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Abstract. Each summer, the Saharan Air Layer 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 in 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 during summers over 2003–2022.  This event was characterized by moderately high 10 

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 like the “Godzilla” event. Both the 

African easterly jet (AEJ) and Caribbean low-level jet (CLLJ) are 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 15 

moisture over the northern Sahel. 

 

The dust plume reduced surface net 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 U.S., partially due to the extremely intensified CLLJ that dispersed the dust plume to the Pacific. 20 

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 (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; Rosenfeld et al. 2001; Goudie and 25 

Middleton 2001; Yin et al. 2002; DeMott et al. 2003; Prenni et al. 2009), and couple with global biogeochemical cycles when 

depositing vital mineral nutrients over land and ocean (Okin et al. 2004; Bristow et al. 2010; Kumar et al. 2014; Yu et al. 
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2015a; Jickells et al. 1998, 2016; Villar-Argaiz et al. 2018; Evans et al. 2019; Li et al. 2021b; Barkley et al. 2022). Climate 

change is expected to have major impacts on North Africa (Prospero et al. 2021), making it more pressing to understand the 

spatiotemporal variability of African dust and its associated impacts.   30 

 

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), can often propagate across the tropical North Atlantic to the Caribbean 

Basin and southeastern U.S., affecting weather and climate systems along their transport pathways (Karyampudi and Carlson 35 

1988; Dunion and Velden 2004; Jenkins et al. 2008; Jenkins and Pratt 2008; Strong et al. 2018). While much of the research 

seeks to understand the conditions associated with African dust emissions and westward transport and to quantitatively 

characterize the trans-Atlantic African dust plumes (Prospero and Lamb 2003; Li et al. 2004; Kaufman et al. 2005; 

Engelstaedter et al. 2006; Kalashnikova and Kahn 2008; Peyridieu et al. 2010; Knippertz and Todd 2012; Evan et al. 2015; 

Fiedler et al. 2015; Yu et al. 2015b, 2019), only a small body of research is dedicated to examine the summertime extreme 40 

trans-Atlantic dust events, 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 in June 2020, 

namely, the “Godzilla” dust storm, is the strongest trans-Atlantic dust event in summer since 2003 (Yu et al. 2021; Pu and Jin 

2021) and has been extensively studied (Francis et al. 2020; Yu et al. 2021; Pu and Jin 2021; Francis et al. 2022; Scott et al. 

2022; Asutosh et al. 2022; Mehra et al. 2023). It is found that the event is associated with both enhanced dust emissions over 45 

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 in summer. It is not clear what the 

major causes of the extremely high loading of African dust over the tropical North Atlantic are, e.g., whether mechanisms 

found in the 2020 event also apply to other events, and whether they resulted in similar radiation and air quality impacts.  

 50 

To address some of these questions, we examine the June 2015 trans-Atlantic African dust storm, which is the second strongest 

aerosol extreme event over the tropical North Atlantic in boreal summer during 2003–2020 (Pu and Jin 2021), to better 

understand the formation and impacts of extreme trans-Atlantic dust events. We examine the characteristics, mechanism, and 

radiative and air quality impacts of this event using multiple satellite products, ground observations, and reanalysis data. The 

following section reviews previous studies of summertime trans-Atlantic African dust events. Section 3 introduces the data 55 

and methodology used in this study, while section 4 presents a detailed analysis of the June 2015 event and compares it with 

the 2020 “Godzilla” dust event. Section 5 discusses limitations and uncertainties, and section 6 summarizes our major findings. 

2 Background 

During summertime, strong surface heating in the Sahara initiates dry convection (Fontaine et al. 2002) carrying dust high into 

the atmosphere where it forms a deep, dry, well-mixed dust layer, i.e., the SAL (Carlson and Prospero 1972; Prospero et al. 60 
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2002; Barkan et al. 2004; Braun 2010; Pan et al. 2011; Dunion 2011; Adams et al. 2012). The SAL is bounded by two 

inversions vertically because the layer is often warmer than the surrounding environment at its base but cooler than normal 

tropical air at the top (Carlson and Prospero 1972; Braun 2010). The top layer of a SAL can reach 5~6 km 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 move westward from North Africa to the Caribbean, especially Barbados 65 

(Prospero and Carlson 1970; Prospero et al. 1970). It is estimated that at least 72 Tg a-1 of African dust leaves the African west 

coast at 15°W in summer and about 18 Tg a-1 reaches 75°W in the Caribbean (Yu et al. 2015). The westward transport of the 

SAL in boreal summer has long been related to 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).  

 70 

Many other factors that either influence dust emissions in North Africa or affect atmospheric circulation over the tropical North 

Atlantic have been related to the summertime westward transport of African dust.  For instance, Prospero and Lamb (2003) 

found that the concentrations of transported African dust in Barbados from 1965 to 1998 are positively related to prior year El 

Niño Southern Oscillation (ENSO) events. Specifically, El Niño events frequently result in dry conditions in Sudano-Sahel, 

leading to increased dust emissions.  Recently, Li et al. (2021a) found that the Southern Oscillation index (negative in El Niño 75 

events) is positively correlated with MERRA-2 surface dust concentrations in North Africa during 1982-2019, with La Niña 

events corresponding to higher surface dust concentrations in North Africa. On the other hand, Yin et al. (2022) found no 

statistically significant correlations between ENSO and MERRA-2 dust column mass density in Saharan Africa during 1980-

2021. These findings suggest that the connections between ENSO events and the emission and westward transport of African 

dust may be sensitive to study regions, dust variables, and time periods. In addition, the North Atlantic subtropical high (NASH; 80 

Doherty et al. 2008; Chen et al. 2018), the North Atlantic Oscillation (NAO; Moulin et al. 1997), drought and vegetation 

coverage in the Sahel (Moulin and Chiapello 2004; Yu et al. 2015b), and multi-decadal variability in Atlantic sea surface 

temperature (Wang et al. 2012) have also been related to the westward transport of African dust over the tropical North 

Atlantic.  

 85 

While the above studies extensively examined the features and propagations of the SALs in summer, only a few studies focused 

on extreme trans-Atlantic dust African events that lead to high dust loading over the tropical North Atlantic and the Caribbean 

Basin. For instance, Petit et al. (2005) examined the extreme trans-Atlantic dust event in June 1994. The dust plume originated 

near the saltpan of Taoudenni in northern Mali, where strong surface winds and convection associated with a depression lifted 

dust to about 5 km. The dust plume then gradually descended as it traversed the Atlantic within the easterly trades to 90 

Guadeloupe. The peak Infrared Difference Dust Index reached 18 K (corresponding to an aerosol optical depth of about 

1.5~4.5) over Taoudenni. The plume led to a visibility reduction from 25–30 km to 9 km in Guadeloupe. They also noticed 

that the transport of Saharan dust to the Caribbean was always connected with the propagation of the SAL, but the SAL did 

not always contain a dust plume. 

 95 
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The summer of 2006 had several significant Saharan dust events. Bou Karam et al. (2014) examined an event on 3-5 August 

2006. This event was initiated by a cold pool outflow from a mesoscale convective system (MCS) over western North Africa. 

The dust plume was then exported by the AEJ towards the Caribbean. Knippertz and Todd (2010) examined the same event 

and three others, one on 17-18 July, and two more in September, and how these events related to AEW cyclonic flows. The 

above studies mainly focused on the formation of extreme dust plumes over the Sahara but did not examine the westward 100 

propagation of the extreme dust plumes across the tropical North Atlantic. 

 

Huang et al. (2010) conducted a comprehensive study of major trans-Atlantic African dust outbreaks from 2003 to 2007. Dust 

outbreaks were defined when regionally averaged daily MODIS aerosol optical depth (AOD) exceeded the climatological 

mean by one standard deviation over the eastern tropical North Atlantic between 0–30°N and 15–25°W. Their findings, based 105 

on satellite products and reanalysis data, painted a detailed picture of dust transport from central Western 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) are among the first to systemically study severe trans-Atlantic 

dust outbreaks, they did not examine the large-scale circulation conditions supporting dust long-range transport, nor the local 

land surface conditions associated with dust emissions. 110 

 

The formation of the recent extreme trans-Atlantic Saharan dust event in June 2020 has been related to both enhanced local 

emissions associated with increased surface winds, reduced vegetation coverage (Pu and Jin 2021), and intense cold pool 

outflows from strong haboobs (Yu et al. 2021) and large-scale circulations that favored 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 115 

played critical roles in this event. The extremely enhanced AEJ (the strongest for the weeks of June 14–27 in 1979-2020) 

advected huge amounts of dust to the eastern tropical North Atlantic. The westward extension of the NASH over the western 

tropical Atlantic and the greatly intensified CLLJ (the second strongest for the week of June 21–27 during 1979–2020) over 

the Caribbean Basin further steered the dust plume westward and northward to the U.S. We will examine whether similar 

atmospheric circulation patterns and land surface conditions occurred in the June 2015 event and if circulation extremes also 120 

contributed to the high dust loading over the Atlantic.  

 

Dust aerosols can absorb and scatter incoming shortwave and outgoing longwave radiation and also emit longwave radiation, 

affecting 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 dust particle size and shape, horizontal and vertical distributions of dust aerosols, and their 125 

chemical and mineral compositions (Goudie and Middleton 2001; Meloni et al. 2005; Reddy et al. 2013; Mahowald et al. 2014; 

Kok et al. 2023), the direct observations of which are still lacking at large scales. The radiative effects of African dust have 

long been examined through satellite products (e.g., Yu et al. 2006; Brindley and Russell 2009; Song et al. 2018), field 

campaigns with surface and aircraft measurements (e.g., Carlson and Caverly 1977; Haywood et al. 2001, 2003; Highwood et 

al. 2003; Slingo et al. 2006), and modelling studies (e.g., Tegen and Lacis 1996; Myhre et al. 2003; Tegen et al. 2010; Hansell 130 
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et al. 2010). While the longwave effect of dust aerosols at the top of the atmosphere (TOA) is generally a warming effect, the 

shortwave effect depends on surface albedo; and the net effect is the balance of the two and is estimated to be -0.48 ~ 0.20 

Wm-2 globally (Kok et al. 2017).  The high dust loading and long duration of extreme trans-Atlantic dust events provide great 

examples to understand the radiative impacts of African dust. Francis et al. (2022) examined the radiative effect of the 

“Godzilla” dust plume in 2020 and found up to a 190 W m−2 drop in downward shortwave radiation flux and a 23 W m−2 rise 135 

in downward longwave flux at the surface over the eastern tropical Atlantic on June 18. Mehra et al. (2023) found that the 

“Godzilla” dust plume also impacted radiative balance in the U.S., resulting in atmospheric heating of 5~12 W m-2.  Here we 

will explore the perturbation of the June 2015 African dust plume on both surface and TOA radiative budgets. 

 

Severe dust storms with elevated concentrations of dust particles can have adverse impacts on public health and transportation 140 

(Shinn et al. 2003; Goudie 2014; Española et al. 2021). Trans-Atlantic African dust is found to affect air quality over both the 

Caribbean Basin and the southern U.S. (Prospero 1999; Chen et al. 2018; Prospero et al. 2021). For instance, Saharan dust is 

found to be related to high rates of asthma in the Caribbean (Gyan et al. 2005; Akpinar-Elci et al. 2015) and serves as a carrier 

for fungi and bacteria from Africa to the Caribbean (Prospero et al. 2005; Waters et al. 2020). Over coastal Texas, African 

dust contributed approximately 8% of PM2.5 (particulate matter with aerodynamic diameter < 2.5 µm) concentrations during 145 

summertime, and up to 48% of PM2.5 during an African dust outbreak in August 2014 (Bozlaker et al. 2019). During the 

“Godzilla” event in 2020, PM2.5 levels over a large area of the southern U.S. exceeded the Environmental Protection Agency 

(EPA)’s guideline, and the Air Quality Index (AQI) reached orange (unhealthy for sensitive groups) and red (unhealthy for the 

general public) levels in more than 11 states (Pu and Jin 2021; Yu et al. 2021). To what extent the 2015 extreme trans-Atlantic 

dust affected the air quality in the U.S. will be examined in this study. 150 

3 Data and Methodology 

3.1 Data 

We use satellite retrievals of AOD, radiative fluxes, vegetation coverage, and precipitation, as well as circulation variables and 

soil moisture from reanalysis and ground observations of AOD and air quality variables to examine the characteristics, 

mechanisms, and impacts of the 2015 extreme dust plume. 155 

3.1.1 MODIS and VIIRS AOD 

AOD is a column-integrated measure of aerosol extinction. Here, daily and monthly AOD from the Moderate Resolution 

Imaging Spectroradiometer (MODIS) (version 6.1; Sayer et al. 2019) aboard both the Terra and Aqua satellites are used. 

Monthly level 3 AOD data from 2003 to 2022 have a spatial resolution of 1.0° × 1.0°, while daily level 2 data in 2015 are re-
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gridded to a 0.1° × 0.1° grid to characterize features of the dust plume. Monthly and daily MODIS AOD is generated by 160 

averaging Terra and Aqua MODIS AOD. 

 

Daily AOD from the Visible Infrared Imaging Radiometer Suite (Hsu et al. 2019) on board the Suomi National Polar-Orbiting 

Partnership (Suomi-NPP) satellite is used to complement MODIS AOD. Daily VIIRS AOD is also gridded to a 0.1° × 0.1° 

resolution and averaged with MODIS AOD during June 2015 to increase data spatial coverage to better demonstrate the 165 

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). 

3.1.2 CALIOP Aerosol Profiles 

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is a two-wavelength lidar instrument aboard the Cloud-170 

Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite. CALIOP measures backscattered radiances 

attenuated by aerosols and clouds and retrieves the microphysical and optical properties of aerosols. The record began in June 

2006 and has been shown to provide quality data about aerosol size, type, and different shapes of cloud particles (Winker et 

al. 2007). We use daily 532 nm total attenuated backscatter (level 1) and depolarization ratio (δ; level 2) in June 2015 to 

examine the vertical profiles of the dust plume. Note that CALIOP data are missing from 19–28 June 2015. Since the 175 

depolarization ratio can help separate spherical and non-spherical hydrometeors (Sassen 1991), we use δ ≥ 0.2 to separate dust 

(non-spherical) from other aerosols (Li et al. 2010; Kim et al. 2018; Pu and Ginoux 2018a; Pu and Jin 2021). 

3.1.3 SEVIRI dust RGB 

Dust red-green-blue (RGB) composite satellite images have been widely used as a qualitative method to study the 

spatiotemporal formation and evolution of dust plumes (e.g., Schepanski et al. 2007; Marsham et al. 2008; Martínez et al. 180 

2009; Roberts et al. 2018; Caton Harrison et al. 2021). Dust aerosols are detected based on spectral varying emissivity at the 

infrared (IR) wavelengths ranging from 8 to 12 𝜇m (Ackerman 1997; Lensky and Rosenfeld 2008). Here, the dust RGB images 

from the Spinning Enhanced Visible 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 

during the June 2015 extreme event. SEVIRI observes the Earth system at 12 wavelengths ranging from 0.4 to 13.4 𝜇m with 185 

a 15-minute repeat cycle and a spatial resolution of 3 km at nadir for the IR channels. SEVIRI dust RGB images are composed 

of brightness temperatures (BT) and BT difference (BTD) at 8.7, 10.8, and 12.0 𝜇m (Schepanski et al. 2007; Ashpole and 

Washington 2012). The dust RGB bands are defined as follows: BTD of 12.0−10.8 𝜇m is red, BTD of 10.8−8.7 𝜇m is green, 

and BT at 10.8 𝜇m is blue. The dust plumes appear as magenta in the dust RGB images. IR dust detection is affected by several 
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factors, such as, the vertical temperature gradient in the lower atmosphere, water vapor content, dust mineralogy, dust altitudes, 190 

and characteristics of the land surface (Brindley et al. 2012). 

3.1.4 MODIS NDVI 

We also use monthly and 16-day MODIS Normalized Difference Vegetation Index (NDVI; Didan et al. 2015) to examine the 

connection between dust emissions and vegetation coverage. The level 3 data are interpolated to a 0.25° × 0.25° grid, and the 

16-day products are linearly interpolated to daily values. 195 

3.1.5 IMERG 

The Global Precipitation Measurement Mission (GPM) utilizes the Integrated Multi-Satellite Retrievals for GPM (IMERG) 

algorithm to combine all available low-Earth-orbit and geosynchronous-Earth-orbit satellite passive microwave (PMW) and 

infrared (IR) precipitation estimates and is then validated and bias-corrected with monthly gauge analysis from the Global 

Precipitation Climatology Centre (GPCC) (Huffman et al. 2018). IMERG is an improvement over the previous Tropical 200 

Rainfall Measuring Mission (TRMM), with reduced miss-detection of precipitation and better performance in capturing heavy 

and light precipitation (Wang et al. 2021) and sub-daily rainfall (Freitas et al. 2020), but still has large overestimations of 

duration and underestimations of intensity of precipitation (Freitas et al. 2020). We use IMERG Final Run (IMERG-F) from 

2000 to 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 influence of precipitation 205 

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 Clouds and the Earth’s Radiant Energy System (CERES) products 

(Doelling et al. 2016) on a 1°×1° grid to study the radiative impacts of the extreme 2015 dust plume. The CERES instruments 

are onboard both the Terra and Aqua satellites, measuring shortwave (SW) radiation between 0.3 and 5 µm, total radiation 210 

between 0.3 and 200 µm, and window wavelengths between 8 and 12 µm (Wielicki et al. 1996). The dataset includes observed 

top of the atmosphere (TOA) fluxes and computed surface and in-atmosphere fluxes using Langley Fu-Liou radiative transfer 

model and MODIS and geostationary satellite-derived cloud properties, along with atmospheric data from GEOS-5.4.1 and 

aerosol prosperities from the Model for Atmospheric Transport and Chemistry (MATCH) that assimilates MODIS AOD 

(Rutan et al. 2015).  Note that current CERES products have a net imbalance of +4.5 W m-2 at TOA (Johnson et al. 2016; Kato 215 

et al. 2018; Loeb et al. 2018). In comparison with surface observations on buoy sites, CERES surface fluxes show mean biases 

of 3.0 W m-2 for downward SW and -4.0 W m-2 for downward longwave (LW) fluxes in monthly data. The larger differences 

between the CERES and buoy data over the tropical Atlantic Ocean are attributed to the transported African dust that 
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accumulated on buoys (Foltz et al. 2013). Due to its high spatial coverage, CERES products have been widely used to study 

the radiative effect of dust (e.g., Song et al. 2018; Francis et al. 2022). 220 

3.1.7 AERONET AOD 

The AERONET program (Holben et al. 1998) provides quality-assured cloud-screened (level 2.0) measurements of aerosol 

optical properties from sun photometer records. The recorded AOD has high accuracy with an uncertainty level of 0.01~0.02 

(wavelength dependent) (Holben et al. 2001; Giles et al. 2019). Here version 3.0 AOD at wavelengths between 440 nm and 

870 nm and Ångström exponents across the dual wavelength of 440–675, 440–870, and 500–870 nm with temporal resolutions 225 

varying from about 3 to 30 minutes (station dependent) over western North Africa, the tropical North Atlantic, and Caribbean 

Basin in June 2015 are used. AOD at 550 nm is converted using the method detailed by Pu et al. (2020).  Stations with records 

less than 10 days and AOD mean values over 11–25 June 2015 lower than 0.2 are not included in the analysis. The results of 

14 stations are presented and compared with MODIS and VIIRS AOD. 

3.1.8 EPA Station Data 230 

Daily air quality data of PM2.5 and the Air Quality Index (AQI) from the U.S. Environmental Protection Agency’s (EPA) Air 

Quality System (AQS) stations are used to examine the influence of the June 2015 African dust plume on air quality in the 

U.S. AQI reflects the health effect of major air pollutants, with values of 0–50 indicate good air quality (symbolized by green), 

51–100 for moderate condition (yellow), 101–150 for unhealthy for sensitive groups (orange), and 151–200 for unhealthy 

condition (red). 235 

3.1.9 MERRA-2 Aerosol Products 

The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2; Gelaro et al. 2017) provides a 

dust optical depth (DOD) (~ 50 km; 3-hourly) beginning in 1980. MERRA-2 is the first long-term global reanalysis that 

incorporates satellite observations of aerosols (Gelaro et al. 2017). MERRA-2 assimilates aerosol products from MODIS, 

Multi-angle Imaging SpectroRadiometer (MISR), and Advanced Very-High-Resolution Radiometer (AVHRR) as well as 240 

ground observations from AERONET sun photometers (Gelaro et al. 2017; Buchard et al. 2017). MERRA-2 shows 

considerable skill in its aerosol products and improvement over its predecessor (Gelaro et al. 2017; Randles et al. 2017; 

Buchard et al. 2017). Its DOD product well captures the spatial and temporal variations in DOD over North Africa on the 

seasonal time scale in comparison with infrared satellite retrievals but misses a large part of day-night differences of dust as 

night-time observations currently are not assimilated to the product (Tindan et al. 2023). The 3-hourly MERRA2- DOD are 245 

averaged to daily data to complement MODIS and VIIRS AOD. 
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3.1.10 ERA5 Meteorological and Surface Variables 

European Centre for Medium-range Weather Forecasts (ECMWF) Reanalysis 5 (ERA5) (Hersbach et al. 2020; Muñoz-Sabater 

et al. 2021) is the fifth generation of the ECMWF reanalysis products. Monthly and hourly variables such as surface winds 

and winds and geopotential height at 925, 850, and 600 hPa on a resolution of 0.25° × 0.25° are used to understand circulation 250 

features associated with dust emissions and long-range transport.  

 

Hourly and monthly volumetric soil water of the top layer (i.e., 0–7cm) with a spatial resolution of 0.1° × 0.1° is used to 

examine land surface conditions associated with dust emissions. Daily values are averaged from hourly data. ERA5 is the first 

ECMWF reanalysis to incorporate soil moisture retrievals from C-band scatterometer instruments onboard European Remote 255 

Sensing satellites-1,2 (ERS-1, 2) and Meteorological Operational satellites A, B (MetOp-A, B) (Piles et al. 2019; Hersbach et 

al. 2020; Agutu et al. 2021; Muñoz-Sabater et al. 2021). Although its soil moisture product does not incorporate ground-based 

observations and lacks sufficient spin-up time to accurately represent deep soil moisture, ERA5 soil moisture estimates show 

high skill for shallow soil moisture in regions where gauge measurements are lacking, such as western Africa (Brocca et al. 

2020; Beck et al. 2021; Muñoz-Sabater et al. 2021). 260 

3.2 Jet Indices 

Both the African easterly jet (AEJ) and the Caribbean low-level jet (CLLJ) are found to affect the westward propagation of 

African dust plumes (Prospero and Carlson 1981; Pu and Jin 2021). The 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 affect the 

formation of the extreme African dust plume in 2015. We use jet indices to quantify the magnitude of the jets, which are 265 

calculated by averaging easterly wind speed over their climatological locations, similar to regions selected in prior papers 

(Cook 1999; Wang 2007; Leroux and Hall 2009; Martin and Schumacher 2011). Following Pu and Jin (2021), the CLLJ index 

is calculated by averaging ERA5 925 hPa easterly wind between 11°N – 17°N and 70°W – 80°W from ERA5, and the AEJ 

index is calculated by averaging ERA5 600 hPa easterly wind speed between 10°N – 15°N and 30°E – 10°W. 

3.3 Identify Extreme Trans-Atlantic Dust Events 270 

We first use aerosol extreme events (AEE; Pu and Jin 2021) to identify high dust loading days over the tropical North Atlantic 

and over western North Africa. An AEE is defined when the regional mean daily MODIS AOD is above the 90th percentile of 

daily AOD centered on a 15-day window during 2003–2022 in boreal summer (June–August). The duration of an AEE is 

defined as the number of consecutive days (≥1) that meet the criteria, while the magnitude of an AEE is calculated by averaging 

AOD during the event. Following Pu and Jin (2021), we calculated AEEs over the tropical North Atlantic (8°N – 25°N, 18°W 275 

– 90°W; see location in Figure 1a) and over the western North Africa dust source region (8°N – 25°N, 18°W – 5°W; see Figure 

1a) for JJA 2003–2022. During boreal summer peak dust activities are mainly located in western North Africa, extending from 
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the Mauritanian coast to the Mali–Mauritania border and Mali–Algeria border (Goudie and Middleton 2001; Prospero et al. 

2002; Engelstaedter et al. 2006; Engelstaedter and Washington 2007). The averaging regions largely capture the westward 

transport pathway of African dust in summer, and the results are very similar to that of 2003–2020 (Pu and Jin 2021; their Fig. 280 

2). Over the tropical North Atlantic region, the AEE in June 2020 has the highest magnitude of AOD in the record with a 

duration of 12 days (not shown), and the June 2015 event is the second highest, with a duration of six days (Figure 1c). Over 

the dust source region in western North Africa, a one-day AEE event on June 13 is found, with a moderately high AOD of 

0.74 (Fig. 1b), weaker than that in June 2020 (a six-day AEE of 0.90) and slightly below the mean of AEEs over western North 

Africa (Fig. 1d). Note that only days where the averaging area has less than 30% missing AOD values are used in AEE 285 

calculations, and this criterion 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. 
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Figure 1. (a) Climatology of MODIS AOD in JJA from 2003 to 2022. Regions with MERRA-2 DOD ≥ 0.3 are contoured in black. 

The averaging area over the tropical North Atlantic (TNA; 8°N - 25°N, 18°W - 90°W) and western North Africa (WNA; 8°N - 25°N, 290 

18°W - 5°W) regions are marked by green and blue boxes, respectively. Regional mean daily MODIS AOD (blue) and MERRA-2 

DOD (black) in JJA 2015 over (b) western North Africa and (c) the tropical North Atlantic. The 90th percentile of daily MODIS 

AOD in JJA (2003–2022) is shown in orange. Filled (empty) circles represent days with less than (more than) 30% missing values 

within the regional boxes. Distribution of AEEs from 2003-2022 over (d) WNA, and (e) TNA. Red dots mark values of the June 2015 

event, and the vertical dashed lines denote means of AEEs over WNA and TNA. 295 

 

While AEEs capture the maxima AOD during the event (Figures 1b-c), a trans-Atlantic event usually lasts more than a week 

as it takes about seven days for African dust to reach the Caribbean and 10–12 days to reach the continental U.S. (Ott et al. 

1991; Haarig et al. 2017; Chen et al. 2018). Thus, we also use an AOD Hovmöller diagram over the tropical North Atlantic 

that shows the westward propagation of dust plume (Figure 2) and a daily AOD plot (Figure 3) to identify the beginning and 300 

ending dates of the event. We found that the extreme dust event started around 12 June and ended around 23 June 2015. 

 

Figure 2. Hovmöller plot of the meridional averaged MODIS and VIIRS AOD from 8°N - 25°N across the tropical North Atlantic 

from 11 June to 15 June  2015. Only AOD above 0.4 is shown. The black contour denotes the areas where MERRA-2 DOD ≥ 0.3. 

The green line denotes 18°W, the dividing line between the averaging boxes shown in Figure 1. Red dots mark the dates of AEEs 305 

over the tropical North Atlantic (left) and over western North Africa (right). 

4 Results 

4.1 Features of the extreme trans-Atlantic dust event in 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 the 14th AOD 310 
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exceeded 2.0 over the borders of Mauritania, Mali, and Senegal (Figs. 3b-d). The plume was then rapidly advected out of the 

source region and into the tropical North Atlantic on 15 June. AOD over the west coast and tropical North Atlantic reached 

4.95 (Fig. 3e). During its westward transport, large portions of the plume show AOD above the 95 th percentile value in JJA 

over 2003–2022 and above the 99th percentile in some regions over the tropical North Atlantic (Figure S1). 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. 315 

3k). The northern branch of the plume was advected northward and dispersed across the Gulf region and the southern central 

and eastern U.S., while the southern branch of the plume travelled across the Guatemala Basin to the eastern tropical Pacific 

Ocean (Figs. 3l-o). The plume was still quite strong even after it passed into the Pacific, with daily AOD above the 99th 

percentile (Figs. S1m-o). Previous studies found that the westward movement of African dust in summer can reach 100 °W 

(e.g., Vuolo et al. 2009; Adams et al. 2012). In this extreme event, the African dust plume travelled as far as 120 °W and 320 

beyond (Figs. 3l-o). 

 

Figure 3. Combined MODIS and VIIRS AOD from 11 to 25 June 2015. Only AOD above 0.4 is shown. Black contours denote the 

boundary where MERRA-2 DOD ≥ 0.3. Dots represent regions where MODIS AOD is ≥ 95th percentile (with reference to daily 

MODIS AOD in JJA from 2003 to 2022 at each grid point). The green and blue boxes correspond to the averaging areas over the 325 

tropical North Atlantic and western North Africa, respectively. 
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Figure 4. (a) Number of days when daily MODIS AOD greater than the 90th percentile of JJA daily values (2003–2022) during 12–

24 June 2015. Locations of 14 AERONET stations are shown in magenta. (b)–(o) Daily AOD from AERONET (red), MODIS (light 

blue), and VIIRS (deep blue) during 9–25 June 2015. Sub-daily values of AERONET AOD are shown in the box in grey, with the 330 

upper, lower, and middle bars showing the 25th and 75th percentiles and median of the data and whiskers extending from the 

minimum to the maximum. The red circles denote the daily mean of AERONET AOD. The latitudes and longitudes of AERONET 

sites are shown on the top right. 
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The evolution of AERONET AOD records (Figure 4) largely resembles satellite AOD (Fig. 3).  For sites over North Africa, 335 

AOD values slightly enhanced before or around 13 June 2015, with magnitudes largely less than 1.6, which is consistent with 

the findings in Fig. 1 that dust emissions over land were enhanced but not extremely high. Over the coastal region, the daily 

maximum AOD at Dakar reached 3.5 on 15 June (Fig. 4i) as the dust plume propagated toward the ocean (Fig. 2e). MODIS 

and VIIRS AOD showed a similar peak around 15 June at Dakar and Capo Verde sites, but in a weaker magnitude (Figs. 4i-

j). When the dust plume reached the Caribbean Basin, AERONET AOD increased to 1.5 at the Ragged Point site on 18 June 340 

and 1.0 at the La Parguera site on 19 June.  In comparison to AERONET records during 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 vs. Capo 

Verde) and about 0.3~0.8 lower over the Caribbean Basin at Ragged Point, Guadeloupe, and La Parguera sites.  

 

CALIOP total attenuated backscatter shows the vertical profiles of dust plume (Figure 5). The plume was more compact and 345 

had a greater vertical extent (from 1.5 to 6 km) at its origin over western North Africa during June 13–14, 2015 (e.g., in 

between sampling points B and C in Fig. 5a-b). The high plume top over the source region is consistent with 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 necessary 

for African dust plumes to completely cross the Atlantic and enter the Caribbean, as dust plumes descend during westward 

transport. This descent is a balance between the convection in the underlying marine layer and the subsidence of anticyclonic 350 

air of the NASH (Petit et al. 2005). As the plume travelled westward over the tropical North Atlantic, it slowly subsided and 

weakened, consistent with previous studies (Braun 2010; Adams et al. 2012; Groß et al. 2015; Weinzierl et al. 2017), although 

the rate of descent was somewhat slower than 500 m day-1 during the June 2020 event (Yu et al. 2021). By 18 June the plume 

over the western tropical North Atlantic was primarily between 2 and 5 km (Fig. 5f). Because CALIOP data were missing 

between 19 June and 28 June 2015, it is not entirely clear whether the descending rate increased as the plume propagated 355 

across the Caribbean Basin. 
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Figure 5. CALIOP 532 nm total attenuated backscatter (km−1 sr−1) for 13–18 June 2015.  The satellite tracks (red lines) are displayed 

in the inset at the upper left of each panel with sampling points (A–C) corresponding to the x-axis of the cross-section and brown 

shading showing MODIS-VIIRS averaged AOD. Black contours denote dust aerosols (depolarization ratio ≥ 0.2). Surface elevation 360 

is indicated by cyan lines. 
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4.2 Circulation conditions associated with the 2015 extreme dust event 

 

Figure 6. Anomalies of three-day mean 600 hPa winds (vectors; m s-1) and zonal wind speed (shading; m s-1) from 11 to 19 June 2015 

with reference to the 1979–2022 climatology in June. Black contours show the climatological location of the African easterly jet 365 

(AEJ; denoted by zonal wind speed of -11 m s-1). Hatches represent regions where easterly wind speeds ≥ 95th percentile (with 

reference to the absolute magnitude of three-day mean zonal wind speed in June from 1979 to 2022 at each grid point). Dots represent 

regions where MODIS AOD ≥ 95th percentile (with reference to daily AOD in JJA from 2003 to 2022 at each grid point) and ≥ 0.6. 

 

In this section, we will examine the large-scale circulation patterns associated with the westward transport of the extreme 370 

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 westward (Prospero and Carlson 1981; Jones et al. 2003; Schepanski et al. 2017; 
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Pu and Jin 2021; Yu et al. 2021), with a stronger jet associated with higher AOD over the tropical North Atlantic (Pu and Jin 

2021). Figure 6 shows anomalies of three-day averages of zonal wind speed at 600 hPa around the onset of the event (11–13 

June) to the time when the dust plume reached the Caribbean Basin (17–19 June). The black contour shows the climatological 375 

location of the jet, and the hatched area denotes regions where zonal wind speed is above the 95 th percentile in June during 

1979–2022 in the ERA5 reanalysis. During 11–13 June, the easterly wind anomalies were located between 0°N and 17°N over 

the jet core region and the Guinea coast. The jet continued to intensify during 14–19 June, advecting the dust plume westward 

to the central tropical North Atlantic (Figs. 6b-c). The magnitude of the AEJ right before and at the beginning of the event 

(11–16 June) was 16.8 m s-1, which is the 4th strongest for this week from 1979 to 2022 (Fig. S2a), greatly favoring the export 380 

and westward transport of African dust.  

 

When the dust plume propagated to the central to western tropical North Atlantic, the anticyclonic flow of the NASH can 

further transport it westward. Figure 7a-c shows three-day averages of the geopotential height and wind anomalies at 850 hPa.  

The NASH had a westward extension from its climatological location toward the Gulf of Mexico and the southeastern U.S. 385 

from 17 to 25 June 2015. The related easterly and southerly wind anomalies further steered the dust plume toward the 

continental U.S.  The westward extension of the NASH along with the reduced height over the tropical eastern Pacific further 

increased the meridional pressure gradient over the Caribbean Basin and strengthened the CLLJ at 925 hPa (Figs. 7d-f). In 

fact, the magnitude of the CLLJ during 17–22 June (~18.3 m s-1) is the strongest for the same period from 1979 to 2022 in the 

ERA5 reanalysis (Fig. S2b). Such a high magnitude of the jet is consistent with the extremely enhanced geopotential heights 390 

to the north of the Caribbean Basin and reduced heights to the south (hatched regions in Figs. 7a-c). The greatly strengthened 

CLLJ facilitated the westward transport of the 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 U.S. by the 

anticyclonic flow (Figs. 7e-f).  
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 395 

Figure 7. (a)-(c) Anomalies of three-day mean 850 hPa geopotential height (shading; gpm) and winds (vectors; m s-1) with reference 

to the 1979-2022 climatology in June. 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 three-day mean location of the NASH. 

Hatchings represent the top (≥ 95th; backward) and bottom (≤ 5th; forward) percentiles of geopotential height (with reference to June 

three-day mean values from 1979-2022 at each grid point). (d)-(f) Anomalies of three-day mean 925 hPa winds (vector; m s-1) and 400 

zonal wind speed (shading; m s-1) with reference to the 1979-2022 climatology in June. Black contours show the climatological 

location of the Caribbean low-level jet (CLLJ; denoted by the zonal wind speed contour of -11 m s-1), and green contours mark the 

three-day mean location of the CLLJ. Hatchings represent regions where easterly wind speed ≥ 95th percentile (with reference to the 

absolute magnitude of three-day zonal wind in June from 1979-2022 at each grid point). In all panels, dots represent MODIS AOD 

≥ 95th percentile (with reference to three-day mean AOD in JJA from 2003 to 2022 at each grid point) and ≥ 0.6. 405 

 

Overall, the circulation patterns in the June 2015 event are largely consistent with the findings of Pu and Jin (2021), who 

showed that the enhanced AEJ and CLLJ and the westward extension of the NASH all contribute to the long-range transport 

of African dust to the tropical North Atlantic and the Caribbean Basin. The extremely high magnitudes of the AEJ and CLLJ 

in this event also suggest that circulation extremes played important roles in the formation of high dust loading over the ocean. 410 
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One unique feature of the June 2015 event is the extremely strong CLLJ that transported a portion of the dust plume to the 

eastern Pacific, so fewer dust particles were being advected to the U.S. 

4.3 Anomalous dust emissions 

 

Figure 8. (a)-(b) Anomalies of 10 m winds (vectors; m s-1) and wind speeds (shading; m s-1) averaged over 11–13 June, and 14–16 415 

June 2015 (with reference to the 1979-2022 climatology in June). (c)-(d) Ranking of daily surface wind speed averaged over 11–13 

June and 14–16 June 2015, with reference to the corresponding three-day averages over 1979–2022 (44 years). Only wind speed rank 

1– 5 (i.e., top five strongest) are shown. Areas with MODIS AOD ≥ 95th percentile (with reference to three-day mean AOD in JJA 

from 2003 to 2022 at each grid point) and ≥ 0.6 are dotted in grey. 

 420 
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As shown in Fig. 1b, the extreme trans-Atlantic dust event is associated with a one-day AEE on 13 June over western North 

Africa, which indicated enhanced dust emissions over source regions at the beginning of the event. To understand the factors 

that 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 three-day averages of 10m surface wind anomalies during 11–16 June 2015 and the rank of 425 

the top five strongest surface wind speeds during the same days from 1979–2022 over North Africa.  Surface wind speeds are 

greatly intensified over eastern Mali to Mali-Algeria border, western Algeria, and southern Egypt to north Sudan (Figs. 8a-b). 

The magnitude of the surface wind speed ranked the highest or among the top five over summertime active dust source regions 

in central to eastern Mali (Fig. 8c) and Mauritania (Fig. 8d). High percentile AOD (grey dots) are largely located downstream 

of regions of extreme surface winds.   430 
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Figure 9. (a)-(f) Dust RGB from SEVIRI at 13:30 UTC from 11 to 16 June 2015. Dust plumes are denoted by magenta shading (color 

1), while deep convection is shown in dark red (color 3). Cirrus clouds, mid-level clouds, thin cirrus, hot sandy desert, low-level 

humid air, and low-level dry air are shown in black, dark golden, green, light cyan, blue, and purple, respectively. 

 435 

The anomalously strong surface wind-induced dust emissions are also captured by the SEVIRI dust RGB images (Figure 9). 

While the dust emissions in Mali (magenta) on 11 June 2015 were likely affected by the outflow of downdrafts generated by 

the mesoscale convective systems (MCSs) over southern to central Mali and Burkina Faso (dark red; Fig. 9a), the enhanced 

dust emissions over central Mali, Mali-Algeria-Niger border, and Mauritania during 12-16 June (Figs. 9 b-f) are largely 
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collocated with the strong surface anomalies (Fig. 8c, d). On 14 June, a coastal MCS also contributed to the enhancement of 440 

dust emissions in Mauritania (Fig. 9d).  

 

In addition to increased surface wind speeds, land surface conditions such as dry soil due to precipitation deficit and reduced 

vegetation coverage also favor dust emissions (Gillette et al. 1980; Engelstaedter et al. 2006; Cowie et al. 2014; Kim et al. 

2017; Pu and Ginoux 2018b). Figure 10 shows three-day averages of soil moisture anomalies from ERA-5 and NDVI 445 

anomalies from MODIS across North Africa. Soil moisture decreased over large areas in the Sahara and Sahel. In the southern 

Sahel soil moisture anomaly reached –0.1 m3 m-3 (about –40%), below the 5th percentile during June 2003-2022 (Fig. 10a-b), 

likely as a result of decreased rainfall (Fig. S3). Note that the precipitation reduction over the tropical North Atlantic (Fig. S3) 

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 decayed almost over the same areas where soil moisture was greatly reduced, 450 

reaching the lower 5th percentile (Fig. 10c-d), even the lowest 1st percentile in some areas (not shown), favoring wind erosion 

in the region.  

 

Figure 10. (a)-(b) Anomalies of ERA5 first-layer (top 7 cm) volumetric soil water (m3 m-3; with reference to the 1979-2022 climatology 

in June) averaged over 11–13 June and 14–16 June 2015. Hatchings represent soil water ≤ 5th percentile (with respect to June three-455 

day means from 2003-2022 at each grid point). (c)-(d) Anomalies of MODIS NDVI (with reference to the 2003-2022 climatology in 
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June) averaged over 11–13 June and 14–16 June 14–16 2015. Hatchings represent NDVI ≤ 5th percentile (with respect to JJA three-

day means from 2003-2022 at each grid point). Dots represent regions where MODIS AOD is ≥ 95th percentile (with reference to 

three-day mean MODIS AOD in JJA from 2003 to 2022 at each grid point) and ≥ 0.6. 

4.4 Impacts of the 2015 trans-Atlantic extreme dust event 460 

4.4.1 Radiation Impacts 

The perturbation of the June 2015 extreme African dust plume on radiative fluxes at the TOA and surface are examined using 

CERES clear-sky daily data. Figure 11a shows anomalies of regional mean shortwave (SW) and longwave (LW) fluxes over 

the eastern tropical North Atlantic (8°N–25°N, 18°W–42°W), along with MODIS AOD in June 2015. At the surface, when 

regional mean AOD reached the maximum of ~1.1 on 16 June, the reduction of SW flux also reached a peak, at about –25.3 465 

W m-2, while LW flux had a weak warming anomaly of about 3.5 W m-2 associated with scattered and emitted LW radiation 

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 that at the surface, with about 3.0 W m-2 LW warming and –1.0 W m-2 SW cooling, although no clear maxima 

were found when AOD peaked. Both the sign and magnitude are consistent with previous studies of 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 the 470 

increased reflected solar flux due to the bright dust layer above the dark ocean surface, while the LW warming is often related 

to the absorption of outgoing LW by the dust layer but may be also affected by the moisture content in the atmosphere.  
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Figure 11. Time series of CERES clear-sky radiative fluxes (W m-2) and MODIS AOD in (a) June 2015 and (b) June 2020 averaged 

over the eastern tropical North Atlantic between 8°N – 25°N and 18°W – 42°W. Anomalies (with reference to the 2003-2022 475 
climatology in June) of net shortwave (SW) and longwave (LW) fluxes at the surface are shown in solid blue and red lines, 

respectively. Reflected SW and outgoing LW fluxes at the top of the atmosphere (TOA) are shown in dashed black and grey, 

respectively. Positive (negative) values indicate downward (upward) fluxes. Red (blue) shading denotes the warming (cooling) effect 

at the surface. AOD is shown in gold on the right y-axis.  

 480 

Fig. 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 – 62.0 W m-2, more than two times the perturbation in the June 2015 

event. The corresponding surface LW flux perturbation is also about two times stronger. Also different from the June 2015 

event is that the TOA SW flux showed a minimum (~ –10.0 W m-2) when AOD reached a maximum, while the TOA LW 

warming effect peaked a bit early before the maximum of AOD. The net surface LW and SW flux values shown here are 485 

comparable to the changes in surface radiative fluxes over the eastern Atlantic found by Francis et al. (2022; their Fig. 4). 
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Figure 12. Anomalies (with reference to the June climatology over 2003-2022) of CERES clear-sky net shortwave fluxes at the surface 

(W m-2). Boxes represent averaging regions to track the changes in radiative flux due to the propagation of the African dust plume. 

Region 1 (black) is between 8°N – 25°N and 18°W –42°W, Region 2 (green) is between 8°N – 25°N and 42°W – 66°W, Region 3 490 

(magenta) is between 8°N –25°N and 66°W – 90°W, Region 4 (brown) is between 16°N – 35°N and 90°W – 100°W, and Region 5 

(cyan) is between 8°N – 16°N and 90°W – 115°W. 

 

The spatial pattern of anomalous net surface SW flux during the June 2015 event is shown in Figure 12. The propagation of 

the negative anomalies of surface SW fluxes is quite consistent with the westward movement of the dust plume (Fig. 3), as 495 

expected; and the large reductions are over the regions where AOD reached the 95th percentile (dotted areas in Fig. 3), with a 

magnitude of up to –73.6 W m-2 in the eastern tropical Atlantic on 16 June and reached -56.6 W m-2 over the Caribbean Basin 
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on 21 June. Note that during 21–25 June, the reduction of surface net SW 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 –28.4 W m-2. 

 500 

 

Figure 13. (a)-(e) Anomalies of CERES clear-sky net shortwave flux at the surface (with reference to the 2003-2022 climatology in 

June; W m-2) over the tropical North Atlantic in Regions 1-5 (see locations in Fig. 12) in June 2015. Black, green, magenta, brown, 

and cyan lines are regional mean surface net shortwave flux from Regions 1–5. Golden lines show regional mean AOD in Regions 

1–5. (f)-(j) Scatterplots of regional mean MODIS AOD versus anomalies of CERES clear-sky surface net shortwave fluxes (W m-2) 505 

in Regions 1-5. 

 

Figure 13 tracks the magnitude of surface net SW flux perturbation and its relationship to AOD by calculating regional averages 

of both variables within three subregions over the tropical North Atlantic (Regions 1–3; Fig. 12a), over the southeastern U.S. 
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(Region 4) and over the tropical eastern Pacific (Region 5). Regions 1– 3 show a steady increase in AOD and a decline in 510 

anomalies of surface SW flux as the dust plume propagated westward (Fig. 13a-c). The previously described division of the 

dust plume resulted in higher regional AOD and lower SW flux in the Pacific (Region 5), while signals are much weaker in 

the southeastern U.S. due to a higher surface albedo over land (Region 4; Fig. 13d-e). The magnitude of surface SW 

perturbation is nearly linear with the magnitude of AOD in Regions 1-3 (Fig. 13f-j),  about – 43.0 ± 7.9 ~  – 60.5 ± 7.6  (95% 

confidence intervals) W m-2 AOD-1,  similar to the nearly linear the relationship between increased AOD due to dust and 515 

perturbed TOA SW fluxes over the tropical North Atlantic found by previous studies, e.g., –36.5 ± 4.8  ~ –49.7 ± 7.1 W m-2 

AOD-1  (Song et al. 2018). A similar linear relationship between AOD magnitude and surface net SW flux was found for the 

2020 case (Figure S4), with 2020 showing slightly less negative coefficients in Regions 1 and 2, but slightly more negative in 

Region 3 in comparison with the 2015 event. 

 520 

The anomalies of surface net LW fluxes versus AOD in the June 2015 event are shown in Figure S5. A nearly linear relationship 

between AOD and net LW fluxes was also found over the tropical North Atlantic (Regions 1-2), but not over the Caribbean 

Basin (Region 3), likely being interfered with by other factors modifying surface longwave flux, such as low-level moisture 

content and SST. 

4.4.2 Air Quality Impacts 525 

The air quality impacts of the 2015 trans-Atlantic dust plume seem to be minor in the United States. Figure 14 shows the daily 

PM2.5 concentration and Air Quality Index (AQI) from 20 to 25 June 2015. PM2.5 concentrations increased as the dust plume 

arrived in the Gulf states around 21 June, propagated northward to the central U.S. and southern Midwest states on 23 June, 

and eventually decayed around 25 June (Figs. 14 b-f).  While PM2.5 measurements are well within the U.S. Environmental 

Protection Agency (EPA) standard of 35 µg m-3, some sites over Texas, Oklahoma, Kansas, Louisiana, Mississippi, Alabama, 530 

Georgia, Tennessee, and West Virginia show PM2.5 concentration exceeded the World Health Organization (WHO) air quality 

guidelines of 25 µg m-3 during the event, with the strongest impacts on 23 June  (Fig. 14d). Chen et al. (2018) also found four 

sites in Texas reporting daily maximum PM2.5 concentrations above 36.3 µg m-3 during the event.   
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Figure 14. (a)-(f) Daily PM2.5 concentrations (µg m-3) and (g)-(l) Air Quality Index (AQI) from EPA Air Quality System (AQS) 535 

stations from 20 to 25 June 2015. AQI values of 0–50 indicate good air quality (green), 51–100 for moderate condition (yellow), 101–

150 for unhealthy for sensitive groups (orange), and 151–200 for unhealthy condition (red). 

 

AQI gives a similar story with all daily ratings being in the “Good” (green) to “Moderate” (yellow) range (Figs. 14g-l). The 

relatively weak perturbation of the African dust plume on AQI and PM2.5 records in the June 2015 event is associated with the 540 

extremely strong CLLJ during 17–25 June that dispersed the part of the plume to the eastern Pacific, which greatly reduced 

the amount of dust to the continental U.S. This suggests that air quality impacts of African dust in the U.S. are sensitive to 

local circulations such as the CLLJ, in addition to the amount of transported dust over the tropical North Atlantic. 

4.5 Comparison to the 2020 extreme trans-Atlantic dust event 

In this section, we further compare the June 2015 event with the extreme “Godzilla” dust event in June 2020. The evolution 545 

of both events was quite similar. The extremely high AOD over the tropical North Atlantic was led by a great intensification 

of the AEJ two to four days ahead of time, while the enhancement of the CLLJ and AOD over the Caribbean Basin was almost 

concurrent (Fig. S6). Note that in both cases the AEJ increased again after the extreme trans-Atlantic dust events we focused 
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on, e.g., around 21–23 June 2015 and 24–28 June 2020, consistent with the formation of another trans-Atlantic African dust 

plume (Fig. 3 here and Fig. 1 of Pu and Jin 2021).   550 

 

The peak magnitude of regional mean MODIS AOD in the tropical North Atlantic was lower in 2015 (~0.71) than they were 

in 2020 (~1.0; Fig. S6a), consistent with the lower AOD over western North Africa (~0.73 vs. ~1.0) and a weaker AEJ in the 

2015 event. The magnitude of AOD over the Caribbean Basin in the 2015 case is also lower than that of 2020 (~0.66 vs. 

~0.96), along with a stronger CLLJ in the 2015 event (Fig. S6b) that advected a portion of the dust plume away to the eastern 555 

Pacific, resulting in much weaker air quality impacts in the 2015 event than that of the 2020 event. 

    

In terms of dust emissions, increased surface wind speeds in dust source regions over western North Africa and favorable land 

surface conditions, such as soil moisture deficit and vegetation decay in the Sahel, are found in both events. However, the 

magnitude and duration of AEE over western North Africa in the 2015 event (0.74, one day) is much weaker than that of the 560 

2020 event (0.90, six days). In fact, the magnitude of African AEE in the 2015 event is slightly below the mean of all the 

summertime AEEs during 2003–2022 (~0.76; Fig. 1d). The quite moderate AEE in the dust source regions and the 

disproportionally high dust loading over the tropical North Atlantic (i.e., the second strongest AEE following the 2020 event) 

suggests the importance of atmospheric circulation conditions that facilitate the westward transport of African dust to the 

ocean, i.e., the extremely intensified AEJ (the fourth for 11–16 June, during 1979–2022) and CLLJ (the strongest for 17–22 565 

June, during 1979–2022),  along with the westward extension of the NASH. 

5 Discussion 

Several uncertainties are associated with the analysis of the June 2015 extreme African dust event. We mainly use satellite 

retrievals, i.e., MODIS and VIIRS, to examine the magnitude of the event. Since AOD at 550 nm from the polar-orbiting 

satellites is only available one time daily, with areas of missing values due to clouds or retrieval uncertainties, the magnitude 570 

of the dust plume may be underestimated as sub-daily variations are not able to be captured. This is also revealed by the 

comparison between satellite AOD with AERONET sub-daily AOD during the event (Fig. 4). The daytime maxima recorded 

by ground observations were largely missed by MODIS and VIIRS AOD.  On the other hand, AERONET records also have 

drawbacks such as limited spatial coverage, e.g., very few sites over the central to eastern tropical North Atlantic, thus 

combining both datasets provides a better characterization of the event. 575 

 

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

emissions and strongly enhanced AEJ, NASH, and CLLJ over the tropical North Atlantic and Caribbean Basin that advected 

African dust westward. While previous modelling studies show that African dust aerosols can lead to a higher, northward 

displaced, and intensified AEJ via their radiative effects (e.g., Wilcox et al. 2010; Reale et al. 2011; Grogan et al. 2017; Bercos-580 
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Hickey et al. 2017, 2020), to what extent the extreme dust plume may affect the circulation patterns and consequently feedback 

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 retrievals, it should be noted that the surface radiative fluxes are from 

the radiative transfer model and the results of which are sensitive to prescribed aerosol optical properties, assimilated satellite 585 

cloud properties and MODIS AOD. Improved understanding of dust optical properties, such as dust mineralogy from global 

dust source regions made available by the Earth Surface Mineral Dust Source Investigation (EMIT) mission (Green et al. 

2020), will greatly reduce uncertainties related to the radiative effects of extreme trans-Atlantic African dust events and will 

be explored in future studies.  

6 Conclusion 590 

This research seeks to improve the current understanding of extreme trans-Atlantic dust storms by examining the causes and 

impacts of the second strongest summertime trans-Atlantic African dust event from 2003 to 2022. The June 2015 event was 

characterized by a one-day aerosol extreme event (AEE) over the dust source regions in western North Africa on 13 June and 

a five-day AEE over the tropical North Atlantic from 15 to 19 June. The enhanced dust emissions over land are associated 

with the extremely strong surface wind speeds over western North Africa in Mauritania and Mali and soil moisture deficit and 595 

vegetation decay in the southern Sahel. The greatly intensified African easterly jet (AEJ) over West Africa and the eastern 

tropical North Atlantic from 14–19 June transported a large amount of African dust toward the ocean. From the western tropical 

North Atlantic to the Gulf of Mexico, the westward extension of the North Atlantic subtropical high (NASH) further advected 

the dust plume westward. The increased meridional height gradient over the Caribbean Basin resulted in an extremely enhanced 

Caribbean low-level jet (CLLJ) that further transported the dust plume westward. The anomalously strong easterly jet diverted 600 

a portion of the dust plume westward to the eastern tropical Pacific, while the anticyclonic flow of the NASH steered the rest 

of the plume to the southern U.S. 

 

The dense dust plume reduced the regional mean surface net shortwave flux by about 25.3 W m-2 (17.3 W m-2) and increased 

the net surface longwave by about 3.5 W m-2 (3.1 W m-2) over the tropical eastern Atlantic (the Caribbean Basin).  Over the 605 

tropical eastern Pacific (8°N – 16°N, 90°W – 115°W), a reduction of regional mean net surface shortwave flux by 10.5 W m-

2 and an increase in longwave of 5.6 W m-2 are also found as the dust plume was transported to the region by the extremely 

strong CLLJ. The arrival of the African dust plume increased PM2.5 concentrations over the southern U.S. during 21–25 June. 

The pollution was the strongest on 23 June, when daily PM2.5 concentrations at some sites over Texas, Oklahoma, Kansas, 

Mississippi, Alabama, Georgia, Tennessee, and West Virginia exceeded the guideline of the World Health Organization of 25 610 

µg m-3. However, none of the sites show a daily mean above the EPA guideline of 35 µg m-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 
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particularly dangerous, likely due to the strengthened CLLJ that deflected part of the African dust plume into the Pacific, 

resulting in a lower dust loading in the southern U.S. 

 615 

Similar to the “Godzilla” dust event in June 2020, i.e., the strongest trans-Atlantic African dust event in JJA since 2003, 

circulation extremes also played important roles in the formation of the 2015 extreme trans-Atlantic dust event. Although the 

magnitude and duration of the dust emissions in the 2015 event are much weaker than the 2020 event, i.e., a one-day AEE 

with a magnitude slightly below the long-term mean of AEEs, the extremely intensified AEJ (the fourth strongest for 11–16 

June over 1979–2022) and CLLJ (the strongest for 17–22 June over 1979–2022) and the enhanced (geopotential height reached 620 

95th percentile in June over 1979–2022) and westward extended NASH, all facilitate the westward transport of African dust to 

the ocean, resulting in a disproportionally high (the second strongest) dust loading over the tropical North Atlantic. 

Understanding the mechanisms and impacts of extreme trans-Atlantic African dust events like those in 2015 and 2020 is crucial 

for predicting slimier extreme dust events and mitigating their negative effects on weather, climate, air quality, and human 

health. This analysis reveals the importance of circulation features over the tropical North Atlantic and the Caribbean Basin, 625 

like the NASH, AEJ, and CLLJ, in influencing the westward transportation and dispersion of dust plumes and how that changes 

the impacts of extreme dust events. 

Code availability 

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

Data availability 630 

ERA5 hourly and monthly data at single and pressure levels can be downloaded at https://cds.climate.copernicus.eu/#!/home. 

MERRA-2 DOD can be downloaded from https://disc.gsfc.nasa.gov/datasets?keywords=MERRA-2&page=1. MODIS AOD 

can be obtained from https://ladsweb.modaps.eosdis.nasa.gov/search/. IMERG sub-hourly precipitation can be downloaded at 

https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGHH_06/summary. CALIOP lidar can be downloaded from  

https://asdc.larc.nasa.gov/project/CALIPSO/CAL_LID_L3_Tropospheric_APro_CloudFree-Standard-V4-20_V4-20. 635 

CERES radiation fluxes were obtained from the NASA Langley Research Center CERES ordering tool at  

https://asdc.larc.nasa.gov/project/CERES/CERES_EBAF_Edition4.2. AERONET station data can be acquired at 

https://aeronet.gsfc.nasa.gov/. EPA air quality data can be found at https://www.epa.gov/outdoor-air-quality-data/download-

daily-data, and SEVIRI dust RGB data are available at https://eumetsatspace.atlassian.net/wiki/spaces/EUM/overview.  
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