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The dust load and radiative impact associated with the June 2020 historical 
Saharan dust storm 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• June 2020 Saharan dust storm associ-
ated with highest-on-record aerosol op-
tical depths. 

• The estimated dust loads exceeded 8 Tg 
over the eastern tropical Atlantic. 

• The dust event caused a net warming of 
the ocean surface by up to 1.1 K. 

• Dust may have contributed to the 
extremely active 2020 Atlantic hurri-
cane season.  
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A B S T R A C T   

In June 2020, a major dust outbreak occurred in the Sahara that impacted the tropical Atlantic Ocean. In this 
study, the dust load and radiative forcing of the dust plumes on both the atmosphere and ocean surface is 
investigated by means of observations and modelling. We estimated dust loadings in excess of 8 Tg over the 
eastern tropical Atlantic, comparable to those observed over the desert during major Saharan dust storms. The 
dust induced an up to 1.1 K net warming of the ocean surface and a 1.8K warming of the air temperature (i.e., 
two to three times the respective climatological standard deviations), with a +14 W m− 2 (~28% of the mean 
value) increase in the surface net radiation flux at night. As the dust plumes extended all the way to the 
Caribbean, it is possible that this historical dust event helped fuel the record-breaking 2020 Atlantic hurricane 
season.   

1. Introduction 

Aerosols have a profound impact on the surface and atmospheric 
energy budgets, owing to their interaction with the radiation and cloud 
microphysics (e.g., Haywood and Boucher, 2000; Satheesh and Krishna 
Moorthy, 2005). The most abundant aerosol type on Earth is mineral 

dust, with the Sahara Desert its major source (Kok et al., 2021). Dust has 
an important impact on the climate system (e.g., Choobari et al., 2014). 
For example, its accurate representation has been shown to help in the 
simulation of the tropical/monsoon precipitation (e.g., Zhao et al., 
2011; Balkanski et al., 2021), hurricanes and tropical storms (e.g., Chen 
et al., 2017), local and regional weather conditions (e.g., Spyrou et al., 
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2013; Weston et al., 2020; Francis et al., 2020a), and ocean dynamics (e. 
g., Evan et al., 2012). Furthermore, mineral dust is known to strongly 
influence the radiative budget due to its significant scattering, absorbing 
and re-emitting properties (Haywood et al., 2005; Prakash et al., 2015; 
Di Bagio et al., 2017). By virtue of their distinctive optical properties, 
mineral dust aerosols scatter and absorb shortwave (SW) and absorb and 
re-emit longwave (LW) radiation (e.g., Sokolik et al., 2001; Dubovik 
et al., 2006), therefore modifying the atmospheric thermodynamics and 
regional atmospheric circulations (e.g., Heald et al., 2014; Francis et al., 
2020a). Besides the aforementioned surface and atmospheric changes, 
dust carries with it pollutants, some of which are toxic (e.g. pesticides 
and herbicides), and microorganisms (e.g. fungi, viruses and bacteria) 
that can have harmful effects on the fauna and flora (e.g. Griffin et al., 
2002). In fact, Azua-Bustos et al. (2019) reported that a number of viable 
bacteria and fungi can traverse the Atacama Desert unscathed using 
wind-transported dust, stressing how they can propagate far away from 
the source region and affect different ecosystems. Dust outbreaks are 
therefore linked to human health and air quality impacts. When inhaled, 
the fine dust particles can penetrate deep into the lungs, and the smallest 
ones even into the alveoli, increasing the risk of cardiopulmonary dis-
eases and leading to premature mortality (Ginnadaki et al., 2014). In 
addition, the combination of wind and dust reduces visibility, having a 
pronounced impact on day-to-day activities such as transportation and 
agriculture (e.g. Al-Hemoud et al., 2017). 

By absorbing and scattering solar radiation, dust aerosols reduce the 
amount of energy reaching the surface (e.g., Kosmopoulos et al., 2017; 
Jia et al., 2018), which can lead to reduced surface heating and thus 
latent and sensible heat fluxes (Wang et al., 2004; Prakash et al., 2015; 
Kaskaoutis et al., 2019). At the same time, dust absorption of both LW 
and SW radiation can contribute to localized heating by directly 
warming the dust-laden atmospheric layer (e.g., Weston et al., 2020; 
Francis et al., 2020a), and enhance the greenhouse effect by re-emitting 
LW radiation towards the surface (Heinold et al., 2008; Francis et al., 
2020a). In all cases, the intensity of the radiative impact of dust in both 
SW and LW depends strongly on the location of the dust layer in altitude 
(e.g., Saleeby et al., 2019), and whether it’s over water, vegetated areas 
or desert lands (e.g., Wang et al., 2013). Over the last few decades, dust 
aerosols have been thought to induce a net cooling at the surface and 
contribute to the decrease in tropical storm activity over the tropical 
Atlantic (e.g., Evan et al., 2006). However, recent studies found that the 
warming effect of dust aerosols has been previously underpredicted due 
to the underestimation of the amount of large particles in the atmo-
sphere (e.g., Adebiyi and Kok, 2020), and the misrepresentation of their 
effect in the LW radiation (Francis et al., 2020a). 

One of the most daunting challenges in our understanding of dust 
and its impacts on the climate system is the quantification of the dust net 
radiative effect (DRE; Sokolik et al., 2001) accounting for both SW and 
LW interactions. This remains challenging mainly because of the lack of 
observations at large scale and of a full understanding of the complexity 
of the processes involved as well as the feedback among them. In 
addition, the DRE is highly dependent on dust properties, such as size, 
shape and composition (Wang et al., 2006; Rontu et al., 2020; Ito et al., 
2021). In this case, the use of modelling approaches is common where 
the DRE can be estimated using the observed dust properties and a 
radiative transfer model, or through coupled atmospheric-chemistry 
models such as the Weather Research and Forecasting - Chemistry 
(WRF-Chem; Grell et al., 2005) model, which is the case in this study. 
WRF-CHEM has been found to exhibit reasonable skill in simulating dust 
storms and the direct effect of dust aerosols (e.g., Liu et al., 2016; Singh 
et al., 2021), including over North Africa (e.g., Teixeira et al., 2016; 
Flaounas et al., 2017). 

Haywood et al. (2003) and Highwood et al. (2003) examined the 
DRE of a mineral dust storm off the coast of Africa in the year 2000 
during the Saharan Dust Experiment (SHADE) measurement campaign 
(Tanre et al., 2003). They measured a peak SW DRE of up to − 130 W 
m− 2 (Haywood et al., 2003) and a corresponding LW DRE of around +7 

W m− 2 at the surface (Highwood et al., 2003). This indicates that, for 
clear sky conditions over the ocean, the reduction in SW radiation flux 
exceeds in magnitude the increase in LW flux, in line with the findings of 
other studies (e.g., Slingo et al., 2006). For the same field campaign, 
Myhre et al. (2003) reported Aerosol Optical Depths (AODs), an indi-
cation of the attenuation of the incoming SW radiation due to the 
presence of aerosols, in excess of 1.5 at the offshore Cape Verde Islands 
on 26 September, when the modelled net radiative impact of the mineral 
dust over the eastern tropical Atlantic peaked at around − 110 W m− 2. 
Even far away from the source region Saharan dust can have a pro-
nounced radiative impact. For example, Gutleben et al. (2020), and in 
the vicinity of Barbados in the Caribbean, estimated maximum SW 
radiative effects of − 40 W m− 2 (at the surface) and − 25 W m− 2 (at the 
TOA) for a dust event in August 2016, when the AOD exceeded 0.3. A 
comparable variation of the radiation fluxes, but for the daily-mean 
values, was noted by Kaskaoutis et al. (2019) for a dust storm in 
Greece in March 2018, when AODs higher than 4 were observed. Dust 
storms have repeatedly impacted the entire Mediterranean Basin, 
spanning from the Iberian Peninsula on the western side (e.g. Anton 
et al., 2014) to Cyprus on the eastern side (e.g. Uzan et al., 2018). For a 
dust storm in southeastern Spain on 06 September 2007, Anton et al. 
(2014) noted that, for a one unit increase in the AOD at 675 nm, the SW 
irradiance at the surface decreased by 187 W m− 2 and the LW irradiance 
increased by 20 W m− 2 (the observed AOD was in the range 0.8–1.5). 
Therefore, as the dust loading goes up, the offset of the decrease in the 
SW irradiance by the increase in the LW irradiance becomes smaller, 
dropping from 40% for an AOD of 0.8–20% for an AOD of 1.5. A very 
severe dust storm affected the eastern Mediterranean in September 
2015, with AODs at 550 nm exceeding 5 in Cyprus (Solomos et al., 
2017), and extended into the Middle East (Francis et al., 2019). Surface 
radiation measurements in northern Israel revealed a roughly 600 W 
m− 2 drop in the global solar radiation in association with the event, with 
dust layers up to 5 km (Uzan et al., 2018). 

Saidou Chaibou et al. (2020) investigated the DRE over western 
Africa and its impact on the surface and TOA energy budget during 
summer 2006. The DRE is estimated by taking the difference between a 
simulation in which the dust radiative effects are considered and one 
where the radiative impacts are not activated. The DRE at the TOA is 
positive over the Sahara Desert and negative over the Gulf of Guinea and 
vegetated areas, with a mean value of +9 W m− 2. On the other hand, the 
mean DRE at the surface is − 13 W m− 2, reflecting the cooling by dust 
aerosols. In addition to its impact on the SW and LW fluxes, dust aerosols 
also affect the other terms of the surface energy budget: e.g. the sensible 
heat flux (SHF) is cut by up to 24 W m− 2, owing to a colder surface by up 
to 2 ◦C, while the latent heat flux (LHF) increases up to 12 W m− 2 over 
the desert (evaporation) and is lower by up to 24 W m− 2 over the 
vegetated regions further south. What is more, the DRE also exhibits a 
clear diurnal cycle, as the SW radiation flux is only non-zero during 
daytime meaning that, at night, the LW radiation flux will balance the 
heat fluxes and ground heat flux (Nelli et al., 2020). 

A recent record-breaking Saharan dust storm took place in mid-June 
2020. As detailed in Francis et al. (2020), this event was triggered by a 
pressure dipole over northwestern Africa, with a ridge, associated with a 
circum-global wavetrain, just to the west of the Saharan heat low. This 
dipole led to persistent northeasterly winds and continuous dust emis-
sions over a 4-day period. While the mechanisms behind the observed 
event are discussed in detail in Francis et al. (2020), no attempt has been 
made to quantify the lifted dust and its radiative impact. This will be 
addressed in the present paper. The goal of this study is twofold: (i) 
estimate the amount of dust aerosols emitted during the event and 
compare it to dust emissions available in the literature; (ii) estimate the 
DRE over the Atlantic Ocean during the event, and speculate on its 
implications in particular on the tropical cyclone activity, as the eastern 
tropical Atlantic around the Cape Verde islands, the target region in this 
study, is a primary breeding area for Atlantic hurricanes (e.g. Haggard, 
1958). The findings of this work will help to better understand the 
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effects of dust on the climate system, in particular as major dust storms, 
such as the June 2020 Saharan dust storm, may become more frequent in 
a warming climate (e.g., Bellouin et al., 2020). 

This paper is structured as follows. In section 2, a summary of the 
observational and modelling products used in this study is given. The 
experimental set up of WRF-CHEM is also described. The dust load and 
DRE estimates and their implications are discussed in section 3, while in 
section 4 the main findings are outlined. 

2. Data and methods 

2.1. Observational & reanalysis datasets 

Five observational datasets are used in this work, four of which are 
satellite-derived products while the last one comprises ground-based 
measurements.  

➢ Red-Green-Blue (RGB) satellite images from the Spinning Enhanced 
Visible and Infrared Imager (SEVIRI; Schmetz et al., 2002) instru-
ment on board the Meteosat Second Generation Spacecraft, from 17 
to 24 June 2020 (0.05◦; 15-min). These images are constructed using 
the brightness temperatures measured at the 8.7, 10.8, and 12 μm 
infrared channels (Martinez et al., 2009);  

➢ AOD estimates from the (i) Visible Infrared Imaging Radiometer 
Suite (VIIRS; Miller et al., 2013) instrument onboard the Suomi 
National Polar-orbiting Partnership satellite (6 km; hourly), and (ii) 
the Moderate Resolution Imaging Spectroradiometer (MODIS; 
Kaufman et al., 1997) instrument on board the Terra and Aqua sat-
ellites (1 km; daily). The MODIS products MOD04_L2 and 
MYD04_L2, algorithm version 6 and level 2 data, are used (Levy and 
Hsu, 2015a,b).;  

➢ Clouds and the Earth’s Radiant Energy System (CERES; Doelling 
et al., 2013, 2016; 1◦ and hourly) surface SW, LW and net radiation 
fluxes derived from satellite estimates;  

➢ The Group of High-Resolution Sea Surface Temperature (GHRSST; 
Martin et al., 2012) Level 4 data provides foundation SSTs from a 
combination of different satellite measurements (0.01◦; daily);  

➢ The Aerosol Robotic Network (AERONET; Holben et al., 1998) is a 
network of ground-based sun photometers that provide 15-min es-
timates of the AOD at wavelengths in the range 340–1640 nm. 

Regarding the satellite-derived AOD estimates, it is important to note 
that, while MODIS′ AOD is closer to that estimated using ground-based 
assets when compared to that given by VIIRS, in particular in desert 
regions, it has more gaps than the latter (Wang et al. 2017, 2020), and 
hence the two are used in this study. What is more, the agreement be-
tween MODIS AOD and that given AERONET’s sun photometers is not 
always optimal. As noted e.g. by Levy et al. (2005), over land, and in 
particular in the blue wavelength, MODIS AOD tends to be higher in 
cleaner environments and lower in dustier environments when 
compared with ground-based estimates. This likely arises because of an 
incorrect setting of the surface albedo in the lookup tables. Other sources 
of error include sub-pixel cloud, snow/ice and water contamination 
(Chu et al., 2002), as well as varying aerosol properties such as shape 
(Remer et al., 2005). 

In addition to the datasets listed above, ERA-5 (Hersbach et al., 
2020) and the Modern-Era Retrospective analysis for Research and 
Applications version 2 (MERRA-2; Gelaro et al., 2017) reanalysis data 
are considered. ERA-5 data is available at 0.25◦ × 0.25◦ on an hourly 
basis from 1979 to present, and has the highest spatial and temporal 
resolution of any publicly available reanalysis dataset at the time of 
writing of the paper. MERRA-2 is unique in the sense that it represents 
aerosols and their interactions with the climate system, allowing for 
explicit predictions of the AOD and column dust mass loading, which are 
available at 0.625◦ × 0.5◦ and 1-h resolution. 

2.2. WRF-CHEM simulations 

Dust emissions and transport were simulated using WRF-Chem 
v3.9.1.1 (Grell et al., 2005; Skamarock et al., 2008). A single domain, 
which covered most of North Africa and adjacent Atlantic Ocean 
(38.58◦W-41.58◦E; 1.35◦N-37.63◦N) at 12 km resolution was used, with 
45 vertical levels. Simulations were forced with the 6-hourly National 
Centers for Environmental Prediction (NCEP) Global Forecast System 
(GFS; NCEP, 2015) 0.25◦ × 0.25◦ data. A summary of the model 
configuration is presented in Table 1. 

In the model simulations, aerosol-radiation feedbacks are accounted 
for, while aerosol-cloud interactions (i.e. aerosol indirect effects) are not 
activated. What is more, WRF-Chem is run with dust emissions only, the 
gas-phase chemistry is not considered. In order to assess the impact of 
dust aerosols on the radiation budget and atmospheric flow, similar 
simulations were run without dust, with all other settings remaining 
unchanged. These two sets of model runs are labelled as “WRF Dust” and 
“WRF No Dust” throughout the manuscript. 

Dust emissions in the model are controlled by the Air Force Weather 
Agency (AFWA) dust scheme described by Legrand et al. (2018). This 
scheme uses the erodibility map developed by Ginoux et al. (2001) to 
represent the source strength of emissions. A feature of this scheme is 
that it accounts for dust emission by three mechanisms: aerodynamic 
lift, saltation bombardment and particle disaggregation (Legrand et al., 
2018). Aerodynamic lift is when particles become airborne due to wind 
shear. A characteristic of this process is that small particles (diameter 
<10 μm) remain on the surface due to forces of adhesion and cohesion, 
while larger particles (10–250 μm) become lofted (e.g. Colarco et al., 
2003). The larger particles then return to the surface (saltation 
bombardment), where the impact causes the smaller particles to over-
come the adhesion and become dislodged and lofted. Dust is emitted 
into the lowest model level and transported from there in 5 size-bins that 
range from 0.2 to 20 μm. Land cover classes are taken from the United 
States Geological Survey (USGS) global database (Loveland et al., 2000; 
Sertel et al., 2010). The default soil texture in WRF is from the State Soil 
Geographic (STATSGO)/Food and Agriculture Organization (FAO) soil 
database (Sanchez et al., 2009; Dy and Fung, 2016). At the lower 
boundary over the ocean, a simple prognostic scheme is employed for 
the sea surface skin temperature (SSKT), which is essentially controlled 
by the SSTs from the GFS forcing data. This parameterization scheme, 
based on Zeng and Beljaars (2005), accounts for the effects of the 
radiative and heat fluxes, as well as molecular diffusion and turbulent 
mixing, and allows the model to simulate the diurnal variability in the 

Table 1 
WRF-Chem physics and chemistry parameterization.  

Parameterization Scheme 

Radiation SW Rapid Radiative Transfer Model for GCMs (Iacono et al., 
2008) 

Radiation LW Rapid Radiative Transfer Model for GCMs (Iacono et al., 
2008) 

Boundary Layer Yonsei University Planetary Boundary Layer (Hong et al., 
2006) 

Cumulus Grell 3 (Grell and Dvnyi, 2002) 
Microphysics Lin (Lin et al., 1983) 
Land Surface Model NOAH (Tewari et al., 2004) 
Surface Layer Revised MM5 (Jimenez et al., 2012) 
Chemistry WRF Dust Simulation: 

Goddard Chemistry Aerosol Radiation and Transport 
simple/no ozone (gas-phase chemistry not activated) 
WRF No Dust Simulation: 
Chemistry module switched off 

Dust option Air Force Weather Agency dust scheme (Legrand et al., 
2018) 

Aerosol- radiation 
feedback 

Active 

Aerosol-cloud feedback Inactive 
Aerosol Optics Volume approximation  

D. Francis et al.                                                                                                                                                                                                                                 



Atmospheric Environment 268 (2022) 118808

4

SSKT and its feedback to the atmosphere. 
As the dust event lasted for more than 5 days it was decided to break 

up the simulations into shorter periods, with the model initialized at 00 
UTC every 48 h from 12 to 22 June 2020. The chemistry variables, 
which is only dust in this case, from the previous model run are used as 
input at the start of the subsequent simulation. For each simulation, the 
first 12 h are discarded as spin up while the following 36 h (i.e. forecast 
hours +13 to +48) are retained for analyses. 

The aerosol optical properties, such as the extinction coefficient, at 
different wavelengths in the SW and LW portions of the electromagnetic 
spectrum, including at 550 nm, are calculated for each model level 
(Barnard et al., 2010). The AOD is calculated in post-processing by 
integrating the extinction coefficient, which is explicitly predicted by 
WRF-Chem for each model layer, over all model layers. Hereafter, the 
550 nm AOD will be referred to just as AOD for simplicity. 

3. Results 

3.1. Estimation of dust load 

As detailed in Francis et al. (2020), the June 2020 Sahara dust storm 
was of historic proportions. Not only were record amounts of dust pre-
sent in the atmosphere (as evidenced e.g. by the highest ever AOD 
recorded at an AERONET station in Cape Verde), but the associated dust 
plume reached all the way to North America. The extreme nature of this 
event can be seen in Fig. 1, which shows RGB composites from SEVIRI 
from 17 to 24 June during nighttime (01 UTC) and daytime (13 UTC). 

The dust emissions over the Sahara and the westward propagation of the 
dust plume (pink shading), aided by an anomalously strong African 
Easterly Jet, can be clearly seen. 

In order to quantify the amount of atmospheric dust, Fig. 2 shows 
WRF and MERRA2-predicted and satellite-derived AOD, as well as 
modelled column dust mass on 18 June 2020. As seen in Fig. 1, on this 
day a dust plume was located over the eastern tropical Atlantic around 
Cape Verde. AOD estimates exceeded ~2 from MODIS (Fig. 2a) and were 
as high as ~5 from VIIRS (Fig. 2b). Such high values of AOD are not 
unheard of (e.g. Solomos et al. (2018) and Kaskaoutis et al. (2019) 
estimated AODs as high as ~6 during dust storms over the eastern 
Mediterranean), but have not been observed before in the eastern 
tropical Atlantic (at least in the Cape Verde Islands), as noted by Francis 
et al. (2020). Having said that, it is perfectly possible that, in particularly 
dusty conditions, such as during haboobs when the Sun can be 
completely obscured, higher values of AOD have been observed. How-
ever, the retrieval algorithm likely flagged the correspondent pixels as 
cloudy, meaning that such the AOD values are not reported in the 
literature. 

A comparison between the AOD from VIIRS (Fig. 2b) and that of 
MERRA-2 (Fig. 2d) indicates a similar spatial pattern, even though 
MERRA-2 underestimates its magnitude. As noted by Buchard et al. 
(2017), the assimilation of space-based observations of aerosols in the 
reanalysis data does not correct for all the AOD biases, which are caused 
e.g. by missing emissions and/or deficiencies in the parameterization 
schemes. The reanalysis data predicts more than 6 g m− 2 of dust over the 
tropical eastern Atlantic, with a maximum in the surface dust mass 

Fig. 1. SEVIRI dust RGB snapshots from 17 to 24 June 2020 at 01 UTC (nighttime) and 13 UTC (daytime). In all panels, dust is given in magenta or pink; thick high- 
level clouds are shaded in orange or brown; thin high-level clouds appear very dark (nearly black); sandy regions are highlighted in white. Dry land is shaded in pale 
blue during daytime and pale green at night. The region 40◦W-17◦W & 10◦N-25◦N (used for averaging in subsequent figures), which encompasses the bulk of the dust 
plume at the beginning of the episode, is denoted by a black rectangle. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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concentration of ~1200 μg m− 3. A comparison with other major dust 
storms revealed that this last figure is roughly (i) 30 times larger than 
that measured in Puerto Rico during the Sahara dust storm of March 
2004 (Rodriguez-Cotto et al., 2013); (ii) four times higher than that 

observed in the Middle East during six frontal dust storms in 2016–2018 
(Hamzeh et al., 2021); (iii) up to 10 times larger than that measured 
during a major dust storm in East Asia in April 2001 (Manktelow et al., 
2010); and (iv) comparable to the amount of dust emitted during major 

Fig. 2. (a) WRF AOD (green circles, left 
axis) and dust load (grey circles, right axis; g 
m− 2) and MODIS AOD (blue and red circles; 
left axis), averaged over the eastern tropical 
Atlantic Ocean (38◦W-17◦W & 10◦N-25◦N), 
from 08 to 30 June 2020. Spatial distribu-
tion of the AOD over the study region on 18 
June 2020 from (b) VIIRS satellite (daily 
maximum; the white shading denotes gaps 
in the data coverage), (c) WRF and (d) 
MERRA-2 at 00 UTC. (e) and (f) are as (c) 
and (d) but for the total column dust mass (g 
m− 2). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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dust storms in the eastern Mediterranean, where several studies reported 
surface dust concentrations of up to 6000 μg m− 3 (Alpert and Ganor, 
1998; Saeed et al., 2014; Solomos et al., 2018; Kaskaoutis et al., 2019). 

When integrated over the eastern tropical Atlantic (40◦W-17◦W & 
10◦N-25◦N; black rectangle in Fig. 1), where the bulk of the dust plume 

is located, following Todd et al. (2008), the total dust loading is about 
7.9 Tg, which is roughly comparable to that estimated over land during 
other major dust storms (Bou Karam et al. 2009, 2010, 2014; Francis 
et al., 2020a). 

WRF underestimates the observed AOD over the eastern tropical 

Fig. 3. As Fig. 2 but on 23 June 2020. In (a), the WRF and observed AOD at 550 nm from 10 to 29 June 2020 are plotted at the location of the AERONET station in 
Cape Verde (22.935◦W, 16.733◦N). The western boundary in the VIIRS and MERRA-2 plots, panels (b), (d) and (f), is extended to 80◦W, to highlight the propagation 
of the dust plume into the Caribbean and North America. 
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Atlantic on 18 June, on average slightly more than MERRA-2: as seen in 
Fig. 2a, the WRF-predicted AOD is roughly 0.5–1 lower than that esti-
mated from MODIS and AERONET, respectively. The fact that the at-
mosphere is less dusty in WRF may be due to (i) uncertainties in the dust 
parameterization schemes (e.g., Flaounas et al., 2017; Eltahan et al., 
2018), which is also the case for MERRA-2; an incorrect representation 
of the (ii) large-scale circulation (e.g., Kabatas et al., 2018), and (iii) 
surface properties such as the erodibility factor (e.g., Su et al., 2015). 
The spatial pattern of the AOD in WRF (Fig. 2c) is also different to that of 
VIIRS (Fig. 2b) and MERRA-2 (Fig. 2d), with the dust being more 
concentrated over the desert. A possible reason for this is the lack of data 
assimilation in WRF, which is employed in the reanalysis dataset. 
However, the “tongue” of higher amounts of dust over northern Mali, 
and from Niger and northern Chad to central Egypt in WRF is also 
present in MERRA-2 and VIIRS. In particular over land, WRF predicts 
higher AODs than MERRA-2 (Fig. 2c–d), which is also reflected in the 
larger dust masses (Fig. 2e–f). However, over the eastern tropical 
Atlantic, the two are broadly in agreement. On 23 June (Fig. 3), the day 
of the second AOD peak, the WRF and observed AODs are more in line 

with each other (cf. Figs. 2a and 3a), with the spatial pattern of the AOD 
and dust loading also being generally similar between WRF and 
MERRA-2 (Fig. 3c–f), the latter in close agreement with the VIIRS esti-
mates (Fig. 3b). As on 18 June, WRF predicts substantially higher 
amounts of dust over northwestern Africa compared to MERRA-2, with 
AODs roughly ~1–2 index units higher and a dust mass typically ~3–5 g 
m− 2 larger than that in the reanalysis dataset. Despite this, over the 
eastern tropical Atlantic, the two continue to be closer to each other 
(Fig. 3c–f). 

3.2. Evaluation of the dust radiative forcing 

Dust particles act to block the thermal radiation emitted by the 
Earth’s surface, and scatter and absorb the SW radiation emitted by the 
Sun (Spyrou, 2018). These dust aerosol direct and semi-direct effects can 
be seen in Fig. 4a–b: the eastern tropical Atlantic, where the dust plume 
is located, exhibits higher surface net radiation fluxes, Rnet, at night, 
when compared to the clearer regions further north around the Canary 
Islands (~0 W m− 2, as opposed to − 100 W m− 2), and lower during the 

Fig. 4. CERES net radiation flux at the surface, Rnet (W m− 2), on 18 June 2020 at (a) 00 UTC and (b) 12 UTC; at 00 UTC on (c) 20 June 2020 and (d) 26 June 2020. 
(e) Climatological diurnal variation of area-averaged CERES downward short-wave and long-wave and Rnet fluxes over the black rectangle in Fig. 1a. (f) is as (e) but 
showing the hourly anomalies for the month of June 2020. 
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day (~500 W m− 2 compared to 800 W m− 2 further north). The rather 
low values of Rnet (<250 W m− 2) to the south of the plume and in parts 
of Mali are due the presence of deep convective clouds (Fig. 1c). The 
dust effects on Rnet persisted for several days till the end of June 2020 
(Fig. 4c–d). 

The DREs are also evident in the spatially-averaged time-series plots 
given in Fig. 4e–f. The Rnet in the eastern tropical Atlantic typically 
varies between − 50 W m− 2 at night and +740 W m− 2 during the day, 
largely following the diurnal cycle of the downward SW radiation flux. 
The daily maximum occurs at 13 UTC, when the 20-year standard de-
viation is roughly 40 W m− 2, while the minimum takes place at 21 UTC, 
when the standard deviation is about 6 W m− 2. However, during the 
June 2020 Saharan dust storm, Rnet dropped by as much as 166 W m− 2 

during the day (~25% of the mean value), with an anomaly of up to 
+14 W m− 2 at night (~28% of the mean value). These numbers are 

roughly two to four standard deviations away from the mean, which 
underscores the extreme nature of this event. The nighttime increase in 
the downward LW radiation flux is also highly anomalous: the largest 
value of ~23 W m− 2 is about three standard deviations away from the 
mean. The reduction in the SW (up to ~190 W m− 2) and increase in the 
LW fluxes are up to three times larger than that modelled by Myhre et al. 
(2003) in the September 2000 Saharan dust storm, respectively. The 
former is also twice as large as that reported by Kaskaoutis et al. (2019) 
for a major dust storm in Greece, when the AOD exceeded 4. 

The DRE from WRF can be estimated from the simulations with and 
without dust, given by the red and blue curves in Fig. 5, respectively. 
The maximum reduction in downward SW is ~100 W m− 2 while the 
increase in downward LW reaches up to +20 W m− 2. These magnitudes 
are comparable to those modelled by Saidou Chaibou et al. (2020) over 
West Africa, by Haywood et al. (2003) and Highwood et al. (2003) off 

Fig. 5. Time series of the upward (dashed line) and 
downward (solid line) (a) shortwave and (b) long-
wave radiative fluxes, and (c) net radiative flux 
(Rnet; W m− 2) from WRF (red) and CERES (black) 
averaged over 38◦W-17◦W & 10◦N-25◦N and for the 
period 14–24 June 2020. The predictions of the 
WRF simulations in which the DRE is accounted for 
are given by red lines, and those of the run without 
DRE are plotted in blue lines. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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the coast of Africa, and are in line with those estimated by Anton et al. 
(2014), who studied a dust storm that affected southeastern Spain, for 
the predicted range of AODs. The modelled DREs for this event are larger 
than those estimated by Gutleben et al. (2020) for a dust event in the 
Caribbean, but smaller than those computed for the extreme September 
2015 dust event over the eastern Mediterranean and the Middle East 
(Uzan et al., 2018), and for a major dust storm in Greece in March 2018 
by Kaskaoutis et al. (2019). It is interesting to note that in the run 
without the dust feedback, the downward SW shows a day-to-day vari-
ability that has a comparable magnitude to the DRE, with a decrease of 
up to ~100 W m− 2 from 16 to 17 and 18–19 June, and an increase from 
17 to 18 June due to the presence of clouds in the target region. A 

comparison with the CERES fluxes shows that WRF has a considerable 
bias: the model overestimates the downward SW by as much as 200 W 
m− 2, while the downward and upward LW fluxes are up to 20 W m− 2 

and 10 W m− 2 smaller in WRF, respectively. When comparing the WRF 
simulation without dust and CERES (Fig. 4e–f and 5), the ~200 W m− 2 

difference in downward SW and ~40 W m− 2 in downward LW are 
indicative of the net effect of dust, and are in line with the values ob-
tained from the climatology analysis (Fig. 4f). 

It is interesting to note that the dust effects on the upward SW ra-
diation flux are much smaller than those on the downward SW radiation 
flux, mostly below 70 W m− 2. This can be attributed to the low albedo of 
the sea surface (~0.06; e.g., Payne, 1972), which absorbs the vast 

Fig. 6. Averaged over 40-17◦W & 10-25◦N (black rectangle in Fig. 1) for the June 2020 actual values and anomalies of (a) Daily SSTs (K) from GHRSST, and ERA-5 
(b) 2-m temperature (K), (c) total radiation flux (Rnet), (d) total energy flux (Fnet) at the surface in W m− 2 (both positive if downward into the surface), (e) sensible 
heat flux (SHF) and (f) latent heat flux (LHF) in W m− 2 (both positive if upwards into the atmosphere). The GHRSST anomalies are computed with respect to the 
2002–2019 climatology, while those of ERA-5 are with respect to the 2000–2019 climatology, as GHRSST data is not available prior to 2002. In all panels, the 
climatological mean and standard deviation are given at the top left, with the former also plotted as a dashed line. 
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majority of the incoming SW radiation. Similarly, the ~20 W m− 2 in-
crease in the downward LW radiation flux is in contrast with a <5 W m− 2 

increase in the upward LW radiation flux. The latter is essentially 
controlled by the surface temperature, which exhibits a reduced vari-
ability over water as opposed to land regions due to its higher thermal 
inertia (e.g., Kawai and Wada, 2007). 

The radiative impact of dust on the sea surface and air temperature 

can be seen in Fig. 6, with Fig. 6a giving the satellite-derived SSTs and 
Fig. 6b the air temperature from ERA-5. The SSTs, averaged over the 
eastern tropical Atlantic Ocean, increased by roughly 0.6–1.1 K during 
the event, a magnitude up to two times that of the climatological stan-
dard deviation. The air temperature rose by over 1.8 K, or about three 
times the climatological standard deviation. While the amplitude of the 
SST change is comparable to that reported by other studies over the 

Fig. 7. SEVIRI dust RGB snapshot at 09 UTC on (a) 15 June, (c) 18 June and (e) 23 June 2021. Thick high-level clouds are shaded in orange or brown; thin high-level 
clouds appear very dark (nearly black); dust is given in magenta or pink; sandy regions are highlighted in white; dry land is shaded in pale green. (b), (d) and (f) are 
GHRSST anomalies with respect to the 2002–2019 climatology on the same days. All fields are shown for the domain 47◦W-17◦W and 9◦N-33◦N. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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eastern tropical Atlantic during Sahara dust outbreaks (e.g., Martinez 
Avellaneda et al., 2010; Jordan et al., 2018), the sign is the opposite. The 
SST warming is likely due to the extremely high AODs observed in June 
2020, for which the heating of the ocean surface by the increased 
downward LW throughout the day outweighs the cooling due to the 
reduced downward SW. In fact, the peak in SST anomalies on 24–25 
June (Fig. 6a) takes place just after the AOD peak on 23 June (Fig. 2a). 
The warming of the SSTs is consistent with the Rnet and total energy flux 
Fnet (given by Rnet plus the heat fluxes) time-series given in Fig. 6c and d, 
respectively. Fnet remains relatively high from 15 to 18 June, with 
anomalies as large as one third of its climatological standard deviation 
(Fig. 6d). This is an indication of the heating of the surface. In fact, the 
maximum in SST (Fig. 6a) and 2-m temperature (Fig. 6b) occurs when 
the total energy flux at the surface is positive. 

The dust aerosols’ induced warming over the ocean is contradicting 
with the findings of previous studies on the dust radiative impact. These 
studies were mainly based on modelling techniques and concluded that 
the dust direct effect can increase the surface temperature over higher 
albedo surface and decrease the surface temperature over lower albedo 
areas (Xie et al., 2018; Miller, 2012; Takemura et al., 2009). However, 
when considering the dust radiative impact in the longwave and by 
looking at daytime and nighttime observations separately (daily aver-
aging leads to the cancellation of daytime and nighttime effects), the 
results are different as evidenced in the current study. Additionally, 
most of the current atmospheric models miss most of the large dust 
particles in their simulated atmospheres and tend to deposit these par-
ticles too quickly near dust source regions (Adebiyi and Kok, 2020) 
which leads to an underestimation of the dust radiative impact in the 
longwave and hence in the net effect. Our results resonate with the 
findings of a new study (Xian et al., 2020) in which the authors revisited 
the relationship between tropical cyclones and dust aerosols and found a 
weak correlation between high dust aerosols and low tropical cyclones 
activity over the tropical Atlantic Ocean. Should the nighttime/daytime 
dust effects have been considered separately, the results by Xian et al. 
(2020) may have been further showing the warming effect of dust 
aerosols at the surface. 

The fact that an extremely dusty environment may lead to higher 
SSTs can be seen in Fig. 7, which shows SEVIRI RGB and satellite- 
derived SST anomaly maps on 15, 18 and 23 June 2021. In these fig-
ures, dustier regions are co-located with areas of positive SST anomalies 
exhibiting above-average SSTs in places in excess of 4 K. It is important 
to note, when analyzing these results, that due to the higher thermal 
inertia of water, it takes some time for the SSTs to respond to the at-
mospheric forcing. Finally, it is interesting to note that the Rnet anom-
alies from ERA-5, Fig. 6c, are substantially different from those of 
CERES, Fig. 4f, in particular between 12 and 20 June. This is an indi-
cation that the biases in the reanalysis dataset can still be considerable, 
despite the extensive data assimilation employed. 

As far as the heat fluxes are concerned (Fig. 6e and f), the SHF and 
LHF drop by up to 14 and 54 W m− 2, respectively, higher than the 
respective standard deviations. The variations of the SHF and LHF 
estimated for this event are roughly one half and four times larger than 
those modelled by Saidou Chaibou et al. (2020) over West Africa, 
respectively. The larger magnitude-change in the LHF compared to the 
SHF is in line with the fact that the target region in Saidou Chaibou et al. 
(2020) is over the desert, whereas here the fluxes are averaged over the 
ocean. The negative SHF is consistent with a warmer air temperature 
compared to the SSTs (i.e. downward pointing fluxes). Once the atmo-
sphere becomes clearer, the surface-to-air temperature gradient de-
creases (Fig. 6a–b), which leads to a decrease in the SHF (i.e. it is less 
negative) and an increase in the LHF (enhanced surface evaporation). 
The warming of the surface seen here has important implications for the 
genesis and intensification of tropical storms: while the presence of a 
drier and dustier environment inhibits the formation of tropical distur-
bances (e.g., Reed et al., 2019), warmer SSTs and the resultant warming 
and moistening of the boundary layer have the opposite effect (e.g., 

Emanuel, 2005). As the dust plume extended all over the Atlantic Ocean 
(Fig. 3d and f), mostly near its primary breeding region just off the coast 
of Africa (Haggard, 1958), it is possible that the unprecedented June 
2020 Saharan dust storm played a role in what was the most active 
Atlantic hurricane season on record, in particular in its early and rapid 
onset (Blackwell, 2020). 

4. Conclusions 

In this study, the dust loading and radiative forcing for the June 2020 
Saharan dust storm are estimated using a combination of observational 
and modelling products. 

On 18 June, during the peak of the event, AOD estimates from sat-
ellite reached ~5, with the MERRA-2 reanalysis and WRF under-
estimating it by up to one index unit. The dust loading over the eastern 
tropical Atlantic is estimated at 7.9 Tg, a similar magnitude to that 
calculated over land during previous major dust storms in the Sahara 
Desert (Bou Karam et al. 2009, 2010, 2014). A comparable dust loading 
was observed in the following days, underscoring the persistent nature 
of the emissions during this event. 

The spatially-averaged reduction over the eastern tropical Atlantic 
Ocean in the downward SW radiation flux reached ~190 W m− 2 on 18 
June, with an increase in the downward LW radiation by up to 23 W 
m− 2, both larger than those observed at a single station in other major 
dust storms (e.g., Myhre et al., 2003; Kaskaoutis et al., 2019). As 
opposed to other events, however, there was an increase in SSTs by as 
much as +1.1 K, and in the air temperature by up +1.8 K. This arises due 
to a net warming of the surface, with an anomaly in the total energy flux 
of up to ~100 W m− 2, roughly a third of its climatological standard 
deviation. A comparison of the dust plume with the SSTs, both estimated 
from satellite data, further suggests that heavy dust loadings may lead to 
higher SSTs. 

Over the last few decades, dust outbreaks from the Sahara Desert 
have been thought to induce a net cooling at the surface and therefore 
contribute to the decrease in tropical storm activity over the tropical 
Atlantic (e.g., Evan et al., 2006, 2012). However, our results show that 
the June 2020 historical dust storm induced a net warming over a sus-
tained period of time. This is in line with the findings of recent studies 
(Xian et al., 2020), which showed that the warming effect of dust 
aerosols is larger than previously thought (e.g., Adebiyi and Kok, 2020; 
Francis et al., 2020a). 

These findings stress the importance of representing the radiative 
effects of dust aerosols in general circulation models (GCMs) as well as in 
weather and climate models, in particular those dedicated to the study 
and forecast of tropical storms and hurricanes. For example, the 2020 
Atlantic hurricane season was record-breaking and was off to a fast start 
in May–July (Blackwell, 2020). Given that the Saharan dust reached all 
the way to North America, the aforementioned increase in SSTs may 
have promoted the more active storm season, in particular as the largest 
SST increases were around the breeding region for the so-called Cape 
Verde hurricanes, which are typically the strongest of the season 
(Haggard, 1958). More investigation is needed in future studies in order 
to disentangle the complex interconnection between the dust radiative 
forcing and storm development and intensity. In particular, numerical 
experiments can be conducted to explore the sensitivity of the SST 
response to varying levels of dust loading. Previous studies on the dust 
radiative impact using GCMs have shown that the dust direct effect can 
increase the surface temperature over higher albedo surface and 
decrease the surface temperature over lower albedo areas (Xie et al., 
2018; Miller, 2012; Takemura et al., 2009). The findings of the current 
study do not support those conclusions and invite the scientific com-
munity to investigate more carefully the dust radiative impact in the 
longwave especially during night, and recommend a better representa-
tion in GCMs of dust aerosols’ size distribution (where large size parti-
cles are currently underrepresented) and optical properties. 
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