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S1. Interannual Variations in the Equivalent Center of Dust Emission 

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:

                                   (S1a)

𝐿𝑎𝑡 =  

𝑛

∑
𝑖 = 1

𝐸𝑖𝐿𝑎𝑡𝑖

𝑛

∑
𝑖 = 1

𝐸𝑖

                                  (S1b)

𝐿𝑜𝑛 =  

𝑛

∑
𝑖 = 1

𝐸𝑖𝐿𝑜𝑛𝑖

𝑛

∑
𝑖 = 1

𝐸𝑖

In equations (S1a,b), n represents the number of dust-emitting pixels on each panel of total 

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

certain pixel, and Lati and Loni 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 S1. 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, extended from southwestern Niger and along the diagonal 

border of Algeria, Mali, and Mauritania. Almost all of the interannual spatial variation in the center 

of emissions happens due to shifting between two dominant dust emitting regions along this line, 

connecting the western emission sources and the Bodélé depression in Chad. This pattern 

denotes the profound role of these two regions in driving the equivalent dust emission source. 

The significant influence of these two regions has been frequently discussed in the literature. 

Relevant to this work are the results from a study by Yu et al.1, who discussed the role of two 



dominant dust emitting regions of Bodélé and El Djouf over the course of 2005 – 2017 in 

supplementing westward receptor regions with nutrients. However, there was no discussion of 

interannual variation in the extent of emissions from each of these sources. It is worth noting that, 

to the best of our knowledge, the interannual trend over such a prolonged period and considering 

all potential North African dust sources that could reach the western tropical Atlantic Ocean, have 

not been analyzed with details before. A relevant study to consider is Doherty et al.2, which 

explored the correlation between interannual variations in Barbados dust load and the latitudinal 

displacement of the ITCZ over a 38-year period. In their study, it was concluded that southward 

and eastward movement of the ITCZ leads to increased quantity of mineral dust load over 

Barbados due to inclusion of Bodélé region among contributing source areas. As another 

example, Wagner et al.3 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.4 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. The seasonal shift in the location of dust emitting sources have also been reported in 

numerous other studies for a wide variety of receptor regions5, 6. In a study by Rodríguez et al.7, 

the difference between the intensity of the summertime high system over the Sahara and tropical 

low at 850 mb (~ 1500 m) is denoted as one of the strong governing factors impacting African 

summertime dust emissions. The study of dust emission mechanisms by Caton Harrison et al.8 

also unveils cold pool activity, initiated around the Mali-Niger-Algeria border triple point, as the 

primary driver of summertime emissions. 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.9 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 have been subject of numerous publications, 

especially given the role of convective systems in creating large plumes of dust over Africa10 (and 

references therein). This motivates the need for future studies in this field, which are beyond the 

scope of the current study. 



Another observation is the small variation in the equivalent dust emission source location for 

trajectories reaching US-CARIB during the peak of June to August. This is in contrast to the 

variation observed for AMZN during its peak of December to February. This finding should be 

considered in the light of existing debate about the specific sources of dust reaching the Amazon 

basin, which is a result of lacking conclusive evidence determining the true source of Amazonian 

dust. Some early analysis of remote sensing retrievals suggests that up to 40% of Amazonian 

dust is sourced from the Bodélé depression11. However, further analysis of surface sediments and 

geochemical traits in dust samples collected from the Amazon basin is inconsistent with the 

dominant role of Bodélé depression in supplying dust to Amazon basin12. These inconsistencies 

are mainly rooted in short time-spans during which the studies are conducted and hence, a long-

term interannual analysis of dust sources can further clarify the role of the Bodélé depression in 

trans-Atlantic dust transport1 to receptor regions on the western side of Atlantic Ocean. 

Additionally, 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 Atlantic 

Ocean receptor regions. 

Current modeling results when combined with trajectory analysis are in accordance with findings 

of previous studies1, 13, 14, which suggest that 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 and by taking 

into the account the amount of dust intercepted by wet deposition mechanisms1, the amount of 

dust contribution diminishes significantly. However, these results are notable as distinct 

geographical regions will potentially emit distinct taxa of microorganisms15 and regardless of the 

portion of dust plumes that reaches the Amazon region, based solely on the origin of emissions, 

higher interannual diversity is expected for emissions impacting the AMZN receptor region.

S2. Forward/Backward Evaluation of HYSPLIT Model

There are several uncertainties associated with HYSPLIT trajectories rooted in field data source 

used for calculation of trajectories . Examples of errors associated with data field include data grid 

resolution, misrepresentation of turbulence, interpolation errors, miscalculation of vertical wind 

motion, and inaccurate representation of trajectory location due to scale mismatch at each step16, 

17. Despite the various potential sources of error mentioned, when provided inputs that closely 



resemble real-world conditions, the HYSPLIT model demonstrates a high degree of certainty18, 

with better resemblance for forward mode trajectories as compared to backward mode19. 

However, it should be noted over long distances, the level of uncertainty will increase 

considerably20 and this motivates analysis of uncertainty for HYSPLIT trajectories. The large 

number of trajectories in a run ensemble can improve the certainty of outcomes by cancellation 

of random errors21. Additionally, we performed a forward/backward evaluation of HYSPLIT 

trajectory based on the method proposed by Fuelberg et al.22 to further analyze the accuracy of 

HYSPLIT model runs over long distances and periods of time. 

Comparing the number of steps between the forward and backward trajectories reveals a 

mismatch between the number of steps in backward vs forward mode (Figure S5). This can be 

attributed to the early termination of backward trajectories due to HYSPLIT internal model 

properties. An example of such properties is the maximum altitude defined for the model, which 

leads to the termination of the model, whenever trajectories reach it. To address this issue, 

trajectory pairs with similar number of steps in both forward and backward mode are compared 

as justified pairs, versus the non-justified pairs with possibly different number of steps in forward 

and backward mode. From a total of 2491 pairs for US-CARIB sub-domain, 1724 pairs have the 

same number of steps in both forward and backward mode. For the AMZN sub-domain, the 

percentage of remaining justified pairs is slightly higher with 1046 trajectory pairs of a total of 1387 

(Table S3). Comparing the beginning longitude of forward trajectories with the ending point of 

backward ones, the root mean square error (RMSE) of 11.30° and 11.20° are observed for 

unjustified pairs of US-CARIB and AMZN, respectively. A similar comparison for the latitudes 

reveals smaller discrepancies in the latitudinal direction with RMSE values of 4.50° and 5.87°, 

respectively. Higher longitudinal errors are partly due to zonal nature of prevailing wind flow over 

the tropical Atlantic region, which leads to a greater displacement of backward trajectories ending 

point as a result of a change in the number of backward steps. The r2 values range between 0.26 

to 0.49 for both parameters and regions. Removing the pairs with a different number of steps 

enhances the correlations (Table S3) with r2 values ranging from 0.65 to 0.99. For unjustified 

pairs, the average ending altitudes were 540 ± 619 m and 668 ± 738 m, for US-CARIB and AMZN, 

respectively. Similarly, removing the pairs with unequal number of steps drags the averages 

closer to the initial 300 m beginning point and decreases the standard deviation values. The 

highest improvement is observed for US-CARIB justified pairs with mean ending altitude of 313 ± 

184 m, closely resembling the initial 300 m altitude. Enhancements are not as evident for AMZN 

pairs with 522 ± 569 m average ending altitudes after justification of pairs. 



Among the meteorological parameters, mean RH and ambient temperature along the trajectories 

demonstrate highest correlations between the forward and backward mode with r2 values ranging 

from 0.79 to 0.86. The high correlation can be attributed to the high spatial co-variability of these 

parameters which make them closely related over adjacent pixels of large swaths of area. The 

same cannot be said for the solar flux with unjustified r2 values of 0.31 and 0.68 for US-CARIB 

and AMZN, respectively. The low correlation observed for US-CARIB is mainly due to a series of 

outlier pairs which exists, even after the justification of pairs based on the number of steps (figure 

S6, e and f) with r2 values not reaching above the 0.51 level. However, for the AMZN pairs, r2 

values enhanced to 0.96 after the justification of the pairs. Additionally, downward solar fluxes are 

highly dependent on the cloud coverage which varies drastically from one pixel to another and 

leads to a lesser spatial co-variability as compared to RH and ambient temperature. Overall, 69 

and 75% of pairs did not require any justification for US-CARIB and AMZN, respectively. For these 

pairs (Figure S6 and S7), initial coordination, altitude and meteorological parameters along the 

trajectories demonstrate high correlations between the forward and backward trajectories 

indicating their trustworthiness for a long-term statistical analysis. 

Table S1. The seasonal average latitude and altitude of trajectories impacting each 
receptor region for different seasons. 

 Dec.-Feb. Mar.-May Jun.-Aug. Sept.-Nov.

US-CARIB 14.2 11.9 17.5 14.9
Latitude (°N)

AMZN 9.6 9.2 11.5 9.8

US-CARIB 850 1712 1639 1142
Altitude (m)

AMZN 663 1462 1940 1118



Table S2. The average travel time of trajectories (hr) intruding each receptor region for 
different seasons. 

 Dec.-Feb. Mar.-May Jun.-Aug. Sept.-Nov.

US-CARIB 251 280 270 282

AMZN 239 280 286 281

 



Table S3. The root mean square error (RMSE) and correlation coefficient (r2) for statistical 
comparison of forward HYSPLIT trajectories to the backward trajectories initiated from 
the point of arrival to the receptor regions and continued for a similar number of steps. As 
all forward trajectories are initiated from a fixed 300 m altitude without any variations, the 
r2 values would be meaningless for comparison of the altitudes and instead mean ± 
standard deviations are reported. The term “justified” ("unjustified”) refers to trajectory 
pairs with the same (differing) number of steps in forward and backward mode.

US-CARIB AMZN

Unjustified Justified Unjustified Justified

Number of pairs 2491 1724 1387 1046

r2 0.27 1.00 0.55 1.00
Number of steps

RMSE 63.59 0.00 58.83 0.00

r2 0.30 0.65 0.26 0.80Latitude
(°) RMSE 4.50 0.95 5.87 1.86

r2 0.49 0.99 0.35 0.89Longitude
(°) RMSE 11.30 0.77 11.20 2.68

mean ± Stdv 540 ± 619 313 ± 184 668 ± 738 522 ± 569Altitude
(m) RMSE 619 184 738 569

r2 0.31 0.51 0.68 0.96Mean solar flux
(W m-2) RMSE 38.38 25.72 23.39 6.75

r2 0.79 0.99 0.81 0.97Mean ambient temperature
(K) RMSE 5.77 0.87 2.09 0.57

r2 0.86 1.00 0.86 0.99Mean RH
(%) RMSE 1.84 0.22 4.36 1.16



Figure S1. 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, c, 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. 



Figure S2. Mean seasonal direction and wind velocity over tropical Atlantic Ocean and 
neighboring regions averaged for pressure levels of 1000 – 850 mb, over the period of 
2008 – 2021. 

Figure S3. Same as Figure S1, but averaged for pressure levels of 850 – 650 mb. 



Figure S4. Mean seasonal dust emission values for 2008 – 2021 from arid regions of 
northern Africa. Hashed areas denote pixels with mean seasonal dust emission values 
greater than the 80th percentile on a Gamma function cumulative distribution assigned 
to the pixels of each season. 

Figure S5. Scatterplot between the number of steps for the forward trajectories from the 
original run and the corresponding backward trajectories run from the point trajectories 
have entered each receptor sub-domain. Panels (a) and (b) represent trajectories 
reaching the US-CARIB and AMZN regions, respectively. 



Figure S6. Scatterplot between select parameters of forward trajectories reaching the US-CARIB sub-domain during 2021 
and their corresponding backward trajectory. Compared parameters include latitude (a and b), and longitude (c and d) at 
the beginning of the forward trajectories as compared to the ending points of backward trajectories. Additionally, average 
solar flux (e and f), ambient temperature (g and h), and RH (i and j) are compared. For the ending altitude of backward 



trajectories, the histograms are shown (k and l). Panels b, d, f, h, j, and l belong to a group of justified pairs where the 
number of steps is equal in forward and backward trajectories. 



Figure S7. Same as Figure S3, except for the AMZN sub-domain. 
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