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Abstract This study investigates the atmospheric dynamics of the major dust storm that occurred in
June 2020 over the Sahara and during which dust clouds associated with the highest-on-record aerosol
optical depths were transported toward the America. An anomalous atmospheric circulation pattern

in the mid-latitudes, linked to a circumglobal wavetrain, resulted in the development of a subtropical
high-pressure system to the west of the Saharan heat low. This created a pressure dipole and generated
anomalously strong northeasterlies over the Sahara, which caused continuous dust emissions over 4 days.
Occurring along the northern fringes of the intertropical discontinuity, the dust was transported to higher
altitudes (6 km) by the strong updraft in this region. This injected the dust at the African Easterly Jet
(AEYJ) altitudes and favored a rapid westward long-range transport. The AEJ was also anomalously strong,
being strengthened by the anticyclonic circulation associated with the anomalous high.

Plain Language Summary Dust is an important constituent of the Earth's atmosphere, with
a wide range of impacts ranging from human health to effects on climate. In June 2020, massive amounts
of dust were lifted from the Sahara, the major dust source region in the world, and transported all the
way into the Americas across the tropical Atlantic Ocean. This event was caused by the development of a
subtropical high-pressure system over northwest Africa which resulted in sustained strong northeasterlies
over the Sahara generating continuous dust emissions for 4 days. Due to the strong low-level convergence
along the intertropical discontinuity region, the dust was lifted to roughly 5-6 km above the surface, and
then transported westward by the stronger mid-atmospheric winds (>20 m s™). At Cape Verde and over
large swaths of the Atlantic Ocean, the amount of dust suspended in the atmosphere was associated with
the largest aerosol optical depths on record.

1. Introduction

Mineral dust is the most common aerosol type on Earth and it has a wide range of impacts ranging from
effects on human health (de Longueville et al., 2013), on the local and regional climate (Schepanski, 2008;
Weston et al., 2020) and on tropical cyclones (Evan et al., 2006; Pan et al., 2018). The Sahara Desert in
North Africa is widely recognized as the major source of mineral dust aerosols in the world (Middleton &
Goudie, 2001). Therefore, an understanding of the mechanisms responsible for dust lifting in the Sahara
and its long-range transport, in particular in the summer when dust events are more frequent in the area
(Engelstaedter & Washington, 2007; Knippertz & Todd, 2012), is crucial.

The predominant large-scale summertime atmospheric circulation feature in North Africa is the Saharan
heat low (SHL). The SHL is a thermal low, developing from the strong heating of the surface by the Sun,
and subsequent warming of the atmosphere through sensible heat fluxes (Almirew et al., 2018; Lavaysse
et al., 2009). As aresult of the strong surface heating, rather deep boundary layers, which can extend to more
than 5 km above the surface (Flamant et al., 2007; Knippertz et al., 2009), arise during daytime. The merid-
ional temperature gradient between the cooler and moister air over the Gulf of Guinea (the monsoon flow)
and the hot air over the inland desert, through thermal wind balance, give rise to an easterly jet, denoted
as the African Easterly Jet (AEJ; Thorncroft & Blackburn, 1999). The AEJ, which is both barotropically and
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baroclinically unstable (Hsieh & Cook, 2008), peaks at 700 hPa (roughly 3 km above the surface) around
10°N-15°N. It plays an important role in modulating dust storms in the region and in the dust transport into
the Atlantic Ocean. For example, Bou Karam et al. (2014) reported on a synoptic-scale dust event triggered
by a cold pool that formed from a mesoscale convective system over the Sahara. This system developed as
part of an exceptional northward surge of the monsoon, and its expansion as a density current lifted rough-
ly 2 x 10° tons of dust from the Sahara Desert. As the dust reached the level of the AEJ owing to the deep
boundary layers in the region (von Engeln & Teixeira, 2013), it was advected westwards into the Caribbean
Sea, where locally unusual high amounts of dust were recorded. Such long-range transport of Saharan dust
has been reported before (e.g., Doherty et al., 2008; Grob et al., 2015; Prospero & Lamb, 2003), and is tightly
linked with the large-scale meteorology in North Africa. In particular, Rodriguez et al. (2015) discusses a
dipole over western North Africa, characterized by a ridge over the subtropical Sahara, and a trough over
tropical North Africa. It is denoted as the North African Dipole (NAFD), and its strength is measured using
the NAFD index (NAFDI). Positive values of NAFDI correspond to a positive meridional pressure gradient
over the Sahara (i.e., both features are stronger than the respective climatological means), with the result-
ing low-level easterlies over the desert favoring dust emission and subsequent export. The NAFD has been
mentioned in subsequent publications such as Cuevas et al. (2017) and Schepanski et al. (2017), with high
NAFDI values linked with high aerosol optical depths over West Africa and increased dust export into the
Atlantic Ocean.

On top of the thermodynamic forcing, which gives rise to deep boundary layers that help to lift dust to
a few kilometers above the surface, dynamical forcing can also contribute to dust lifting. At the inter-
face where the hot and dry air from the desert blowing from a northerly direction meets the southerly
cooler and moist air from the Gulf of Guinea, labeled as the intertropical discontinuity (ITD; Pospichal
et al., 2010), the low-level wind convergence is balanced by vertical ascent. As highlighted in Bou Kar-
am et al. (2008, 2009a), and in particular in June and July when the ITD sits over the Sahel, dust can be
lifted several kilometers upwards, and then advected by the strong AEJ winds. Moreover, the presence of
high terrain and associated impact on the atmospheric flow (i.e., orographic blocking and flow splitting),
aids in the development of dry cyclones and subsequently impacts dust lifting (Bou Karam et al., 2009b,
2010). Synoptic-scale disturbances such as African easterly waves also modulate dust emissions in the
Sahara Desert in the warm season (Knippertz & Todd, 2010). In the cold and transition seasons, on the
other hand, dust storms are usually triggered by mid-latitude weather disturbances, in particular cut-
off lows that drift southeastwards into northwestern Africa (D. Francis et al., 2018, 2019). At more lo-
cal-scales, dust is lifted by different mechanisms such as (i) downward mixing of momentum from night-
time low-level jets after sunrise when the boundary layer deepens (e.g., Allen & Washington, 2014; Caton
Harisson et al., 2019), (ii) convective downdrafts associated with deep convective events (e.g., Heinold
et al., 2013), and (iii) dust devils that occur during daytime arising from the strong heating of the surface
by the Sun (e.g., Knippertz & Todd, 2012). As noted by Schepanski et al. (2009), the combination of the
referred local-scale forcing with that of the large-scales accounts for much of the variability of dust emis-
sions on diurnal time-scales.

While the near-surface winds associated with the presence of an anomalous trough or ridge over the Sa-
hara can lead to dust lifting (Tulet et al., 2008), this weather feature is typically not isolated in nature but
constitutes part of a large-scale pattern of anomalies. Ding and Wang (2005) reported on a circumglobal
teleconnection zonal wavenumber 5 pattern, which prevails in the northern hemisphere in the summer
season, and is driven by the interaction between the subtropical jet stream and the Indian summer mon-
soon. A circumglobal wavetrain that persists for a considerable period of time can lead to extreme weather
episodes at regional scale, as regions predominantly under the influence of a ridge will experience rather
dry weather conditions, while the prevalence of low pressure systems may lead to flooding. This has been
observed, for example, in summer 2007 (Blackburn et al., 2008) and summer 2008 (Kornhuber et al., 2019),
when a wavenumber 7 wavetrain persisted in the northern hemisphere.

In this study, the mechanisms behind the 14-19 June, 2020 dust event, a record breaking event that led to
the dustier atmospheric conditions in the tropical Atlantic since records began in 2002, is analyzed. Despite
being a ubiquitous feature over the Sahara, intense dust storms comparable to the one in June 2020 remain
unpredictable and their underlying mechanisms are still not fully understood. As such, the central goal of
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Figure 1. MODIS visible imagery on (a) 15, (b) 16, (c) 18, and (d) 19 June 2020 over western Africa and the northern tropical Atlantic Ocean. Clouds are in
white and the dust is in yellow. Note the extensive dust layer originating from the Sahara Desert on June 15, 2020 that by June 19, 2020 covers a wide area over
the surrounding Atlantic Ocean. Image credits NASA Worldview.

this work is to identify the processes responsible for the lifting and transport of the dust in this extreme
event and their link to the large-scale circulation.

This paper is structured as follows. In Section 2, the synoptic conditions present during the dust event are
analyzed, with the mechanisms responsible for the initiation of the event, and the subsequent transport
of dust into the tropical Atlantic Ocean, discussed in Section 3. In Section 4, the characteristics of the dust
storm are presented, using both satellite products and in situ measurements. The conclusions of the study
are outlined in Section 5.

2. Synoptic Conditions

A synoptic-scale dust storm occurred in mid-June over the tropical Atlantic Ocean. Dust clouds covering
several degrees in latitudes and longitudes can be seen in the visible satellite images from the Moderate
Resolution Imaging Spectroradiometer (MODIS; Y. J. Kaufman et al., 1997, Y. Kaufman et al., 2002) on 15,
16, 18 and 19 June, 2020 (Figure 1). In addition to the dust clouds, a cut-off low is present to the northwest
of Africa, with the cyclonic circulation and associated cloud pattern clearly seen in the satellite images. A
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stream function anomalies (10° m®s™") from the 1991 to 2020 NCEP CFSR climatology averaged over June 2020 for

the northern hemisphere. In (a), the horizontal component of the Rossby wave activity flux, as defined by Takaya and Nakamura's (2001) W-vector (m*s™2),

is plotted as arrows. (c) Hovméller plot of 6-hourly MSLP anomalies normalized by the climatological standard deviation, averaged over 30°N to 50°N from
40°W to 10°E. The solid black line denotes the longitude of the West African coastline. The dotted black lines give the periods of intense dust storms. (d) The
top panel shows a histogram of 6-hourly 10-m wind speed averaged over 19°N-30°N and 20°W-0°W for the period 1979-2019, while the bottom panel shows the
10-m wind speed observed during June 2020 for the same domain. The periods 14-19 June and 21-24 June are shaded in light blue.

plume of dust between this feature and the Intertropical Convergence Zone further south is clearly visible
on 15 June, with the dust advected westwards into the tropical Atlantic Ocean on 18 and 19 June.

In this section, the large-scale atmospheric conditions in June 2020, and in particular during the 14-19
June, 2020 Saharan dust storm, are discussed. In order to give an overview of the upper- and lower-level
circulation anomalies, Figures 2a and 2b show the 200 and 850 hPa streamfunction anomalies from the
National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR; Saha
et al., 2010) averaged over June 2020 for the northern hemisphere, respectively. A similar analysis using
MERRA-2 reanalysis data (Gelaro et al., 2017) gave identical results (not shown) to the ones discussed here.

A wavetrain is seen over the North Atlantic Ocean, with a branch extending from northeastern North Amer-
ica to northern Africa, and another over northern Europe into Siberia. The pattern of anomalies over Eu-
rope and northern Africa, with a low over western Europe and a high over northwestern Africa, suggests a
southward displacement of the jet stream around 20°W. This wavetrain appears to be linked to a similar jet
displacement over the Pacific Ocean, indicating the presence of a large-scale pattern of anomalies across
the whole hemisphere that persisted for the month of June. This circumglobal wavetrain was also respon-
sible for the unusually dry and hot weather over northeastern Siberia, and may have played a role in the
wet conditions in parts of China running into July. A comparison with Figure 2b shows that the wavetrain
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Figure 3. (a) SEVIRI RGB dust product on 17 June at 00 and 06 UTC and at 00 UTC. (b) Stream function anomalies with respect to 1991-2020 NCEP CFSR
2 1.

climatology at 850 hPa (10° m

S

>

shading), SHL (m; two solid contours) and ITD (dashed line), (c) 925 hPa horizontal wind speed (m s™*; shading) and

direction (arrows), and (d) same as (c) but at 700 hPa. In (a), clouds are shaded in orange or brown, dust is given in magenta or pink, sandy regions are shaded
in white, and dry land is highlighted in pale blue. The cross in panel (b) denotes the location of the AERONET station for which in situ AOD measurements are
given in Figure 5. AOD, aerosol optical depth.

is largely equivalent barotropic, with a baroclinic structure over southeast Asia (and the eastern tropical
Indian Ocean) and the central Pacific Ocean, likely a response to the enhanced convective activity over the
former and suppressed convection over the latter. These forcings may be related to the mature phase of a
decaying El Nifio event, where the heating anomaly over the tropical Indian Ocean plays the largest role in
the atmospheric response (e.g., Xie et al., 2009). Tropical forcing is indeed a common origin of such persis-
tent large-scale patterns (e.g., Behera et al., 2013).

An anomalous ridge at 850 hPa, centered around 7°W, can be seen over northwestern Africa (Figure 2b).
In order to inspect its evolution during the month, Figure 2c shows the 6-hourly mean sea-level pressure
(MSLP) anomalies, normalized by the climatological standard deviation, averaged over 30°N-50°N from
40°W to 10°E. A stronger than normal thermal low over the Sahara and high pressure offshore were pres-
ent throughout the month, with steep pressure gradient building over northwestern Africa during the few
days preceding the two periods 15-19 and 21-24 June (Figure 2c). During these two periods, sustained
record-high surface winds (Figure 2d) resulted from the strong pressure gradient formed by the anomalous
ridge around 18°W and the monsoon trough to the south of it and the SHL to its southeast (Figure 3b).
Even though the NAFDI was positive during this part of the event (15-17 June), the placement of the high
pressure is very different from that in positive NAFD events, where the ridge is over northern Algeria and
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Figure 4. (a) SEVIRI RGB dust product on 18 June at 04 UTC, (b) same as (a) but on 19 June at 04 UTC. On SEVIRI images dust appears in pink colors. (c)
CALIPSO 532 nm total attenuated backscatter coefficient (km™ sr™") on June 18, 2020 at 03:29 UTC, whose track is given by the red solid line on (a). The dust
appears in yellow and red in the CALIPSO observations. (d) Same as (c) but on 19 June at 04 UTC and along the track given by the red solid line on (b). On
June 18, 2020 at 00 UTC, (e) stream function anomalies with respect to 1991-2020 NCEP CFSR climatology at 850 hPa (106 m?s7 shading), SHL (m; two solid
contours) and ITD (dashed line), and (f) 925 hPa horizontal wind speed (m s™*; shading) and direction (arrows).

Morocco (see Figure 2 of Rodriguez et al., 2015). Hence, the NAFDI captured part of the high that is located
over land, but the majority of it was over the ocean, as seen in Figures 2c and 3b. The area-averaged 10-m
wind speed over northwestern Africa was on the higher side of the climatological values, with instanta-
neous surface winds peaking at 20 m s (Figures 3c, 4f, S1d, and S2d). This analysis indicates that the
observed dust storm from 14 to 19 June 2020 was triggered by the atmospheric circulation associated with a
ridge centered off the coast of northwestern Africa that itself was part of a large-scale pattern of anomalies.

3. Dust Emission and Transport

In order to better understand the development of the dust storm, Figures 3 and 4 show the atmospheric var-
iables on 17 and 18 June in combination with the horizontal and vertical distribution of dust aerosols. These
were inferred respectively from the false-color red-green-blue (RGB, Banks et al., 2019) images from the
Spinning Enhanced Visible and Infrared Imager (SEVIRI; Schmetz et al., 2002) and from the total attenuat-
ed backscatter profile derived from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO; Winker et al., 2003) satellite. Similar plots for 15, 16, 19, and 20 June are given in Figures S1-S4.
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The SHL and the ITD on Figures 3b and 4e were identified following Lavaysse et al. (2009), where the SHL
is the region with the highest 10% values of the cumulative distribution of the 925 hPa minus 700 hPa thick-
ness at 06 UTC in the domain 20°W-30°E and 0°N-40°N. The position of the ITD is given by the location of
the lowest 925 hPa geopotential height between the equator and 28°N.

The dust storm started on 14 June and was continuous till 19 June, when it dissipated after the merging
of the ridge and the cut-off low with the general circulation (i.e., Figure 4e). On 17 June at 00 UTC, a
widespread dusty area was observed extending from western Africa to the eastern tropical Atlantic Ocean,
denoted by the pink shading in Figure 3a. The dust was lifted by the northwesterlies turning northeaster-
lies over northwestern Africa, associated with the anomalous high over northwest Africa and the resulting
zonal pressure gradient between this high and the SHL located to its east (Figure 3b). In addition to the
east-west pressure gradient (e.g., Figure S2b), the meridional pressure gradient between the high-pressure
system and the monsoon trough helped to accelerate the winds toward the ITD. The placement of the high
pressure system also helped to rapidly advect the dust away from the source region into the tropical Atlantic
mostly around the 20°N latitude band (Figure 3d). Aiding the dust lifting is the presence of the ITD just
to the south of the emission region (Figure 3b) as the strongest low-level northeasterly winds are typically
observed just northward of this feature (Figure 3c). As the dust is lifted higher up in the atmosphere its
westward transport is accelerated once it reaches 700 hPa (~3 km above ground level), the altitude of the
AE]J that, at this time, had speeds in excess of 20 m s just south of 20°N, as seen in Figure 3d. A cut-off low
was also present to the west of the anomalous high-pressure system (Figures 1a, 1b, and 3b). The cyclonic
circulation associated with this cut-off low may have helped in intensifying the anticyclonic winds around
the high-pressure system seen at 700 hPa (Figure 3d), which in turn favored a strengthening of the AEJ by
directing into it strong northeasterlies (Figure 3d).

A day later, on June 18, 2020, the dust plume reached the central tropical Atlantic Ocean, as highlighted
by the vast pink region in Figure 4a, and as is evident in the visible imagery (Figure 1c). Figure 4c shows a
backscatter vertical profile as measured by CALIPSO on June 18, 2020 to the west of the African coast. In
the pink region in Figure 4a, dust reaches very high altitudes, in excess of 6 km in the dark pink area just
off the coast of Senegal, where the ITD was located at the time (Figure 4c). The dust cloud continued its
westward propagation (Figure 4b) at the same altitudes as evidence in CALIPSO observations on June 19,
2020 (Figure 4d). The cut-off low to the north of the Canary Islands tracked northeastwards, and would
later rejoin the mid-latitude jet stream, while the high-pressure system shifted southwestwards (Figure 4e).
The zonal pressure gradient increased compared to the previous day (Figure 2c), with particularly strong
northerly winds just offshore of the African coast and to the north of the ITD (Figure 4e). This, together
with an equally strong AEJ (Figure 4f), helped to advect the dust further westwards, which continued to
be lifted from the inland desert (Figures 1c, 1d, and 4a). Similar synoptic-scale conditions and associated
dust emission and westward transport lasted during the 14-19 June period (Figures S1-S4). The large-scale
pattern on 21-24 June resembled that of the positive phase of the NAFD (Figure S5), where a subtropical
high over north Africa induced dust lifting and export of Saharan dust into the Atlantic Ocean (Rodriguez
et al., 2015).

4. Characteristics of the Dust Storm

The westward transport of dust continued in the days following the initial burst of the dust clouds from the
Sahara (Figures 5a, 5b, and S4), with the dust reaching North America later in the month (Figures 5a and
5b). CALIPSO observations through the dust cloud over the Atlantic Ocean show a thick dust layer between
3 and 7 km in altitudes covering several degrees in latitudes and longitudes (Figures 4c, 4d, and S4b). The
three-dimensional distribution of dust derived from AEROIASI satellite (Cuesta et al., 2015, 2020) revealed
a thick layer of dust along the northern side of the ITD extending from the surface to 5 km in altitudes on
June 19, 2020 (Figure S4c) and a more detached layer from the surface on June 20, 2020 (Figure S4d) espe-
cially above the marine boundary layer.

In order to quantify the dust event, Figure S6 shows the aerosol optical depth (AOD), as measured by satel-
lite over the eastern tropical Atlantic and Figure 5d shows the AOD observed at a weather station in Cape
Verde islands (cross in Figure 3b), for the month of June. According to both, the June 2020 dust event was
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Figure 5. MODIS visible imagery on (a) 24 and (b) 25 June 2020 over the northern tropical Atlantic Ocean. Dust
appears in yellow and clouds in white colors. Note the extensive dust layer that originated from the Sahara Desert on
June 15, 2020 and that by June 25, 2020 reached Central America and parts of southern United States of America. An
extensive dust cloud was present also on 24 and 25 June over the Atlantic Ocean and reached the Americas by the

end of June 2020. Image credits NASA Worldview. (c) Histogram of daily AOD from MODIS (area-averaged over the
region 0°N-30°N and 50°W-20°W) for all June months during the period 2000-2019 (blue is from Terra, MOD04_L2
product and green is from Aqua, MYD04_L2 product), and in situ measurements at the AERONET station in Cape
Verde (16.733°N; 22.935°W), also for all June months during the period 1995-2019 (black is AOD at 550 nm, and red at
1,020 nm). (d) Day-to-day variability in the satellite-derived AOD over the region 0°N-30°N and 50°W-20°W, and that
measured at Cape Verde, during June 2020. The error bars in (d) denote one standard deviation away from the mean.

AOD, aerosol optical depth.

historical by June standards. The range of area-averaged AODs in the climatological period of the MODIS’
instrument onboard the Terra and Aqua satellites are 0.140-0.692 and 0.107-0.653, respectively. However,
area-averaged AODs in excess of 1.26 were observed by the two satellites on June 19, 2020, with maximum
values of 1.341 and 1.266, respectively. In fact, and as shown in Figure S6, local AOD values in excess of
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3.5 were measured by both satellites in the eastern tropical Atlantic. At the AERONET station, the highest
observed AOD from 1995 to 2019 was 2.207, but on June 18, 2020 a value of roughly 3.355 was measured,
a ~52% increase from the previous maximum. The AOD gradually increased from 10 to 16 June, peaking
on 18 June, when the dust plume was over the region (Figure 1c) followed by a significant drop to clima-
tological values on June 21, 2020, in line with the advection of the dusty air mass westwards to the central
Atlantic (Figures 1d and 4a). Worth mentioning that extreme values of AOD reaching 5 were measured at
the AERONET station on June 17, 2020 (level 1.0, not shown) but were screened out as clouds in the level
1.5 used here (although the MODIS visible imagery did not show cloud presence over this station on that
day). Although rather unusual, such high AOD values would not be unprecedented. For example, Solomos
et al. (2018) and Kaskaoutis et al. (2019) observed AOD values in excess of 6 over the eastern Mediterranean
during the record-breaking March 2018 dust event. Finally, it is worth mentioning that the use of MODIS
observations represents the best option to address the objectives of this study, despite the uncertainties that
this data set may contain associated with swath gaps, cloud cover, and algorithm deficiencies.

5. Conclusions

In this paper, the processes responsible for the June 14-19, 2020 historical Saharan dust storm (by June
standards) are investigated using satellite-derived products and high-resolution reanalysis data. The event
was triggered by record-high northeasterly near-surface winds, associated with (i) the development of a
subtropical high-pressure system over northwestern Africa situated to the west of the SHL and (ii) the oc-
currence of an adjacent cut-off low to the west of the high-pressure system located over the Atlantic Ocean.
These features were part of a circumglobal wavetrain that persisted across the whole northern hemisphere
for most of June 2020.

The east-west pressure dipole over northwest Africa generated anomalous northeasterlies along the north-
ern fringes of the ITD, a region characterized by strong horizontal convergence and updraft. This promoted
the vertical transport of the uplifted dust to the AEJ altitudes, which was also strong during this event,
being fueled by the anticyclonic circulation associated with the high-pressure. CALIPSO total attenuated
backscatter profiles from an overpass just off the African coast showed that the dust plume reached alti-
tudes of up to 8 km near the ITD. The dust was transported westward into the tropical Atlantic Ocean over
the course of 4 days, and at the same altitudes, according to consecutive CALIPSO overpasses. Both the
satellite-derived AOD over the eastern tropical Atlantic, and that measured in situ at a weather station in
the Cape Verde islands just off the African coast, were record breaking in June 2020. For the latter, the 3.355
value measured on June 18, 2020 exceeded the previous highest value of 2.207 by more than a factor of 1.52,
further highlighting the extreme nature of this event.

Several previous studies have shown that the high surface wind speeds that generate Saharan dust storms
during the summer season are often associated with mesoscale processes such as convective downdrafts
from monsoonal (Bou Karam et al., 2014; Flamant et al., 2007; Marsham et al., 2008) or orographically
forced convection (e.g., Knippertz et al., 2007), turbulent mixing at the leading edge of the monsoon flow
in the ITD region (Bou Karam et al., 2008), formation of dry cyclones in the ITD (Bou Karam et al., 2009a)
and flow acceleration toward the SHL (Knippertz & Todd, 2012). Yet this exceptional event was triggered
by an intensified anticyclonic system, which strengthened the northwesterly flow over the Western Sahara,
which was surprising given that such dust producing mechanisms are typically associated with wintertime
dust outbreaks in this region (Evan et al., 2006; Knippertz, 2014, and references therein). The cause of this
persistent circumglobal circulation pattern that forced this anomalous anticyclonic circulation is not obvi-
ous. Interestingly, the wavetrain pattern in Figure 2a resembles that obtained by Balmaseda et al. (2010) and
Petrie et al. (2015) in response to a reduced summertime Arctic sea-ice extent. As the Arctic sea-ice cover
was rather low in June 2020, around the lowest on record in the period of satellite observations (1981-pres-
ent), it may have contributed to the observed large-scale anomaly pattern. Thus, if such patterns become
more common in a warmer world (J. A. Francis & Vavrus, 2012; Terink et al., 2013), it is plausible that these
extreme dust outbreaks will increase in frequency in the future.

Saharan dust is known for its impact on inhibiting the development of tropical cyclones off the coast of Af-
rica via radiative impacts (Evan et al., 2006). The findings of this work help to shed light on the atmospheric
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