., 2015). It is hypothesized

that similar DNA repair characteristics, which make a phenotype resistant to UV radiation, will
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also increase the ability to survive other environmental stressors such as desiccation (Rainey et
al., 2005), 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. No discernible difference can be noted between the regions 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. 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 the both seasons but in the middle of
the corridor where the trajectories are more concentrated, average ambient temperature is the

highest and most uniform.

Compared to histograms of average conditions, histograms of path-integrated ambient
temperatures (see Egn. (1)) are more dispersed, mainly due to variable travel time of trajectories
(Figure 8, panel c and d). The peak value appears around 150 — 250 hr K* for trajectories reaching
US-CARIB from July to August and from 50 — 150 hr Kt for AMZN trajectories from December to
February. Mean values do not exhibit a significant 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
temperature as a suitable condition and low temperature as the limiting factor for the survivability
of microorganisms (Almaguer et al., 2014). As lower mean path integrated ambient temperatures
represent higher temperatures endured for a longer time (see Eq. 1), transport condition is more
suitable for survivability of microorganisms transported to AMZN between December-February.
Nevertheless, Zhai et al. (2018) reviewed results from numerous studies of temperature impacts
on the survivability of microorganisms in the atmosphere 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 (Figure 6-e
and f) and a bimodal distribution. It was discussed earlier that majority of the summer-time

trajectories travel above the boundary layer, while the majority of winter time trajectories travel at
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much lower altitudes and within the marine boundary layer (see panels k and m in Figure 2). As
aresult, 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 (Wulfmeyer and Feingold, 2000).

During the December-February season, a striking divergence can be seen in the histograms of
RH for trajectories reaching the AMZN region. 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 significant contrast between land and ocean, which is to be expected as the ocean plays
a significant role in determining RH levels. This is evident on panel f in Figure 7 and for trajectories
sourced from the Bodélé depression that spend a longer time over continental Africa, and hence,

experience lower mean levels of RH.

RH also has a crucial role in the removal of aerosols by increasing their size through hygroscopic
growth and accelerating the rate of dry deposition (Williams, 1982). This is due to the fact that
even a small increase in particle size can significantly boost their fall velocity by up to 10 times,
leading to a faster rate of dry deposition (Arimoto et al., 2003). Based on some modeling analysis,
this increase can be even higher for particles with a diameter in the range of 0.1 — 10 pm, which
include a great portion of dust aerosols (Sengupta et al., 2021). Based on the literature, the RH
level of 98% was assumed as a criterion above which the size of particles increases significantly
due to hygroscopicity (Williams, 1982, Koehler et al., 2009). 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
atmosphere (Kaaden et al.,, 2009). In addition to the dry deposition, wet scavenging of dust
aerosols during precipitation periods is another mechanism for their removal from the
atmosphere. This motivates the analysis of the cumulative time aerosols spent under the influence
of RH levels above 98% and as a function of total accumulated precipitation along the trajectories.
For context, Dadashazar et al. (2021) calculated a 53% reduction in the ratio of PM. s 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. (2021) demonstrated that a higher accumulated precipitation along trajectories was
associated with much lower aerosol concentrations during transport over the West Pacific. The

impact of precipitation along the trajectories was also studied along trajectories originating from
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the South American continent and moving toward the Pacific Ocean (Freitag et al., 2014). They
concluded that trajectories with accumulated precipitation above 50 mm demonstrate distinctive

characteristics of wet scavenging on plumes.

Figure 9 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. Similar to RH, higher mean precipitation values for AMZN trajectories can be
accounted for in part by lower mean transport altitude (Figure 2) and hence, a higher chance of
being intercepted by precipitating clouds. On the contrary, US-CARIB trajectories travel at higher
altitude, which increases their chance of being transported above the precipitating systems. 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 incidents over the arid regions of Africa. 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
(Heinold et al., 2013). As dust layer reaches the west African coast, it slides above the cool marine
air mass and is lifted to higher altitudes (Van Der Does et al., 2018). All these processes give the
trajectories little to no chance of being intercepted by precipitation before leaving the continental

regions.

Field measurements also confirmed that there is an increase of up to three times in RH levels
within the boundary layer compared to drier conditions in the free troposphere (Maring et al.,
2003). Another explanation of higher precipitation along the wintertime trajectories would be the
location of high precipitation band across the Atlantic Ocean. Summertime precipitation across
the tropical Atlantic Ocean happens between 0° N — 15° N (Siongco et al.,, 2017) and shifts
southward, between 10°S — 10° N during the winter (Barreiro et al., 2002). In both seasons, the
greater portion of the precipitations occur in close proximity to the coast of South American
Continent. As the majority of summertime trajectories travel above and parallel to the summer
band of precipitation (Figure 7), 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
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duration each trajectory spends in RH levels above 98% (not shown in figure). Of the trajectories
impacting AMZN, around 4.7% spend at least one hour in such conditions. The analogous
analysis for US-CARIB trajectories reveals significantly 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, however, it should

be considered in 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 (Tang et al., 2009). 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, desiccation). 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, temperature and RH have been considered
to have a positive impact on microbial abundance (Mouli et al., 2005; Harrison et al., 2005; Sun
et al.,, 2022). However, this seems to be partially true only for culture-based studies. Next-
generation sequencing analyses of airborne communities have not detected such correlation
(Bowers et al., 2012; Shin et al., 2015; Nufez et al., 2021; Zhen et al., 2017), and some even
have described how bacterial richness may increase under low temperature conditions
(Gonzélez-Martin et al., 2021). Upon closer look, meteorological factors, such as temperature or
RH may have specific influence over different groups of microorganisms. For instance, Park et al.
(2020) 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 (Sun et al., 2022).

By considering how the microbial airborne community may change due to factors such as
continuous mixing with atmospheric aerosols and deposition during their transport, specific
protective mechanisms unique to each microbe, and specific characteristics of each dust event
(e.g., particle sizes, dust plume altitude, and amount of dust), the effects of the environmental

factors and chance of survival may be predicted for specific groups of microorganisms.
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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 main focus on parameters impacting concentration, diversity, and longevity of co-transported

microorganisms. Results are suggestive of the following conclusions:

- The majority of westward, dust-carrying trajectories enter 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.

- Vertical structure of travel paths is significantly different between the two seasons. During
summer (June — August), trajectories traverse the Atlantic at a significantly higher altitude
compared to winter (December — February) trajectories. Summer trajectories mainly travel
above the marine boundary layer and demonstrate characteristics reported by previous
studies on the Saharan air layer (Karyampudi and Carlson, 1988; Tsamalis et al., 2013;
Dunion and Marron, 2008). 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 trajectories 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 not clustered as clearly as they are during the summer.

Distinct emission sources during each peak season suggest different taxa of microorganisms
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being co-transported with dust aerosols. Additionally, a higher diversity of microorganisms is
expected during the winter due to a more diverse source base.

- Long-term analysis of dust emitting regions during the peak seasons suggests an interannual
oscillation in the equivalent 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.

- During summer, trajectories endure significantly 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. These transport conditions

promote a more suitable environment for long-range transport of microorganisms.

The present study is a part of the ongoing NASA Microbes in Trans-Atlantic Dust (MITAD) field
campaign, which aims to investigate microbial long-range transport and survival in dust plumes
via an interdisciplinary approach that integrates multiplatform 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 specific taxa of airborne microorganisms detected in actual dust samples and the
correlation between their concentration, diversity, and longevity and environmental conditions in

the atmosphere.
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692

693 Table 1 - The seasonal change in the number of trajectories that occurred during each defined
694  seasonal range for the two sub-domains, the southeast United States and Caribbean (US-CARIB)
695 and Amazon (AMZN).

# Trajectories Dec.-Feb. Mar.-May Jun.-Aug. Sept.- Nov. Total
US-CARIB 7839 9377 31826 19522 68564
AMZN 32352 11883 3305 8573 56113
Total 40190 21260 35131 28095 124677
696
697
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701  Figure 1. The approximate boundaries of the study region. Two dust receptor regions are shown
702 as US-CARIB (red rectangle) and AMZN (green rectangle). The MERRA-2 mean annual dust
703  emission values are projected and represented by the color bar. The brown rectangle is where
704  the HYSPLIT forward trajectories are initiated following observed dust emission activities.
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Figure 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 - I) and AMZN (m - p). Panels are made with 115,715 total number of

trajectories impacting either one of receptor regions.
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718  Figure 3. Seasonal histograms of travel duration for trajectories reaching the US-CARIB (blue),
719 and AMZN (orange) during December — February, March — May, June — August, and September
720 - November. Histograms are made with a total number of 124,677 trajectories, including 8,962
721  trajectories that are accounted for both sub-domains.

25



US-CARIB AMZN

—— : : . ey
322N[ (a) \f‘ Dec. — Feb. \f Dec. - Feb.
o #
26'N ’
20“N} 5
N . - — %
32NF (c) (\\f Mar. — May. (\'\f 4 2
;e s >
26°'N | | g
/ S
20“N} 30
| - c
21
AN = m
3INF () \f Jun. - Aug. \f ?ﬂ
by & Joo @ 12 o,
. - =
20'N R & =
R ’ e
[a%]
WNE o . o« - NV ®
B 7 i i i i 7 i i i i 7 N
32N[ (g) \f— Sept. — Nov. (R\f Sept. — Nov. =
26'N f
20'N )-.
3 S I

292 ow o 10°E 20°E 30°E 40°E 100W 0 10°E 20°E 30°E 40°E

723  Figure 4. Total seasonal dust emissions associated with trajectories impacting US-CARIB (a, c,
724 e, and g) and AMZN (b, d, f, and h) based on the NASA Modern-Era Retrospective analysis for
725 Research and Applications, Version 2 (MERRA-2) dust emission dataset. Seasonal number of
726  trajectories impacting each receptor sub-domain are summarized in Table 1, including 8962
727  trajectories accounted for both sub-domains.
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Figure 5. The seasonal location of the equivalent dust emission centers during December —
February, March — May, June — August, and September — November, for trajectories impacting
each receptor region. Panels a, ¢, e, and g belong to the US-CARIB and panels b, d, f, and h
belong to AMZN region. Circles are color coded based on the year they belong to.
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Figure 6. Histograms of average conditions along the trajectories impacting US-CARIB (Blue)
and AMZN (Orange) 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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741  Figure 7. Average parameters along the trajectories impacting US-CARIB during the June -

742  August season (a, ¢, and e€) and AMZN during the December - February season (b, d, and f).
743  Areas denoted by black contour lines represent pixels having at least 1, 5, and 10 percent of the
744 total dust emission for trajectories passing above them, respectively.
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