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Abstract Motivated by the ongoing debates about the relative contribution of specific North African dust
sources to the transatlantic dust transport to the Amazon Basin, the current study integrates a suite of
satellite observations into a novel trajectory analysis framework to investigate dust transport from the
leading two North African dust sources, namely, the Bodélé depression and El Djouf. In particular, this
approach provides observation-constrained quantification of the dust's dry and wet deposition along its
transport pathways and is validated against multiple satellite observations. The current large ensemble
trajectory simulations identify favorable transport pathways from the El Djouf across the Atlantic Ocean
with respect to seasonal rain belts. The limited potential for long-range transport of dust from the Bodélé
depression is attributed to the currently identified extensive near-source dust removal primarily by dry and
wet deposition during boreal winter and summer, respectively.

Plain Language Summary North African deserts have been reported to export ~200 million
tons of dust per year to the tropical Atlantic Ocean, degrading air quality over the Caribbean Islands in
boreal summer and supplying nutrients to fertilize the Amazon Rainforest in boreal winter and

spring through transatlantic dust transport. It has been assumed that the Bodélé depression is the

main contributor to this transatlantic dust transport and Amazonian dust fertilization in boreal

winter. However, these claims have not been supported by geochemical analysis. Here, we integrate a
suite of satellite observations into a novel trajectory analysis framework to investigate dust transport
from the leading two North African dust sources, namely, the Bodélé depression and El Djouf,

and provide the first ever observation-constrained quantification of the dust's dry and wet deposition
along its transport pathways. The approach yields the novel observational finding that the El Djouf is the
preferred source of intercontinental transport across the Atlantic Ocean rather than the Bodélé
depression, bridging the geochemical impact of North African minerals on the Amazon Basin to the
specific dust origin.

1. Introduction

In situ measurements and satellite observations reveal episodes of transatlantic dust transport from North
Africa to the Caribbean Islands during boreal summer (Prospero, 1999; Prospero & Lamb, 2003; Prospero
& Mayol-Bracero, 2013) and the Amazon Basin during boreal winter to spring (Ben-Ami et al., 2010;
Kaufman et al., 2005; Koren et al., 2006; Prospero et al., 1981; Swap et al., 1992; H. Yu, Chin, Yuan, et al., 2015).
Based on dust fluxes derived from multiple satellite observations, an estimated 136-222 Tg yr™* of North
African dust is deposited over the tropical Atlantic Ocean (H. H. Yu, Tan, et al., 2019), and 8-48 Tg yfl is
deposited into the Amazon Basin (H. Yu, Chin, Yuan, et al., 2015). The transatlantic dust transport exhibits
distinct seasonal characteristics in the vertical distribution of transported dust over the tropical Atlantic
Ocean, especially the height of the Saharan Air Layer (SAL)—an elevated layer that carries airborne dust dur-
ing its westward transport across the tropical Atlantic Ocean (Adams et al., 2012; Ben-Ami et al., 2009). In
addition, wintertime dust transport to the Amazon Basin (Abouchami et al., 2013) and summertime dust
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transport to the Caribbean Islands (Pourmand et al., 2014) are attributed to different active dust sources in
North Africa.

In particular, North African dust provides critical phosphorus to fertilize the Amazon Rainforest during its
growing season of boreal winter and spring (H. Yu, Chin, Yuan, et al., 2015). Due to substantial leaching and
the resulting deficiency of phosphorus in Amazonian soils, the long-term productivity of the Amazon
Rainforest largely depends on this imported dust (Okin et al., 2004). Based on chemical analysis and an
atmospheric model, Barkley et al. (2019) estimated about 0.011-0.033 Tg yr~* of phosphorus is transported
associated with African dust into the Amazon Basin.

The quantitative influence of North African dust on maintaining the productivity of the Amazon
Rainforest in boreal winter and spring remains largely uncertain (H. Yu, Chin, Yuan, et al., 2015) due
to the disparity in measured chemical composition based on the specific North African dust sources
and their unclear contribution to the Amazon Basin (Bristow et al., 2010; Hudson-Edwards et al., 2014,
Okin et al., 2004). Based on dust flux calculations derived from aerosol optical depth (AOD) observed
by the Moderate Resolution Imaging Spectroradiometer (MODIS), Koren et al. (2006) first hypothesized
that more than half of this dust in boreal winter originates from the Bodélé depression, the leading global
dust source (Crouvi et al., 2012; Evan et al., 2016; Ginoux et al., 2010, 2012; Schepanski et al., 2012;
Washington et al., 2006; Y. Yu et al., 2018). However, this hypothesis was dependent on several untested
assumptions about the spatial distribution of dust deposition, such as homogeneous deposition rate over
the downwind region. Furthermore, the hypothesized dominant contribution from the Bodélé depression
to transatlantic dust transport to South America in boreal winter and spring has proven inconsistent with
surface sediment and geochemical analysis in Amazonia (Abouchami et al., 2013). Global chemistry
transport models (CTMs) have been widely used for studying dust transport from North Africa (Gldser
et al., 2015; Ridley et al., 2012; Wang et al., 2016). The credibility of CTM-based results, however, is lar-
gely limited by the uncertainty in these models' highly parameterized dust emission and deposition pro-
cesses (Ridley et al., 2013). For example, the Goddard Chemistry Aerosol Radiation and Transport
(GOCART) model, a widely used CTM, overestimates dust deposition rates during transatlantic transport,
suggested by substantial lower dust optical depth (DOD) over the tropical Atlantic Ocean simulated by
the model compared with satellite observations (D. Kim et al., 2017). Therefore, observational character-
ization of the climatology of transatlantic dust transport is critically needed for testing the satellite-based
hypothesis regarding the specific dominant North African dust source influencing the Amazon Rainforest
in boreal winter to spring. Inspired by evidences suggesting that the leading contribution of Western
African deserts to the tropical Atlantic from both geochemical analyses (Bozlaker et al., 2018; Kumar
et al., 2018; Pourmand et al., 2014) and modeling work (Ridley et al., 2012; Wang et al., 2016), we raise
an alternative hypothesis that the West African deserts contribute more dust than the Bodélé depression
to the Amazon Basin in boreal winter.

Motivated by the aforementioned needs and challenges in the observational quantification of North
African dust transported to the Amazon Basin from specific dust sources, we investigate the transatlantic
dust transport from the leading two North African dust sources, namely, the Bodélé depression (in Chad)
and West African El Djouf (in Mauritania and Mali), by applying a observationally constrained trajectory
analysis framework. The applied trajectory model initiates millions of dust particles with an effective
plume height observed by the Multiangle Imaging SpectroRadiometer (MISR) instrument (Diner
et al., 1998; Moroney et al., 2002) on the polar-orbiting Terra satellite. Furthermore, the trajectory model
incorporates, and quantifies the impacts of, both dry and wet deposition processes using a suite of
satellite observations. The inclusion of dry and wet deposition processes in the trajectory modeling
enables a realistic simulation of the three-dimensional atmospheric distribution of transported dust
and provides an observation-constrained benchmark for testing the assumptions made by previous
satellite-based investigations of transatlantic dust transport (Kaufman et al., 2005; Koren et al., 2006;
H. Yu, Tan, et al., 2019; H. Yu, Chin, Bian, et al., 2015; H. Yu, Chin, Yuan, et al., 2015). Based on
the observation-constrained trajectory analysis, especially the quantification of dry and wet deposition,
the current study tests the contradicting hypotheses regarding the relative contribution of the Bodélé
depression and El Djouf to transported dust over the Amazon Basin in boreal winter and spring. We also
perform the analysis for boreal summer while reporting the results here for comparison with geochem-
ical and modeling studies.
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2. Data and Methods
2.1. MISR Dust Plume Observations

In light of the recently revealed sensitivity of dust transport potential to the injection height of the dust
particle (Y. Yu, Kalashnikova, et al., 2019), the current study's trajectory analysis improves upon prior
efforts by initiating forward dust trajectories with observed dust plume information. Dust plume top
height and motion speed over the Bodélé depression (15-18°N, 12-18°E) and El Djouf (18-22°N,
10-3°W) are obtained from Version F02_0002 of the MISR Level 3 Cloud Motion Vector Product
(CMVP) for the period of 2005-2017. In CMVP, imagery from multiple MISR cameras is used to simulta-
neously retrieve motion (wind speed and direction) and top height of automatically tracked features, such
as dust plumes over deserts with mostly clear skies, at a spatial resolution of 17.6 km (Moroney
et al., 2002). Following the MISR CMVP-based dust source identification approach (Y. Yu et al., 2018),
the study focuses on dust plume data points with reported heights within 2 km of the ground (below
boundary layer clouds) and motion speed above 10 m s™!, which is the typical minimum near-surface
wind speed required to activate dust emissions across the North Africa and Middle East (Chomette
et al., 1999; Menut, 2008). Although 2 km above the ground is lower than the typical SAL height in boreal
summer (Adams et al., 2012; Ben-Ami et al., 2009), this conservative threshold minimizes the potential
contamination from clouds in the current assessment of dust transport.

2.2. Observationally Constrained Trajectory Modeling

In order to identify and compare the dust transport and spread from both the Bodélé depression and El
Djouf, the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Stein et al., 2015) model
from the National Ocean and Atmosphere Administration (NOAA) Air Resource Laboratory is applied.
HYSPLIT-based forward trajectory analysis has been widely used for tracing the downwind evolution of
Saharan dust (Salvador et al., 2014). Here, 14-day forward trajectories from both of the North African dust
source regions during 2005-2017 are computed based on hourly, three-dimensional wind fields on a
1° x 1° grid from the National Centers for Environmental Prediction (NCEP) Global Data Assimilation
System (GDAS). The choice of the 14-day forward trajectories follows the previously estimated typical dust
travel time from North Africa to the Americas (Ridley et al., 2012). Although the performance of 2-week for-
ward trajectory analysis over the remote oceans remains uncertain, this uncertainty is partly accounted for
in the present study by including dry and wet deposition that usually terminates the forward trajectories ear-
lier than 14 days, as introduced later this section.

The initial date, time (around 10 a.m. local time), latitude, longitude, and height are obtained from MISR
CMVP dust plume observations. At each dust plume observation data point, 100 particles are initiated
with their initial height randomly chosen from a uniform distribution between the ground to the dust
plume top height specified by the MISR CMVP. Corresponding to the available MISR CMVP observations,
a total of 1,918,800 forward trajectories is initiated from the Bodélé depression, with 1,227,800 trajectories
on 352 days in January-March (JFM) and 691,000 trajectories on 400 days in June-August (JJA) during
2005-2017. A total of 3,234,300 forward trajectories is initiated from the El Djouf, with 1,818,200 trajec-
tories on 424 days in JFM and 1,416,100 trajectories on 456 days in JJA during 2005-2017. The larger
number of trajectories initiated from both North African sources in boreal winter is a result of the season-
ally enhanced dust activation in both regions (Y. Yu et al., 2018). The uncertainty in the trajectory-based
estimates of dust mass loading or deposition over each basin, namely, the tropical Atlantic Ocean,
Caribbean Sea, and Amazon Basin, is estimated by subsampling 50% of the trajectories for 10,000 times.
The 10th and 90th percentiles of the resulting 10,000 deposition amount values are reported in section 3.2
and supporting information Table S1.

Dry deposition from gravitational settling is considered in the forward trajectory modeling, following the
approach taken by advanced dust models (Ginoux et al., 2001; Zender, 2003). During each 1-hr time step
of any trajectory, the dust particle is assumed to reach its terminal velocity immediately and settle gravita-
tionally at this velocity. At the end of each 1-hr trajectory time step, the actual particle height is calculated
by subtracting the gravitational settling distance from the simulated height from HYSPLIT. The actual par-
ticle height is then used to initiate the following trajectory run step.
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For small Reynolds numbers Re < 0.1, the terminal velocity can be approximated by the Stokes settling velo-
city, ug:
Dp,gCe

Ug =
St 18[.1 )

where D is the particle diameter (um), which is randomly chosen before starting the trajectory from a
Gamma distribution with the probability density function maximized at 2 um and a mean particle size
of 4 ym, namely, D ~ Gamma (shape parameter k = 2.0; scale parameter 6 = 2.0). Furthermore, p, is
the dust particle density, 2.5 x 10° kg m™>; g is the gravitational acceleration, 9.8 m s% C. is the
Cunningham slip correction factor, calculated by C. = 1 + 0.67/D, with D in micrometers; and u is the
dynamic viscosity of air, 1.8 x 107> kg m™" s™*. The applied particle size distribution is derived from pre-
vious observational studies for North Africa (Chou et al., 2008; Kok et al., 2017; Todd et al., 2007).

The applied trajectory modeling also includes wet deposition, which takes into account scavenging of dust
particles by water within and beneath observed precipitating clouds. At each trajectory time step, if precipi-
tation is reported to occur and the dust particle, after considering gravitational settling, is located below the
cloud top height, then this dust particle is removed, thereby terminating its trajectory. Given the inhomoge-
neous nature of cloud cover in any satellite pixel, the dust particles in and underneath the precipitating
clouds are removed with a probability that is proportional to the pixel's cloud cover fraction. In order to
account for the incomplete removal of dust in or underneath precipitating clouds, a removal rate of 80% is
further superimposed onto the observed cloud cover fraction, thereby determining the removal probability
of dust particles in a specific pixel. The simulated dust transport and deposition are relatively insensitive
to the removal rate, based on additional tests using rates ranging from 50% to 100%. Precipitation within
50°S to 50°N is obtained from the 3-hourly, Version 7 Tropical Rainfall Measuring Mission (TRMM)
Multi-Satellite Precipitation Analysis (TMPA) at a 0.25° x 0.25° resolution (Huffman et al., 2007). Cloud
top height and cloud fraction at a 0.1° X 0.1° resolution are retrieved from the Advanced Very High
Resolution Radiometer (AVHRR) Pathfinder Atmospheres-Extended (PATMOS-x) cloud properties data
set (Heidinger et al., 2014).

2.3. Quantification of Dust Deposition Fluxes and Dust Mass Loadings From Trajectory Statistics

In order to facilitate the validation and interpretation of the current trajectory analysis, here we convert the
trajectory statistics, namely, the number of passing trajectories and terminating trajectories, to dust mass
loading and dust deposition fluxes, using in situ observations of dust deposition from 20 sites across the tro-
pical Atlantic Ocean (compiled by H. Yu, Tan, et al., 2019; Table S1). We assume that the total number of
terminating trajectories from both North African sources during both winter and summer is proportional
to the annual mean dust deposition flux at each pixel with a spatially homogeneous conversion coefficient
Re. Re is obtained by regressing the in situ observations of dust deposition flux over the tropical and subtro-
pical Atlantic Ocean upon the collocated number of terminating trajectories. The total dust deposition flux
from both North African sources according to the trajectory analysis is subsequently determined (Figure 1).
Seasonal dust deposition from either North African sources in boreal winter and summer is determined by
multiplying 1.2 X Rc by the corresponding number of terminating trajectories, assuming that wintertime and
summertime dust deposition fluxes are 1.5 times of those in spring and autumn, according to H. Yu, Tan,
et al. (2019). In order to determine dust mass loading from the current trajectory analysis, dust loss fraction
(LF) is computed to reflect the spatial distribution of dust removal efficiency. Dust LF (day ") at each pixel is
calculated as the ratio between the total number of terminating trajectories and total number of passing tra-
jectories from both North African sources in both boreal winter and summer. This approach results in a
regional average LF of about 0.1 over the tropical and subtropical Atlantic Ocean, consistent with estimates
from multiple satellite observations (H. Yu, Tan, et al., 2019). Dust mass loading from each North African
dust source in each season is subsequently calculated by dividing the currently derived seasonal,
source-specific dust deposition flux by LF at each pixel.

The spatial distribution of annual mean dust deposition from in situ measurements and the total number of
terminating trajectories from the leading two North African dust sources are largely consistent (Figure 1).
The correlation of 0.77 between the two metrics demonstrates confidence in the current assumption that
the total number of terminating trajectories from both North African sources in both winter and summer
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Figure 1. Quantification of dust deposition fluxes based on the current trajectory statistics and in situ observations.
(a) Total number of trajectories terminating in each 1° x 1° pixel from both North African sources in both JFM and
JJA and in situ observations of annual mean dust deposition flux (mg m™? day_l) across the tropical Atlantic Ocean.
(b) Scatterplot of dust deposition and collocated number of terminating trajectories. Rc denotes the slope of the
regression line.

is proportional to the annual mean dust deposition flux at each pixel. The imperfect linear relationship
between in situ dust deposition and the number of terminating trajectories can be largely attributed to the
different temporal coverage of in situ observations and the current trajectory analysis.

2.4. Validation of the Trajectory-Based Dust Loading

In order to validate the current trajectory analysis against satellite observations, dust AOD (DAOD) and dust
extinction are further calculated from trajectory-based dust loading using mass extinction efficiency (MEE).
Following H. Yu, Tan, et al. (2019), MEE is a linear function of longitude across the tropical and subtropical
Atlantic Ocean, decreasing from 0.60 m* g~* at 100°W to 0.37 m* g~ ' at 20°W. DAOD or dust extinction is

calculated by multiplying MEE with column dust mass loading or dust mass concentration.

Version 23, Level 2 MISR 550-nm nonspherical, DAOD at 4.4-km resolution (Garay et al., 2020) is used to
validate the horizontal distribution of dust loading assessed by the current trajectory analysis. The MISR
nonspherical AOD fraction is often referred to as “fraction of total AOD due to dust,” as dust is the primary
nonspherical aerosol particle in the atmosphere, especially over desert regions such as those found in North
Africa (Kalashnikova et al., 2005). In addition to MISR DAOD, MODIS 550-nm DAOD is also used to vali-
date the longitudinal distribution of dust loading obtained from the current trajectory analysis. MODIS
DAOD is calculated from AOD and fine mode fraction (Remer et al., 2005) in the Dark Target retrieval pro-
duct, following the approach described by H. Yu, Tan, et al. (2019). Dust extinction profile at 532 nm from
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) Version 4.10 (V4) Level 2 aerosol data pro-
ducts (M. H. Kim et al., 2018) is used to validate the vertical distribution of dust loading obtained from the
current trajectory analysis. In this study, we use both daytime and nighttime, clear sky aerosol extinction for
“dust” and dust mixtures, namely, “polluted dust” and “dusty marine.”

3. Results
3.1. Validation of the Trajectory-Based Dust Loading

The seasonal dust loading from the leading two North African dust sources, based on the current study's tra-
jectory simulations, resembles the MISR DAOD field over the tropical Atlantic Ocean (Figures 2a and 2b),
thereby validating the applied trajectory simulations. The overall dust loading contributed by both North
African sources has a spatial correlation of 0.79 and 0.76 (n = 2,351 oceanic grid cells in 10°S to 30°N,
75°W to 15°E, both p values <0.001) with the MISR DAOD in boreal winter (JFM) and summer (JJA),
respectively. The overall dust loading from the two North African dust sources also captures the
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Figure 2. Comparison of dust loading between the current trajectory analysis and satellite observations. (a, b) DAOD from the current trajectory analysis
(contour), contributed by both North African dust sources, and MISR (color) during (a) JFM and (b) JJA 2005-2017. (c, d) Seasonally and zonally averaged
DAOD from the current trajectory analysis (black), MISR (red), MODIS on Terra (blue solid), and MODIS on Aqua (blue dashed) in (a) JFM, across 2.5°N to 7.5°N,
and (b) JJA, across 12.5°N to 17.5°N, during 2005-2017. (e, f) Dust extinction coefficient from the current trajectory analysis (contour), contributed by both North
African dust sources, and CALIOP (color) between 5°N and 25°N by altitude (m AMSL) and longitude during 2006-2017 in (c) JFM and (d) JJA. The spatial
correlation between the observational and trajectory-based DAOD or dust extinction fields is denoted on the corresponding panel.

longitudinal distribution of MISR and MODIS DAOD over the tropical Atlantic Ocean (Figures 2c and 2d).
Although the current trajectory analysis produces lower DAOD than observations from MISR and MODIS
over the western tropical Atlantic Ocean in boreal summer, the relative bias is substantially reduced from
the GOCART model (D. Kim et al., 2017).

According to the comparison between the overall trajectory-based and observed seasonal dust concentration
profiles from CALIOP (Figures 2e and 2f), the current study's trajectory simulations demonstrate moderate
skill in capturing the vertical distribution of dust particles from the west coast of North Africa to the western
tropical Atlantic Ocean. The majority of dust particles from the leading two North African dust sources are
present between the surface and 2 km above mean sea level (AMSL) during boreal winter and 4 km AMSL
during boreal summer over the ocean, reflecting the typical vertical structure of the SAL and its seasonal
variability (Kuciauskas et al., 2018; Prospero & Carlson, 1972, 1980). The inclusion of dry and wet deposi-
tions is key to accurately constraining the vertical distribution of dust particles along their transatlantic
transport from both sources (Figure S1). During both boreal winter and summer, the majority of elevated
dust particles are removed by wet deposition within or underneath precipitating clouds. During boreal sum-
mer, wet deposition is particularly responsible for reducing the presence of dust particles underneath the
typical cloud top (3-4 km AMSL) over the tropical Atlantic Ocean.
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Figure 3. Spatial distribution of dust loading (mg m™?) contributed by dust emission from the (a-h) Bodélé depression and (i-p) El Djouf during (a-d, i-1)
January-March (JFM) and (e-h and m-p) June-August (JJA) in 2005-2017. In (a), (e), (i), and (m), neither wet nor dry deposition is considered; in (b), (f),
(j), and (n), only dry deposition is considered; in (c), (g), (k), and (o), only wet deposition is considered; and in (d), (h), (1), and (p), both dry and wet deposition are

considered.

3.2. Dust Transport and Deposition From the El Djouf and Bodélé Depression

According to trajectory simulations that account for both dry and wet deposition, the El Djouf is the domi-
nant source of North African dust transport to the Amazon Basin and Caribbean Sea, during boreal winter
and summer, respectively, rather than the Bodélé depression (Figures 3 and 4). During boreal winter, dust
particles from the El Djouf are transported southwestward to the tropical Atlantic Ocean (Figure 3) and
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Figure 4. Dust deposition (mg m~? day_l) after emission from the (a, b) El Djouf and (c, d) Bodél¢ depression in
(a, ) JFM and (b, d) JJA during 2005-2017. The shading represents the total combined wet and dry deposition. The
stitches indicate areas where wet deposition dominates, exceeding 70% of the total dust deposition in that pixel. Blue
contours indicate the seasonally averaged precipitation (mm day_l) from TMPA during 2005-2017.
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largely removed by substantial rainfall around 5°N associated with the northern flank of the Intertropical
Convergence Zone (ITCZ) (Ashpole & Washington, 2013; Janicot et al., 2011; Nicholson, 2009);
61.2 Tg season™ ' (52.8-70.4 among trajectory subsamples) and 3.6 Tg season ™' (0.6-5.6) of the dust particles
are deposited over the tropical Atlantic Ocean and Amazon Basin, respectively (Figure 4a). During boreal
summer, a relatively large portion of dust particles from the El Djouf are transported westward by the
African easterly jet to the tropical Atlantic Ocean around 15°N (Cook, 1999; Knippertz & Todd, 2012).
Given the typical location of the ITCZ around 10°N during boreal summer (Ashpole & Washington, 2013;
Janicot et al., 2011), 4.9 Tg season ™' (2.1-6.8) of dust particles from the El Djouf is eventually deposited over
the Caribbean Sea with strong cloud scavenging in JJA (Figure 4b).

In contrast to West African dust transport, the majority of dust particles from the Bodélé depression
are removed over land, primarily by gravitational settling during boreal winter and intense precipitation
associated with the intertropical rain belt during boreal summer (Nicholson, 2009). Although 20.9 Tg
season” ' (14-26.8) of dust particles from the Bodélé depression is transported southwestward to the
Gulf of Guinea during boreal winter (Figure 3c), they are mostly removed by intense rainfall associated
with ITCZ, resulting in only 0.4 Tg season ' (0-0.8) of dust from the Bodélé depression eventually
depositing over the Amazon Basin during boreal winter (Figure 4c). The extensive near-source dust
removal primarily by dry deposition during boreal winter and wet deposition during boreal summer,
as identified by the current trajectory analysis (Figures 4c and 4d), is supported by the observed evolu-
tion of dust vertical structures near the Bodélé depression (Figure S2). Given the similar amount of dust
being lifted per event from the El Djouf and Bodél¢ depression during boreal winter, as represented by
the MISR DAOD of 0.21 + 0.19 (mean + one standard deviation) over the Bodélé depression and
0.19 + 0.17 over the El Djouf (Figure S3), the El Djouf clearly dominates over the Bodélé depression
in terms of dust transport contribution to the Amazon Basin in boreal winter and spring. During boreal
summer, the El Djouf is the preferred dust source to the tropical Atlantic and Caribbean Islands, attrib-
uted to both higher amount of dust emission (Figure S3) and favorable dust transport pathways, com-
pared with the Bodélé depression, consistent with geochemical evidence (Bozlaker et al., 2018; Kumar
et al., 2018; Pourmand et al., 2014).

Based on the current trajectory simulations, the relative contributions from the Bodélé depression and El
Djouf are primarily determined by the distinct transport pathways and interaction with seasonal rain belts.
If neither dry nor wet deposition is considered during the trajectory analysis, the Bodélé depression appears
to contribute substantially to dust transport to the Amazon Basin, with a total of 20.5 Tg season™" (16.2-24.8)
of the dust particles released from the Bodélé depression passing over the Amazon Basin within 14 days in
JFM (Figures 3a and 3e), which is comparable to the contribution from the El Djouf (Figures 3i and 3m).
However, by considering transport pathways with respect to the position of seasonal rain belts, as well as
the climatologically stronger atmospheric subsidence (Figure S4) that supports more substantial dry deposi-
tion near the dust source, dust particles released from the Bodélé depression are more vulnerable to dry and
wet deposition, compared with dust from the El Djouf (Figure 4).

4. Conclusions and Discussion

The current study, through an examination of a suite of satellite observations under an observation-
constrained trajectory analysis framework, presents observation-derived evidence that the El Djouf domi-
nantly provides dust for transatlantic transport from North Africa to the Americas. According to this
observation-constrained quantification of wet deposition, dust particles from both the Bodélé depression
and El Djouf are predominantly removed by water within and underneath precipitating clouds associated
with the ITCZ over ocean and intertropical rain belts over land. However, the transport pathways of dust
released over the El Djouf are less affected by the seasonal rainy clouds than those associated with the
Bodél¢ depression, thereby leading to greater contribution from the former region to transatlantic dust trans-
port to the Americas. Furthermore, the current quantification of wet deposition provides useful observa-
tional constraints for CTMs, supplementing in situ dust records in the Caribbean at Barbados (Prospero &
Mayol-Bracero, 2013), in South America at Cayenne, French Guiana (Barkley et al., 2019; Prospero
et al., 2014, 1981), and at the Amazon Tall Tower Observatory (ATTO) (Saturno et al., 2018; Val Martin
et al., 2010).
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Based on a large ensemble of observationally constrained trajectory simulations, the present study indicates
that the Bodélé depression contributes little to transatlantic dust transport and dust deposition over the
Amazon Rainforest in boreal winter and spring, in clear disagreement with prior studies’ findings based
on AOD-based dust flux calculations (Kaufman et al., 2005; Koren et al., 2006). As pointed out by H. Yu,
Chin, Yuan, et al. (2015), these earlier efforts (Kaufman et al., 2005; Koren et al., 2006) were subject to inac-
curate geographic definition of the Amazon Basin and exclusion of meridional dust transport. In addition,
the current advanced trajectory simulations challenge two key assumptions underlying the AOD-based dust
flux calculation by Koren et al. (2006), namely, that (1) dust aerosols over the broad downwind region
(0-20°N, 0-20°E) all originate from the Bodél¢é depression and (2) deposition rates over West Africa are simi-
lar to those over the tropical Atlantic Ocean.

In addition, uncertainties in the satellite AOD and dust loading retrievals need to be accounted for in
satellite-based dust flux calculations. AOD-based dust flux calculations near the source region are likely to
be biased low because extremely dense dust plumes, typically present over dust source regions, often lead
to the failure of MISR and MODIS AOD retrievals at AODs above 3 (Witek et al., 2018). For example, appar-
ently higher AOD over the downwind region than over the Bodélé depression itself is present in MISR obser-
vations, as extremely dense dust layers over the Bodélé depression cause AOD retrieval failure and reported
missing values (Figure S5). In another example, we know that the laser backscatter signal becomes totally
attenuated at particulate column optical depths of about 3, so that there are occasions where CALIOP cannot
measure the full extent of the vertical column in the thick dust layer (Vaughan et al., 2009). This complete
attenuation problem likely leads to underestimation of the near-surface dust extinction by CALIOP over
both the El Djouf and Bodélé depression. The aforementioned issues in satellite observations of AOD or dust
loading should be added to the reported 45-70% uncertainty in the CALIOP-based dust flux estimation (H.
Yu, Chin, Bian, et al., 2015; H. Yu, Chin, Yuan, et al., 2015).

Indeed, the aforementioned uncertainties in the satellite AOD and dust loading retrievals also lead to a lim-
itation in the current trajectory analysis framework. Ideally, the number of particles released from each dust
plume should be proportional to the dust mass loading at dust sources. However, due to the lack of credible
AOD or dust loading retrievals over dust sources, the initial mass loading at dust sources is hard to deter-
mine, leading us to base the trajectory initializations on assumptions that are difficult to test at the source.
The proof of the accuracy of these assumptions is the reasonable consistency in dust deposition and loading
obtained between the current trajectory analysis and satellite observations (Figure 2). It is this consistency
that provides confidence in the credibility of the current study's conclusions.

Other sources of uncertainty in the current study include the limited temporal coverage and spatial resolu-
tion of satellite observations, as well as mixing of dust and biomass burning aerosols during transport. For
example, due to the diurnal variability in dust activation over the two deserts, MISR overpass in the morn-
ing leads to underrepresentation of dust activation during the rest of the day. Over the Bodél¢é depression,
where dust activity associated with high surface wind speeds peaks in the morning with the breakdown of
the nocturnal low-level jet (Schepanski et al., 2015; Washington & Todd, 2005), MISR is very likely to cap-
ture the majority of dust activation events. Over the El Djouf, in addition to the morning dust activation
driven by the breakdown of the nocturnal low-level jet, a portion of dust storms is also caused by strong
downbursts associated with afternoon deep convection (Fiedler et al.,, 2013; Heinold et al., 2013).
Furthermore, biomass burning aerosols are likely mixed with dust aerosols during the transport of
Bodélé dust over western Sahel and central Africa (Adams et al., 2012; Ansmann et al., 2009; Barkley
et al.,, 2019). The dust-smoke mixing produces larger particles that are easier for gravitational settling,
thereby resulting in even fewer dust particles from the Bodélé depression to affect the Amazon Basin.
Considering the diurnal variability in dust activation and mixing of dust and smoke along transport, we
hypothesize that the actual contribution of the El Djouf to transatlantic dust transport further overwhelms
the contribution from the Bodélé depression.

Data Availability Statement

Data sets for this research are included in this paper and in the supporting information. MISR CMVP and
DAOD data are available through Garay et al. (2020) and Y. Yu et al. (2018). CALIOP dust extinction data
are available through M. H. Kim et al. (2018).
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