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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: 26 

 27 

• Trans-Atlantic dust plumes affect the southeast United States and the Caribbean basin 28 

mainly in summer and the Amazon mainly in winter. 29 

• Shorter travel time, higher humidity, and lower UV radiation provide higher chance of 30 

survival for microorganisms transported to Amazon. 31 

• Majority of summer dust plumes originate from the western arid regions of North Africa, 32 

while winter dust plumes vary in their origin. 33 
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Abstract 34 

 35 

New information is needed about the potential sources and pathways of trans-Atlantic dust 36 

plumes. Such knowledge has important implications for the long-distance transport and 37 

survivability of microorganisms. Forward trajectories of trans-Atlantic dust plumes were studied 38 

over a 14-year period, between 2008 and 2021 (n =>500,000 trajectories). Two major dust 39 

transport patterns emerged from these analyses. First, summer trajectories (June – August) that 40 

arrive in the southeastern regions of the United States and the Caribbean basin and travel above 41 

the marine boundary layer at an average altitude of 1,600 m. Second, winter trajectories 42 

(December – February) that arrive in the Amazon basin and travel within the boundary layer at an 43 

average altitude of 660 m. Ambient meteorological conditions such as solar radiation and relative 44 

humidity along dust trajectories suggest a more suitable condition for the survivability of 45 

microorganisms reaching the Amazon during the winter with a lower mean solar radiation flux of 46 

294 W m-2 and mean relative humidity levels at around 61% as compared to averages of 370 W 47 

m-2 solar radiation and 45% relative humidity for summer trajectories intruding the Caribbean 48 

basin. Nevertheless, 14% of winter trajectories (4,664 out of 32,352) reaching the Amazon basin 49 

face intense precipitation of higher than 30 mm and get potentially removed as compared to 8% 50 

of trajectories (2,540 out of 31,826) intruding the Caribbean basin during the summer. Collectively, 51 

our results have important implications for the survivability of microorganisms in trans-Atlantic 52 

dust plumes and their potential for major incursion events at receptor regions. 53 

 54 

Plain Language Summary: 55 

 56 

Each year, dust aerosols from arid northern Africa travel across the Atlantic, impacting areas as 57 

far as the Americas. One of the lesser studied aspects of this Trans-Atlantic dust transport is the 58 

transport of microorganisms onboard the dust aerosols. We defined two dust receptor 59 

subdomains on the western side of the Atlantic Ocean and analyzed the seasonal transport of 60 

dust to each subdomain from 2008 to 2021. For trajectories connecting the dust sources to each 61 

receptor region, travel path, altitude, and ambient meteorological conditions along the trajectories 62 

were studied. During the summer transport season, the majority of aerosols intrude the 63 

southeastern regions of the United States and the Caribbean basin. They travel with an average 64 

altitude above the marine boundary layer. During the winter transport season, the Amazon basin 65 

emerges as the main receptor region of dust trajectories. These trajectories travel at considerably 66 

lower altitudes and mainly within the boundary layer. Ambient meteorological conditions such as 67 
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solar radiation dose, relative humidity, and travel time suggest a more suitable condition for the 68 

survivability of microorganisms reaching the Amazon during winter. However, a greater portion of 69 

trajectories face intense precipitation and get potentially removed during that time. 70 

 71 

1.  Introduction 72 

The most abundant type of aerosol in the atmosphere by mass is dust (Kok et al., 2021a; Kinne 73 

et al., 2006) of which the greatest portion is emitted from the surface of desertified regions where 74 

evaporation exceeds the mean annual precipitation (Shao, 2008; Kok et al., 2021b). Deserts of 75 

North Africa, including the Sahara and Sahel regions are one of the world’s most prominent dust 76 

sources (Schütz, 1980; d'Almeida, 1986) with the greatest emission contributed by the Sahel area 77 

(Ginoux et al., 2012). Dust emissions are not homogeneous over North Africa and some areas 78 

are known to have higher emission rates. As an example, the Bodélé depression in Chad is known 79 

to be the greatest source of dust emission in the World (Prospero et al., 2002; Washington et al., 80 

2003; Engelstaedter and Washington, 2006) and the western side of North Africa, on the border 81 

of Mali and Mauritania is known as another major source of aeolian dust (Engelstaedter and 82 

Washington, 2006). Extensive emissions of North African dust contribute to one of the greatest 83 

global atmospheric dust transport pathways across the Atlantic (Kellogg and Griffin, 2006), which 84 

is sometimes referred to as a dust river (Chakraborty et al., 2021).  85 

 86 

After being emitted, North African dust aerosols remain airborne for days until they reach multiple 87 

receptor regions located as far as the Amazon, the Caribbean, and the southeast U.S. depending 88 

on the season (Prospero, 1999; Prospero et al., 2014). Dust aerosols have the potential to impact 89 

the atmospheric microbiome of the receptor regions (Gat et al., 2017; Mazar et al., 2016; Rahav 90 

et al., 2016), which can include transport of high-threat or invasive pathogens, depending on the 91 

source of emission (Shinn et al., 2003; Griffin et al., 2001; Hara and Zhang, 2012; Favet et al., 92 

2013). Source location can also influence the size distribution of emitted dust particles, travel 93 

time, and atmospheric conditions experienced by dust aerosols (Gläser et al., 2015; Grini et al., 94 

2005). This motivates the need for the analysis of dust source locations. Nevertheless, it is 95 

challenging to identify the exact source of emission for each receptor region based on current 96 

remote sensing or in-situ methods (Engelstaedter et al., 2006; Gläser et al., 2015). Moreover, as 97 

dust particles passively travel via global circulation, the amount of transported dust, the regions 98 

they reach, and the conditions they experience along the way are driven mainly by prevailing 99 

circulation regimes from the emission point to the receptor region (Schepanski et al., 2017). 100 

Occasionally, receptor regions such as the Caribbean, Southeast U.S., and Amazon have 101 
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experienced anomalous levels of dust due to irregularities in the circulation regime (Yu et al., 102 

2021).  103 

 104 

The atmosphere is teeming with microscopic life (Burrows et al., 2009a; Burrows et al., 2009b). 105 

Microorganisms thrive in a variety of aquatic and terrestrial environments and knowledge of their 106 

sources and potential contribution to the global climate budget has received considerable 107 

attention (Jaenicke, 2005, Mayol et al., 2017; Shi et al., 2022). Notes of airborne transport of 108 

microorganisms are dated back to early days of discovering microorganisms (Gregory, 1971; 109 

Gorbushina et al., 2007). Several cases of modern crop plant diseases are documented to be 110 

transported across the continents via aerial dispersion of spores of plant pathogenic fungi (Brown 111 

and Hovmøller, 2002). Microorganisms may be transported as individual cells (e.g. spores) 112 

(Gregory, 1961), in clusters (e.g., conidiophores), and/or attached to dust particles (Kellogg, 113 

2006). Previous studies of atmospheric dust have revealed the presence of diverse bacterial 114 

communities (Giongo et al., 2015; Gonzalez-Martin et al., 2014; Favet et al., 2013; Yamaguchi et 115 

al., 2012). Traces of atmospheric dust have been found in the most remote areas of the world 116 

with estimated travel time-scales at around 13 days (Iwasaka, et al., 1983; Uno et al., 2009; Zhang 117 

et al., 2007). Consequently, microorganisms traveling with dust have the potential to be 118 

transported around the world.  119 

 120 

Though trans-Atlantic transport of dust has been the subject of a considerable amount of research 121 

(Gläser et al., 2015, and references therein), the long-range co-transport of microorganisms and 122 

dust aerosols is one of the lesser studied aspects of this phenomenon (Schuerger et al., 2018). 123 

New information is needed about the atmospheric trajectories of trans-Atlantic dust, sources 124 

contributing to them, and their implication for microorganisms’ transport. In this manuscript, we 125 

examined seasonal trends in atmospheric trajectories of trans-Atlantic dust over a period of 14 126 

years (2008-2021). We hypothesize that seasonal trends observed in dust emission sources, 127 

travel path, and ambient meteorological conditions along these trajectories will lead to distinct 128 

environmental conditions that can benefit the co-transport of different taxa of microorganisms, 129 

depending on the season and the receptor region. To test this hypothesis, we combined a dust 130 

emission scheme and forward trajectory analysis to characterize ambient conditions along each 131 

dust transport trajectory from the point of emission until it reached our defined receptor regions. 132 

The specific objectives of this study were to (1) connect dust source and receptor regions across 133 

the Atlantic Ocean, (2) report on the seasonal trends observed in dust trajectories and ambient 134 
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conditions along the way, and (3) explore possible implications related to concentration, diversity, 135 

and longevity of the co-transported microorganisms.  136 

 137 

After locating major seasonal sources of dust, we report defined initiated from North African 138 

sources that reach two receptor regions located on the western side of the Atlantic Ocean (US-139 

CARIB and AMZN). We report on the spatial and vertical distribution of these trajectories through 140 

different seasons to depict a seasonally resolved demonstration of dust travel across the Atlantic. 141 

Next, we discuss the amount of dust emission associated with these trajectories to isolate 142 

emission areas with relative importance for defined receptor regions. In the final section, we 143 

discuss the average meteorological condition experienced by the majority of the dust trajectories 144 

across the Atlantic and its potential influence on the type, concentration, and diversity of co-145 

transported microorganisms.  146 

 147 

2. Data and Method 148 

2.1. Dust Emission Sources 149 

NASA Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2; 150 

Gelaro et al., 2017) is a continuation of the modern satellite era (1980 onward) atmospheric 151 

reanalysis run and managed by the NASA Global Modeling and Assimilation Office (GMAO). The 152 

MERRA-2 system incorporates more contemporary datasets not available to the original MERRA 153 

reanalysis dataset with an improved meteorological observing system. One of the greatest 154 

advantages of MERRA-2 is having analyzed aerosol fields that can be used as an input in analysis 155 

of the interaction between aerosols and regional climate.  156 

 157 

In MERRA-2, dust mass mixing ratios are simulated with a radiatively coupled version of the 158 

Goddard Chemistry, Aerosol, Radiation, and Transport model (GOCART) for five non-interacting 159 

size bins. Dust emission is derived based on a map of potential dust source locations, according 160 

to the observed co-location of large-scale topographic depressions and dust emitting regions. 161 

Dust emission values are wind driven for each size bin and calculated based on the 162 

parameterization provided by Marticorena and Bergametti (1995). Even though the MERRA-2 163 

reanalysis model incorporates the deposition and hygroscopic growth of the aerosols after their 164 

emission, in this study we use the MERRA-2 dust emission scheme only to isolate the emission 165 

hotspots based on their long-term seasonal activity.  166 

 167 



6 
 

MERRA-2 hourly dust emission data were obtained for 2008-2021 (collection M2T1NXADG, 168 

DOI:10.5067/HM00OHQBHKTP), in five different size bins (DUEM001-005, kg m-2 s-1) covering 169 

a dry size range from 0.1-10.0 µm for an area in North Africa covering 12°N - 38°N and 18°W - 170 

40°E (Figure 1). Hourly emissions of different size bins were summed up for each day to create 171 

daily dust emission value maps with a spatial resolution of 0.5° ✕ 0.625°. To obtain the seasonal 172 

dust emission hotspots, first the daily emissions of all days of that season were averaged to create 173 

a composite map of average seasonal emission. Next, a Gamma distribution was fitted to the 174 

pixel values of each map and the 80th percentile on the corresponding cumulative distribution 175 

function was selected as the threshold. On each map, the pixels with seasonal average values 176 

greater than the threshold obtained for that season were nominated as the seasonal dust 177 

emission hotspots. Finally, for each pixel of the nominated dust emission hotspots and during 178 

each day of that season, if the daily dust emission value was greater than 85th percentile of total 179 

daily emission values, that day was selected as a significant dust emission day for that pixel. 180 

Hereafter, we refer to these incidents as dust emission activities. Both 80th and 85th percentile 181 

thresholds were tuned to cover the majority of seasonal dust emission areas and be inclusive of 182 

the majority of daily dust emission incidents yet, keep the total number of trajectories within our 183 

data processing capacities. Over the course of study, more than 500,000 pixels of dust emission 184 

activities were nominated by this method and provided as inputs to the trajectory analysis.  185 

 186 

2.2.  Dust Atmospheric Pathways 187 

To track the dust emission activities and report on their endured condition along the trajectories, 188 

NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) was used 189 

(Draxler and Rolph, 2010; Rolph et al., 2017; Stein et al., 2015). For each pixel designated as a 190 

dust emission activity, trajectories were initiated in forward mode from an altitude of 300 m above 191 

the ground level on a daily basis. This altitude was selected to minimize the risk of trajectories 192 

interfering with surface terrain. All of the trajectories were initiated at 00:00:00 UTC and run for 193 

360 hours, equivalent to 15 days to assure that the majority of the trajectories reached the 194 

downwind receptor regions. Two receptor regions were defined in the downwind area (Figure 1), 195 

one covering the southeast U.S. and Caribbean (5°N - 25°N and 65°W - 95°W, US-CARIB from 196 

now on) and the other covering parts of the Amazon (10°S - 5°N and 50°W - 85°W, AMZN from 197 

now on). The location and boundaries of the receptor region were defined based on the reported 198 

oscillation pattern of trans-Atlantic dust transport trajectories due to the seasonal variation of the 199 

inter tropical convergence zone (ITCZ) over the Atlantic Ocean (Doherty et al., 2012; Gläser et 200 

al., 2015). Locations were selected to ensure they receive the majority of westward trajectories 201 
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originating from the North African arid areas. The NCEP/NCAR Reanalysis archived data were 202 

used for HYSPLIT runs, and meteorological data were reported along the trajectories. The top of 203 

the model was set at 10 km, and the meteorological data file directly handled the vertical motion 204 

in the model.  205 

 206 

Forward trajectory analysis is prone to a series of errors, including but not limited to the coarse 207 

resolution of the meteorology files and long trajectory run time (Stein et al., 2015; Wotawa and 208 

Kalinowski, 2000; Dadashazar et al., 2021; Hilario et al., 2021 and references therein). 209 

Additionally, the embedded uncertainties in the dust emission scheme do not enable us to report 210 

on properties and fate of each individual dust emission trajectory with certainty. However, by 211 

combining more than 500,000 trajectories over a period of 14 years, our analyses are expected 212 

to yield notable results and gauge the uncertainty associated with the trajectory model (Harris et 213 

al., 2005) for the seasonal trends governing the majority of dust trajectories connecting North 214 

African sources to Middle West Atlantic Ocean receptor regions.  215 

 216 

Of all dust trajectories sourced from North Africa, only westward trajectories that reach either one 217 

of receptor regions were isolated for further analysis. It is possible for a trajectory to impact more 218 

than one region and be counted for both. For a trajectory to impact a receptor region, the average 219 

altitude of trajectory inside that region must be below 5 km. This criterion was defined to neglect 220 

those trajectories that pass above the receptor regions at higher altitudes. The general direction 221 

of each trajectory was calculated by adding up the trajectory longitude for one third of the total 222 

number of steps for each trajectory and trajectories moving east of their emission points were 223 

neglected. This was done to avoid trajectories that reach westward receptor regions by circling 224 

the globe in eastward direction, even though we do not expect to encounter a great number of 225 

such trajectories.  226 

 227 

2.3. Meteorological Parameters 228 

For each forward trajectory, the mean downward solar radiation flux (W m-2), ambient temperature 229 

(K), relative humidity (RH, %), and precipitation (mm hr-1) from NCEP/NCAR Reanalysis were 230 

calculated for the duration of travel time from the emission point to the receptor region. In addition 231 

to the means, values were also integrated for the travel path to reflect the total impact perceived 232 

by each trajectory and account for differences in travel times. By multiplying the solar radiation 233 

flux by number of steps with an hour of duration for each step, total solar radiation dose (J m-2) 234 
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was calculated for each trajectory, similar to the methodology used by Kowalski (2010). For 235 

ambient temperature and RH, we used an integration scheme as follows:  236 

 237 

𝑇𝑎𝑚𝑏,𝑃 = (∑
1

𝑇𝑎𝑚𝑏,𝑖

𝑛

𝑖=1
) × 𝑛                                  (1) 238 

 239 

In equation (1), 𝑇𝑎𝑚𝑏,𝑃 is the path integrated value of 1/𝑇𝑎𝑚𝑏 over 𝑛 number of steps for each 240 

trajectory with the unit of hr.K-1. The purpose behind integrating the inverted values of 𝑇𝑎𝑚𝑏 is to 241 

reach a higher integrated value for trajectories experiencing lower temperature for a longer time. 242 

Similarly, 𝑅𝐻𝑎𝑚𝑏,𝑃 is calculated for the duration of each trajectory with a unit of hr.percent-1 RH 243 

and a higher number reflects a lower RH impacting the aerosols for a longer period of time.  244 

 245 

 246 

3. Results and Discussion 247 

 248 

3.1. Forward Trajectory Analysis 249 

Table 1 summarizes the number of trajectories reaching each receptor region during each 250 

season. From more than 500,000 dust associated trajectories emitted from the North Africa, 251 

115,715 trajectories (23%) impacted either one of designated receptor regions. Each one of the 252 

receptor regions has received approximately half of the total trajectories with 68,564 and 56,113 253 

trajectories reaching US-CARIB and AMZN, respectively. Together, these numbers add up to 254 

124,677 trajectories which include 8962 trajectories that have impacted both sub-domains and 255 

were accounted for both. Selection of receptor regions, based on the seasonal oscillation of the 256 

cross Atlantic dust transport pathway can be the reason behind receiving approximately half of 257 

trajectories at each region. This oscillation is likely due to the seasonal change of the latitudinal 258 

location of the ITCZ (Gläser et al., 2015).  259 

 260 

The majority of the trajectories reached US-CARIB during June-August with an average latitude 261 

of 17.5°N, and AMZN during December-February with an average latitude of 9.6°N, which is also 262 

evident in Figure 2 (panels a-h). Results obtained for both the seasonality and the transport 263 

pathways are consistent with previous reports on trans-Atlantic dust transport (Schepanski et al., 264 

2009; Chiapello et al., 2005; Gläser et al., 2015, and references therein). Another notable 265 

difference among the receptor regions was the altitude at which the trajectories traveled before 266 

reaching each receptor region. As depicted in Figure 2 (panels i-p), the summer trajectories 267 
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reached higher levels of the free troposphere immediately after they leave the African continent 268 

at about 25°W with an average altitude of 1,639 m for US-CARIB trajectories during the June-269 

August season. In contrast, the winter trajectories reaching the AMZN traveled over a notably 270 

lower mean altitude of 663 m from December to February. The different seasonal trajectory path 271 

and altitude have implications for longevity, concentration, and diversity of onboard 272 

microorganisms as it implies different mean temperatures, solar radiation dose, and RH are 273 

experienced by microorganisms (Chen et al., 2020; Kowalski and Pastuszka, 2018). More details 274 

of trajectories’ seasonal mean path and altitude can be found in Table S1. 275 

 276 

Figure 3 shows the seasonal histograms of travel duration for trajectories impacting each receptor 277 

region. On the histograms, a cut off is evident at 360 hours which is due to 360 steps duration 278 

chosen for forward trajectories. The existing limitation in the number of steps does not allow for a 279 

complete depiction of dust trajectories. Nevertheless, we believe that the selected number of 280 

steps allows capturing of the majority of dust trajectories that reach the receptor regions because 281 

the travel time at which the highest number of trajectories travel are captured with the current run 282 

time. We do not expect to see a new peak for travel times higher than fifteen days because the 283 

longest travel times mentioned for African dust carrying trajectories are in the orders of fifteen 284 

days (Gläser et al., 2015) and this was the basis for selecting the current number of steps. It 285 

should also be noted that trajectories with longer travel times have lower possibility for 286 

transporting viable cultures of microorganisms, due to having microorganisms exposed for a 287 

longer period of time to the atmospheric extreme environment (Smith et al., 2011).  288 

 289 

Comparing peak seasons of December – February and June – August, summer time trajectories 290 

spend a longer period of time traveling before reaching the receptor regions, which implies a lower 291 

possibility for transporting viable microorganisms due to being exposed to harsh atmospheric 292 

environment for a longer period of time. Trajectories reaching AMZN from December – February 293 

have a more uniform distribution with peak number of trajectories taking between 200 to 250 294 

hours to travel (Figure 3-a); however, the number of trajectories taking longer than 250 hours is 295 

also notable. On the other hand, trajectories reaching US-CARIB from June to August show a 296 

skewed distribution with peak number of trajectories occurring between 240 and 280 hours 297 

(Figure 3-c). The average travel time of trajectories is also summarized in Table S2. Comparing 298 

the two peak seasons, the total number of trajectories taking less than 200 hours to travel is 299 

considerably higher during the AMZN peak season (10468 versus 3997, Figure 3-a), which 300 

implies a higher probability of survival for the co-transported microorganisms. Additionally, the 301 
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two datasets were analyzed via a Student’s t-test for the difference of the means and results 302 

indicate that summertime trajectories impacting the US-CARIB travel on average for a significantly 303 

longer period of time compared to wintertime AMZN trajectories with higher than 95% statistical 304 

confidence.  305 

 306 

Shorter travel times for AMZN peak season trajectories can be partly attributed to the shorter 307 

distance between the Amazon and arid regions of northern African continent (Gläser et al., 2015). 308 

Additionally, long-term variations in the large-scale circulation regime over the tropical north 309 

Atlantic can cause irregularities in the transport of dust aerosols across the Atlantic. Examples of 310 

such interactions would be the impact from wide spread deforestation over tropics on increased 311 

dust transportation via weakening of the Hadley cell (Li et al., 2021) or connection between the 312 

seasonal amount of rainfall in the Sahel region and the amount of seasonally emitted dust (Brooks 313 

and Legrand, 2000). 314 

 315 

From December to February, trajectories reaching the US-CARIB travel at time scales similar to 316 

the AMZN trajectories while the mean travel time from June to August is higher for trajectories 317 

reaching the AMZN. Relatively longer mean travel time of the summer trajectories impacting the 318 

AMZN sub-domain can be explained by differences observed in the transport regime of such 319 

trajectories. In a relevant study and over an 8 years period of 1995 – 2002, during July – October, 320 

Dunion (2011) reports an average wind velocity of 5 m s-1 for trajectories described as moist and 321 

tropical with characteristics similar to those impacting the AMZN sub-domain. In the same study, 322 

trajectories described as Saharan air layer travel considerably faster, with an average wind 323 

velocity of 9 m s-1. From March to May, the observed pattern for travel times is somewhat similar 324 

to June – August. However, outside the peak seasons the number of trajectories is considerably 325 

lower. From September to November, trajectories of both receptor regions demonstrate similar 326 

travel times with a higher number of trajectories reaching US-CARIB.  327 

 328 

3.2. Dust Emission Activities 329 

To isolate North African dust (and potential microorganisms) sources contributing to each receptor 330 

region, composite maps of dust emission activities were made by summing up total seasonal dust 331 

emission activity associated with trajectories impacting each receptor region (Figure 4). By 332 

focusing only on emissions capable of reaching our receptor regions on the western coasts of the 333 

Atlantic, the new seasonal maps differ from the mean seasonal dust emission maps (compare 334 

Figure 4 and Figure S1). These new sets of maps are made for 124,677 trajectories that have 335 
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impacted either one of receptor sub-domains including 8,962 trajectories that are counted for 336 

both. On the maps, most emission regions were clustered around the west and southern regions 337 

of the North African continent with minimal impact from the north and eastern sources, even 338 

though on seasonal analysis, north and eastern regions demonstrated statistically significant dust 339 

emission levels based on a Gamma distribution fitted to the long-term daily emission values of 340 

each pixel. Such composite maps of seasonal dust emissions are also presented in Brooks and 341 

Legrand (2000) study of dust variability over Northern Africa with spatial patterns following Figure 342 

4, even though timespans selected as seasons are slightly different from this study. 343 

 344 

For the US-CARIB region, the June to August emissions stand out from the other seasons. This 345 

would be no surprise as it is also the season during which the majority of trajectories reach this 346 

receptor region. Similarly, during the December-February season when the majority of trajectories 347 

reach AMZN, total dust emission associated with these trajectories is most distinct, compared to 348 

the rest of the year (Figure 4-b). Comparing the June - August season of US-CARIB with 349 

December - February season for AMZN enables us to better understand which North African 350 

sources have the highest impact on each receptor region. For the US-CARIB region and during 351 

the high dust season (June - August), the majority of emissions come from sources located on 352 

the western half of North Africa. This follows the results reported by Gläser et al., (2015), even 353 

though the extent of the receptor regions slightly differs between the two studies. Winter was 354 

observed as the peak season for dust transport to AMZN with a great impact perceived from 355 

Bodélé depression emissions, in accordance with previous studies (Bristow et al., 2010; 356 

Washington, et al., 2009). 357 

 358 

Focusing solely on the long-term seasonal averages or total emission maps might obscure the 359 

interannual variations in the location of dust sources impacting each receptor region the most. 360 

For this reason, we had a closer look at the interannual variations in the equivalent center of dust 361 

emission for each receptor region. The latitude and longitude for the equivalent dust emission 362 

center is calculated based on the following formulas: 363 

 364 

𝐿𝑎𝑡 =  
∑ 𝐸𝑖𝐿𝑎𝑡𝑖

𝑛
𝑖=1

∑ 𝐸𝑖
𝑛
𝑖=1

                                   (2a) 365 

𝐿𝑜𝑛 =  
∑ 𝐸𝑖𝐿𝑜𝑛𝑖

𝑛
𝑖=1

∑ 𝐸𝑖
𝑛
𝑖=1

                                  (2b) 366 

 367 
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In equations (2a,b), n represents the number of dust-emitting pixels on each panel of total 368 

seasonal dust emission maps for a certain year, Ei represents the emission associated with a 369 

certain pixel, and Lati and Loni are the latitude and longitude of that pixel, respectively. The 370 

seasonal location of the equivalent dust emission centers for trajectories impacting each receptor 371 

region are shown in Figure 5. Except for trajectories reaching US-CARIB in the peak season of 372 

June - August, the location for the center of emission experienced notable spatial variation 373 

throughout the years, moving along a diagonal line between south-central and north-western parts 374 

of North African desertified regions. Almost all of the interannual spatial variation in the center of 375 

emissions happens along this line, connecting the western emission sources and the Bodélé 376 

depression, which denotes the profound role of these two regions in driving the equivalent dust 377 

emission source. The strong impact from these two regions is also frequently mentioned in the 378 

literature but to the best of our knowledge, no previous study has looked at the longer interannual 379 

trend. As an example, Wagner et al., (2016) compared the emission source between 2007 and 380 

2008 and mentioned 2008 as the year with the greatest impact from the Bodélé depression. We 381 

do not have the data from 2007 but our results demonstrate the heaviest impact from Bodélé in 382 

2008, from December to February. In a similar study, Barkley et al., (2022) studied the North 383 

African dust emissions during 2014 and 2016 and captured the heavy dust emission activity from 384 

Bodélé that dragged the center of emission towards the south-central region. Similarly, in our 385 

results, the dust emission center is shifted toward the central regions in 2016, which denotes a 386 

higher impact from Bodélé in that year. Long term variations in the equivalent center of dust 387 

emissions can also be impacted by ongoing variations in greater scale meteorology over the 388 

tropical Atlantic Ocean. In a related study, Li et al (2021) analyze the long-term impact of 389 

deforestation in tropics on African dust emissions and reports a shift in the location of peak surface 390 

dust concentrations toward the south as a result of a change in the albedo of tropics, induced by 391 

deforestation. This interconnectedness of dust emissions to the greater variations in the governing 392 

circulations regimes over the Atlantic Ocean motivates future studies in this field, beyond the 393 

scope of the current study.  394 

 395 

Another intriguing finding in the study period is the small variation observed in the equivalent dust 396 

emission source location for trajectories reaching US-CARIB during the peak of June to August, 397 

in contrast to the variation observed for AMZN during its peak of December to February. 398 

Considering the ongoing debate about the role of the Bodélé depression in trans-Atlantic dust 399 

transport, perhaps dividing the receptor region into smaller sub-domains could result in a more 400 

detailed and resolved answer about the origin of dust aerosols impacting the Western Central 401 
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Atlantic Ocean receptor regions. Current results indicate that when combined with trajectory 402 

analysis, emissions from the Bodélé depression do not have as profound of an impact on the US-403 

CARIB region as compared to AMZN. Additionally, it should be noted that based on these results, 404 

even though Bodélé plays an integral role in dust emissions impacting the AMZN, it is not the sole 405 

source contributing to the annual dust load. These results are notable as distinct geographical 406 

regions will emit distinct taxa of microorganisms (Favet et al., 2013); hence, based solely on the 407 

origin of emissions, higher interannual diversity is expected for emissions impacting the AMZN 408 

receptor region.   409 

 410 

3.3. Ambient Meteorological Conditions Along the Trajectories 411 

The diversity and concentration of viable microorganisms arriving at each receptor region is linked 412 

to the amount of dust traveled as well as the meteorological parameters along the trajectory 413 

(Prospero et al., 2005). The erythemal part of the solar ultraviolet (UV) radiation, which mainly 414 

consists of UV-B (280–315 nm) is one of the main factors reducing the viability of microorganisms 415 

from the upper atmosphere, especially ones with lower resistance to UV radiation (Yang et al., 416 

2008). Desiccation and extreme temperatures in the upper levels of troposphere may also reduce 417 

the viability of microorganisms during transit (Griffin et al., 2007). Consequently, we examined the 418 

mean solar radiation flux, ambient temperature, and RH along the trajectories in an effort to 419 

highlight the differences observed in meteorological conditions of different seasons and discuss 420 

the potential impact they have on the viability of microorganisms during transport from emission 421 

sources to receptor regions. Additionally, we analyzed the accumulated amount of precipitation 422 

perceived by each trajectory, as a measure of dust aerosol removal due to wet deposition.  423 

Figure 6 compares the histograms of average solar radiation flux, ambient temperature, and RH 424 

along the trajectories for dust aerosols reaching US-CARIB during the June – August, and AMZN 425 

during the December - February season. Only the peak seasons with the highest number of 426 

trajectories were compared to demonstrate the contrast between the two peak dust transfer 427 

seasons. Regardless of the region, trajectories receive higher and more uniform levels of mean 428 

solar radiation during the June to August season with an average of 370 W m-2 for the US-CARIB 429 

region as compared to 294 W m-2 for the AMZN region (Figure 6-a and b). Additionally, the spatial 430 

distribution of trajectories colored with average received solar radiation flux is depicted in Figure 431 

7 (panel a and b) for the same seasons. The area denoted with contours of 1, 5, and 10 on each 432 

panel of Figure 7 denotes the pixels with 1, 5, and 10 percent of total seasonal dust emissions 433 

passing above them, respectively. In other words, the majority of total seasonal dust emission 434 

passes through the denoted corridors. For the AMZN, the average received solar radiation flux is 435 
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higher for those trajectories passing from lower latitudes yet trajectories reaching the US-CARIB 436 

region demonstrate a more uniform distribution, latitudinally.  437 

 438 

Relying solely on average values would be an oversimplification of the impact from meteorological 439 

parameters, and the cumulative amount of time a trajectory receives a certain level of solar 440 

radiation is another key parameter impacting the longevity of microorganisms. Panels (a) and (b) 441 

in Figure 8 demonstrate the histograms of the cumulated solar radiation fluxes in form of the solar 442 

dose by summing up hourly averages. Considering the duration of travel time, histograms are 443 

now more dispersed and trajectories are impacted by a wider range of solar dose. Still, solar 444 

doses are higher on average for both receptor regions during the June to August peak season 445 

and trajectories demonstrate a more distinct peak.  446 

 447 

The erythemal UV portion of the total atmospheric irradiance is dependent on geographic location, 448 

time of the year, and total ozone column concentration in the atmosphere and is discussed in 449 

detail by Utrillas et al. (2018). Following their results, we assume 0.02% of total atmospheric 450 

irradiance as erythemal UV radiation. Using this conversion rate, dust trajectories are estimated 451 

to be exposed to UV radiation levels ranging from 20 – 100 KJ m-2. To provide some context, it is 452 

reported that UV radiation levels of around 40 J m-2 are capable of a one log decrease in 453 

concentration of microorganisms in a single stage decay model (Kowalski, 2010), which 454 

decreases the chance of survival for non-UV resistant microorganisms to extremely low levels. 455 

However, certain UV resisting strains of microorganisms are capable of surviving up to 2 KJ m-2 456 

of UV radiation with minimal decay and no negative correlation with UV concentration, which 457 

increases their chance of survival in extreme atmospheric conditions (Yang et al., 2008). The 458 

established positive increase in the concentration of viable microorganisms from samples of long-459 

range transported dust is suggestive of co-transported microorganisms’ capability to survive the 460 

extreme atmospheric environment, within dense dust plumes (Schlesinger et al., 2006) and in 461 

spite of extremely high doses of erythemal UV radiation. Survival microorganisms during extreme 462 

atmospheric conditions can be partly explained by attenuation of UV radiation by dust aerosols at 463 

higher levels of atmosphere (Herman et al., 1999) or microorganisms being shielded from UV 464 

radiation within the cracks and crevasses of inorganic dust aerosols (Griffin et al., 2001). 465 

Furthermore, adapting UV resistant abilities such as forming cell clumps or aggregates can 466 

increase microorganisms’ UV survivability (Yang et al., 2008), which is a common feature among 467 

microorganism taxa that are usually found in desert soils (Musilova et al., 2015). It is hypothesized 468 

that similar DNA repair characteristics, which make a phenotype resistant to UV radiation, will 469 
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also increase the ability to survive other environmental stressors such as desiccation (Rainey et 470 

al., 2005), and therefore, UV resistance can be considered the key parameter in survivability of 471 

microbes in the atmosphere.  472 

 473 

Next, we compared the average ambient temperature along the trajectories for the same seasons 474 

and regions. No discernible difference can be noted between the regions with an average of 293.5 475 

K for US-CARIB from June to August as compared to 294.1 K for AMZN from December to 476 

February. Moving from the most southern latitudes of this corridor up to the highest ones, a 477 

difference of around 5 K is noted for the trajectories during the both seasons but in the middle of 478 

the corridor where the trajectories are more concentrated, average ambient temperature is the 479 

highest and most uniform.  480 

 481 

Compared to histograms of average conditions, histograms of path-integrated ambient 482 

temperatures (see Eqn. (1)) are more dispersed, mainly due to variable travel time of trajectories 483 

(Figure 8, panel c and d). The peak value appears around 150 – 250 hr K-1 for trajectories reaching 484 

US-CARIB from July to August and from 50 – 150 hr K-1 for AMZN trajectories from December to 485 

February. Mean values do not exhibit a significant difference, hence, the observed difference of 486 

path-integrated ambient temperature is mainly due to different travel times of trajectories reaching 487 

each receptor region. For atmospheric microorganisms, there is evidence in support of high 488 

temperature as a suitable condition and low temperature as the limiting factor for the survivability 489 

of microorganisms (Almaguer et al., 2014). As lower mean path integrated ambient temperatures 490 

represent higher temperatures endured for a longer time (see Eq. 1), transport condition is more 491 

suitable for survivability of microorganisms transported to AMZN between December-February. 492 

Nevertheless, Zhai et al. (2018) reviewed results from numerous studies of temperature impacts 493 

on the survivability of microorganisms in the atmosphere and reported some contradicting results, 494 

and thus, concluded that the range of atmospheric conditions and type of microorganisms should 495 

be taken into consideration.   496 

 497 

Finally, the RH along the trajectories is compared for the peak seasons with an average of 498 

45±11% for trajectories reaching US-CARIB during the June - August season and 61±13% for 499 

AMZN during the December – February season. Compared to US-CARIB, the distribution of 500 

AMZN trajectories is more skewed with more trajectories experiencing a higher RH (Figure 6-e 501 

and f) and a bimodal distribution. It was discussed earlier that majority of the summer-time 502 

trajectories travel above the boundary layer, while the majority of winter time trajectories travel at 503 
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much lower altitudes and within the marine boundary layer (see panels k and m in Figure 2). As 504 

a result, the difference between the averages of RH for the bulk of trajectories in two peak seasons 505 

can be attributed to the sharp difference in RH observed above and within the marine boundary 506 

layer (Wulfmeyer and Feingold, 2000).  507 

 508 

During the December-February season, a striking divergence can be seen in the histograms of 509 

RH for trajectories reaching the AMZN region. This is characterized by a bimodal distribution, 510 

which is attributed to an increased number of trajectories originating from Bodélé and spending 511 

more time traversing arid regions. Among the meteorological parameters examined, RH exhibits 512 

the most significant contrast between land and ocean, which is to be expected as the ocean plays 513 

a significant role in determining RH levels. This is evident on panel f in Figure 7 and for trajectories 514 

sourced from the Bodélé depression that spend a longer time over continental Africa, and hence, 515 

experience lower mean levels of RH.  516 

 517 

RH also has a crucial role in the removal of aerosols by increasing their size through hygroscopic 518 

growth and accelerating the rate of dry deposition (Williams, 1982). This is due to the fact that 519 

even a small increase in particle size can significantly boost their fall velocity by up to 10 times, 520 

leading to a faster rate of dry deposition (Arimoto et al., 2003). Based on some modeling analysis, 521 

this increase can be even higher for particles with a diameter in the range of 0.1 – 10 µm, which 522 

include a great portion of dust aerosols (Sengupta et al., 2021). Based on the literature, the RH 523 

level of 98% was assumed as a criterion above which the size of particles increases significantly 524 

due to hygroscopicity (Williams, 1982, Koehler et al., 2009). Even though aerosol hygroscopic 525 

growth can occur at RH levels around 70%, such high levels of RH are selected due to the 526 

hydrophobic nature of Saharan dust relative to more hydrophilic aerosols commonly found in the 527 

atmosphere (Kaaden et al., 2009). In addition to the dry deposition, wet scavenging of dust 528 

aerosols during precipitation periods is another mechanism for their removal from the 529 

atmosphere. This motivates the analysis of the cumulative time aerosols spent under the influence 530 

of RH levels above 98% and as a function of total accumulated precipitation along the trajectories. 531 

For context, Dadashazar et al. (2021) calculated a 53% reduction in the ratio of PM2.5 relative to 532 

background CO levels when comparing >13.5 mm accumulated precipitation along trajectories 533 

from North America to Bermuda versus trajectories with <0.9 mm accumulated precipitation. 534 

Hilario et al. (2021) demonstrated that a higher accumulated precipitation along trajectories was 535 

associated with much lower aerosol concentrations during transport over the West Pacific. The 536 

impact of precipitation along the trajectories was also studied along trajectories originating from 537 
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the South American continent and moving toward the Pacific Ocean (Freitag et al., 2014). They 538 

concluded that trajectories with accumulated precipitation above 50 mm demonstrate distinctive 539 

characteristics of wet scavenging on plumes.   540 

 541 

Figure 9 compares histograms of accumulated precipitation along the trajectories impacting each 542 

sub-domain during the June – August and December – February seasons. Average accumulated 543 

precipitation along the trajectories was 13.69 and 18.16 mm for US-CARIB and AMZN, 544 

respectively. Similar to RH, higher mean precipitation values for AMZN trajectories can be 545 

accounted for in part by lower mean transport altitude (Figure 2) and hence, a higher chance of 546 

being intercepted by precipitating clouds. On the contrary, US-CARIB trajectories travel at higher 547 

altitude, which increases their chance of being transported above the precipitating systems. It is 548 

worth mentioning that two main mechanisms of convective cold pools and the nocturnal low-level 549 

jets account for more than 80% of dust emission incidents over the arid regions of Africa. Both 550 

mechanisms meteorologically drive the dust emission over the warm and dry continental North 551 

Africa during the summer, where extremely low levels of moisture exist in the atmosphere 552 

(Heinold et al., 2013). As dust layer reaches the west African coast, it slides above the cool marine 553 

air mass and is lifted to higher altitudes (Van Der Does et al., 2018). All these processes give the 554 

trajectories little to no chance of being intercepted by precipitation before leaving the continental 555 

regions.  556 

 557 

Field measurements also confirmed that there is an increase of up to three times in RH levels 558 

within the boundary layer compared to drier conditions in the free troposphere (Maring et al., 559 

2003). Another explanation of higher precipitation along the wintertime trajectories would be the 560 

location of high precipitation band across the Atlantic Ocean. Summertime precipitation across 561 

the tropical Atlantic Ocean happens between 0◦ N – 15◦ N (Siongco et al., 2017) and shifts 562 

southward, between 10◦ S – 10◦ N during the winter (Barreiro et al., 2002). In both seasons, the 563 

greater portion of the precipitations occur in close proximity to the coast of South American 564 

Continent. As the majority of summertime trajectories travel above and parallel to the summer 565 

band of precipitation (Figure 7), a lower portion of them are intercepted and washed out by heavy 566 

precipitation while on the other hand, wintertime trajectories travel within high precipitation zones 567 

and hence, endure a higher precipitation along the trajectories.  568 

 569 

 Around 14% of AMZN trajectories exhibit accumulated precipitation levels higher than 30 mm, 570 

compared to around 8% percent of US-CARIB trajectories. We did the same analysis for the 571 
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duration each trajectory spends in RH levels above 98% (not shown in figure). Of the trajectories 572 

impacting AMZN, around 4.7% spend at least one hour in such conditions. The analogous 573 

analysis for US-CARIB trajectories reveals significantly lower values (<0.2%). Overall, the 574 

combined impact of ambient moisture levels, either in form of precipitation or high RH levels is 575 

not strong enough to totally eliminate the airborne dust from the atmosphere, however, it should 576 

be considered in assessing the amount of dust reaching each receptor sub-domain.  577 

 578 

3.4. Implications for the Transport of Microorganisms 579 

The effect of meteorological factors on the survival of airborne microorganisms has been widely 580 

studied (Tang et al., 2009). Bacteria, virus, and fungi have different characteristics that help them 581 

overcome adverse atmospheric conditions (e.g., extreme temperatures, low water and nutrient 582 

availability, high solar radiation, desiccation). Cellular characteristics, such as rigid cell walls in 583 

gram-positive bacteria, make microorganisms more resistant to damage. Also, spore-forming 584 

microorganisms, like fungi and some bacteria, can survive under adverse circumstances, 585 

because they are able to stop or decrease their metabolism.  586 

 587 

Traditionally in studies of airborne microorganisms, temperature and RH have been considered 588 

to have a positive impact on microbial abundance (Mouli et al., 2005; Harrison et al., 2005; Sun 589 

et al., 2022). However, this seems to be partially true only for culture-based studies. Next-590 

generation sequencing analyses of airborne communities have not detected such correlation 591 

(Bowers et al., 2012; Shin et al., 2015; Núñez et al., 2021; Zhen et al., 2017), and some even 592 

have described how bacterial richness may increase under low temperature conditions 593 

(González-Martín et al., 2021). Upon closer look, meteorological factors, such as temperature or 594 

RH may have specific influence over different groups of microorganisms. For instance, Park et al. 595 

(2020) found a negative correlation between temperature and the phylum Proteobacteria, while 596 

this correlation was positive with the Firmicutes and Bacteroidetes phyla. Some authors consider 597 

that at higher temperatures, the solar radiation usually increases as well, which can lead to a 598 

decrease in the microbial survival rates due to DNA damage (Sun et al., 2022). 599 

 600 

By considering how the microbial airborne community may change due to factors such as 601 

continuous mixing with atmospheric aerosols and deposition during their transport, specific 602 

protective mechanisms unique to each microbe, and specific characteristics of each dust event 603 

(e.g., particle sizes, dust plume altitude, and amount of dust), the effects of the environmental 604 

factors and chance of survival may be predicted for specific groups of microorganisms.  605 
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4. Conclusions 606 

 607 

In this study, we integrated the NASA MERRA-2 dust emission scheme with the NOAA HYSPLIT 608 

forward trajectory analysis to study spatiotemporal characteristics of more than half a million 609 

trajectories carrying dust aerosols across the Atlantic during a 14-year period (2008-2021). We 610 

followed the dust transport pathway from its emission sources over Sahara and Sahel regions in 611 

North Africa until reaching receptor areas as far as the southeast U.S., Caribbean, and Amazon. 612 

Along the transport paths, we studied the meteorological conditions endured by dust aerosols 613 

with main focus on parameters impacting concentration, diversity, and longevity of co-transported 614 

microorganisms. Results are suggestive of the following conclusions: 615 

 616 

- The majority of westward, dust-carrying trajectories enter the southeastern regions of the 617 

United States and the Caribbean basin during the summer season (June – August). In winter 618 

(December – February), the majority of trajectories enter the Amazon basin. Other seasons 619 

of the year serve as transitory times when the total number of westward trajectories are split 620 

between the two sub-domains. 621 

 622 

- Vertical structure of travel paths is significantly different between the two seasons. During 623 

summer (June – August), trajectories traverse the Atlantic at a significantly higher altitude 624 

compared to winter (December – February) trajectories. Summer trajectories mainly travel 625 

above the marine boundary layer and demonstrate characteristics reported by previous 626 

studies on the Saharan air layer (Karyampudi and Carlson, 1988; Tsamalis et al., 2013; 627 

Dunion and Marron, 2008). In contrast, winter trajectories spend a greater portion of their 628 

travel time within the marine boundary layer in a relatively cooler and moist ambient 629 

environment.   630 

 631 

- Analysis of dust emission incidents associated with trajectories suggests that during the 632 

summer time, the majority of dust intruding the US-CARIB basin is emitted from sources 633 

located on the western side of arid regions of northern Africa. However, other source regions 634 

such as the Bodélé depression play a role as well. During the winter time and for trajectories 635 

impacting the AMZN sub-domain, the Bodélé depression emits the greater portion of the 636 

intruding dust but source regions are not clustered as clearly as they are during the summer. 637 

Distinct emission sources during each peak season suggest different taxa of microorganisms 638 
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being co-transported with dust aerosols. Additionally, a higher diversity of microorganisms is 639 

expected during the winter due to a more diverse source base.  640 

 641 

- Long-term analysis of dust emitting regions during the peak seasons suggests an interannual 642 

oscillation in the equivalent center of emissions for the winter time between the western 643 

regions and the Bodélé depression. However, during summer, such spatial variation is not as 644 

profound and emission sources are more clustered. Accordingly, a higher interannual 645 

variation is expected for the taxa of microorganisms being co-transported with dust aerosols 646 

during the winter.  647 

 648 

-  During summer, trajectories endure significantly higher and more uniform levels of solar UV 649 

radiation when compared to the winter season. Endured RH is also lower on average for the 650 

summer time trajectories intruding the US-CARIB sub-domain. A bimodal distribution is 651 

observed in the histogram of the mean RH endured by wintertime trajectories impacting the 652 

AMZN sub-domain. Overall, ambient meteorological conditions are less suitable for the 653 

survivability of co-transported microorganisms during summertime.  654 

 655 

- Periods of intense precipitation and high RH contribute to the removal of dust aerosols from 656 

the atmosphere, however, the total number of trajectories impacted by such conditions 657 

constitute no more than 14% of trajectories reaching AMZN sub-domain in winter and 8% 658 

trajectories reaching the US-CARIB sub-domain in summer. These transport conditions 659 

promote a more suitable environment for long-range transport of microorganisms. 660 

 661 

The present study is a part of the ongoing NASA Microbes in Trans-Atlantic Dust (MITAD) field 662 

campaign, which aims to investigate microbial long-range transport and survival in dust plumes 663 

via an interdisciplinary approach that integrates multiplatform observations such as remote 664 

sensing, reanalysis, and atmospheric simulation data with microbiological analysis performed on 665 

a series of dust samples, collected at multiple locations across the Atlantic Ocean. Future studies 666 

will focus on specific taxa of airborne microorganisms detected in actual dust samples and the 667 

correlation between their concentration, diversity, and longevity and environmental conditions in 668 

the atmosphere. 669 

 670 

 671 

 672 

 673 
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Tables 691 

 692 

Table 1 - The seasonal change in the number of trajectories that occurred during each defined 693 

seasonal range for the two sub-domains, the southeast United States and Caribbean (US-CARIB) 694 

and Amazon (AMZN).  695 

# 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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Figures 698 

 699 

 700 

Figure 1. The approximate boundaries of the study region. Two dust receptor regions are shown 701 

as US-CARIB (red rectangle) and AMZN (green rectangle). The MERRA-2 mean annual dust 702 

emission values are projected and represented by the color bar. The brown rectangle is where 703 

the HYSPLIT forward trajectories are initiated following observed dust emission activities.  704 

 705 

 706 
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 707 

Figure 2. Seasonal trajectory density maps for US-CARIB (a - d) and AMZN (e - h) receptor 708 

regions during December – February, March – May, June – August, and September – November. 709 

Seasonal density maps of the altitudes taken by trajectories from the point of emission until 710 

reaching US-CARIB (i - l) and AMZN (m - p). Panels are made with 115,715 total number of 711 

trajectories impacting either one of receptor regions. 712 

 713 

 714 

 715 

 716 
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 717 

Figure 3. Seasonal histograms of travel duration for trajectories reaching the US-CARIB (blue), 718 

and AMZN (orange) during December – February, March – May, June – August, and September 719 

– November. Histograms are made with a total number of 124,677 trajectories, including 8,962 720 

trajectories that are accounted for both sub-domains.  721 
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 722 

Figure 4. Total seasonal dust emissions associated with trajectories impacting US-CARIB (a, c, 723 

e, and g) and AMZN (b, d, f, and h) based on the NASA Modern-Era Retrospective analysis for 724 

Research and Applications, Version 2 (MERRA-2) dust emission dataset. Seasonal number of 725 

trajectories impacting each receptor sub-domain are summarized in Table 1, including 8962 726 

trajectories accounted for both sub-domains.  727 
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 728 

Figure 5. The seasonal location of the equivalent dust emission centers during December – 729 

February, March – May, June – August, and September – November, for trajectories impacting 730 

each receptor region. Panels a, c, e, and g belong to the US-CARIB and panels b, d, f, and h 731 

belong to AMZN region. Circles are color coded based on the year they belong to.  732 

  733 
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 734 

Figure 6. Histograms of average conditions along the trajectories impacting US-CARIB (Blue) 735 

and AMZN (Orange) for solar radiation flux (a and b), ambient temperature (c and d), RH (e and 736 

f). Only peak seasons of June - August for US-CARIB and December - February for AMZN are 737 

compared.  738 
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 739 

 740 

Figure 7. Average parameters along the trajectories impacting US-CARIB during the June - 741 

August season (a, c, and e) and AMZN during the December - February season (b, d, and f). 742 

Areas denoted by black contour lines represent pixels having at least 1, 5, and 10 percent of the 743 

total dust emission for trajectories passing above them, respectively.  744 

 745 
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 746 

Figure 8. Histograms of path-integrated meteorological parameters along the trajectories 747 

impacting US-CARIB (Blue) and AMZN (Orange) for solar dose flux (a and b), ambient 748 

temperature (c and d), and RH (e and f). Only peak seasons of June - August for US-CARIB and 749 

December - February for AMZN are compared. A higher path integrated value of temperature or 750 

RH reflects a lower temperature or RH level impacting the aerosols for a longer period of time.  751 
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 752 

 753 

Figure 9. Histograms of accumulated precipitation along the trajectories for seasons of (a) June 754 

– August and (b) December – February. Blue and orange denote trajectories impacting US-CARIB 755 

and AMZN, respectively.  756 
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