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Abstract

Deposition of mineral dust into ocean fertilizes ecosystems and influences biogeochemical cycles
and climate. In-situ observations of dust deposition are scarce, and model simulations depend on
the highly parameterized representations of dust processes with few constraints. By taking
advantage of satellites’” routine sampling on global and decadal scales, we estimate African dust
deposition flux and loss frequency (LF, a ratio of deposition flux to mass loading) along the trans-
Atlantic transit using the three-dimensional distributions of aerosol retrieved by spaceborne lidar
(CALIOP) and radiometers (MODIS, MISR, and IASI). On the basis of a ten-year (2007-2016)
and basin scale average, the amount of dust deposition into the tropical Atlantic Ocean is
estimated at 136 — 222 Tg yr'1. The 65-83% of satellite-based estimates agree with the in-situ
climatology within a factor of 2. The magnitudes of dust deposition are highest in boreal summer
and lowest in fall, whereas the interannual variability as measured by the normalized standard
deviation with mean is largest in spring (28-41%) and smallest (7-15%) in summer. The dust
deposition displays high spatial heterogeneity, revealing that the meridional shifts of major dust
deposition belts are modulated by the seasonal migration of the intertropical convergence zone
(ITCZ). On the basis of the annual and basin mean, the dust LF derived from the satellite
observations ranges from 0.078 to 0.100 d~1, which is lower than model simulations by up to
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factors of 2 to 5. The most efficient loss of dust occurs in winter, consistent with the higher
possibility of low-altitude transported dust in southern trajectories being intercepted by rainfall
associated with the ITCZ. The satellite-based estimates of dust deposition can be used to fill the
geographical gaps and extend time span of in-situ measurements, study the dust-ocean
interactions, and evaluate model simulations of dust processes.
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1. Introduction

North Africa is by far the largest source of mineral dust to the global atmosphere /Prospero
et al., 2002, Engelstaedter et al., 2006]. Massive dust lifted by strong winds from the deserts
can be transported long distances across the tropical Atlantic Ocean, reaching the Americas
[Prospero, 1999, Prospero et al., 2014; Yu et al., 2015a, 2015b]. Along the dust’s transit
across the Atlantic, some is lost into the ocean, on account of cloud and precipitation
scavenging (collectively referred to as wet deposition), as well as turbulent diffusion and
gravitational settling (collectively referred to as dry deposition). Airborne dust can degrade
air quality, perturb the radiation budget, modulate cloud lifecycles and properties, and
influence large scale circulations and the water cycle /e.g., Prospero, 1999; Yuan et al.,
2016; Kok et al., 2017, Lou et al., 2017; Yang et al., 2017, Song et al., 2018]. Nutrients
associated with the deposited dust have been linked to the biological productivity of marine
ecosystems, thus modifying the uptake of atmospheric CO,, global biogeochemical cycles,
and climate /[Mills et al., 2004, Jickells et al., 2005, Moore et al., 2009].

Dust deposition is highly heterogeneous both in space and time, due to the sporadic nature
of dust events and large variability of atmospheric transport and removal processes that, in
turn, are controlled by meteorological conditions (e.g., precipitation, winds, and atmospheric
stability) /Prospero et al., 1987]. To quantify such large variability requires observations
over extensive areas and on a long-term basis (e.g., multiple years or even decades) /Schulz
et al., 2012]. However, in-situ measurements of dust deposition are extremely challenging
and are particularly scarce in open oceans [Schulz et al., 2012; Anderson et al., 2016].
Connecting these sparse observations through global modeling is possible, however, the
current parameterizations of dust processes including emissions, transport, and removals are
highly uncertain [Huneeus et al., 2011, Kim et al., 2014]. For example, there is a strong and
complex dependence of dry deposition velocity on surface properties, dust size distribution,
wind speed and atmospheric turbulence /Duce et al., 1991] for which models cannot yet
emulate. Wet deposition (precipitation scavenging) is also poorly constrained in models due
to a lack of observations and complicated, meteorologically controlled microphysical
processes among aerosol particles, cloud condensation nuclei, and raindrops /Ridley et al.,
2012; Wang et al., 2013]. When comparing about a dozen global aerosol models to the
observed dust deposition, there are overall discrepancies of up to a factor of 10 /Huneeus et
al., 2011]with even larger discrepancies when attempting to separate the relative
contributions of wet and dry deposition processes /Prospero et al., 2010].
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Satellites, because of their extensive spatial and temporal coverage, can be used to
characterize and quantify the intercontinental transport of dust and other aerosol types /Y et
al., 2013]. Current satellite-derived products include near-global estimates of aerosol optical
depth (AOD) as well as aerosol vertical distribution /Y et al., 2006, Winker et al., 2010, Yu
& Zhang, 2013]. Enhanced remote sensing capabilities enables us to derive particle shape,
size, and absorption information, which helps to distinguish dust from combustion and
marine aerosols /Kaufman et al., 2005, Kahn et al., 2007, Kahn & Gaitley, 2015, Tanre et
al., 2011; Yu et al., 2009, 2015a]. Since measurement of AOD and particle properties tend to
be more accurate over ocean than over land, it is feasible to quantify the aerosol transported
from one continent to another [ Kaufman et al., 2005; Rudich et al., 2008; Yu et al., 2008,
2012, 2015a, 2015b]. However, while such studies have offered a glimpse into the bulk
deposition of dust into the ocean basin [Yu et al., 2013], details of the fate of dust on sub-
basin scales remain elusive. It is important to note that satellite observations of AOD and
dust optical depth (DOD) cannot be directly used as proxies for dust deposition, because
dust deposition depends strongly on the vertical profile of dust and is a balance between the
change of mass loading and the zonal/meridional transport /Schepanski et al., 2009, Yu et
al., 2013, Yu et al., 20150)].

This study explores the use of multiple satellite products to characterize the seasonal dust
deposition into the tropical Atlantic Ocean at 5° (longitude) by 2° (latitude) spatial
resolution over a decadal time span of 2007-2016. Satellite products include retrievals of
aerosol loading, particle properties, and vertical profiles from the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP), the Moderate Resolution Imaging Spectroradiometer
(MODIS), the Multiangle Imaging Spectroradiometer (MISR), and the Infrared Atmospheric
Sounding Interferometer (IASI). These distinct satellite products provide independent
characterizations of atmospheric dust. While it is tempting to integrate these data to achieve
a more complete characterization of dust transport and deposition, lack of quantitative
understanding of differences among the instruments and datasets make the integration
premature and impractical. In this study, the only integration performed is combining the
dust vertical profile from CALIOP with dust column loading from MODIS, MISR, and
IASI. Thus, we use the variation of independent assessments from the different sensors as a
starting point for estimating the uncertainty of the results. Section 2 briefly describes the
satellite data and approaches to integration and characterizing dust three-dimensional
distributions and estimating dust deposition. The temporal and spatial variations of DOD,
dust deposition and dust loss frequency, including comparisons with those in literature, are
presented in Section 3. Section 4 discusses limitations of the method, uncertainties in the
estimated dust deposition, and potential applications of the data sets. Major findings learned
from this multi-satellite analysis are summarized in Section 5.

Data and Approaches

2.1. Satellite characterizations of dust

Mineral dust particles are generally large in size and irregular in shape, which provides a
basis for distinguishing dust from other aerosol types (e.g., marine aerosol, combustion
aerosol). This study uses remote sensing data of aerosol loading (e.g., AOD, extinction
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coefficient, and backscatter coefficient) and particle properties (e.g., size, and shape) derived
from the optical measurements from spaceborne lidar (CALIOP) and radiometers (MODIS,
MISR, and IASI) to characterize the dust distributions. Each of these sensors has its unique
characteristics and observables. Below is a brief description of the data and methods used to
separate dust from other aerosol types. This is a prerequisite for estimating the dust
deposition from satellites.

CALIOP: CALIOP is a two-wavelength (532 and 1064 nm), polarization lidar onboard the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite
[Hunt et al., 2009]. Since June 2006, the lidar has been collecting an almost continuous
record of high-resolution (as fine as 30 m in the vertical) profiles of aerosol and clouds, day
and night, covering 82°N to 82°S [Winker et al., 2009; 2010]. In this study, we use
nighttime, clear-sky data from the CALIOP Version 4, level-2 aerosol profile product
[Young et al., 2018]. Though measurements from the other satellites are available for
daytime only, the nighttime CALIOP measurements have the advantage of the enhanced
signal to noise ratios (SNRs), thus better quality than the day time measurements. To further
assure the use of only high-quality data for the analysis, we also apply a data screening
scheme using a set of quality assurance flags similar to Yu et al. [2015a] but with a much
stricter range of cloud-aerosol discrimination (CAD) score between [-100, —90] (instead of
[-100, —20] for earlier versions of CALIOP data as used in our previous studies /Y et al.,
2010; 2012, 20153, 2015b]). Although the CALIOP data portal provides AOD for “dust”
and dust mixtures (i.e., “polluted dust”, “dusty marine”), it is difficult to extract dust
component from these dust mixtures. Using just “dust” will underestimate dust loading in
the atmosphere, while using the full value of the mixtures will overestimate the loading.
Therefore, we derive dust extinction and optical depth as follows.

Given that mineral dust is largely coarse in size and non-spherical in shape, it has a much
larger depolarization ratio than primarily spherical marine and combustion-generated
particles. We partition the aerosol backscatter coefficient at 532 nm into dust and non-dust
components by using pre-determined thresholds of particulate depolarization ratio (PDR) for
dust and non-dust particles, respectively. Considering the natural variability of dust
properties, two sets of PDR threshold values (64 = 0.20 and 0.30 for dust and 6,4 = 0.07 and
0.02 for non-dust aerosol) have been used to represent the most optimal separation of dust
and non-dust aerosols, following Yu et al. [2015a, 2015b]. Data with PDR values in between
the thresholds of dust and non-dust are considered as a mixture, and a fraction of dust in
such mixture is derived from the definition of PDR [Yu et al., 2012, 20154]. Dust extinction
is then calculated by multiplying the so-obtained dust backscatter coefficient by the
characteristic dust lidar ratio of 44 sr, consistent with the number used in the CALIOP V4
product /Kim et al., 2018]. Finally, CALIOP DOD is calculated by integrating the dust
extinction profile in the vertical.

MODIS: MODIS, onboard both the Terra (10:30 AM equatorial overpassing and since
2000) and Aqua (1:30 PM equatorial overpassing and since 2002) satellites, is a multi-
wavelength imager with 36 discrete channels ranging from 0.41 to 14.4 um. It acquires
nearly global and daily aerosol observations with a swath of 2330 km. Due to its wide
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spectral range and the simplicity of the dark ocean surface, MODIS has the capability of
retrieving AOD with a relatively high accuracy as well as information about particle size
over oceans [Remer et al., 2005]. One of such size parameters in the MODIS Dark Target
(DT) retrieval product is the fine-mode fraction (FMF), that reports the fractional
contribution of fine-mode (submicron) particles to total AOD at 550 nm [Remer et al.,
2005].

In this study, we derive daily over-ocean DOD from the Aqua/MODIS Collection 6 (C6)
product [Levy et al., 2013; 2018] at 1°x1° resolution, following a method first developed by
Kaufman et al. [2005] and then modified by Yu et al. [2009]. Briefly, this method partitions
AOD into three components: dust, marine aerosol and combustion (or pollution) aerosol.
DOD and combustion AOD can then be derived from MODIS-retrieved AOD and FMF by
setting characteristic FMF values for the individual components based on MODIS, and
parameterizing marine AOD as a function of surface wind speed. It is worth noting that at no
point is dust assumed to be purely coarse mode or that combustion aerosol is purely fine
mode. In this study, we re-derive Aqua-MODIS C6-specific characteristic FMFs following
the approach described in previous work /Kaufman et al., 2005]to maximize the self-
consistent use of the MODIS DT product [Yu et al., 2009]. The characteristic FMF so-
derived is 0.31, 0.48, and 0.89 for dust, marine, and combustion aerosol, respectively. These
Agua-MODIS C6-specific characteristic FMFs are somewhat different from the values based
on Terra-MODIS Collection 5 [Yu et al., 2009] and the earlier Collection 4 version
[Kaufman et al., 2005], which presumably reflects the sensitivity of aerosol retrievals to the
details of instrument calibration and aerosol models that evolve with different versions of
Collections. Marine aerosol optical depth in this study is assumed to increase with surface
wind speed. Following an average of the relationships from Kiliyanpilakkil & Meskhidze
[2011] and Mulcahy et al. [2008], we derive a global ocean mean AOD for marine aerosol of
0.066 at 0.55 pm, which agrees with the climatology based on the Aerosol Robotic Network
(AERONET) observations [Kaufman et al., 2001, Smirnov et al., 2002].

MISR: MISR is a multiangle spectroradiometer that has been acquiring data onboard the
sun-synchronous Terra satellite since 2000 along with MODIS. It measures radiances
reflected by the surface-atmosphere system at four wavelengths (centered at 0.446, 0.558,
0.672, and 0.866 um) and from nine angles, with global coverage acquired over a period of
about a week [Diner et al., 1998]. As a result, it retrieves AOD and particle properties over
both dark and bright surfaces, including non-spherical fraction, single-scattering albedo, and
particle size [Kalashnikova et al., 2005, Kalashnikova & Kahn, 2006, 2008; Kahn et al.,
2007; Kahn & Gaitley, 2015]. The AOD component fractions from the MISR Dark Water
retrieval have an uncertainty of ~20% for all MISR viewing geometries when the AOD
exceeds about 0.1 /Kahn et al., 2001], however the MISR non-sphericity product can be
contaminated by sub-visible cirrus [Pierce et al., 2010; Kalashnikova et al., 2013]. The thin
cirrus contamination is not expected to be a major problem in the tropical Atlantic. In this
study we use MISR Version 23 [Garay et al, 2017, Witek et al., 2018] non-spherical AOD at
0.558 um to represent DOD over ocean.
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IASI: 1ASI, launched on the European Meteorological Operation (MetOp) satellite series (A
and B), measures infrared radiation in 8461 spectral channels between 3.63 pm and 15.5 pm
at high spectral resolution of 0.50 cm™1. The instrument has been operating since July 2007
and provides near-global coverage twice a day (crossing Equator at 9:30 AM and 9:30 PM)
with a swath of about 2200 km and a spatial resolution of 12 km at nadir /Hilton et al.,
2012]. In this study, we use the Version 2.2 AOD product developed at the CNRS LMD,
which is retrieved from IASI onboard MetOP-A [Peyridieu et al., 2013, Capelle et al., 2014].
The 0.5°x0.5° monthly AOD data covering 60°S-60°N were produced by aggregating
retrievals at the satellite pixel resolution, day and night [Capelle et al., 2018]. Because of
negligible extinction by small combustion particles at the thermal infrared (TIR)
wavelengths and the generally low altitude of marine aerosol (hence not readily
distinguishable from the surface), IASI is primarily sensitive to dust layers, in particular,
coarse mode dust particles. We thus use the retrieved AOD from IASI at 10 um to represent
DOD at that wavelength. Note that the IASI DOD at 10 pm should be smaller than DOD in
the mid-visible as retrieved from CALIOP, MODIS, and MISR, with the difference
depending on the size distribution of dust particles and as well as on the refractive index
[e.g., Capelle et al., 2014]. We reconcile the wavelength difference based on observations of
dust size distribution, which is discussed later in 3.1.

2.2. Estimates of dust transport, deposition, and loss frequency

We estimate dust transport and deposition by following four steps, similar to the method
described in our previous studies [Yu et al., 2008, 2012, 2015a, 2015b], First, we derive the
three-dimensional (3-D) dust extinction distribution from the datasets described in section
2.1. We use CALIOP data to derive standalone 3-D distributions of dust extinction on a
monthly basis, which can be used to estimate the dust transport and deposition. Secona, we
derive the dust mass concentration by using observation-based dust mass extinction
efficiency (MEE), as the dust extinction is the product of dust mass concentration and MEE.
MEE is strongly dependent on the dust density and particle size distribution (PSD)
[Mahowald et al., 2014]. Kaufman et al. [2005] adopted a MEE at 0.55 um of 0.37 m2 g~1
based on several observations of dust size distribution and density over the eastern tropical
Atlantic Ocean [Maring et al., 2003, Haywood et al.., 2003]. This value is in close
agreement with the 0.39 m2/g /Ryder et al., 2013]and 0.32 m2 g~1 [Ryder et al., 2018]
calculated from more recent aircraft observations of dust PSD in the Saharan Air Layer off
the African coast. Due to the preferential removal of large particles from the atmosphere,
dust PSD would shift to smaller particle sizes and MEE is expected to increase with distance
traveled. In this study, we assume that dust MEE increases linearly with dust transport
distance, from 0.37 m? g~1 near the African coast (east to the 20°W) to 0.60 m2 g1 at
100°W, to account for possible preferential removal of larger dust particles during transport.
The MEE of 0.60 m? g1 is consistent with the Goddard Chemistry Aerosol Radiation
Transport (GOCART) model in the region /Kim et al., 2014]. We also assume that dust MEE
does not change with altitude and ambient relative humidity. In addition to this default
setting of dust MEE, we adopt two additional scenarios with constant MEE values across the
ocean basin of 0.37 m? g~ and 0.60 m2 g1, respectively, to assess the sensitivity of our dust
deposition estimate to the assumed MEE. Thira, once the dust mass concentrations are
determined, we calculate the monthly dust mass fluxes in both the zonal and meridional
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directions by using monthly average wind vector profiles from the reanalysis meteorological
fields of the Modern-Era Retrospective analysis for Research and Applications, \ersion 2
(MERRAZ2) [Gelaro et al., 2017]. Fourth, by assuming that there is no leak at the top of the
atmospheric columns, we calculate the divergence of dust zonal and meridional fluxes to
derive the dust deposition into ocean. Given that the trans-Atlantic dust layer seldom reaches
10 km or higher, we set the top of atmospheric column at 10 km. In this way the veering of
dust from one grid cell to its neighboring cells is accounted for.

Passive sensors have much better sampling coverage than lidars and are able to capture
episodic dust events more readily. It is thus intriguing to utilize MODIS, MISR, and IASI
data and compare them with CALIOP observations. On the other hand, MODIS and MISR
provide only column-integrated dust extinction or DOD. Concerning IASI, although the
mean dust layer altitude is also retrieved in the V2.2 product, only the DOD product is used
here. Thus, we distribute the MODIS, MISR, and IASI DOD in the vertical by applying the
shape information (not the absolute values) of dust extinction profiles from CALIOP, similar
to Yuetal [2012]. In other words, the CALIOP 3-D dust extinction profile is normalized
with DOD from MODIS, MISR, and IASI. Then we follow the same procedures described
above to estimate the dust deposition flux. Although the CALIOP vertical profiles are used
in estimating the dust deposition from MODIS, MISR, and IASI, we refer the dust
deposition so-derived as MODIS, MISR, and 1ASI, respectively, for brevity.

We also calculate the dust loss frequency (LF, with a unit of d=1) as a ratio of the dust
deposition rate (g m=2 d=1) to dust mass loading in the atmosphere (= DOD/MEE, g m~2)
from the same satellite measurements. Although dust deposition is an “extensive property”
that depends not only on the deposition rate but also on the amount of dust in the
atmosphere, dust loss frequency is an “intensive property” that is independent of dust
amount but only measures how efficiently dust is removed from the atmosphere by all
deposition processes collectively (or deposition rate). The larger the LF, the more efficiently
dust is deposited into ocean. The dust interacting with or below clouds is more likely to be
removed by wet scavenging processes and thus has a higher LF than elevated dust in the dry
Saharan Air Layer. As discussed earlier, estimates of both dust mass loading and dust
deposition depend on the assumed dust MEE. However, these MEE-related uncertainties
largely cancel out when calculating dust LF by the definition. Thus, the derived dust LF
tends to have better accuracy than the estimated dust deposition flux. The LF is a
particularly useful diagnostic for guiding the model improvements, as this variable makes it
possible to disentangle the dust transport and removal processes from the dust emissions in
source regions when identifying the major factors contributing to differences among
different products, including observation derived and model calculated dust deposition. Note
that by definition, the reciprocal of LF represents a timescale that is needed to remove
airborne dust in the atmospheric column to ocean surface at a rate of the satellite-derived
removal. This timescale tends to be longer than the dust residence time in the grid cell
because potential dust export out of the grid cell is not accounted for. It is also different from
dust lifetime or transport time reported in the literature.
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In-situ measurement based climatology of dust deposition

Dust depositions can be observed directly at the surface and from sediment traps in the
water, or estimated from atmospheric sampling of dust or dust proxies (with some
assumptions) fAnderson et al., 2016]. Such in-situ based climatologies of dust deposition are
generally scarce, and limited in temporal and spatial coverage. In this study, we compile a
dataset (see Table S1 in Supplementary Online Materials or SOM for details) by taking from
a widely used pre-compiled dataset [Albani et al., 2014, and references therein]
complemented by some recent observations in the studied region [Friese et al., 2017; Korte
etal,, 2017]. See Table S1 in Supplementary Online Materials or SOM for details. A total of
23 sites (Figure 1) are compiled, and are used to evaluate the satellite-based estimates of
dust deposition. This practice would serve as a cross-check among different methods rather
than a rigorous validation of satellite observations, because a majority of these sediment-trap
observations (16 out of 23) were carried out in the 1980s and early 1990s, when African dust
was more active, but before the availability of the satellite products. We also note that these
in situ observations of dust deposition are subject to large uncertainties fAlbani et al., 2014,
Korte et al., 2017].

3. Results

3.1

Dust optical depth and vertical distribution

The CALIOP observations are used to characterize the dust 3-D distribution. Figure 2 shows
the 2007-2016 climatology of seasonal-mean dust extinction profiles (left panels) and DOD
(right panels) along the trans-Atlantic transit from West Africa to the Americas (from 20°E
to 80°W). Due to CALIOP’s narrow cross-track coverage, individual CALIOP profiles have
been aggregated into the 5°x2° grids to increase the representativeness of sampling. The dust
extinction profile at each 5° longitude interval represents an average over the equator to
20°N band that encompasses the major dust source regions and transport routes. Throughout
the paper, we refer the winter, spring, summer, and fall seasons to December of the prior
year-January- February (DJF), March-April-May (MAM), June-July-August (JJA), and
September-October- November (SON), respectively. Figure 2 clearly shows the evolution of
dust vertical distribution with seasonal distinctions from the source regions downwind to the
tropical Atlantic Ocean and Caribbean Basin, a result consistent with those documented in
previous studies [e.g., Huang et al., 2010, Ben-Ami et al., 2012, Yu et al., 2010, 20154].
Over source regions (east to about 17°W), the dust is lifted by turbulence and convection up
to an altitude that is higher in summer than winter. For example, the upper bound for the 20
Mm™1 dust extinction isoline over the source region reaches about 2.8, 4.5, 5.1, and 3.2 km
in winter, spring, summer, and fall, respectively. Further downwind, over the tropical
Atlantic Ocean and Caribbean basin, the dust is transported at higher altitudes in summer
than in winter. It is also evident that along the trans-Atlantic transit, dust plumes are initially
stable when leaving the African continent, but descend rapidly just west of 35°W.

The seasonal migration of trans-Atlantic dust plumes is demonstrated by the DOD derived
from CALIOP, as well as that derived from the MODIS, MISR, and IASI observations
(Figure 3). In the winter season, strong northeasterly winds (so-called Harmattan) in West
Africa carry the dust southwestward to the Gulf of Guinea [Engelstaedter et al., 2006]. This
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southwest-tilted dust plume then takes a route between the equator and 10°N and eventually
reaches northern part of South America including the Amazon Basin [Huang et al., 2010,
Prospero et al., 2014, Yu et al., 2015b]. In the following months, the northward progression
of southwesterly winds associated with the ITCZ pushes the trans-Atlantic dust plume
northward. In the summer season, the dust is transported mainly along the 10°-20°N route,
reaching the Caribbean Basin, the southern US and Mexico [Prospero et al., 2014, Prospero,
1999]. In the fall season, the dust plume moves southward along with the retreat of the
ITCZ.

The DODs over the Atlantic Ocean showing in Figures 2 and 3 are derived from the four
satellite sensors with different characteristics and assumptions. As discussed earlier, these
datasets provide a consistent picture of trans-Atlantic dust transport. Here we further
undertake a more quantitative assessment of the agreement among them. Figure 4 shows
inter-comparisons of DOD among the sensors in eastern Atlantic Ocean over the 2007-2016
period, in which each data point represents the seasonal average DOD over a 5°x2° grid
(total number of data points = 3983). On the basis of seasonal and regional (5°x2°) average,
DODs derived from the different sensors consistently show high correlations (R2 > 0.7), but
with clear offsets in the magnitude. As shown in Figures 4a and 4b, DOD derived from
MISR (at 0.558 um) and CALIOP (at 0.532 um) is on average about 27% and 22% lower
than MODIS DOD (at 0.55 um), respectively. The scatterplot of IASI DOD (at 10 um)
against MODIS DOD (at 0.55 um) apparently shows two branches with different slopes that
are largely associated with different seasons. Thus, we plot the IASI and MODIS data
separately for DJF and MAM (Figure 4c) and JJA and SON (Figure 4d). The correlation
coefficient of R? is 0.932 in JJA and SON, which is significantly higher than R2 of 0.705 in
DJF and MAM. The slope of DOD (i.e., IASI relative to MODIS) is 0.650 in JJA and SON,
which is also higher than the slope of 0.411 in DJF and MAM. We believe that these season-
dependent correlations between IASI and MODIS could be attributed to larger uncertainties
in DJF and MAM. The IASI retrieval is sensitive to the dust layer altitude. The higher the
dust layer, the greater the IASI sensitivity. The lower dust layer during DJF and MAM
(Figure 2) may suggest the possibility that IASI has less sensitivity to the dust layer and
hence underestimates DOD. Further, at 10 um, 1ASI is less sensitive to small-sized particles
than MODIS, so if lower wind conditions in the source region and/or lower plume altitude in
winter skew the dust distribution toward smaller sizes, this would also reduce the IASI DOD
relative to MODIS. On the other hand, it is also possible that the MODIS-based approach
could be complicated by the co-existence of dust and biomass burning smoke from
equatorial Africa in DJF and MAM [Yu et al., 2009]. We thus believe that the IASI and
MODIS correlation is more reliable in JJA and SON. The 1ASI to MODIS DOD ratio of
0.65 better reflects the wavelength dependence of DOD, which has been used to convert
IASI TIR DOD to DOD at 0.55 pm (shown in Figure 3) for dust deposition calculations.
This wavelength dependence also agrees well with recent radiative transfer modeling /Song
et al., 2018] that yields the DOD 10 pm to 0.5 pm ratio of about 0.7 when the particle size
distribution for the transported dust is taken from a recent aircraft campaign /Ryder et al.,
2013]. However, the same study using the size distribution retrieved from AERONET
observations yields a much smaller ratio of 0.4 [Song et al., 2018], because the AERONET
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retrieval is arguably biased toward smaller sizes as a result of limited sun photometer
spectral coverage.

3.2. Dust deposition flux

To estimate the dust deposition, both zonal and meridional dust mass fluxes in the
atmospheric column are calculated. Figure 5 shows a composite of vertical-column
integrated zonal and meridional dust flux rate (i.e., dust flux per unit length of latitude and
longitude, respectively) derived from the CALIOP 2007-2016 climatology, which is
overlaid on the seasonal mean precipitation rate (gray contours) from the Global
Precipitation Climatology Project (GPCP) Climate Data Record, Version 2.3 fAdler et al.,
2018]. The figure depicts the magnitude (color bar and vector length) and direction (arrow of
vector) of dust transport and its seasonal variations. Clearly, the trans-Atlantic dust transport
is more intense and reaches further west in summer and spring than in fall and winter. The
dust takes a southern route and is transported to South America in winter. With the
northward migration of the ITCZ from winter to summer, the dust plume also moves north
and increasingly influences the Caribbean Sea and southern US. It is evident that the dust
flux is substantially reduced when interacting with precipitation. It is interesting to note the
transport patterns of dust from the Bodélé Depression in Chad. In winter, the Bodélé dust is
mainly transported to the Gulf of Guinea by the northeasterly winds. Much of the dust is
then intercepted by precipitation and does not reach the Amazon Basin. In spring, while a
portion of the Bodélé dust undergoes the similar fate as in winter, some are apparently mixed
with dust from other West Saharan sources and transported to northern part of South
America. Although it is difficult to quantify the share of the Bodélé dust reaching the
Amazon Basin from the satellite data alone, the data can be used in conjunction with dust
models to better assess the amount of Bodélé dust reaching the Amazon Basin and
contribute to an ongoing debate of the role of Bodélé dust in maintaining the health of
Amazon rainforest [Tegen et al., 2006, Koren et al., 2006, Ansmann et al., 2009, Ben-Ami et
al., 2010; Abouchami et al., 2013, Glaser et al., 2015].

Dust deposition into the ocean is derived from both zonal and meridional dust mass fluxes
with the “mass balance” approach as described in 2.2, and the results are shown in Figures 6
(CALIOP and MODIS) and 7 (MISR and IASI). The spatial pattern of dust deposition
shown here is not always consistent with that of DOD in Figures 2 and 3, as well as dust
mass flux throughout the atmosphere in Figure 5, because the dust deposition is determined
by the divergence of dust mass flux or the horizontal gradient of DOD, instead of DOD
itself. Generally, the dust deposition pattern skews southward relative to that of DOD,
because precipitation associated with the ITCZ effectively washes out dust from the southern
edge of dust plumes. Although some differences in details exist among the satellites, these
satellite observations reveal consistently the meridional shifts of the major dust deposition
belt, as modulated by the seasonal shifts of the ITCZ. In the winter and spring, the trans-
Atlantic dust transport follows a southern trajectory at lower altitudes (Figures 2 and 3),
which makes the dust more susceptible to dry deposition as well as scavenging by
precipitation associated with the ITCZ. This produces a large amount of dust deposition into
the Gulf of Guinea and near the coast of West Africa south to 10°N. Relatively high values
of dust deposition flux also appear in the middle of the tropical Atlantic and even off the
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northeastern coast of South America, where rainfall is intense, as shown in the CALIOP,
MODIS, and MISR derived products. For comparison, the high dust deposition belt in IASI
observations does not extend as far west as the other observations, due to the poorer IASI
dust fine mode detection limit (Figure 3), the coarse particles being preferentially removed
during transport, even if still present. In the summer season, the dust deposition belt has
migrated northward to 10°-20°N latitudes, consistent with the seasonal migration of the
ITCZ. The dust deposition shows a maximum near the coast of North Africa, and generally
decreases with distance from the coast. In the fall season, the dust deposition belt remains in
the 10°-20°N band, with much smaller deposition flux. Overall, all the satellite observations
show quite a consistent pattern of dust deposition seasonal migration, controlled by the
atmospheric circulations and ITCZ.

Figure 8 shows the 2007—2016 average yearly dust deposition fluxes (unit: mg m=2 d~1)
derived from CALIOP, MODIS, MISR, and IASI satellite observations of dust. Overlaid on
the maps is the in-situ based climatology of dust deposition collected from a variety of
sources in the literature (section 2.3 and Table S1). The four satellite-based estimates of dust
deposition show a generally consistent spatial patterns, with some differences in details. All
four of the satellites show the largest dust deposition in the Gulf of Guinea and along the
coast of West Africa, although differences exist in the details. For example, in the Gulf of
Guinea, in comparison to MODIS, MISR, and CALIOP, the 1ASI-based dust deposition is
smaller in magnitude and also has a sharper meridional gradient, which is more in line with
the sediment trap data. This may suggest a possibility that DOD derived from satellite
observations in the mid-visible is somewhat contaminated by biomass burning smoke in the
region. Over this complex region of dust-smoke mixture, separating dust from smoke
remains challenging /YU et al., 2009]. Figure 9 compares the satellite-based estimates of
yearly dust deposition (2007-2016 average) with the in-situ based climatology on a site-by-
site basis (site numbers and locations in Figure 1). Generally, the dust deposition estimates
from different platforms are much more scattered near the coast of North Africa than further
downwind, which is likely due to greater heterogeneity of dust plume close to the sources
and the scattered nature of wet deposition /Mahowald et al., 2011]. For two equatorial sites
(1 and 2) in the Gulf of Guinea, the MODIS and MISR-based estimates of dust deposition
are larger than the in-situ based climatology by more than a factor 2, whereas the 1ASI-based
estimates agree with the in-situ climatology within 20%. The CALIOP-based estimates are
in between, about 63-97% larger. In the African costal region (east to 25°W and north to
10°N), 14 sites (from 3 through 16) are clustered, of which most were sampled in 1988—
1992 except three sites (4, 11, 16) in 2013-2015. Except over 4 sites (no. 4 — 7), the satellite-
based estimates generally agree with the in-situ climatology quite well. Although MODIS
agrees better with the in-situ climatology over sites 4, 5, and 7, CALIOP, 1ASI, and MISR
have much better agreement with in-situ observation at site 6. The larger in-situ and satellite
discrepancy this region could have resulted from different spatial sampling in this more
heterogenous region of dust distribution. In mid-Atlantic Ocean (sites 17 — 20), the satellite-
based estimates are generally larger than the surface-based climatology, with the largest
difference, a factor of 2 to 3, at site 19. In the West Atlantic and Caribbean basin (sites 21—
23), the satellite-based estimates are smaller than the in-situ based climatology by within
25% in sites 21 and 23, but a factor of 4-5 in site 22. The ocean-based dust deposition of 52
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mg m~2 d~1 in site 22 (remote from African dust sources) is comparable to observations near
the African coast, which likely alludes to a high bias in the in-situ observation. Overall, 65—
83% of satellite-based dust deposition estimates agree with the in-situ based climatology
within a factor of 2. On a basis of average of all the sites, satellite-based estimates of dust
deposition are lower than the in-situ based climatology by no more than 20%. This result is
promising, given that these estimates were performed over different time spans and spatial
scale. Based on a long-term model simulation with GOCART [Chin et al., 2014], the dust
deposition averaged over 1986-1992 is about 14% higher than the average over 2007-2009
(see Figure S1) or over 2007-2016 (as can be inferred from Table S2). Finally, differences in
the size range of dust deposition in the data sets further complicate the comparison, which is
however difficult to assess because of the unavailability of the information.

Figure 10 displays the 10-year average seasonal dust deposition into the ocean, stratified by
three sub-basins, namely the Eastern Atlantic Ocean (EAT, 5°S-30°N, 17°W-60°W), the
Gulf of Guinea (GOG, 10°E-17°W, 5°S-10°N), and the Caribbean (CAR, 8°N-30°N,
60°W-80°W). Clearly, the four satellites are consistent in depicting seasonal variations of
dust deposition in each of individual sub-basins, such as summer maximum in EAT and
CAR, but winter/spring maximum in GOG. On the basis of whole basin, CALIOP, MISR
and IASI are consistent in showing largest deposition in summer and smallest in fall. On the
other hand, MODIS shows slightly larger deposition in winter than in summer, most likely
due to the contamination of biomass burning smoke in our derived dust optical depth. Dust
deposition varies from year to year, which presumably results from changes in dust
emissions and the atmospheric processes controlling dust transport and removal, in
particular, dust lifting by winds and wet removal associated with rainfall. Seasonal dust
deposition fluxes in individual years are listed in Table S2 of SOM. Figure 10e shows the
interannual variability of dust deposition, calculated as a ratio of standard deviation of
seasonal dust deposition over the 2007—-2016 period to the 10-year mean. The larger the
normalized standard deviation, the greater the interannual variability. The satellite
observations show consistently that the interannual variability is largest in spring, with the
normalized standard deviation between 0.28 (IASI) and 0.41 (CALIOP). This is presumably
resulted from large variability of rainfall and winds during the monsoon transition from
winter to summer in Wes Africa. In summer, dust deposition has the least interannual
variability with the normalized standard deviation of 0.07 — 0.15, although summertime dust
deposition is the largest in magnitude.

Table 1 lists the satellite-based estimates of annual dust deposition into the ocean basin and
three partitioning into the three sub-basins EAT, GOG, and CAR as defined earlier. On the
basin-scale, yearly dust deposition is estimated at 151.6, 221.5, 168.0, and 136.0 Tg (1 Tg =
1012 g) from the CALIOP, MODIS, MISR, and IASI observations, respectively. In CAR, the
four sensors give a consistent estimate of 13.1 — 14.8 Tg. The higher estimate from MODIS
comes from that in EAT and GOG. In EAT, MODIS dust deposition of 155.8 Tg is higher
than CALIOP, MISR, and IASI estimate by 40%, 23%, and 61%, respectively. In GOG, the
MODIS estimate of 50.9 Tg is nearly 2 times of that from the other sensors. It is likely that
the MODIS derived DOD is contaminated by biomass burning smoke in GOG and to some
extent in EAT.
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3.3. Dust loss frequency

Having obtained estimates of dust mass loading and dust deposition, we can also estimate
the dust loss frequency LF. Figure 11 shows spatial and seasonal variations of the MODIS-
based estimate of dust LF (left panels) and GPCP precipitation rate (right panels). The
seasonal and spatial pattern of dust LF derived from CALIOP, MISR, and IASI observations
(not shown) are similar to the MODIS observations, and hence are not discussed separately.
The figure reveals large seasonal and spatial variations of dust LF that differ substantially
from the DOD (Figure 3), dust transport (Figure 5), and dust deposition flux (Figure 6).
Instead, the dust loss frequency is better related to the precipitation rate and dust vertical
distribution. In winter and spring, dust emitted from the deserts is carried by the northeastern
trade wind toward South America [Yu et al., 2015a, b]and generally at lower altitudes (c.f.,
Figure 2), increasing the possibility that the dust plume is intercepted and scavenged by the
intense rainfall belt associated with the ITCZ. There is clear correspondence between the
large dust LF and the intense precipitation rate. In particular, the largest dust loss frequency
occurs south to 10°N and far away from the African continent (even closer to South
America). However, in the summer and fall seasons, the pattern of dust loss frequency is
relatively uniform and shows no resemblance to the precipitation rate. It is known that the
dust plumes are pushed northward by the atmospheric circulations [Yu et al., 2015a] and
transported across the Atlantic Ocean in a nearly zonal direction, to influence the Caribbean
Basin and southern US. In summer, a large portion of dust is carried in the dry and hot
Saharan Air Layer, which is higher in altitude than in winter (Figure 2). Both these factors
would reduce the possibility of dust being intercepted and efficiently removed by the rainfall
associated with the ITCZ. The dust is mainly removed by dry deposition and gravitational
settling at a substantially lower rate.

Figure 12 shows seasonal variations of dust LF derived from CALIOP, MODIS, MISR, and
IASI estimates of dust deposition rate and dust mass loading over the basin scale. It shows
that the dust LF is consistently largest in winter, with CALIOP-based estimate of 0.148 d~1
larger than that estimated from the other three sensors by 18-26%. Each of the four satellites
yields similar LF in spring, summer, and fall. The winter LF is 60%, 67%, 40%, and 34%
higher than the mean of three other seasons for CALIOP, MODIS, MISR, and 1ASI,
respectively. On the annual basis (right panel), the basin-scale dust LF is estimated at 0.100.
0.078, 0.091, and 0.098 d~1 from CALIOP, MODIS, MISR, and IASI observations,
respectively.

4. Discussions

4.1. Assumptions in the satellite-based approach

Ideally, one would estimate the dust deposition by following the temporal evolution of a dust
plume through the creative use of different satellite observations, and then considering a
change of dust optical depth during the evolution as the amount of dust being deposited into
ocean. This Lagrangian approach, however, is formidable when applied to different polar-
orbiting satellite measurements, because differences in DOD exist among satellites due to
the differences in viewing locations, instrument uncertainty, and retrieval methods. Observed
differences in DOD at two different times from two different sensors may be attributed to
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deposition between those times, but might also be attributed to inherent biases and offsets
between the two sensors themselves, and/or their particular space-time sampling.
Furthermore, there are the problems in maintaining the identity of the plume through clouds
and as the plume dissipates, and accounting for total plume mass if it branches into multiple
transport routes. There is also the difficulty of aggregating many individual plume
characterizations to form long-term statistics.

Given these difficulties, we developed a more practical method to estimate dust transport
and deposition from the satellite-observed monthly dust spatial distributions in three
dimensions, similar to the method described in our previous studies [Yu et al., 2008, 2012,
2015a, 2015b]. Although atmospheric mixing can dilute the dust plume in both horizontal
and vertical directions, a change in the vertically and horizontally integrated dust loading or
DOD, if calculated over scales covering the entirety of the dust plume, does indicate how
much dust is removed from the atmosphere. To account for the veering of dust into
neighboring grid cells, we calculate dust mass flux in both zonal and meridional directions.
The inherent assumptions that go into our method include: (1) no strong diurnal signatures
to the deposition that cannot be mitigated by the temporal averaging over a longer time scale
such as a month or season, (2) no dust sources over the ocean, (3) no transport of dust out of
the top of the grid cells, and (4) no systematic correlation between dust loading (DOD) and
cloud systems that obstruct the ability to perform aerosol retrievals.

Our method requires sufficiently temporal averaging to obtain meaningful dust spatial
distributions. Such the temporal averaging introduces uncertainty or bias in the estimated
dust transport flux when dust concentration correlates strongly with wind fields. Kaufman et
al. [2005] estimate that such an error is about 5% on average but higher in the spring season.
Here we use one-year (12/2012-11/2013) of MERRA-2 aerosol reanalysis [Randles et al.,
2017; Buchard et al., 2017]to calculate the monthly dust mass flux as a product of monthly
average dust and wind, similar to our satellite-based method. On a seasonal basis, the so-
derived dust mass flux is about 10-23% lower than the MERRAZ2 dust mass flux
accumulated from the instantaneous dust mass flux at each model time step, as shown in
Figure 13. Near the coast of North Africa (20°W), the low-bias in spring and fall is about
twice of that in winter and summer. Further away from the coast (50°W) the calculated flux
is biased low by 11-15%. The estimated dust LF is also biased low by a similar magnitude.
We further assess potential bias in the estimated dust deposition based on the seasonal
averaging by using the CALIOP, MODIS, MISR, and IASI observations. It is found that the
dust deposition derived from the seasonal averaging is 10-16% lower than that derived from
the monthly averaging.

Our approach of estimating dust deposition from satellite measurements has several
limitations. The need to aggregate satellite observations over monthly time scales suggests
that it is impractical to estimate dust deposition flux on a daily or weekly time scale. Our
approach is based on the balance between horizontal dust mass fluxes in a grid cell and
inherent assumptions of no dust sources at surface and no loss of dust through the top of
troposphere. Thus, the method cannot be applied to estimate the dust deposition in North
Africa because transported vs. locally emitted dust cannot be uniquely distinguished from
satellite observations alone. Also, the dust deposition so-derived represents the collective
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loss of dust by all removal processes. We cannot accurately separate dry deposition from wet
deposition, because the dry and wet removal processes can work together to remove the dust
from the air. From the perspective of dust-biogeochemistry interactions, distinguishing wet
deposition from dry deposition is essential because nutrients associated with wet-deposited
dust are much more bioavailable than those associated with dry-deposited dust /Korte et al.,
2018].

4.2. Uncertainties of dust deposition estimate

We showed in section 3.2 that, overall 65-83% of satellite-based annual dust deposition
estimates agree with the in-situ based climatology within a factor of 2. When averaging the
23 sites, satellite-based estimates of dust deposition are lower than the in-situ based
climatology by no more than 20%. Although this comparison is promising, there are several
caveats. The in-situ based climatology is also subject to large uncertainties and was
performed over different time spans and spatial scales. Dust deposition depends strongly on
the size range of the deposited dust deposition; this is difficult to assess because information
about the sampled dust size is generally unavailable.

The diversity among the independent assessments from the four satellite sensors also
provides a starting point for estimating the uncertainty of the results. Our multi-sensor
analysis shows that the range of satellite-based basin-scale dust deposition accounts for
about 50% of the four-sensor average. The discrepancies among the satellite sensors depend
on region or sub-basin. Although the four sensors agree with each other within 12% in the
estimated dust deposition into Caribbean Basin, they can differ by a factor of about 2 in the
Gulf of Guinea. The highest estimate is obtained from MODIS, due mainly to high dust
deposition in winter and spring. This alludes to the possibility that the derived dust optical
depth could be contaminated by biomass burning smoke.

Further, estimates of dust deposition from satellite observations is subject to significant
uncertainties resulting from the uncertainty in a range of other factors such as satellite-
derived DOD, dust vertical profile, dust MEE, and satellite sampling (e.g., lack of
measurements of aerosol in full diurnal cycle and below clouds) /Kaufman et al., 2005, Yu
etal., 2008, 2012, 2013]. The amount of dust deposition derived from satellite observations
is sensitive to the assumed dust MEE, as shown in Figure 14. MEE converts the remotely
sensed dust optical properties (DOD, extinction coefficient) to dust mass concentration. For
the same DOD and at a local scale, the larger the MEE, the smaller the implied dust loading
and dust deposition. This sensitivity to MEE is clearly seen when comparing MEE = 0.37
m? g1 and MEE = 0.60 m? g'1. The increase of MEE from 0.37 to 0.60 m2g~! yields a 39—
41 % decrease in derived dust deposition. When comparing the dust deposition between the
varying MEE and MEE = 0.37 m2 g~1 assumptions, however, the difference is only 2-9%,
due to the compounding effect of the dust deposition spatial pattern. The spatial patterns
shown in Figures 6 and 7 suggest that dust deposition over the eastern tropical Atlantic
accounts for a much larger fraction of the basin-scale dust deposition than that over the
western tropical Atlantic and Caribbean Basin. Thus, assuming a constant MEE of 0.37 m? g
~1 throughout the whole region yields only a small increase in the total deposition. The dust
deposition also depends strongly on the wind profiles. Although assimilated meteorology is
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used in this study, it is important to bear in mind that the quality of the assimilated winds
still depends on the density of available observations. Y et al. [2015a] estimated that
uncertainty in the CALIOP dust mass flux over Atlantic Ocean is 45-70%. The CALIOP
dust deposition estimate of this study would have similar magnitude of uncertainty.

To reduce the uncertainties in dust deposition, future satellites need to have enhanced
capabilities (e.g., measurements of polarization and over broad spectral range) that can
improve the characterization of particle properties (e.g., especially size parameters and
shape) and hence, improve ability to separate dust from other aerosol types. In addition,
surface and aircraft measurements of dust particle properties and loading, along with their
natural variability in the real atmosphere, are desperately needed in order to vigorously
evaluate and validate satellite retrievals /Kahn et al., 2017]. The values of MEE assumed in
this study are based on limited measurements, mostly near the coast of Africa. The evolution
of dust particle size and MEE along the trans-Atlantic transport route has been simplified.
The high sensitivity of dust deposition flux to the dust MEE (thus size distribution)
discussed earlier calls for a better quantification of these variables with new sub-orbital
measurements.

4.3. Potential applications of the dust deposition dataset

Despite the limitations and uncertainties discussed above, the dust deposition flux and dust
loss frequency datasets derived from multiple satellite observations reveal important features
of dust deposition seasonal and interannual variability of dust deposition in the tropical
Atlantic Ocean over the decadal time span. In-situ measurements of dust deposition are
scarce, especially over remote oceans. The satellite-based estimates described in this study
can fill geographical gaps in the in-situ measurements and extend their limited temporal
coverage to the decadal time scale.

The satellite-based dust deposition dataset could be used to evaluate model simulations.
Figure 15 shows a preliminary comparison of dust deposition (a) and dust LF (b) between
our satellite-derived estimates and five model simulations as documented in Kim et al.
[2014]. To be consistent with the model simulations, only dust deposition and LF over the
EAT and CAR regions are used. The model simulations of total dust deposition vary by a
factor of 5 and the partitioning between dry and wet components also varies significantly
among the models. The satellite-based estimates of dust deposition of 111 -171 Tg fall
inside the much larger range of model simulation (70 — 349 Tg). The differences in the dust
deposition between satellites and models, and among models, can result from uncertainties
in model representations of both emissions and transport/removal processes. Dust LF, which
is derived with higher accuracy than the dust deposition itself, is a useful diagnostic for
identifying uncertainties associated with dust transport and removal processes. As shown in
Figure 15b, the satellite-based dust LF of 0.078-0.100 d~1 is consistently lower than the
model simulations: 0.28 d~1 (GOCART), 0.42 d~1 (GISS), 0.22 d~1 (SPRINTAS), 0.37 d~1
(ECHAMS5), and 0.16 d~1 (HadGEM2). Except for HadGEM2 model, the satellite-based
estimates of LF are factors of 2-5 smaller than the majority of model simulations. A
comparison of both dust deposition and LF along the entire tropical Atlantic Basin could
provide useful insights into model deficiencies and guiding the model improvement. For
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example, HadGEM2’s lower dust deposition and higher LF may suggest that the dust
emissions in the model are substantially lower than other model estimates. On the other
hand, GOCART’s a factor of 2-3 larger dust deposition may come mainly from more
efficient atmospheric removal (high LF). The ECHAMS5 model simulates a dust deposition
that is closer to satellite-based estimates. However, the model’s dust LF is a factor 3—4 larger
than the satellite-based estimates. This may suggest a possibility that the underestimate of
dust emissions is compensated by more efficient removal in this particular model.

A comprehensive evaluation of model simulations with the dataset produced in this study is
beyond the scope of this paper. We plan to carry out the multi-model and satellite
comparisons in future under the framework of the Aerosol Comparisons between
Observations and Models (AeroCom). Such an effort shall greatly benefit from thorough and
systematic evaluation of many variables, including not only dust extensive properties such as
DOD, extinction profile, and deposition flux, but also intensive properties like dust size
distribution, MEE, and LF. Dust size distribution and MEE, critical parameters that link
model simulations of dust mass with satellite optical measurements, are needed to better
understand potential differences in DOD and dust deposition flux between models and
satellites. These quantities can only be acquired from sub-orbital measurements. Arguably
the substantial disparity in the dust LF between satellites and models could be associated
with such factors as the parameterizations of dry and wet dust deposition, model simulations
of rainfall rate, and vertical distributions of dust, among others. To further attribute the LF
uncertainty to individual processes, it is necessary to first thoroughly evaluate model
simulations of dust vertical profiles and rainfall rates with available observations (e.g.,
CALIOP, GPCP). Built on the outcome of this evaluation, one can then assess uncertainty in
the model parameterizations of dust removal processes. Insights gained from such strategic
efforts would provide guidance on improving model simulations of trans-Atlantic transport
of North African dust and its roles in the climate system.

5. Conclusions

Advances in satellite remote sensing offer a promising perspective on addressing critical
science questions relating to ocean-atmosphere interactions, though significant challenges
still remain for future endeavors [Neukermans et al., 2018]. The deposition of aeolian dust
into the ocean, among the major exchanges of materials at the ocean-atmosphere interface,
has important implications for ocean biogeochemical cycles and climate change. This study
demonstrates the feasibility of characterizing sub-basin and seasonal variations of dust
deposition into the tropical Atlantic Ocean over a decadal time scale through integrating
existing active (CALIOP) and passive (MODIS, MISR, IASI) measurements of the three-
dimensional distribution of atmospheric aerosol. Observations from these four satellite
sensors produce generally consistent characterizations of DOD, dust deposition, and dust LF,
with some differences existing in details. It is important to note that spatial patterns of DOD,
dust deposition flux, and dust LF are not the same, because dust deposition is determined by
the horizontal gradient of DOD and depends on the vertical profile of dust and rainfall rate.
In other words, one cannot use DOD distribution alone to represent the spatial variability of
dust deposition and loss frequency. In this paper we developed a practical Eulerian approach
to estimate monthly average dust deposition into tropical Atlantic Ocean based on the
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balance between horizontal dust mass flux in a grid cell and inherent assumptions of no dust
sources at surface and no loss of dust through the top of troposphere.

On the basis of a ten-year (2007-2016) average, we estimated from the four satellite sensors
that the amount of dust deposited into the eastern Atlantic Ocean, Gulf of Guinea, and
Caribbean Basin (including water body over the domain of 5°S-30°N, 10°E-80°W) is 136 —
222 Tg yrl. 65-83% of satellite-based annual dust deposition estimates agree with an in-situ
based climatology within a factor of 2, with the overall low bias of within 20%. The
deposition is generally highest in summer and lowest in fall. In winter and spring, the dust
deposition is slightly smaller than that in summer. Dust deposition also varies significantly
from year to year, which is seasonally dependent. The interannual variability (as measured
by normalized standard deviation) shows that the springtime dust deposition variation
accounts for about 28-41% of the 10-year mean. This large springtime interannual
variability is presumably due to the large variability of atmospheric circulations and rainfall
distributions during the transition of winter to summer West African monsoon. The summer
dust deposition shows the smallest interannual variability, with the standard deviation
accounting for 7 — 15% of the mean. The dust deposition displays high spatial heterogeneity.
The satellite observations consistently reveal meridional and zonal shifts of the major dust
deposition belts, modulated by the seasonal migration of the ITCZ.

We also derived the dust LF based on satellite observations, which has a better accuracy than
the dust deposition itself and is a particularly useful metric for better understanding satellite-
model and model-model discrepancies in the estimated dust deposition. The most efficient
loss of dust, i.e., the highest LF, occurs in the winter season, consistent with the greater
likelihood that low-altitude dust transport along the southern trajectory in winter is
intercepted by rainfall associated with the ITCZ. On the basis of annual mean and basin-
scale aggregation, the dust LF derived from the satellite observations of DOD and dust
deposition falls in the range from 0.078 to 0.010 d~1, which is smaller than most of the
model simulations in the literature by factors of 2-5.

The dataset generated in this study from multiple satellite observations has several potential
applications. It can fill geographical gaps of in-situ measurements and extend their limited
temporal coverage to a decadal time scale. The dataset provides the first order constraint on
dust deposition that is needed to study dust impacts on ocean biogeochemical cycles,
although the bioavailable nutrients associated with the dust deposition also need to be
constrained with other observations. The dataset can further be used to evaluate model
simulations of dust deposition and to identify possible processes (e.g., emissions vs
transport/removals) contributing to the similarities and differences between satellite and
model results. Such efforts would greatly benefit from thorough, systematic, and strategic
evaluation of a variety of dust and meteorological variables in the multi-model framework,
complemented by sub-orbital measurements of dust particle properties, such as size
distribution and MEE and their potential change during the long-range transport.
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Three Key Points:

. Multiple satellite data are used to generate a unique ten-year product of dust
deposition into the tropical Atlantic Ocean.

. The dust deposition into the tropical Atlantic Ocean is estimated at 136 — 222
Tg yr~1, with large heterogeneity in space and time.

. The satellite-based estimates of dust loss frequency are lower than model
simulations by up to factors of 2 to 5.

J Geaphys Res Atmos. Author manuscript; available in PMC 2020 July 27.



1duosnueN Joyiny YSYN 1dudsnuey Joyiny YSYN

1duosnuel Joyiny VSN

Yuetal. Page 25

30N |

20N

10N

EQ

80W 60W 40W 20W OE

0.0 .03 .06 .10 15 .20 .30 .50 .70 1.0

Figure 1:
Locations of the surface-based dust deposition climatology measurements (Table S1 of

SOM) overlaying a summertime (June-July-August) DOD climatology derived from
MODIS/Aqua observations.
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Figure 2:
CALIOP 2007-2016 seasonal climatology of dust extinction (unit: 107 m=1 or Mm™1)

profiles in the altitude-longitude plane (averaged over 0°N-20°N, left panels) and DOD
(right panels) in (a) DJF, (b) MAM, (c) JJA, and (d) SON.
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Figure 3:
The seasonal climatology of DOD derived from MODIS (left panels), MISR (middle

panels), and 1ASI (right panels) in (a) DJF, (b) MAM, (c) JJA, and (d) SON. Note that the
IASI DOD at the 10 um has been multiplied by 1.54 to approximate DOD at 0.55 pm and
facilitate comparison with MODIS, MISR, and CALIOP DOD at about 0.55 pm.
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Comparisons of MODIS-derived DOD at 0.55 um with that derived from MISR (a,
including all seasons, at 0.558 um), CALIOP (b, including all seasons, at 0.532 um), and
1ASI (c for DJF and MAM, and d for JJA and SON; at 10 um) over eastern Atlantic Ocean
(20W-50W, 0-30N). Each point in the scatterplots represents a seasonal mean DOD in one

of the 5°x2° grids for a particular year.
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Figure 5:
A composite of vertical-column integrated zonal and meridional dust flux rates (kg m=1 d=1)

derived from the CALIOP 2007-2016 climatology, showing the magnitude (color scale and
vector length) and direction (arrow of vector) of dust transport in the atmosphere and its
seasonal variations. The dust flux is overlaid on the GPCP precipitation rate (gray contours).
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Figure 7:
same as Figure 6, but from MISR (left panels) and IASI (right panels).
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Annual Dust Deposition Rate (mg m™ d™)
a) CALIOP

30N

8OW 60W 40W 20W 0E 20E

BOW 60w 40W 20W 0E 20E

80w 60W 40W 20W OE 20E

20W OE 20E

40 100 200

Figure 8:
2007-2016 average yearly dust deposition flux (unit: mg m=2 d=1) derived from aerosol

observations by CALIOP (a), MODIS (b), MISR (c), and IASI (d). Black circles filled with
colors representing the surface-based dust deposition climatology (see Table S1 for details)
are overlaid on the maps.
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Figure 9:
Comparison of satellite-based estimates (colored lines) of annual dust deposition flux (unit:

mg m~2 d~1) with the surface-based climatology (gray bars, denoted as OBS) at individual
locations (the observation sites are sorted by longitude and numbered in ascending order
from East Atlantic to West Atlantic, see Figure 1).
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Figure 10:
2007-2016 average seasonal dust deposition (Tg, 1 Tg = 1012 g) into the tropical Atlantic

Ocean basin estimated from (a) CALIOP, (b) MODIS, (c) MISR, and (d) IASI. The seasonal
dust deposition is stratified by three sub-basins, namely the Eastern Atlantic Ocean (EAT,
5°S-30°N, 17°W-60°W), the Gulf of Guinea (GOG, 10°E-17°W, 5°S-10°N), and the
Caribbean (CAR, 8°N-30°N, 60°W-80°W). The interannual variability of yearly dust
deposition into the basin is calculated as a ratio of standard deviation to the mean (e).
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Figure 11:
Seasonal and spatial variations of dust loss frequency (unit: d=1) estimated from the MODIS

observations (left panels) and the GPCP-based precipitation rate (unit: mm d=1) (right
panels).
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Figure 12:
Seasonal and annual mean dust LF (unit: d=1) derived from CALIOP, MODIS, MISR, and

IASI estimates of dust deposition and dust mass loading.
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Figure 13:
Dust mass flux derived from the monthly dust and monthly wind field introducing a low bias

of
at

-10% to —23%, compared to that being aggregated up from instantaneous dust mass flux
each time step of MERRAZ2 simulation. MERRAZ2 outputs over one-year (12/2012—

11/2013) are analyzed to compare the zonal dust mass fluxes integrated over the atmosphere
columns between 0°N-30°N at longitudes of 20°W and 50°W, respectively.
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Sensitivity of 2007-2016 average dust deposition into the tropical Atlantic Ocean to
different assumed values of dust MEE as marked with different color.
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Figure 15:
Comparisons of (a) dust deposition (Tg) and (b) dust LF (d~1) between the satellites (this

study) and five models in the literature (Kim et al., 2014).

J Geophys Res Atmos. Author manuscript; available in PMC 2020 July 27.



1duosnuey Joyiny YSYN 1duosnuey Joyiny YSYN

1duosnuel Joyiny VSN

Yuetal.

Satellite-based estimates of annual dust deposition (Tg, ITg = 1012 g) into the ocean basin and their

Table 1:

Page 40

partitioning into the three sub-basins (EAT, GOG, and CAR). Dust MEE is assumed to increase from 0.37 m?

g~at the coast of North Africa to 0.60 m? g1 in the Caribbean Basin.

Instrument
CALIOP
MODIS
MISR
IASI

EAT
111.3
155.8
127.0
96.9

GOG
27.2
50.9
26.7
24.9

CAR
131
14.8
14.3
14.2

Basin total
151.6
2215
168.0
136.0
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