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ARTICLE INFO ABSTRACT
Article histoyy Haboob occurrence strongly impacts the annual variability of airborne
Received: 28 April 2021 desert dust in North Africa. In fact, more dust is raised from erodible

surfaces in the early summer (monsoon) season when deep convective
storms are common but soil moisture and vegetation cover are low. On 27
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Published Online: 22 May 2021 June 2018, a large dust storm is initiated over North Africa associated with

an intensive westward dust transport. Far away from emission sources,
Keywords: dust is transported over the Atlantic for the long distance. Dust plume is
Dust emitted by a strong surface wind and further becomes a type of haboob

when it merges with the southwestward deep convective system in central
Haboob Mali at 0200 UTC (27 June). We use satellite observations to describe
Saharan air layer and estimate the dust mass concentration during the event. Approximately
93% of emitted dust is removed the dry deposition from the atmosphere
between sources (10°N-25°N; 1°W—8°E) and the African coast (6°N-21°N;
16°W—10°W). The convective cold pool has induced large economic and
healthy damages, and death of animals in the northeastern side of Senegal.
ERAS reanalysis has shown that the convective mesoscale impacts strongly
the climatological location of the Saharan heat low (SHL).

1. Introduction transport '**! are mainly lead by various meteorological
mechanisms *.
Northern Hemisphere has been identified in as the larg- In boreal winter, from November to February ", the

est and most persistent dust source with an important con-  dust sources are predominantly activated by the break-
tribution of the Sahara and Sahel deserts "*. Almost 70%  down of the Low-Level-Jet (LLJ) and the effect of the

of the global dust production are emitted from Sahara latter mechanism is mainly dominated by the Bodélé De-
desert ). The seasonal timescales of the dust emission and  pression in Tchad which peaks during spring and particu-
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larly in May 7.

In boreal summer, the dust activity becomes very in-
tense with a peak in June in Western Africa . During
this period, the dust mobilization is preferentially led by
the density currents associated with the deep convective
systems. The density currents usually produce dust storms
in the afternoons and evenings hours . In fact, the meso-
scale convective systems and their associated cold pools
mobilized dust with a high frequency up to 50% during
nighttime *'”. In addition, the orographic effect of the
Atlas Mountains can affect the deep moist convection by
blocking the advection of the systems. This can induce
density currents with an evaporative cooling of cloud
particles leading high surface wind speed and dust emis-
sion!"""?!. The downward mixing of the LLJ momentum
to the surface causes 60% of the total dust amount in the
southern of the Hoggar-Tibesti channels ', The LLJ
activity in the Western Sahara may strongly affect dust
emission in the mountain’s areas (such as Adrar and Air)
in addition to the downbursts from the deep moist con-
vection. The density currents generated by the convective
storms can propagate over many hundreds of kilometers
from the system and cause dust emission so-called “ha-
boob” events* ',

Modeling simulations have estimated the global dust
emission between 500 and 4400 Tg yr' and a range be-
tween 400 and 2200 Tg yr' from North Africa """, Dust
raised in North Africa is predominantly transported and
deposited between June and August along the main dust
pathway, from Sahara region to the Americas "**".

Atmospheric dust can reduce the visibility *' >, affect
the radiative budget by airborne particles directly and indi-
rectly **. Mineral dust influences the global CO, cycle™
through the biological carbon pump, precipitation and sea
surface temperature ****). Besides these consequences,
mineral dust impacts human health ** with a highest prev-
alence of respiratory infection such as asthma, bronchitis,
and tuberculosis """, Dust storms which mainly occur
during the monsoon season in western Sahara can also
cause transport accidents for civilians and military %,

The large haboob that occurred, from 26 to 27 June
2018 in western Sahel, is one of the most dust storms
churned in west African region. It caused important dam-
ages notified in Senegal including livestock losses as well
as material damages in the northern side of the country
and at Blaise Diagne International Airport (AIBD). It was
identified as the onset rainfall by the National Agency
of the Meteorology (ANACIM). This event has caused
serious environmental, social, and economic issues
with a rapid increase in the purchase prices of livestock.
Consequently, an adequate description of this event is
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essential to improve the accuracy for weather forecasting
of extreme events. To address this issue, we use in-situ
measurements and satellite observations to describe the
synoptic situation of this case and estimate the amount of
dust loading during the event. This paper is organized as
follows: section 2 describes the data and methods, section
3 presents the dust event, section 4 analyzed results, and
finally a conclusion is given in section 5.

2. Data description and Methods
2.1 Observational Datasets
2.1.1 Photography

Photos taken by amateurs in Mali and Senegal on 27
June 2018 Figure 1(b-c) are used to display the haboob
like features of the dust storm as well as for estimating
vertical extent of the leading edge of the dust plume.

2.1.2 GOES Imagery

The Geostationary Operational Environmental Satellite
Program (GOES), developed by the National Aeronautics
and Space Administration (NASA) and National Oceanic
and Atmospheric Administration (NOAA) "** is used to
visualize the studied dust event. The Imager instrument
consists of five spectral bands ranging from the visible to
the longwave infrared channel. The spatial resolution for
the visible band is 1 km while most of the infrared has a
resolution of 4 km (at nadir) and the detectors are over-
sampled in the east-west direction **. Imagery is collected
every 15 min to derive many operational products such
as cloud products (height, properties, etc.), atmospheric
motion, biomass burning, smoke, dust, and surface prop-
erties (e.g., land surface temperature) °*. The temporal
and spatial resolution of the GOES products allows for
the studied dust plume to be tracked as it moves across the
Atlantic giving insight into its behavior and development.

2.1.3 SEVIRI RGB Imagery

The system is also tracked by imagery derived from the
Spinning Enhanced Visible and Infrared Imager (SEVIRI)
on board the Meteosat Second Generation (MSG) geosta-
tionary satellite. SEVIRI imagery has 15-minute temporal
resolution and 3 km for the grid spacing for 12 channels.
The SEVIRI sensor could identify dust and the cloud fea-

tures using respectively pink and dark colors .

2.1.4 NASCube Imagery

The North African Sand Storm Survey (NASCube)
algorithm processes the METEOSAT (MSG2) SEVIRI
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instrument level 1.5 data from EUMETSAT and provides
24 h detection and characterization of sandstorms to track
their evolution over North Africa and Saudi Arabia ”.
The NASCube with the visual long-waves imagery is used
for the mesoscale convective system (MCS) monitoring
near the African coast and images are collected with one
hour-temporal resolution.

2.1.5 AERONET

The dust plume transported over Senegal is monitored
by Aerosol Robotic Network (AERONET, “*'developed
to support NASA, CNES, and NASDA’s Earth satellite
systems under the name AERONET and expanded by na-
tional and international collaboration, is described. Recent
development of weather-resistant automatic sun and sky
scanning spectral radiometers enable frequent measure-
ments of atmospheric aerosol optical properties and pre-
cipitable water at remote sites. Transmission of automatic
measurements via the geostationary satellites GOES and
METEOSATS’ Data Collection Systems allows reception
and processing in near real-time from approximately 75%
of the Earth’s surface and with the expected addition of
GMS, the coverage will increase to 90% in 1998. NASA
developed a UNIX-based near real-time processing, dis-
play and analysis system providing internet access to the
emerging global database. Information on the system is
available on the project homepage, http://spamer.gsfc.
nasa.gov. The philosophy of an open access database, cen-
tralized processing and a user-friendly graphical interface
has contributed to the growth of international coopera-
tion for ground-based aerosol monitoring and imposes
a standardization for these measurements. The system’s
automatic data acquisition, transmission, and processing
facilitates aerosol characterization on local, regional, and
global scales with applications to transport and radiation
budget studies, radiative transfer-modeling and validation
of satellite aerosol retrievals. This article discusses the op-
eration and philosophy of the monitoring system, the pre-
cision and accuracy of the measuring radiometers, a brief
description of the processing system, and access to the
database.”,”container-title”:”Remote Sensing of Environ-
ment”,”DOI”:”10.1016/S0034-4257(98) station located in
Mbour (14.76°N, 17.5°W). At this station located along
the route of the haboob, we use the dust properties Aero-
sol Optical Depth (AOD) and Angstrom Exponent (AE)
to show the changes associated with the arrival of dust.

2.1.6 MODIS

To characterize mineral dust, we use their optical and
physical properties with AOD and AE which is inversely
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proportional to the dust size. The westward propagation of
the plume is highlighted by the daily spatial distribution
of the AOD from the Moderate resolution Imaging Spect-
roradiometer (MODIS) *.

The dust mass is estimated from MODIS’s AOD which
is mainly dominated by the contribution of desert dust
aerosols uplifted at the foothills of Hoggar and Adra
mountains in agreement with previous scholar *”. Dust is
quantified over land following the equation taken from !"”:

Mdu = 2 . 7Atdu (g) ( 1 )

Where 1, is the mean dust AOD at wavelength 550 nm,
A is the plume area calculated by the regression between
the AOD and aerosol column concentration in Sahelo-Sa-

haran region """,

2.1.7 CALIOP

The advection of the dust plume is studied using the
attenuated backscatter and the polarization signal from
the Cloud-Aerosol Lldar with Orthogonal Polarization
(CALIOP) instrument on board the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite *"*. In addition to the optical and physical prop-
erties of clouds and aerosols, CALIOP provides through
the volume depolarization ratio (VDR) a characterization
of the aerosol types. The VDR is defined as the ratio
between the perpendicular and the parallel components
of the backscatter coefficient of aerosols at 532 nm. The
VDR gives a quantitative discrimination of particles shape
1 and differentiates the spherical droplets (liquid) and
the nospherical (solid) ***!. The VDR of mineral dust is
expected to be relatively high and range between 0.1 to 0.4
as heighted in ">,

2.2 Model Datasets

2.2.1 HYSPLIT

The NOAA Air Resources Laboratory’s (ARL) Hybrid
Single-Particle Lagrangian Integrated Trajectory mod-
el (HYSPLIT) computes the air masse trajectories and
transport, dispersion, and deposition “**!. We use NOAA
HSYPLIT model to represent the 72 hour air masse back-
ward trajectories ending in Dakar at 1800 UTC on 27 June
2018 and all trajectories end at 2000 m height (Figure 1a).

2.2.2 ERAS Reanalysis

The ERAS reanalysis provides an estimation of the
global atmosphere, land surface and ocean waves from
1950 to present for 1 hour temporal resolution, 31 km for
the horizontal grid spacing and 137 vertical levels extent
from the surface up to 0.01 hPa "™ We use the ERAS
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data to track the daily advection of the SHL during the pe-
riod’s event based on the atmospheric thickness between
two pressure levels **a region of high surface tempera-
tures and low surface pressures, is a key element of the
West African monsoon system. In this study, we propose a
method to detect the WAHL in order to monitor its clima-
tological seasonal displacement over West Africa during
the period 1979-2001, using the European Centre for Me-
dium-range Weather Forecast (ECMWF:

_ R 1
AZ = % [ Td(In (p) ®

3. Dust Event Description

A severe sandstorm is initiated on 26 June 2018 in
southern Algeria, and is transported far away from North
Africa on 27 June 2018. The dust is transported over the
tropical North Atlantic Ocean (Figure 1a) and detected by
the GOES East satellite images over Atlantic (Figure 1d).
This type of dust storm has often been observed in Arabi-
an Peninsula, in desert areas located in the southwestern
of the United States of America (USA) and finally in the
largest mineral dust sources in North Africa. This haboob
is very thick over Mali (Figure 1b) and Senegal (Figure
1c) and is elevated at the Saharan Air Layer (SAL) pres-
sure levels between 1.5 and 6 km P, Figure 1a shows
both northwestward and southwestward transport of air
masses which merge at 0200 UTC on 27 June 2018 over
western Mali. This merge powered the MCS and the
strong convection created a powerful haboob which im-
pacted local the economy, people living in the region and
especially the cattle-breeder. Several hundreds of livestock
deaths are noted, and planes are damaged at AIBD. The
event was part of very intense uplift and has contributed
to a larger dust outbreak event as shown in Figure 1d.

Figure 2 shows a development of the MCSs that pro-
duced the haboobs but the atmospheric moisture tends and
clouds associated with the MCS are obscuring the detec-
tion of dust outbreaks in multispectral SEVIRI images °°.
Whatever, SEVIRI can detect the amount dust loading ob-
served in Mauritania and North Mali where the moisture
is lower. The animation of the hourly SEVIRI images has
shown that the dust plume is advected from the northern
side of Mali at 2200 UTC (26 June) and is associated with
the development of small convective systems which are
also initiated in Northeast Mali at 1600 UTC (26 June)
(Figure not shown) and simultaneously a big convective
system is triggered in boundaries between Togo and Gha-
na at 1530 UTC (26 June). The MCS detected over Togo
and Ghana is strongly developed and southwestward ad-
vected in the afternoon on 26 June and covered entirely
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Cote d’Ivoire, Burkina Faso and southwestern Mali (Fig-
ure 2¢). By 0200 UTC (27 June), both systems (coming
from North and South) merge, and at 1100 UTC the meso-
scale convective wrapt up a large area from the southeast-
ern of Cote d’Ivoire to the southeastern side of Mauritania
(Figure 2d).

Figure 1. a) The location of the dust emission over North
Africa and Westward transport indicated by the back
trajectories made with the HYSPLIT model. The black re-
gions represent the area with no satellite coverage. b) and
c) are the photos taken in Mali (on 26 June) and Senegal
(27 June) giving an idea of their vertical extension. The
black boxes indicate the location where photos are taken.
d) The dust storm traveling over the Atlantic Ocean was
captured by the GOES East satellite.

a) 26-06-2018 02:00 UTC

b) 26-06-2018 22:00 UTC

@ EUMETSAT e e Dk 16003119001

Figure 2. The SEVIRI images a) at 0200 UTC and b)
2200 UTC on 26 June, and ¢) 0215 UTC and d) 1100
UTC on 27 June 2018. Dark red colors represent cold
cloud, bright ones show dust, which we use to track the
cold pools.
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Figure 3 shows the daily evolution of the SHL before
and during the westward transport of the dust storm.
From 24 June to 27 June 2018, a clear change is noted in
the location of the SHL and a significant increase of the
SHL’s size is also identified (Figure 3). ****a region of
high surface temperatures and low surface pressures, is a
key element of the West African monsoon system. In this
study, we propose a method to detect the WAHL in order
to monitor its climatological seasonal displacement over
West Africa during the period 1979-2001, using the Eu-
ropean Centre for Medium-range Weather Forecast (EC-
MWF have shown that the climatological position of the
SHL is located over North Africa between Atlas and Hog-
gar mountains around 20-25°N during the rainy season.
The cyclonic circulation in central Mali and southern side
of Mauritania on 24 June induces an easterly extension of
the SHL by the monsoon surge which brings moisture up
to 20°N (Figure 3a). The 925 hPa geopotential shows a
strong intensification of the Azores anticyclone circulation
on 27 June associated with strong westward dust transport
over Mauritania (Figure 3d) and northeasterly extension

of the SHL in agreement with °.

4. Results

4.1 Analysis of Aerosol Properties Using Passive
Sensors

To analyze the westward transport of the dust plume,

1
AR
XA\
PLAAAANCRNY

we focus on ground detection using AERONET sun-pho-
tometer in Mbour (16.95°W, 14.39°N) in Western African
coast (Figure 4). The small dust particles are identified by
larger AE > 0.7 and AOD < 0.5 and coarse dust particles
are estimated by smaller AE < 0.7 associate to AOD >
0.5,

The daily variability of the AOD and AE shows heavy
dust loading in the atmosphere from 25 to 28 June 2018.
On 25 June at 1800 UTC, the atmosphere becomes slight-
ly dusty with an increase of AOD > 0.6 and decrease of
the AE < 0.1. On 26 June, the atmosphere is most clear in
Mbour as shown by the low values of AOD and high val-
ues of AE in the afternoon (Figure 4). The haboob arrived
to Mbour at 1300 UTC on 27 June and an abrupt change is
observed on AOD which increases up to 1.9 and AE less
than 0.5. Dust uplifted by the density currents and spread
towards western African coast by the leading edge of the
cold pool could be clearly seen in the Meteosat Second
Generation (MSG) images (Figure. 6¢c-d).

4.2 Assessment of Dust Emissions

The spatial distribution of the hourly AOD from Na-
scube (Figure 5(a-b)) shows a very dusty atmosphere
with AOD values greater than 1.9 over the Sahel region
on 26 and 27 June. Dust emission sources can be clearly
seen (Figure 5a) and the northward advection of the dust
plume highlighted by maximum dust mass around 16°N
and 18°N respectively on 26 and 27 June (Figure 5d). The

Figure 3. Color shading represent the 90 percentil of the daily mean position of the Saharan heat low and the blue lines
show the 925 hPa geopotential height on: 24 June (a), 25 June b), 26 June ¢), and 27 June d). The 925 hPa wind vector
is shown in gray arrow.
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Figure 4. AOD at 400 nm and AE for 380-500 nm taken from the Aerosol Robotic Network (AERONET) at Mbour (70
km from Dakar) station from 25 to 28 June 2018. The green patch indicated the time when the dust storm overpasses
towards Senegal.
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Figure 5. a) and b) respectively AOD computed from the NASCube algorithm at 1800 UTC on 26 June, and 0200 UTC
on 27 June 2018. ¢) distribution of the dust mass estimated from the MODIS AOD and a climatological distribution
between 2002 and 2019.
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dust mass has shown that a significant difference is noted
between 26-27 June in comparison with climatological
values in the latitudinal band between 10°N and 20°N)
(Figure 5d).

4.3 Vertical Distribution of the Dust Plume

As explained in term of dust mass concentration in
the previous section, a clear decreasing of the dust plume
thickness is shown between sources (13.13°N-25.33°N;
5.77°W-2.95°W) and African coast (13.18°N-25.38°N;
16.75°W 13.75°W), respectively on 26 June and 27 June
(Figure 6a-b).

The VDR shows that the retrieved signal is mostly
dominated by the dust particles with a clear indication of
the dust plume transport (Figure 7c-d). Pure dust particles

are given by the VDR values ranged between 0.1 and 0.4
as defined in """, The majority of the retrieved signals are
obtained for pure dust but it is clear that the dust plume is
particularly polluted by the biomass-burning indicated by
VDR smaller than 0.1. The presence of clouds is shown
by VDR > 0.4 (Figure 6 and Figure 7c-d).

4.4 Surface Measurements

We are now focusing on the ground-based measure-
ments to investigate the impact of the dust storm on the
weather observations in Senegal. At 09 00 UTC (27 June),
when the MCS is overpassing the northeastern side of
Senegal at Matam (Figure 7¢), a change is observed in
surface wind speed (Figure 7a). The wind directions sug-
gest the westward advection of the MCS and the arrival of

532 nm Total Attenuated Backscatter, km" sr’  UTC: 2018-06-26 02:03:52.8 to 2018-06-26 02:17:21.5 Version: 4.10 Standard Nighttime
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dust plumes

Lat 5551 49.54 43.53 3r.48
Lon 7.32 4.53 225 0.32

25.33
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19.23

31.42
-1.39 439

532 nm Total Attenuated Backscatter, km sr' UTC: 2018-06-27 02:47:08.0 to 2018-06-27 03:00:36.7 Version: 4.10 Standard Nighttime
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Figure 6. a) and b) CALIOP vertical attenuated backscatter profiles (km™.sr") for wavelength 532nm band. The location
of the dust plume, clouds and the satellite orbit are indicated in (a) at 0203 UTC on 26 June. b) shows the same charac-
teristics with orbit in African coast. ¢) shows the VDR occurrence taken from the vertical cross-section covered by the
aerosol plumes for the region between [13N-30N; 13W-16W] is showed by the CALIOP nighttime profiles on 27 June
2018. c) Regions dominated by pure dust (D) aerosols, clouds (C) and (P) polluted dust (mixed with biomass-burning)

are respectively marked in red.
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Figure 7. Surface weather variables taken from ANACIM Network stations. a) and b) Surface temperature (red lines),
wind speeds (black lines), wind direction (pink lines) and the moisture (blue line), respectively at Matam (13W, 15°N)
and Dakar (17°W, 14N). (c¢) and (d) are the Nascube images taken respectively at 0900 UTC and 1500 UTC in West
Africa. Clouds are represented in white color, land in brown and surface ocean in black color. Black boxes show the
position of the stations Matam and Dakar.

the cold pool outflows at Matam is shown by the drop of
the surface temperature of about 9°C between 0900 and
1200 UTC, the change in wind direction.

The ground measurements taken from Dakar weather
station indicate that the arrival of the MCS cold pool is
shown by changes in wind direction and wind speed of
about 15 m.s™ at 1500 UTC, the relative humidity jumps
up to 90% and the drop of temperature is about 5°C (Fig-
ure 7b). The convective storms lead to local emission
which are responsible for the high impact weather.

5. Conclusions

This study focuses on the description of the severe
summer Saharan dust storm which occurred between 26
and 27 June 2018 over western Africa. SEVIRI, Nas-
cube and GOES imagery have shown a clear dust storm
spread by the dynamic of the density currents at the edge
of the spectacular convective system. The power of this
system is supported by the merge of both northwestward
and southwestward convective systems and the moisture
brought by the monsoon flux. Photos of the cold pool tak-
en by amateurs, in Mali and Senegal and the CALIOP at-
tenuated backscatter give an idea of the vertical extent of
the dust plume (~5 km height). Dust mass concentration

8 Distributed under creative commons license 4.0

estimated by the MODIS observations shows an emission
of huge quantities of dust over the Sahara region. The
advection of dust is clearly shown by the surface wind
less than 6 m/s at Matam in the southeasterly part of Sen-
egal and the westward dust transport is amplified by the
strong contribution of the local dust emission. The local
dust emissions and strong wind speed shown by observa-
tions in Dakar have produced considerable damages on
the planes of the transair company at Dakar Airport. The
death of animals at Matam could be attributed to this very
rare drastic reduction of the surface temperature by about
9°C. Due to the important effects of dust transport on the
environment, human life and convection, it is necessary to
describe and improve our understanding of the causes and
processes driving this type of dust storm.
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