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Abstract. Each summer, the Saharan Air Layer (SAL) transports massive amounts of mineral dust across
the Atlantic Ocean, affecting weather, climate, and public health over large areas. Despite the considerable
impacts of African dust, the causes and impacts of extreme trans-Atlantic African dust events are not fully
understood. The “Godzilla” trans-Atlantic dust event of 2020 has been extensively studied, but little is known
about other similar events. Here, we examine the June 2015 event, the second strongest trans-Atlantic African
dust event that occurred during the summers from 2003-2022. This event was characterized by moderately high
dust emissions over western North Africa and an extremely high aerosol optical depth (AOD) over the tropical
North Atlantic. The high dust loading over the Atlantic is associated with atmospheric circulation extremes
similar to the Godzilla event. Both the African easterly jet (AEJ) and Caribbean low-level jet (CLLJ) have
greatly intensified, along with a westward extension of the North Atlantic subtropical high (NASH), all of which
favor the westward transport of African dust. The enhanced dust emissions are related to anomalously strong
surface winds in dust source regions and reduced vegetation density and soil moisture across the northern Sahel.

The dust plume reduced net surface shortwave radiation over the eastern tropical North Atlantic by about
25 W m~2 but increased net longwave flux by about 3 W m~2. In contrast to the Godzilla event, the 2015 event
had minor air quality impacts on the US, partially due to the extremely intensified CLLJ that dispersed the dust

plume towards the Pacific.

1 Introduction

North Africa is the world’s largest source of dust, emitting
about 400-2200 Tg of mineral dust each year (e.g., Goudie
and Middleton, 2001; Huneeus et al., 2011; Wu et al., 2020;
Kok et al., 2021). African dust aerosols can affect the Earth’s
radiation budget (e.g., Prospero and Lamb, 2003; Li et al.,
2004; Engelstaedter et al., 2006; Schepanski, 2018; Francis
et al., 2022), modify cloud properties by serving as cloud
condensation nuclei and ice nuclei (Levin et al., 1996; Rosen-
feld et al., 2001; Goudie and Middleton, 2001; DeMott et al.,
2003; Prenni et al., 2009), and couple with global biogeo-
chemical cycles by depositing vital mineral nutrients over
land and ocean (Okin et al., 2004; Bristow et al., 2010; Ku-
mar et al., 2014; Yu et al., 2015b; Jickells et al., 2016; Villar-
Argaiz et al., 2018). Climate change is expected to have ma-

jor impacts on North Africa (Prospero et al., 2021), making
it more pressing for us to understand the spatiotemporal vari-
ability in African dust and its associated impacts.

Each boreal summer, a large amount of African dust
is transported westward to the Atlantic Ocean. The thick,
warm, and dry African dust plumes, namely the Saharan
Air Layer (SAL; Carlson and Prospero, 1972; Prospero and
Carlson, 1972; Karyampudi and Carlson, 1988; Kanitz et
al., 2014), often propagate across the tropical North Atlantic
to the Caribbean Basin and the southeastern US, affecting
weather and climate systems along their transport pathways
(e.g., Karyampudi and Carlson, 1988; Dunion and Velden,
2004; Jenkins et al., 2008; Strong et al., 2018). While much
research seeks to understand the conditions associated with
African dust emissions and westward transport and aims
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to quantitatively characterize the trans-Atlantic African dust
plumes (Prospero and Lamb, 2003; Kaufman et al., 2005; En-
gelstaedter et al., 2006; Kalashnikova and Kahn, 2008; Knip-
pertz and Todd, 2012; Fiedler et al., 2015; Yu et al., 2015b,
2019), only a small body of research is dedicated to exam-
ining extreme trans-Atlantic dust events that occur in sum-
mertime, i.e., events with extremely high dust loading over
the tropical North Atlantic (Huang et al., 2010; Francis et
al., 2020; Yu et al., 2021; Pu and Jin, 2021). The record-
breaking trans-Atlantic African dust event of June 2020 —
namely, the “Godzilla” dust storm — is the strongest trans-
Atlantic dust event that has occurred in summertime since
2003 (Yu et al., 2021; Pu and Jin, 2021) and has been ex-
tensively studied (Francis et al., 2020; Yu et al., 2021; Pu
and Jin, 2021; Francis et al., 2022; Scott et al., 2022; Asu-
tosh et al., 2022; Mehra et al., 2023). It has been found that
the event is associated with both enhanced dust emissions
over North Africa and intensified westward transport of dust
related to circulation extremes (Yu et al., 2021; Pu and Jin,
2021). However, little is known about other similar extreme
trans-Atlantic African dust events that have occurred in sum-
mer. It is not clear what the major causes of the extremely
high loading of African dust over the tropical North Atlantic
are — i.e., whether mechanisms found in the 2020 event also
apply to other events, resulting in similar radiation and air
quality impacts.

To address some of these questions, we examine the trans-
Atlantic African dust storm that occurred in June 2015,
which was the second strongest aerosol extreme event over
the tropical North Atlantic in boreal summer during 2003—
2020 (Pu and Jin, 2021). We examine the characteristics,
mechanisms, and radiative and air quality impacts of this
event using multiple satellite products (e.g., the Moderate
Resolution Imaging Spectroradiometer (MODIS), the Visi-
ble Infrared Imaging Radiometer Suite (VIIRS), the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP),
and the Clouds and the Earth’s Radiant Energy System
(CERES)), ground observations (e.g., the Aerosol Robotic
Network (AERONET)), and reanalysis data (fifth generation
of ECMWEF reanalysis — ERAS). The following section re-
views previous studies of summertime trans-Atlantic African
dust events. Section 3 introduces the data and methodology
used in this study, while Sect.fli7 4 presents a detailed anal-
ysis of the June 2015 event and compares it with the 2020
Godezilla dust event. Section 5 discusses limitations and un-
certainties, and Sect. 6 summarizes our major findings.

2 Background

During summertime, due to strong surface heating in the Sa-
hara and dry convection (Fontaine et al., 2002), a deep, dry,
well-mixed dust layer, i.e., the SAL, forms over North Africa
(Carlson and Prospero, 1972; Prospero et al., 2002; Barkan
et al., 2004; Braun, 2010; Pan et al., 2011; Dunion, 2011;

Adams et al., 2012). The top layer of the SAL can reach
heights of 5-6km, while its base is often about 0.9-1.8 km
above the surface (e.g., Prospero and Carlson, 1972; Dunion
and Velden, 2004; Adams et al., 2012). Early observational
studies documented that SALs often move westward from
North Africa to Barbados in the Caribbean (Prospero and
Carlson, 1970; Prospero et al., 1970). It is estimated that at
least 72 Tga~! of African dust leaves the African west coast
at 15° W in summer, with about 18 Tga~! reaching 75° W in
the Caribbean (Yu et al., 2015a).

The westward transport of the SAL in boreal summer has
long been related to certain meteorological factors, such as
the African easterly jet (AEJ) and African easterly wave
(AEW) (Burpee, 1972; Fontaine et al., 2002; Jones et al.,
2003; Engelstaedter and Washington, 2007). In addition,
many other factors that either influence dust emissions in
North Africa or affect atmospheric circulation over the tropi-
cal North Atlantic have been related to variations in the west-
ward transport of African dust in summer, e.g., El Nifo—
Southern Oscillation (ENSO) events (Prospero and Lamb,
2003; Li et al., 2021; Yin et al., 2022), Atlantic sea surface
temperatures (Wang et al., 2012), and local vegetation cov-
erage (Moulin and Chiapello, 2004; Yu et al., 2015a). These
factors modulate dust emissions; near-surface dust concen-
trations; the North Atlantic subtropical high (NASH; Doherty
et al., 2008; Chen et al., 2018); and the North Atlantic Oscil-
lation (NAQO; Moulin et al., 1997), which affects dust trans-
port over the tropical North Atlantic

While the above studies extensively examined the features
and propagations of SALs in summer, only a few studies have
focused on extreme trans-Atlantic African dust events that
have led to high dust loading over the tropical North Atlantic
and the Caribbean Basin. For instance, Petit et al. (2005) ex-
amined the extreme trans-Atlantic dust event that occurred
in June 1994. The dust plume originated near the salt pan
of Taoudenni in northern Mali (Fig. S1a in the Supplement),
where strong surface winds and convection associated with
a depression lifted dust to about 5km. The dust plume then
gradually descended as it traversed the Atlantic within the
easterly trades to the eastern Caribbean Basin.

Huang et al. (2010) conducted a comprehensive study
of major trans-Atlantic African dust outbreaks from 2003
to 2007. Dust outbreaks were defined as instances where
regionally averaged daily MODIS AOD (aerosol optical
depth) exceeded the climatological mean by 1 standard de-
viation over the eastern tropical North Atlantic. Their find-
ings painted a detailed picture of dust transport from cen-
tral West Africa to the Caribbean Basin, documenting the
westward transport pathways of dust, the speed and altitude
of dust layers, and their connection with dry-air outbreaks.
While Huang et al. (2010) were among the first to systemi-
cally study severe trans-Atlantic dust outbreaks, they did not
examine the large-scale-circulation conditions supporting the
long-range transport of African dust plumes or the local land
surface conditions associated with dust emissions.
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The formation of the recent extreme trans-Atlantic Saha-
ran dust event (i.e., the Godzilla dust event), which occurred
in June 2020, has been related to both enhanced local emis-
sions that are associated with increased surface winds, re-
duced vegetation coverage (Pu and Jin, 2021), and strong ha-
boobs (Yu et al., 2021) and large-scale circulations that favor
the westward transport of African dust (Francis et al., 2020;
Yu et al., 2021; Pu and Jin, 2021). Pu and Jin (2021) pointed
out that atmospheric circulation extremes played important
roles in this event. While the extremely enhanced AEJ ad-
vected huge amounts of dust to the eastern tropical North At-
lantic, the westward extension of the NASH and the greatly
intensified Caribbean low-level jet (CLLJ) further steered the
dust plume westward and northward towards the US. Here,
we will examine whether similar atmospheric circulation pat-
terns and land surface conditions occurred during the June
2015 event and whether circulation extremes also contributed
to the high dust loading over the Atlantic.

We will also examine the impacts of the extreme trans-
Atlantic dust event that occurred in June 2015. Dust aerosols
are known to absorb and scatter incoming shortwave and out-
going longwave radiation and emit longwave radiation, af-
fecting the regional and global radiative balance (Claquin et
al., 2003; Xu et al., 2017). The sign and magnitude of the
radiative forcing of dust strongly depend on the physical and
optical properties of dust aerosols, their chemical and min-
eral compositions, and spatial distributions (Goudie and Mid-
dleton, 2001; Meloni et al., 2005; Reddy et al., 2013; Ma-
howald et al., 2014; Kok et al., 2023). The radiative effects of
African dust have long been examined through satellite prod-
ucts (e.g., Yu et al., 2006; Brindley and Russell, 2009; Song
et al., 2018), field campaigns (e.g., Carlson and Caverly,
1977; Haywood et al., 2001, 2003; Highwood et al., 2003;
Slingo et al., 2006), and modeling studies (e.g., Tegen and
Lacis, 1996; Myhre et al., 2003; Tegen et al., 2010; Hansell
et al., 2010). The high dust loading, long duration, and large
affected areas of extreme trans-Atlantic dust events provide
great examples for revisiting the radiative impacts of African
dust. Francis et al. (2022) found that the Godzilla dust plume
of 2020 led to a 190 W m~2 drop in downward shortwave ra-
diation flux and a 23 W m~2 rise in downward longwave flux
at the surface of the eastern tropical Atlantic on 18 June 2020.
Mebhra et al. (2023) showed that the Godzilla dust plume also
significantly affected radiative balance in the US, resulting
in atmospheric heating amounting to 5-12 W m~2. Here, we
will explore the perturbation of the June 2015 African dust
plume on both surface and top-of-the-atmosphere (TOA) ra-
diative budgets.

Severe dust storms with elevated concentrations of dust
particles can have adverse impacts on public health and trans-
portation (e.g., Shinn et al., 2003; Goudie, 2014; Urrutia-
Pereira et al., 2021). Trans-Atlantic African dust has been
found to affect air quality over both the Caribbean Basin and
the southern US (Prospero, 1999; Chen et al., 2018; Prospero
et al., 2021). For instance, Saharan dust has been found to

be related to high rates of asthma in the Caribbean (Gyan et
al., 2005; Akpinar-Elci et al., 2015) and can transport fungi
and bacteria from Africa to the Caribbean (Prospero et al.,
2005; Waters et al., 2020). Over coastal Texas, African dust
contributed to approximately 8 % of PM 5 (particulate mat-
ter with an aerodynamic diameter < 2.5 um) concentrations
in summer and up to 48 % of PM; 5 concentrations during
an African dust outbreak in August 2014 (Bozlaker et al.,
2019). During the Godzilla event of 2020, PM; 5 levels over
a large area of the southern US exceeded the Environmen-
tal Protection Agency (EPA) guideline, and the Air Quality
Index (AQI) reached orange levels (unhealthy for sensitive
groups) and red levels (unhealthy for the general public) in
more than 11 states (Pu and Jin, 2021; Yu et al., 2021). The
extent to which the extreme 2015 trans-Atlantic dust event
affected the air quality in the US will be examined in this
study.

3 Data and methodology

3.1 Data

We use satellite retrievals of AOD, radiative fluxes, vegeta-
tion coverage, and precipitation, as well as circulation vari-
ables and soil moisture from reanalysis and ground obser-
vations of AOD and air quality variables, to examine the
characteristics, mechanisms, and impacts of the extreme dust
plume that occurred in 2015.

3.1.1 MODIS and VIIRS AOD

AOD is a column-integrated measure of aerosol extinction.
Here, we use daily and monthly AOD from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) (ver-
sion 6.1; Sayer et al., 2019) aboard both the Terra and Aqua
satellites. Monthly level-3 AOD data from 2003 to 2022 have
a spatial resolution of 1.0° x 1.0°, while daily level-2 data
from 2015 are regridded to a 0.1° x 0.1° grid to characterize
features of the dust plume. Monthly and daily MODIS AOD
is generated by averaging Terra- and Aqua-MODIS AOD.
Daily AOD from the Visible Infrared Imaging Radiome-
ter Suite (VIIRS; Hsu et al., 2019) onboard the Suomi Na-
tional Polar-orbiting Partnership (Suomi NPP) satellite is
used to complement MODIS AOD. Daily VIIRS AOD is
also gridded to a 0.1° x 0.1° resolution and averaged with
daily MODIS AOD from June 2015 to increase the spatial
coverage of the data to better demonstrate the propagation
of the African dust plume. Both MODIS and VIIRS AOD
agree well with the Aerosol Robotic Network (AERONET;
Holben et al., 1998, 2001) ground observations (Liu et al.,
2014; Sayer et al., 2019; Hsu et al., 2019), with root mean
square errors of 0.115, 0.121, and 0.122 for Aqua MODIS,
Terra MODIS, and VIIRS, respectively (Hsu et al., 2019).
The high spatial resolutions, near-global coverage, and rel-
atively small errors in MODIS and VIIRS AOD make them
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very suitable for examining the long-range transport of ex-
treme African dust plumes.

3.1.2 CALIOP aerosol profiles

The Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) is a two-wavelength lidar instrument aboard the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vations (CALIPSO) satellite. CALIOP measures backscat-
tered radiances attenuated by aerosols and clouds and re-
trieves the microphysical and optical properties of aerosols.
The record began in June 2006 and has been shown to pro-
vide quality data about aerosol size, aerosol type, and dif-
ferent shapes of cloud particles (Winker et al., 2007). We
used daily 532 nm total-attenuated-backscatter data (level 1)
and depolarization ratio data (§; level 2) from June 2015 to
examine the vertical profiles of the dust plume. Note that
CALIOP data are missing for the period 19-28 June 2015.
The instrumental sources of depolarization bias are small
(Winker et al., 2004), with a typical uncertainty (median val-
ues) of about 0.18 for aerosol profile products at nighttime
(CALIPSO User Guide, 2018), while the biases in nighttime-
attenuated-backscatter data at 532 nm in version 4 amount
to about 1.6 % £ 2.4 % when compared to collocated mea-
surements from the Langley Research Center’s airborne High
Spectral Resolution Lidar (Kar et al., 2018). Since the de-
polarization ratio can help separate spherical and nonspheri-
cal hydrometeors (Sassen, 1991), we use § > 0.2 to separate
(nonspherical) dust from other aerosols (Li et al., 2010; Kim
et al., 2018; Pu and Ginoux, 2018a; Pu and Jin, 2021).

3.1.3 Spinning Enhanced Visible and Infrared Imager
(SEVIRI) dust red—green—blue (RGB)

Dust red—green—blue (RGB) composite satellite images have
been widely used as a qualitative method to study the spa-
tiotemporal formation and evolution of dust plumes (e.g.,
Schepanski et al., 2007; Marsham et al., 2008; Martinez
et al., 2009; Roberts et al., 2018; Caton Harrison et al.,
2021). Dust aerosols are detected based on spectral varia-
tions in emissivity at infrared (IR) wavelengths ranging from
8 to 12 um (Ackerman, 1997; Lensky and Rosenfeld, 2008).
Here, the dust RGB images from the Spinning Enhanced Vis-
ible and Infrared Imager (SEVIRI) onboard the geostationary
Meteosat Second Generation (MSG) satellite (Schmetz et al.,
2002), positioned at 0° longitude (i.e., Meteosat-10), are used
to understand dust emissions from the extreme event that oc-
curred in June 2015. The SEVIRI instrument observes the
Earth system at 12 wavelengths ranging from 0.4 to 13.4 pm
with a 15 min repeat cycle and a spatial resolution of 3 km
at nadir for the IR channels. The SEVIRI dust RGB images
are composed of brightness temperatures (BTs) and BT dif-
ference (BTD) at 8.7, 10.8, and 12.0 um (Schepanski et al.,
2007; Ashpole and Washington, 2012). The dust RGB bands
are defined as follows: the BTD between 12.0-10.8 um is

red, the BTD between 10.8-8.7 um is green, and the BT at
10.8 um is blue. The dust plumes appear as pink in the dust
RGB images. IR dust detection is affected by several fac-
tors, such as the vertical temperature gradient in the lower
atmosphere, water vapor content, dust mineralogy, dust al-
titudes, and characteristics of the land surface (Brindley et
al., 2012; Banks et al., 2018, 2019). Here, the high-temporal-
resolution dust RGB images complement daily MODIS and
VIIRS AOD to show the development of the dust plume over
North Africa.

3.1.4 MODIS normalized difference vegetation index
(NDVI)

We also use the monthly and 16 d Terra-MODIS normalized
difference vegetation index (NDVI; Didan et al., 2015; ver-
sion 6.1) to examine the connection between dust emissions
and vegetation coverage. The level-3 data are interpolated to
a 0.25° x 0.25° grid, and the 16 d products are linearly inter-
polated to daily values. The uncertainty in the data is about
40.025 (MODIS Land General Accuracy Statement, 2023),
which is much smaller than that for the anomalies in the Sa-
hel, as noted in this study.

3.1.5 Integrated Multi-Satellite Retrievals for Global

Precipitation Measurement (IMERG)

The Global Precipitation Measurement (GPM) mission uti-
lizes the Integrated Multi-Satellite Retrievals for GPM
(IMERG) algorithm to combine all available passive-
microwave (PMW) and IR-precipitation estimates from low-
Earth-orbit and geosynchronous-Earth-orbit satellites. These
estimates are then validated and corrected for bias using
monthly gauge analysis from the Global Precipitation Clima-
tology Centre (GPCC) (Huffman et al., 2019). IMERG is an
improvement over the previous Tropical Rainfall Measuring
Mission (TRMM), with reduced misdetection of precipita-
tion and better performance in capturing heavy and light pre-
cipitation (Wang et al., 2021) and subdaily rainfall (Freitas et
al., 2020); however, it still exhibits large overestimations of
duration and underestimations of precipitation intensity (Fre-
itas et al., 2020). We use IMERG Final Run (IMERG-F) for
the period 2000-2019 (0.1° by 0.1°) as it is the most accurate,
gauge-adjusted, and research-ready IMERG product (Wang
et al., 2017, 2021; Beck et al., 2021). The half-hourly data
are resampled to daily averages to examine the potential in-
fluence of precipitation on the formation and transport of the
extreme African dust plume.

3.1.6 CERES radiative fluxes

We use daily and monthly radiation flux data from the
CERES (Clouds and the Earth’s Radiant Energy System)
products (Doelling et al., 2016) on a 1° x 1° grid to study
the radiative impacts of the extreme 2015 dust plume.
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The CERES instruments are onboard both the Terra and
Aqua satellites and measure shortwave (SW) radiation be-
tween 0.3 and 5 um, total radiation between 0.3 and 200 um,
and window wavelengths between 8 and 12 um (Wielicki
et al., 1996). The dataset includes observed top-of-the-
atmosphere (TOA) fluxes and computed surface and in-
atmosphere fluxes using the Langley Fu-Liou radiative-
transfer model; MODIS-derived and geostationary-satellite-
derived cloud properties; atmospheric data from the God-
dard Earth Observing System (GEOS) model; and aerosol
properties from the Model for Atmospheric Transport and
Chemistry (MATCH), which assimilates MODIS AOD (Ru-
tan et al., 2015). Note that current CERES products have
a net imbalance of +4.5Wm~2 at the TOA (Johnson et
al., 2016; Kato et al., 2018; Loeb et al., 2018). In compar-
ison with surface observations at buoy sites, CERES sur-
face fluxes show mean biases of 3:00%8 W m~2 for down-
ward SW fluxes and —4-00%W m~2 for downward long-
wave (LW) fluxes in monthly data (CERES Surface Flux
Accuracy and Validation, 2021). The larger differences be-
tween the CERES and buoy data over the tropical Atlantic
Ocean are attributed to the transported African dust that has
accumulated on buoys (Foltz et al., 2013). Due to their high
spatial coverage, CERES products have been widely used to
study the radiative effect of dust (e.g., Song et al., 2018; Fran-
cis et al., 2022).

3.1.7 AERONET AOD

The AERONET program (Holben et al., 1998) provides
quality-assured cloud-screened measurements (level 2.0) of
aerosol optical properties from sun photometer records. The
recorded AOD has high accuracy, with an uncertainty level
of 0.01-0.02 (depending on the wavelength) (Holben et al.,
2001; Giles et al., 2019). Here, version 3.0 AOD at wave-
lengths between 440 and 870 nm and Angstrém exponents
across dual wavelengths of 440-675, 440-870, and 500-
870 nm, with temporal resolutions varying from about 3 to
30 min (depending on the station) over western North Africa,
the tropical North Atlantic, and the Caribbean Basin in June
2015, are used. AOD at 550 nm is converted using the method
detailed by Pu et al. (2020). Stations that recorded fewer
than 10d of data and had mean AOD values below 0.2 from
11-25 June 2015 are not included in the analysis. The re-
sults from 14 stations are presented and compared with the
MODIS and VIIRS AODs.

3.1.8 EPA station data

Daily air quality data on PMj5 and the Air Quality In-
dex (AQI) from the US Environmental Protection Agency’s
(EPA) Air Quality System (AQS) stations are used to exam-
ine the influence of the June 2015 African dust plume on air
quality in the US. The AQI reflects the health effect of major
air pollutants, with values of 0-50 indicating good air qual-

ity (green), values of 51-100 indicating moderate conditions
(yellow), values of 101-150 indicating unhealthy conditions
for sensitive groups (orange), and values of 151-200 indicat-
ing unhealthy conditions (red).

3.1.9 Aerosol products from the Modern-Era
Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2)

The second version of the Modern-Era Retrospective Anal-
ysis for Research and Applications (MERRA-2; Gelaro
et al.,, 2017) provides data on dust optical depth (DOD)
(50km¥=; 3-hourly data; GMAO, 2015) starting from
1980. MERRA-2 is the first long-term global reanal-
ysis that incorporates satellite observations of aerosols
(Gelaro et al., 2017). MERRA-2 assimilates aerosol products
from MODIS, the Multi-angle Imaging SpectroRadiome-
ter (MISR), and the Advanced Very High Resolution Ra-
diometer (AVHRR), as well as ground observations from
AERONET sun photometers (Gelaro et al., 2017; Buchard
et al., 2017). MERRA-2 demonstrates considerable skill in
its aerosol products and shows improvement over its prede-
cessor (Gelaro et al., 2017; Randles et al., 2017; Buchard
et al., 2017). Its DOD product effectively captures spatial
and temporal variations in DOD over North Africa on a
seasonal timescale compared to infrared satellite retrievals;
however, it does not account for a large portion of day—night
differences in dust as nighttime observations are currently
not assimilated to the product (Tindan et al., 2023). The 3
hourly?i MERRA-2 DOD data are averaged to daily values
to complement MODIS and VIIRS AODs.

3.1.10 ERAS5 meteorological and surface variables

Version 5 of the ECMWF (European Centre for Medium-
Range Weather Forecasts) reanalysis (ERAS) (Hersbach et
al., 2020; Mufiez-Sabater-et-al;2021855) is the fifth genera-
tion of the ECMWF reanalysis products. Monthly and hourly
variables, such as surface winds and geopotential height at
925, 850, and 600 hPa (at a resolution of 0.25° x 0.25°; Hers-
bach et al., 2023a, b), are used to understand the circulation
features associated with dust emissions and long-range trans-
port

Hourly and monthly volumetric soil water content of
the top layer (i.e., 0-7cm), with a spatial resolution of
0.1° x 0.1° (Hersbach et al., 2023c, d), is used to exam-
ine land surface conditions associated with dust emissions.
Daily values are averaged from hourly data. ERAS is the first
ECMWEF reanalysis to incorporate soil moisture retrievals
from C-band scatterometer instruments onboard European
Remote Sensing satellites 1 and 2 (ERS-1 and ERS-2) and
Meteorological Operational satellites A and B (MetOp-A
and MetOp-B) (Piles et al., 2019; Hersbach et al., 2020;
Agutu et al., 2021; Muifioz-Sabater et al., 2021). Although the
soil moisture product of ERAS does not incorporate ground-
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based observations and lacks sufficient spin-up time for ac-
curately representing deep-soil moisture, ERAS soil moisture
estimates demonstrate high skill with regard to shallow-soil
moisture in regions where gauge measurements are lacking,
such as western Africa (Brocca et al., 2020; Beck et al., 2021;
Muiioz-Sabater et al., 2021).

3.2 Jetindices

Both the African easterly jet (AEJ) and the Caribbean low-
level jet (CLLJ) have been found to affect the westward
propagation of African dust plumes (Prospero and Carlson,
1981; Pu and Jin, 2021). These extremely enhanced easterly
jets also contributed to the development of the Godzilla dust
event in June 2020 (Pu and Jin, 2021). Here, we examine how
these jets may have affected the formation of the extreme
African dust plume in 2015. We use jet indices to quantify
the magnitude of each jet, calculated by averaging the east-
erly wind speed over the jet’s climatological location, similar
to regions selected in prior papers (Cook, 1999; Wang, 2007;
Leroux and Hall, 2009; Martin and Schumacher, 2011). Fol-
lowing Pu and Jin (2021), the CLLJ index is calculated by
averaging 925 hPa easterly wind speed from ERAS between
11-17° N and 70-80° W, and the AEJ index is calculated by
averaging 600 hPa easterly wind speed from ERAS between
10-15° N and 30° E-10° W.

3.3 Identify extreme trans-Atlantic dust events

We first use aerosol extreme events (AEEs; Pu and Jin, 2021)
to identify high-dust-loading days across the tropical North
Atlantic and western North Africa. An AEE is defined as
when the regional mean of daily MODIS AOD is above the
90th percentile of daily AOD centered on a 15d window
for the period 2003-2022 in boreal summer (June—August).
The duration of an AEE is defined as the number of con-
secutive days (> 1) that meet the criteria, while the magni-
tude of an AEE is calculated by averaging AOD data for this
event. Following Pu and Jin (2021), we calculated the AEEs
that occurred over the tropical North Atlantic (8—25°N, 18—
90° W; see location in Fig. 1a) and the dust source region in
western North Africa (8-25°N, 18-5° W; see Fig. 1a) dur-
ing JJA from 2003-2022. During boreal summer, peak dust
activities are mainly located in western North Africa, ex-
tending from the Mauritanian coast to the Mali—-Mauritania
border and the Mali—Algeria border (Goudie and Middleton,
2001; Prospero et al., 2002; Engelstaedter et al., 2006; En-
gelstaedter and Washington, 2007). The averaging regions
largely capture the westward transport pathway of African
dust in summer, and the resultant AEEs for the period 2003—
2022 are very similar to those reported by Pu and Jin (2021;
their Fig. 2). Over the tropical North Atlantic region, the
AEE of June 2020 has the highest magnitude of AOD on
record, with a duration of 12d (not shown), and the June
2015 event has the second highest magnitude, with a dura-

tion of 6d (Fig. 1c). Over the dust source region in western
North Africa, a 1d AEE on 13 June is found, with a moder-
ately high AOD of 0.74 (Fig. 1b), weaker than the June 2020
event (a 6d AEE with an AOD of 0.90) and slightly above
the mean of AEEs over western North Africa (0.73; Fig. 1d).
Note that the MODIS AOD from the study region contains
missing values; this is largely due to cloud screening, which
may affect the calculation of AEEs. Here, only days where
the percentage of missing AOD values in the averaging areas
is less than 30 % are used for AEE calculations, and this cri-
terion mainly affects the AEEs over land (Fig. 1b). Slightly
increasing or reducing the missing-value threshold (e.g., to
20 % or 40 %) does not change the AEE days over the ocean.

While AEEs capture the maximum AOD during the event
(Fig. 1b—c), a trans-Atlantic event usually lasts more than
a week as it takes about 7d for African dust to reach the
Caribbean and 10-12 d for it to reach the continental US (Ott
et al., 1991; Haarig et al., 2017; Chen et al., 2018). Thus,
we also use a Hovmoller diagram illustrating AOD over the
tropical North Atlantic that shows the westward propagation
of the dust plume (Fig. 2) and a plot depicting daily AOD
(Fig. 3) to identify the start and end dates of the event. We
found that the extreme dust event started around 12 June and
ended around 23 June 2015.

4 Results

4.1 Features of the extreme trans-Atlantic dust event of
June 2015

Figure 3 shows the daily mean AOD averaged between
MODIS and VIIRS from 11 to 25 June 2015. The extreme
dust event began around 12 June, and on 12—13 June, AOD
reached the 95th percentile over the western Guinea coast.
On 14 June, AOD exceeded 2.0 over the borders of Mauri-
tania, Mali, and Senegal (Fig. 3b—d). The plume was then
rapidly advected out of the source region and into the trop-
ical North Atlantic on 15 June. AOD over the west coast
of North Africa and tropical North Atlantic reached 4.95
(Fig. 3e). During its westward transport, large portions of
the plume showed AOD values above the 95th percentile
during JJA from 2003-2022 and above the 99th percentile
in certain regions over the tropical North Atlantic (Fig. S2).
The dust plume arrived at the Caribbean Sea around 17 June
(Fig. 3g) and passed through the region and began to split
around 21 June (Fig. 3k). The northern branch of the plume
was advected northward and dispersed across the Gulf region
and the southern central and eastern US, while the southern
branch of the plume traveled across the Guatemala Basin to
the eastern tropical Pacific Ocean (Fig. 31-0). The plume was
still quite strong even after it passed over the Pacific, with
daily AOD values exceeding the 99th percentile (Fig. S2m-—
0). Previous studies found that the westward movement of
African dust in summer can reach as far as 100°W (e.g.,
Vuolo et al., 2009; Adams et al., 2012). In this extreme event,
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Figure 1. (a) Climatology of MODIS AOD during June—August (JJA) from 2003 to 2022. Regions with MERRA-2 DOD greater than 0.3
are contoured in black. The averaging area over the tropical North Atlantic (TNA; 8-25° N, 18-90° W) and western North Africa (WNA;
8-25°N, 18-5° W) regions are marked by a green box and a blue box, respectively. The regional mean of daily MODIS AOD (blue) and
MERRA-2 DOD (black) for JJA 2015 across (b) western North Africa and (c) the tropical North Atlantic. The 90th percentile of daily
MODIS AOD for JJA (2003-2022) is shown in orange, and the dotted grey lines represent the 5th and 95th percentiles of AOD. Filled
(empty) circles represent days where the percentage of missing values is less than (more than) 30 % within the regional boxes. Distribution
of aerosol extreme events (AEEs) from 2003-2022 over (d) WNA and (e) the TNA. The red dots mark the values of the June 2015 event,
and the vertical dashed lines denote the means of the AEEs over WNA and the TNA.

the African dust plume traveled as far as 120° W and beyond
(Fig. 31-0).

Figure 4a shows the number of days during this event
when MODIS AOD exceeded the 90th percentile of daily
values for JJA from 2003-2022, along with the locations
of AERONET stations. Over the tropical North Atlantic,
large areas experienced extremely high dust loading for 2—

6d. The evolution of AERONET AOD records (Fig. 4b—0)
largely resembles satellite AOD records (Fig. 3). For sites
across North Africa, AOD values slightly increased before
or around 13 June 2015, with magnitudes mostly below 1.6,
consistent with the findings shown in Fig. 1 that indicate
that the dust emissions over land were enhanced but not ex-
tremely high. Over the coastal region, the daily maximum
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Figure 2. Hovmoller plot of meridionally averaged MODIS and VI-
IRS AODs from 8-25° N across the tropical North Atlantic for the
period 11-15 June 2015. Only AOD values above 0.4 are shown.
The black contour denotes the areas where MERRA-2 DOD is
greater than 0.3. The green line denotes 18° W and represents the
dividing line between the averaging boxes shown in Fig. 1. The red
dots mark the dates of AEEs over the tropical North Atlantic (left)
and western North Africa (right).

AOD at the Dakar site reached 3.5 on 15 June (Fig. 41) as the
dust plume propagated towards the ocean (Fig. 2e). MODIS
and VIIRS AOD showed a similar peak around 15 June at
the Dakar and Capo Verde sites but with a weaker magni-
tude (Fig. 4i—j). When the dust plume reached the Caribbean
Basin, AERONET AOD increased to 1.5 at the Ragged Point
site on 18 June and 1.0 at the La Parguera site on 19 June. In
comparison to AERONET records from the Godzilla event
(Yu et al., 2021), daily mean AOD values were about 0.7
lower over the African coastal region and eastern tropical
Atlantic (Dakar site vs. Capo Verde site) and about 0.3-0.8
lower over the Caribbean Basin at the Ragged Point, Guade-
loupe, and La Parguera sites.

CALIOP-derived total-attenuated-backscatter data illus-
trate the vertical profiles of the dust plume (Fig. 5). The
plume was more compact and reached a greater vertical ex-
tent (from 1.5 to 6 km) at its origin over western North Africa
during 13-14 June 2015 (e.g., between sampling points B
and C in Fig. 5a and b). The high plume top over the source
region is consistent with findings from a previous study by
Petit et al. (2005), who suggested that a minimum dust layer
altitude of 3 km off the west coast of North Africa is nec-
essary for African dust plumes to fully traverse the Atlantic
and reach the Caribbean as dust plumes descend during west-
ward transport. This descent is a balance between the con-
vection in the underlying marine layer and the subsidence of
anticyclonic air from the NASH (Petit et al., 2005). As the
plume traveled westward over the tropical North Atlantic,
it slowly subsided and weakened, consistent with previous
studies (Braun, 2010; Adams et al., 2012; GroS8 et al., 2015;
Weinzierl et al., 2017). However, the rate of descent was

somewhat slower than 500 md~! during the June 2020 event
(Yu et al., 2021). By 18 June, the plume over the western
tropical North Atlantic was primarily found between 2 and
Skm (Fig. 5f). Due to missing CALIOP data from 19 to
28 June 2015, it is not entirely clear whether the descending
rate increased as the plume propagated across the Caribbean
Basin.

4.2 Circulation conditions associated with the extreme
2015 dust event

In this section, we will examine the large-scale circulation
patterns associated with the westward transport of the ex-
treme African dust plume. Over western North Africa and
the eastern North Atlantic, the AEJ centered around 600 hPa
plays an important role in transporting African dust west-
ward (Prospero and Carlson, 1981; Jones et al., 2003; Schep-
anski et al., 2017; Yu et al., 2021), with a stronger jet asso-
ciated with higher AOD found over the tropical North At-
lantic (Pu and Jin, 2021). Figure 6 shows anomalies in the
3 d averages of zonal wind speed at 600 hPa from around the
onset of the event (11-13 June 2015) to the time when the
dust plume reached the Caribbean Basin (17-19 June 2015).
The black contour indicates the climatological location of the
jet, and the hatched area denotes regions where zonal wind
speed is above the 95th percentile for June from 1979-2022
in the ERAS reanalysis. From 11-13 June, the easterly wind
anomalies were located between 0 and 17°N over the jet
core region and the Guinea coast. The jet continued to in-
tensify from 14—19 June, advecting the dust plume westward
to the central tropical North Atlantic (Fig. 6b and c). The
magnitude of the AEJ right before and at the beginning of
the event (11-16 June) was 16.8 ms~!, which makes it the
fourth strongest for that week from 1979 to 2022 (Fig. S3a),
greatly favoring the export and westward transport of African
dust.

As the dust plume propagated to the central-western trop-
ical North Atlantic, the anticyclonic flow of the NASH fur-
ther facilitated its westward transport. Figure 7a—c show 3d
averages of the geopotential height and wind anomalies at
850hPa. The NASH extended westward from its climato-
logical location towards the Gulf of Mexico and the south-
eastern US from 17 to 25 June 2015. The related easterly
and southerly wind anomalies further steered the dust plume
towards the continental US. The westward extension of the
NASH, along with the reduced height over the tropical east-
ern Pacific, further increased the meridional pressure gradi-
ent over the Caribbean Basin and strengthened the CLLJ at
925 hPa (Fig. 7d—f). In fact, the magnitude of the CLLJ dur-
ing 17-22 June (18.3ms~!) was the strongest for that period
from 1979 to 2022 in the ERAS reanalysis (Fig. S3b). The
high magnitude of the jet is consistent with the extremely
enhanced geopotential heights to the north of the Caribbean
Basin and the reduced heights to the south (hatched regions
in Fig. 7a—c). The greatly strengthened CLLJ facilitated the
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westward transport of African dust across the Caribbean
Basin. The extreme easterly jet further advected part of the
plume into the eastern Pacific, while the remainder of the
plume was carried northward to the US by the anticyclonic
flow (Fig. 7e-f).

Overall, the circulation patterns observed during the June
2015 event are largely consistent with the findings of Pu and
Jin (2021), who showed that the enhanced AEJ and CLLJ,
along with the westward extension of the NASH, all con-
tribute to the long-range transport of African dust to the trop-
ical North Atlantic and the Caribbean Basin. The extremely
high magnitudes of the AEJ and CLLJ in this event also sug-
gest that circulation extremes played important roles in the
formation of high dust loading over the ocean. One unique
feature of the June 2015 event was the extremely strong
CLLJ that transported a portion of the dust plume to the east-
ern Pacific, meaning fewer dust particles were advected to
the US.

4.3 Anomalous dust emissions

As shown in Fig. 1b, the extreme trans-Atlantic dust event
is associated with a 1d AEE that occurred on 13 June over
western North Africa, indicating enhanced dust emissions
over source regions at the beginning of the event. To under-
stand the factors that contributed to increased dust emissions,

we first examine local surface wind speed, which has long
been related to dust emissions in North Africa (e.g., Gillette
et al., 1980; Helgren and Prospero, 1987; Engelstaedter and
Washington, 2007; Cowie et al., 2015; Evan et al., 2016).
Figure 8 shows 3d averages of 10m surface wind anoma-
lies from 11-16 June 2015 and the ranking of the top five
strongest surface wind speeds during these days from 1979—
2022 over North Africa. Surface wind speeds are greatly in-
tensified over eastern Mali to the Mali—Algeria border, west-
ern Algeria, and southern Egypt to north Sudan (Figs. 8a
and b and Sla). In summertime, the magnitude of the sur-
face wind speed ranked the highest or among the top five in
active dust source regions in central to eastern Mali (Fig. 8c)
and Mauritania (Fig. 8d). High-percentile AOD (grey dots) is
largely located downstream of regions with extreme surface
winds.

The anomalously strong surface-wind-induced dust emis-
sions are also captured by the SEVIRI dust RGB images
(Fig. 9). While the dust emissions in Mali (pink) on 11 June
2015 were likely affected by the outflow of downdrafts gen-
erated by mesoscale convective systems (MCSs) over south-
ern to central Mali and Burkina Faso (dark red; Fig. 9a),
the enhanced dust emissions over central Mali, the Mali—
Algeria—Niger border, and Mauritania during 12-16 June
(Fig. 9b—f) are largely collocated with the strong surface



10 B. Harr et al.: The emission, transport, and impacts of the extreme Saharan dust storm in 2015

40N
30N
20N 7
10N A

w oo oo

AOD (550nm)

cooo 4

oW 60W 30W 0

o

b)  1-Medenine-IRA c)
—e— AERONET
MODIS

—e— VIIRS

2-Ben_Salem
33.5°N
10.6°E

35.6°N
9.8°E

12 3 4 5 6 7 8

d)  3-Zinder_Airport

AOD (550nm)

AOD (550nm)
AOD (550nm)

22.8°N 1.8 8.5°N
£ 20 55 £ 15 4.7°E
£ £
g S1.2
e £09
o =) e ° %
o 0o 06 é 8
= o 0.3 ‘\‘* ...,.,or"‘é
00 Bt
9 13 17 21 25
14.4°N
-17.0°E

AOD (550nm)

21 25
) 9-Capo_Verde .5 & 10-Ragged Point s 11-Guadeloup
’ 16.7°N “F 13.2°N ’ 16.2°N
g12 2296 g 12 F 594°E g 12 & -61.5°E
S 0.9 s 09 F S 09
=06 v e s So6fF Qi =06
2 o3 2 03 :)f\ 203 o . L
b0 b s o v s g o g o ool . oo b T Y
9 13 17 21 25 9 13 17 21 25 9 13 17 21 25
; 5(m) 12-Cape_San_Juan s n) 13-La_Parguera | 5(o) 14-UPRM_Lidar_Lab
’ 18.4°N ’ 18.0°N ’ 18.2°N
g12 656 g 12 67.0°6 ¢ 1.2 -67.1°E
S 09 s09F S 09
8 8 8
a Q Q
o (]
< <

0.6 \}( 0.6 a 0.6
03 F o ,}&"’ & ? 03 F j“b 03 i ole w
00 TS SN LS TN R S A 00 L TR S A T SO SO T SO T W W S W —— 00

9 13 1174 21 25 9 13
Days in June 2015

17 21 25 9 13 17 21 25
Days in June 2015

Days in June 2015

Figure 4. (a) Number of days when daily MODIS AOD exceeded the 90th percentile of daily values for JJA (2003-2022) from 12-24 June
2015. The locations of 14 AERONET stations are shown in black. (b—0) Daily AOD values from AERONET (red), MODIS (light blue), and
VIIRS (dark blue) from 9-25 June 2015. Subdaily values of AERONET AOD are shown in the grey box, with the upper, lower, and middle
bars showing the 25th and 75th percentiles and the median of the data. The whiskers extend from the minimum to the maximum. The red
circles denote the daily mean of AERONET AOD values. The latitude and longitude of each AERONET site is shown in the top-right corner

of each panel.

wind anomalies (Fig. 8c and d). On 14 June, a coastal MCS
also contributed to the enhancement of dust emissions in
Mauritania (Fig. 9d).

In addition to increased surface wind speeds, certain land
surface conditions, such as dry soil caused by a precipita-
tion deficit and reduced vegetation coverage, also favor dust
emissions (Gillette et al., 1980; Engelstaedter et al., 20006;
Cowie et al., 2014; Kim et al., 2017; Pu and Ginoux, 2018b).
Figure 10 shows 3d averages of soil moisture anomalies
from ERAS and NDVI anomalies from MODIS across North
Africa. Soil moisture decreased over large areas in the Sahara
and Sahel. In the southern Sahel, soil moisture anomalies
reached —0.1 m>m~3 (about —40 %), falling below the Sth
percentile for June from 2003-2022 (Fig. 10a and b), likely

as a result of decreased rainfall (Fig. S4). Note that the pre-
cipitation reduction over the tropical North Atlantic (Fig. S4)
also helped maintain the high dust loading over the ocean
by minimizing the scavenging of fine-dust aerosols over the
southern part of the dust plume around 5-10° N. Vegetation
decay occurred in nearly all the same areas where soil mois-
ture was greatly reduced, reaching the lower Sth percentile
(Fig. 10c and d), and even the lower st percentile in some
areas (not shown), favoring wind erosion in the region.

A multiple-linear-regression model has been used to quan-
tify the relative contributions of land surface variables (i.e.,
surface wind speed, precipitation, and NDVI) to dust emis-
sions over western North Africa during the Godzilla dust
event of June 2020 (Pu and Jin, 2021). Here, we tested the
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same approach but instead used data on monthly surface
wind speeds and top-layer soil moisture from ERAS and the
NDVI from MODIS as explanatory variables. Similar to the
findings of Pu and Jin (2021), these variables can capture
64 % of the variations in AOD over western North Africa dur-
ing June from 2003-2022 and can largely reproduce the spa-
tial pattern of AOD anomalies from the 2020 event (with pat-
tern correlation of 0.86), although AOD magnitude is under-
estimated. However, we found that the statistical model can-
not effectively reproduce the AOD anomalies from the June
2015 event (showing a pattern correlation of 0.21). A few
factors may contribute to this discrepancy. The much shorter
duration (i.e., 1 d) and weaker magnitude of the extreme dust
event over western North Africa during the 2015 event may
be harder to capture compared to those of the stronger aerosol
extreme event that lasted 6 d during the 2020 event. Mecha-
nisms that affect dust emissions on shorter timescales (e.g.,
from subhourly to daily timescales) and smaller spatial scales
(e.g., gusts generated by downdrafts from mesoscale convec-
tive storms) are not included in the multiple-linear-regression

model. Nonlinear interactions and feedback among explana-
tory variables are also not included. In addition, biases in
explanatory variables, e.g., surface winds in North Africa
that are often underestimated in reanalyses (Largeron et al.,
2015), could also affect the results. Fully quantifying the
contribution of each influencing factor to the formation of
the trans-Atlantic dust event would require modeling studies
with sensitivity tests, which is beyond the scope of this study
and will be examined in the future.

4.4 Impacts of the extreme 2015 trans-Atlantic dust
event

4.41 Radiation impacts

The perturbation of the extreme African dust plume that oc-
curred in June 2015 on radiative fluxes at the TOA and the
surface is examined using daily clear-sky data from CERES.
Figure 11a shows anomalies in the regional mean short-
wave (SW) and longwave (LW) fluxes over the eastern tropi-
cal North Atlantic (8-25° N, 18—42° W), along with MODIS
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AOD values for June 2015. At the surface, when regional
mean AOD reached a maximum of 1.1 on 16 June, the reduc-
tion in SW flux also reached a peak at about —25.5 Wm~2,
while LW flux exhibited a weak warming anomaly of about
3.5W m™2, associated with scattered and emitted LW radi-
ation by the warm SAL. Consistent with previous studies
(e.g., Tegen et al., 1996), changes in radiative fluxes at the
TOA were much smaller than those at the surface, with LW
warming amounting to about 1.0 Wm~2 and SW cooling to
—31Wm2, although no clear maxima were found when
AOD peaked. Both the sign and magnitude are consistent
with previous studies on the TOA radiative effects of African
dust over the Atlantic (e.g., Yu et al., 2006; Yorks et al.,
2009). The SW cooling at the TOA is associated with an in-
crease in reflected solar flux due to the bright dust layer above
the dark-ocean surface, while LW warming is often related to
the absorption of outgoing LWs by the dust layer, which may
also be affected by the moisture content in the atmosphere.

Figure 11b shows the radiative fluxes of the June 2020
event for comparison. With a more intense dust plume and
a higher AOD of up to 1.9 on 18 June 2020, surface SW
flux reached —62.8 W m~2, more than 2 times the perturba-
tion observed during the June 2015 event. The corresponding
surface LW flux perturbation is also about 2 times stronger.
Also, unlike during the June 2015 event, the TOA SW flux
showed a minimum (—9.9 Wm~2) when AOD reached its
maximum, while the TOA LW-warming effect peaked a
slightly before the AOD maximum. The net surface LW and
SW flux values shown here are comparable to the changes
in surface radiative fluxes over the eastern Atlantic found by
Francis et al. (2022; their Fig. 4).

The spatial pattern of anomalous net surface SW flux dur-
ing the June 2015 event is shown in Fig. 12. The propaga-
tion of the negative anomalies in surface SW fluxes is quite
consistent with the westward movement of the dust plume
(Fig. 3), as expected; the large reductions occur over the re-
gions where AOD reached the 95th percentile (dotted areas in
Fig. 3), with a magnitude reaching —73.6 W m~2 in the east-
ern tropical Atlantic on 16 June and —56.6 W m~2 over the
Caribbean Basin on 21 June. Note that during 21-25 June,
the reduction in net surface SW flux extended to the eastern
tropical Pacific as the dust plume was advected to the region
by the extremely strong CLLJ, with a magnitude of up to
—284Wm2.

Figure 13 tracks the magnitude of the net surface SW flux
perturbation and its relationship to AOD by calculating re-
gional averages of both variables within three subregions
over the tropical North Atlantic (regions 1-3 in Fig. 12a),
over the western Gulf of Mexico and the southern central US
(region 4), and over the tropical eastern Pacific (region 5).
Regions 1-3 show a steady increase in AOD and a decline
in anomalies in surface SW fluxes as the dust plume propa-
gated westward (Fig. 13a—c). The previously described di-
vision of the dust plume resulted in higher regional AOD
and lower SW flux in the Pacific (region 5), while signals
were slightly stronger in the western Gulf of Mexico and the
southern central US (region 4; Fig. 13d and e). The mag-
nitude of surface SW perturbation is nearly linear with re-
spect to the magnitude of AOD in regions 1-5 (Fig. 13f-
j), ranging from about —43.0 7.9 (95 % confidence inter-
val) to —60.5 & 7.6 W m~2 per AOD value. This is similar to
the nearly linear relationship between increased AOD due to
dust and perturbed SW fluxes at the TOA over the tropical
North Atlantic found by previous studies, e.g., —36.5 4.8
to —49.74+7.1 Wm™2 per AOD value (Song et al., 2018).
A similar linear relationship between AOD magnitude and
net surface SW flux was found for the 2020 case (Fig. S5);
in 2020, coefficients were slightly less negative in regions 1
and 2 but slightly more negative in region 3 in comparison
with the 2015 event.

The relationship between anomalies in net surface LW
fluxes and AOD during the June 2015 event is shown in
Fig. S6. A nearly linear relationship between AOD and net
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Figure 7. (a—c) Anomalies in the 3 d mean of 850 hPa geopotential height (shading; gpm) and winds (vectors; m s~1) with reference to the
June climatology from 1979-2022. Black contours show the climatological location of the North Atlantic subtropical high (NASH), denoted
by the 1560 gpm contour (following Li et al., 2011), and green contours mark the 3 d mean location of the NASH. Hatches represent the
highest (> 95th; backward) and lowest (< 5th; forward) percentiles of geopotential height (with reference to the 3 d mean values for June
from 1979-2022 at each grid point). (d—f) Anomalies in the 3 d mean of 925 hPa winds (vector; m sfl) and zonal wind speed (shading;
ms~!) with reference to the June climatology from 1979-2022. Black contours show the climatological location of the Caribbean low-level
jet (CLLJ), denoted by the zonal wind speed contour of —11m s7! and green contours mark the 3 d mean location of the CLLJ. Hatches
represent regions where easterly wind speed exceeds the 95th percentile (with reference to the absolute magnitude of 3 d zonal wind for June
from 1979-2022 at each grid point). In all panels, dots represent MODIS AOD that exceeds the 95th percentile (with reference to the 3d

mean of AOD for JJA from 2003 to 2022 at each grid point) and exceeds 0.6.

LW fluxes was also found over the tropical North Atlantic
(regions 1 and 2) but not over the Caribbean Basin (region 3),
likely due to interference from other factors affecting surface
longwave flux, such as low-level moisture content and sea
surface temperature (SST).

4.4.2 Air quality impacts

The air quality impacts of the 2015 trans-Atlantic dust plume
seem to be minor in the United States. Figure 14 shows the
daily PM; 5 concentration and the Air Quality Index (AQI)
from 20 to 25 June 2015. PM; 5 concentrations increased as
the dust plume arrived in the Gulf states around 21 June,
propagated northward to the central US and the south-
ern Midwest states on 23 June, and eventually decreased
around 25 June (Fig. 14b—f). While PM; s measurements
are well within the US Environmental Protection Agency
(EPA) standard of 35 g m_3, some sites across Texas, Ok-
lahoma, Kansas, Louisiana, Mississippi, Alabama, Georgia,
Tennessee, and West Virginia recorded PM» s concentrations

exceeding the World Health Organization (WHO) air qual-
ity guidelines of 25 ug m—> (2005 standard) during the event,
with the strongest impacts on 23 June (Fig. 14d). Even more
states reached the latest WHO guideline of 15 ugm™3 (2021
standard), likely indicating the impacts of other aerosols
(e.g., local anthropogenic emissions). Chen et al. (2018) also
identified four sites in Texas that reported daily maximum
PM, 5 concentrations above 36.3ugm™> due to the long-
range transport of African dust from 21-23 June 2015.

The AQI tells a similar story, with all daily ratings falling
within the “good” (green) to “moderate” (yellow) range
(Fig. 14g-1). The relatively weak perturbation of the African
dust plume in the AQI and PM3 5 records for the June 2015
event is associated with the extremely strong CLLJ that oc-
curred from 17-25 June and dispersed part of the plume to
the eastern Pacific, which greatly reduced the amount of dust
reaching the continental US. This suggests that the air quality
impacts of African dust in the US are sensitive to local circu-
lations, such as the CLLJ, and to the amount of transported
dust over the tropical North Atlantic.
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Figure 8. (a, b) Anomalies in 10 m winds (vectors; ms_]) and wind speeds (shading; ms_l) averaged over 11-13 and 14-16 June 2015
(with reference to the June climatology from 1979-2022). (¢, d) Ranking of daily surface wind speed averaged over 11-13 and 14-16 June
2015, with reference to the corresponding 3 d averages over 1979-2022 (44 years). Only wind speeds ranked 1-5 (i.e., the top five strongest)
are shown. Areas where MODIS AOD exceeds the 95th percentile (with reference to the 3 d mean of AOD for JJA from 2003 to 2022 at each

grid point) and exceeds 0.6 are marked with grey dots.

4.5 Comparison to the extreme 2020 trans-Atlantic dust
event

In this section, we further compare the June 2015 event with
the extreme Godzilla dust event of June 2020. The evolu-
tion of both events was quite similar. The extremely high
AQOD over the tropical North Atlantic was preceded by a
great intensification of the AEJ 2 to 4d earlier, while the
enhancement of the CLLJ and the increase in AOD over
the Caribbean Basin were almost concurrent (Fig. S7). Note
that in both cases, the AEJ increased again after the extreme
trans-Atlantic dust events we focused on, e.g., around 21—
23 June 2015 and 2428 June 2020, which is consistent with
the formation of another trans-Atlantic African dust plume
(Fig. 3; Fig. 1 in Pu and Jin, 2021).

The peak magnitude of the regional mean of MODIS AOD
in the tropical North Atlantic was lower in 2015 (0.71) than
in 2020 (1.01; Fig. S7a), consistent with the lower peak value
of AOD over western North Africa (0.74 vs. 1.02). The peak
magnitude of AOD over the Caribbean Basin in the 2015
case is also lower than that in the 2020 case (0.66 vs. 0.96).
Additionally, there was a stronger CLLJ in the 2015 event
(Fig. S7b), which advected a portion of the dust plume away
to the eastern Pacific, leading to much weaker air quality im-
pacts resulting from the 2015 event than from the 2020 event.

Table 1 summarizes the magnitude and duration of the AEEs
in the two events, along with their radiative and air quality
impacts. Consistent with the weaker magnitude and shorter
duration of the AEEs in the June 2015 event, the resultant
perturbations of radiative fluxes over the eastern tropical At-
lantic and the air quality over the southeastern US are weaker
in the 2015 event.

In terms of dust emissions, increased surface wind speeds
in dust source regions across western North Africa and favor-
able land surface conditions, such as soil moisture deficit and
vegetation decay in the Sahel, are found in both events (Ta-
ble 2). However, the magnitude (0.74) and duration (1 d) of
AEEs over western North Africa in the 2015 event are much
weaker than those pertaining to the 2020 event (0.90 and 6 d,
respectively). In fact, the magnitude of African AEEs in the
2015 event is very close to the mean of all summertime AEEs
that occurred from 2003-2022 (0.73; Fig. 1d). The relatively
moderate AEE in the dust source regions and the dispropor-
tionally high dust loading over the tropical North Atlantic
(i.e., the second strongest AEE following the 2020 event)
suggest the importance of atmospheric circulation conditions
that facilitate the westward transport of African dust to the
ocean. This includes the extremely intensified AEJ, with a
magnitude comparable to that during the 2020 event (Ta-
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Figure 9. (a—f) Dust RGB images from the SEVIRI instrument taken at 13:30 UTC from 11 to 16 June 2015. Dust plumes are denoted by
pink shading (color 1), while deep convection is shown in dark red (color 3). Cirrus clouds, mid-level clouds, thin cirrus clouds, hot sandy
desert, low-level humid air, and low-level dry air are shown in black, dark gold, green, light cyan, blue, and purple, respectively.

Table 1. The features and impacts of the extreme trans-Atlantic dust events that occurred in June 2015 and June 2020. The magnitude and
duration (in parentheses) of the AEEs over both the tropical North Atlantic (TNA; green box in Fig. 1a) and western North Africa (WNA;
blue box in Fig. 1a) are listed. The corresponding regional means of DOD from MERRA-2 for the same periods are shown in square brackets.
The peak perturbations of the shortwave (SW) and longwave (LW) radiative fluxes at the surface (sfc) and top of the atmosphere (TOA),
averaged over the eastern tropical North Atlantic (region 1 in Fig. 12) during the corresponding AEETNA events, are shown. Values are shown
as anomalies with reference to the June climatology during 2003-2022. The last two columns show the number of states in the southeastern
US (24-40° N, 74-105° W) with PM, 5 concentrations exceeding the EPA guideline of 35 ug m~3 and the number with an AQI exceeding
100 during the peak pollutant days of the two events (i.e., 23 June 2015 and 27 June 2020)

Events Magnitude and duration (days) | Radiative fluxes (W m_z) | Air quality (states)
AEETNA AEEwNA | SWere LWee SWtoa LWroa | PMj 5 >35ug m=3  AQI> 100
2015 0.61[0.28] (6) 0.74[0.52] (1) | —25.5 35 —-32 1.0 0 0

2020 0.77[0.43] (12)  0.90[0.88] (6) | —62.8 16.1 -9.9 5.1 12 12
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Figure 10. (a, b) Anomalies in the ERAS reanalysis of the first
layer (top 7 cm) of the volumetric soil water (m3 m_3), with refer-
ence to the June climatology from 1979-2022, averaged over 11—
13 June and 14-16 June 2015. Blue circles represent soil water be-
low the 5th percentile (with respect to the 3 d means for June from
2003-2022 at each grid point). (¢, d) Anomalies in the MODIS
NDVI (with reference to the June climatology from 2003-2022)
averaged over 11-13 and 14-16 June 2015. Blue circles represent
an NDVI below the 5th percentile (with respect to the 3 d means
for JJA from 2003-2022 at each grid point). Grey dots represent
regions where MODIS AOD exceeds the 95th percentile (with ref-
erence to the 3 d mean of MODIS AOD for JJA from 2003 to 2022
at each grid point) and exceed 0.6.

ble 2), and the CLLJ, with a greater magnitude than that
of the 2020 event; Table 2), along with the intensified and
westward-extended NASH.

5 Discussion

Several uncertainties are associated with the analysis of the
extreme African dust event that occurred in June 2015. We
mainly use satellite retrievals, i.e., MODIS and VIIRS, to ex-
amine the magnitude of the event. Since the AOD at 550 nm
from the polar-orbiting satellites is only available once daily,
with areas of missing values due to clouds or retrieval un-
certainties, the magnitude of the dust plume may be under-
estimated as subdaily variations cannot be captured. This is
further illustrated by comparing satellite AOD with subdaily
AERONET AOD from the event (Fig. 4). The daytime max-
ima recorded by ground observations were largely missed
by MODIS and VIIRS AOD measurements. On the other
hand, AERONET records also have drawbacks, such as lim-
ited spatial coverage — i.e., there are very few sites across the
central to eastern tropical North Atlantic. Thus, combining
both datasets provides a better characterization of the event.

We found that the extremely high loading of dust over
the tropical North Atlantic is due to a moderate increase in

CERES Radiative Fluxes over the Tropical North Atlantic
(a) June 2015
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Figure 11. Time series of CERES clear-sky radiative fluxes
W m_z) and MODIS AOD values for (a) June 2015 and (b) June
2020, averaged over the eastern tropical North Atlantic between 8—
25°N and 18-42°W. Anomalies (with reference to the June cli-
matology from 2003-2022) of net shortwave (SW) and longwave
(LW) fluxes at the surface are shown as solid blue lines and solid
red lines, respectively. Reflected SW and outgoing LW fluxes at the
top of the atmosphere (TOA) are shown as dashed black lines and
dashed grey lines, respectively. Positive (negative) values indicate
downward (upward) fluxes. Red (blue) shading denotes the warm-
ing (cooling) effect at the surface. AOD is shown in gold on the
right-hand y axis.

African dust emissions and a strongly enhanced AEJ, NASH,
and CLLJ over the tropical North Atlantic and Caribbean
Basin that advected African dust westward. While previous
modeling studies have shown that African dust aerosols can
lead to a higher, northward-displaced, and intensified AEJ as
a result of their radiative effects (e.g., Wilcox et al., 2010;
Reale et al., 2011; Grogan et al., 2017; Bercos-Hickey et al.,
2017, 2020), the extent to which the extreme dust plume may
affect circulation patterns and consequently feed back to its
westward propagation is not fully clear in our observational
study and warrants further examination in the future.

While CERES TOA radiative fluxes are from satellite re-
trievals, it should be noted that the surface radiative fluxes are
from the radiative-transfer model and that the results from
this model are sensitive to prescribed aerosol optical proper-
ties, assimilated satellite cloud properties, and MODIS AOD.
Improved understanding of dust optical properties, such as
dust mineralogy from global dust source regions made avail-
able by the Earth Surface Mineral Dust Source Investigation
(EMIT) mission (Green et al., 2020), will greatly reduce un-
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Figure 12. Anomalies (with reference to the June climatology from 2003-2022) in CERES clear-sky net shortwave fluxes at the surface
(Wm™2). Boxes serve as averaging regions for tracking changes in radiative flux caused by the propagation of the African dust plume.
Region 1 (black) is located between 8—25° N and 18-42° W, region 2 (green) is located between 8-25° N and 42-66° W, region 3 (magenta)
is located between 8-25° N and 66-90° W, region 4 (brown) is located between 16-35° N and 90-100° W, and region 5 (cyan) is located

between 8-16° N and 90-115° W.

certainties related to the radiative effects of extreme trans-
Atlantic African dust events and will be explored in future
studies.

6 Conclusion

This research seeks to improve the current understanding of
extreme trans-Atlantic dust storms by examining the causes
and impacts of the second strongest trans-Atlantic African
dust event that occurred in summertime during the 2003—
2022 period. The June 2015 event was characterized by a 1d
aerosol extreme event (AEE) over the dust source regions in
western North Africa on 13 June and a 6 d AEE over the trop-
ical North Atlantic from 15 to 20 June. The enhanced dust
emissions over land are associated with extremely strong sur-
face wind speeds over western North Africa in Mauritania
and Mali and soil moisture deficit and vegetation decay in
the southern Sahel. The greatly intensified African easterly
jet (AEJ) over West Africa and the eastern tropical North
Atlantic that occurred from 11-16 June transported a large
amount of African dust towards the ocean. From the western
tropical North Atlantic to the Gulf of Mexico, the westward
extension of the North Atlantic subtropical high (NASH) fur-
ther advected the dust plume westward. The increased merid-
ional height gradient over the Caribbean Basin resulted in an

extremely enhanced Caribbean low-level jet (CLLJ) that fur-
ther transported the dust plume westward. The anomalously
strong easterly jet diverted a portion of the dust plume west-
ward to the eastern tropical Pacific, while the anticyclonic
flow of the NASH steered the rest of the plume towards the
southern US.

The dense dust plume reduced the regional mean of
the net surface shortwave flux by about 25.3750 W m—2
(17.3W m~2) and increased the net surface longwave flux
by about 3.5Wm™2 (3.1 Wm™2) over the tropical eastern
Atlantic (the Caribbean Basin). Over the tropical eastern Pa-
cific (8-16° N, 90-115° W), a reduction in the regional mean
of the net surface shortwave flux of 10.5W m~2 and an in-
crease in the longwave flux of 5.6 Wm™2 are also found
as the dust plume was transported to the region by the ex-
tremely strong CLLJ. The arrival of the African dust plume
increased PM» 5 concentrations over the southern US from
21-25 June. The pollution was strongest on 23 June, when
daily PM» 5 concentrations at certain sites across Texas, Ok-
lahoma, Kansas, Mississippi, Alabama, Georgia, Tennessee,
and West Virginia exceeded 25ugm—>. However, none of
the sites recorded a daily mean above the EPA guideline of
35ugm~3. The Air Quality Index (AQI) never exceeded 100
but was elevated to 51-100 or a “moderate” level for many
states. The overall air quality impacts are not particularly
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Figure 13. (a—e) Anomalies in CERES clear-sky net shortwave flux at the surface (W m_z), with reference to the June climatology from
2003-2022, over the tropical North Atlantic in regions 1-5 (see locations in Fig. 12) for June 2015. The black, green, magenta, brown,
and cyan lines represent the regional mean of the net surface shortwave flux from regions 1-5. The gold lines represent regional mean of
AOD from regions 1-5. (f—j) Scatterplots illustrating the relationship between the regional mean of MODIS AOD and anomalies in CERES
clear-sky net surface shortwave fluxes (W m~2) for regions 1-5.

Table 2. A comparison of land surface and circulation conditions between the extreme trans-Atlantic dust events of June 2015 and June
2020. The surface wind speed (Vigm), NDVI, and soil moisture across the dust source region in western North Africa (blue box in Fig. 1a)
are calculated for a 2-week period for each event, i.e., from before the onset of the event to the early stage of the event (3—16 June 2015 and
7-20 June 2020). Values are shown as anomalies, with reference to the June climatology from 2003-2022. The magnitude of the AEJ index
for both events is calculated for the entire event period (i.e., 12-23 June 2015 and 14-27 June 2020). The magnitude of the CLLJ index and
the regional mean of 850 hPa geopotential height (Zgs() across the western NASH (17-35° N, 70-95° W) are calculated for the late stages
of each event (17-23 June 2015 and 21-27 June 2020), i.e., when the plume arrived at the western tropical North Atlantic. All circulation
variables are shown as anomalies, with reference to the June climatology from 1979-2022 in the ERAS reanalysis. The percentages of the
anomalies relative to the climatological means are shown in parentheses.

Events Viom NDVI Soil moisture AE] Z350 CLLJ
(ms™h) (m’ m™) (ms~h) (gpm) (ms™h)

2015 074 (242%) —0.03(—10.0%) —0.016(—159%) 1635274%) 26.7(1.7%) 18.2(47.1%)
2020 1.1(357%) —002(=74%) —0.005(—4.5%) 1632(27.2%) 20.6(1.3%) 16.8(35.8%)
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Figure 14. (a—f) Daily PM; 5 concentrations (ug m~3) and (g-1) the Air Quality Index (AQI) from the EPA Air Quality System (AQS)
stations for the period 20 to 25 June 2015. AQI values of 0-50 indicate good air quality (green), values of 51-100 indicate moderate conditions
(yellow), values of 101-150 indicate unhealthy conditions for sensitive groups (orange), and values of 151-200 indicate unhealthy conditions

(red).

dangerous, likely due to the strengthened CLLJ that deflected
part of the African dust plume into the Pacific, resulting in
lower dust loading in the southern US.

Similar to the Godzilla dust event of June 2020, i.e., the
strongest trans-Atlantic African dust event to have occurred
in JJA since 2003, circulation extremes also played impor-
tant roles in the formation of the extreme 2015 trans-Atlantic
dust event. Although the magnitude and duration of the dust
emissions from the 2015 event are much weaker than those
from the 2020 event (i.e., a 1 d AEE with a magnitude close
to the long-term means of the summertime AEEs), the ex-
tremely intensified AEJ (the fourth strongest for 11-16 June
from 1979-2022) and CLLJ (the strongest for 17-22 June
from 1979-2022), along with the enhanced and westward-
extended NASH (geopotential height reached 95th percentile
in June over 1979-2022), collectively facilitated the west-
ward transport of African dust to the ocean, resulting in dis-
proportionally high dust loading over the tropical North At-
lantic (the second strongest during summer since 2003). Un-
derstanding the mechanisms and impacts of extreme trans-
Atlantic African dust events, such as those that occurred in
2015 and 2020, is crucial for predicting similar extreme dust
events and mitigating their negative effects on weather, cli-
mate, air quality, and human health. This analysis reveals the
importance of atmospheric circulation features over the trop-
ical North Atlantic and the Caribbean Basin, like the NASH,

AEJ, and CLLJ, in influencing the westward transportation
and dispersion of African dust plumes and how these factors
change the impacts of extreme dust events.

Code availability. Analysis codes can be provided upon request
from the corresponding authors.

Data availability. Hourly and monthly ERAS5 data at single
levels and at various pressure levels can be downloaded from
https://doi.org/10.24381/cds.bd0915¢6! (Hersbach et al.,
2023a), https://doi.org/10.24381/cds.6860a573  (Hersbach et
al., 2023b), https://doi.org/10.24381/cds.adbb2d47 (Hersbach
et al, 2023c), and https://doi.org/10.24381/cds.f17050d7
(Hersbach et al., 2023d). MERRA-2 DOD data can be
downloaded  from  https://doi.org/10.5067/KLICLTZS8EM9D
(GMAO, 2015). MODIS AOD data can be obtained from
https://doi.org/10.5067/MODIS/MODO04_L2.061 (Levy et al,
2015a), https://doi.org/10.5067/MODIS/MYDO04_L2.061 (Levy et
al.,  2015b), https://doi.org/10.5067/MODIS/MODO08_D3.061
(Platnick et al.,, 2015a), https://doi.org/10.5067/MODIS/
MYDO08_D3.061 (Platnick et al., 2015b), https://doi.org/10.
5067/MODIS/MODO08_M3.061 (Platnick et al., 2015c), and
https://doi.org/10.5067/MODIS/MYD08_M3.061 (Platnick et al.,
2015d). IMERG subhourly precipitation data can be downloaded
from https://doi.org/10.5067/GPM/IMERG/3B-HH/06 (Huffman
et al., 2019). CALIOP lidar data were obtained from the NASA


https://doi.org/10.24381/cds.bd0915c6
https://doi.org/10.24381/cds.6860a573
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.24381/cds.f17050d7
https://doi.org/10.5067/KLICLTZ8EM9D
https://doi.org/10.5067/MODIS/MOD04_L2.061
https://doi.org/10.5067/MODIS/MYD04_L2.061
https://doi.org/10.5067/MODIS/MOD08_D3.061
https://doi.org/10.5067/MODIS/MYD08_D3.061
https://doi.org/10.5067/MODIS/MYD08_D3.061
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Langley Research Center’s Atmospheric Science Data Center at
https://asdc.larc.nasa.gov/ (last access: 7 July 2024; Winker
et al.,, 2007) . The CERES radiation fluxes were obtained
from https://ceres.larc.nasa.gov/data/ (last access: 15 July
2022; Doelling et al. 2016). AERONET station data can be
acquired from https://aeronet.gsfc.nasa.gov/new_web/data.html
(Holben et al. 1998). EPA air quality data can be found at https:
/Iwww.epa.gov/outdoor-air-quality-data/download-daily-data (US
Environmental Protection Agency, 2022), and SEVIRI dust RGB
data are available at https://user.eumetsat.int/dashboard (last
access: 9 July 2024; Schepanski et al. 2007).
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TS14: the original figure (Fig. S7) showed values for AOD slightly lower than what we had used elsewhere in the paper and other figures. We determined this was because the regional average AOD data had not been masked for land/sea and missing data in the same way as other figures, leading to slightly lower values. This was corrected, and the limit of the right Y-axis is extended from the original (1.0) to 1.05, and the plotted green lines are slightly adjusted and now accurately represent the values referenced in the paper.
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