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Abstract

This study investigates the effects of key atmospheric features on mineral dust emissions
and transport in the Sahara-Sahel region, focusing on the Bodélé Depression, during June
2006 and 2011. We use a combination of high-resolution atmospheric simulations (AROME
model), satellite observations (MODIS), and reanalysis data (ERA5, ECMWF) to examine
the roles of the low-level jet (LL]), Saharan heat low (SHL), Intertropical Discontinuity (ITD),
and African Easterly Jet (AE]) in modulating dust activity. Our results reveal significant
interannual variability in aerosol optical depth (AOD) between the two periods, with a
marked decrease in June 2011 compared to June 2006. The LL] emerges as a dominant
factor in dust uplift over Bodélé, with its intensity strongly influenced by local topography,
particularly the Tibesti Massif. The position and intensity of the SHL also play crucial
roles, affecting the configuration of monsoon flow and Harmattan winds. Analysis of
wind patterns shows a strong negative correlation between AOD and meridional wind
in the Bodélé region, while zonal wind analysis emphasizes the importance of the AE]
and Tropical Easterly Jet (TE]) in dust transport. Surprisingly, we observe no significant
correlation between ITD position and AOD measurements, highlighting the complexity of
dust emission processes. This study is the first to combine climatological context and case
studies to demonstrate the effects of African monsoon variability on dust uplift at intra-
seasonal timescales, associated with the modulation of ITD latitude position, SHL, LLJ, and
AE]. Our findings contribute to understanding the complex relationships between large-
scale atmospheric features and dust dynamics in this key source region, with implications
for improving dust forecasting and climate modeling efforts.

Keywords: aerosol optical depth; Saharan heat low; intertropical discontinuity; African
easterly jet; Bodélé; climate change

1. Introduction

The Bodélé Depression, located in northern Chad (centered at 18°E, 16°N), is recog-
nized as the world’s most prolific source of atmospheric dust, contributing approximately
50% of the Sahara’s total mineral dust emissions [1]. This region, the lowest point in
Chad at 155 m above sea level, is a remnant of the prehistoric Mega-Chad lake, which
once extended over 500 km from north to south and 150 km from east to west [2]. The
sedimentary deposits within the Bodélé Depression, characterized by their abundance of
diatomites, serve as a primary source of wind-driven dust emissions [3]. Over millennia,
aeolian erosion has resulted in significant sediment loss, with deflation rates estimated at
1.6 mm per year, although localized erosion may exceed 10 mm annually. The mineral dust
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emitted from this region exerts a critical influence on climate regulation, ocean fertilization,
and atmospheric radiative forcing [4].

Numerous studies have investigated the relationship between large-scale atmospheric
circulation and Saharan dust emissions. For example, [5,6] highlighted the critical role of
the Bodélé low-level Jet (LLJ) in dust uplift, while [7,8] explored how the Saharan heat
low (SHL) modulates regional wind patterns and dust emission. The African Easterly Jet
(AE]) has also been shown to influence dust transport pathways across West Africa [7].
Recent reviews [4,9,10] emphasize the complexity of interactions between the SHL, LL]J,
AE]J, and ITD in shaping the spatial and temporal variability of dust emissions. However,
most previous work has focused on seasonal or interannual averages, and few studies have
systematically compared contrasting years to elucidate the mechanisms behind interannual
variability at the intra-seasonal scale, which, therefore, remains poorly understood [3].

One of the key atmospheric mechanisms governing dust emissions in Bodélé is the
low-level jet (LLJ), a near-surface wind system that accelerates between the Tibesti and
Ennedi Massifs. The Tibesti Mountains, the highest range in the Sahara (reaching elevations
above 3000 m), extend across northern Chad and southern Libya. The Ennedi Massif, a
sandstone plateau, rises to 1450 m and spans 40,000 km?. The LL]J exhibits heightened
activity from October to March, driving intense wind erosion and dust uplift [11]. Addi-
tionally, several large-scale atmospheric features, including the Saharan heat low (SHL), the
Intertropical Discontinuity (ITD), and the African Easterly Jet (AE]), influence the transport
and variability of dust emissions.

The choice of June 2006 and June 2011 is not arbitrary. These two years correspond to
major international field campaigns, AMMA (African Monsoon Multidisciplinary Analysis)
in 2006 and Fennec (an international field campaign focused on the central Sahara) in
2011, which provided unprecedented observational coverage of the Saharan region. This
allows for robust validation of model outputs and a unique opportunity to investigate
atmospheric processes during periods with well-documented meteorological conditions
and dust events [12,13].

The study first examines the dominant circulation patterns affecting dust emissions,
including SHL, LLJ, ITD, and AOD variability. We then analyze the key differences be-
tween June 2006 and June 2011, focusing on the factors responsible for variations in dust
uplift and transport. Finally, we assess the role of atmospheric circulation anomalies in
explaining the observed differences in AOD. Overall, this study provides new insights
into the mechanisms linking regional atmospheric circulation and dust emissions over
Bodélé and demonstrates the value of combining climatological context with case-specific
analysis. These results have important implications for improving dust forecasting and
understanding climate feedback in the Sahara—Sahel region.

2. Materials and Methods
2.1. Study Area and Periods

The Bodélé Depression has long been recognized as one of the world’s primary dust
sources [14-17]. Recent studies have solidified its status as the most intense dust source
globally, contributing about 50% of mineral dust emissions from the Sahara [18] (Figure 1).

Our study focuses on two key regions: the Saharan heat low (SHL) area (5°W-10°E,
16°N-20°N) and the Bodélé Depression (5°E-20°E, 16°N-20°N) (Figure 2). By comparing
these two regions, we aim to better characterize the specific climatic and topographic factors
that control dust uplift and transport in the central Sahara [10].
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Figure 1. Global scale mean of aerosol optical depth (AOD) from 2000 to 2016 based on observations
from a Multi-angle Imaging Spectroradiometer (MISR) at 555 nm. AOD measures how aerosols in
the atmosphere affect the transmission of sunlight. Values below 0.1 (represented by pale yellow)
indicate clear skies with high visibility, while values of 1 (shown in reddish brown) signify very hazy
conditions. The red square highlights the maximum AOD recorded in the Bodélé region, reflecting a
significant concentration of aerosols in that area.
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0
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Figure 2. Red: Saharan heat low, SHL region (5°W, 10°E, 16°N, 20°N); blue: Bodélé region (5°E, 20°E,
16°N, 20°N).
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A key atmospheric feature in this region is the Bodélé low-level jet (LL]), embedded
within the northeasterly Harmattan winds, which are characteristic trade winds over West
Africa from November to March [7]. The LL] plays a crucial role in focusing on erodible
sediments, driving dust emission and transport. The regional topography, particularly the
Tibesti and Ennedi Mountains, significantly accelerates near-surface flow [19].

Our study benefits from the comprehensive datasets provided by two major field
campaigns: the AMMA in 2006 and the Fennec project in 2011. These campaigns, comple-
mented by satellite observations and model assimilations, offer invaluable insights into the
atmospheric characteristics of the Bodélé region [8,20].

Recent research has highlighted the long-term interplay between topography, wind
patterns, and dust emissions in maintaining this significant dust source over geological
time scales [3].

2.2. Data Collection

Our study of atmospheric dust over the Bodélé Depression and Saharan heat low
region integrates data from multiple satellite platforms, high-resolution model simulations,
and ground-based measurements. This comprehensive approach enables a thorough
analysis of dust dynamics in these critical regions.

Satellite observations form a cornerstone of our data collection. We utilized the
Multi-angle Imaging Spectroradiometer (MISR) and Moderate Resolution Imaging Spectro-
radiometer (MODIS) instruments aboard the Terra satellite (EOS AM-1, NASA, 1999-068A).
Specifically, MISR and MODIS Level-1B data from channels 4, 3, and 1, which were obtained
for June 2006 and June 2011, were employed to construct a climatology of dust plume
frequency over our region of interest. These instruments provide crucial information on
aerosol optical properties and dust distribution patterns.

To complement satellite observations, we employed high-resolution simulations from
the AROME (Applications of Research to Operations at Mesoscale) model [21,22]. AROME
has demonstrated a robust capability for reproducing the dust life cycle [23], showing
strong agreement with AERONET station observations and Deep Blue daily mean aerosol
optical depth (AOD) measurements [24].

For large-scale atmospheric circulation data, we used the ERA5 reanalysis from
ECMWEF (the European Centre for Medium-Range Weather Forecasts), which provides
hourly data at a 0.25° x 0.25° spatial resolution [25]. ERA5 offers improved accuracy in
representing the Saharan heat low (SHL), low-level jets, and other key features, and was
used consistently throughout this study for all atmospheric analyses [7].

While MODIS and MISR provide robust estimates of total aerosol optical depth (AOD),
they do not distinguish between dust and other aerosol types. This limitation is acknowl-
edged, and future work should consider dust-specific satellite products, such as MIDAS.

Model outputs from AROME were validated against MODIS and MISR satellite
observations and AERONET ground-based measurements, ensuring the robustness of
simulated AOD and wind fields.

Our analysis is further enriched by the incorporation of the Modern-Era Retrospective
analysis for Research and Applications version 2 (MERRA-2). This NASA atmospheric
reanalysis provides valuable insights into aerosol processes and their interactions with
climate [26] using the Goddard Earth Observing System Model, Version 5 (GEOS-5), with
its Atmospheric Data Assimilation System (ADAS), version 5.12.4 [26,27].

To validate our model results and satellite observations, we utilized ground-based
measurements from the Aerosol Robotic Network (AERONET) [28]. AERONET provides
high-quality, multi-wavelength aerosol optical depth measurements, which serve as crucial
ground-truth information for our satellite and model-derived data.
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This multi-faceted approach, integrating satellite observations, model simulations,
and ground-based measurements, enables a comprehensive and robust analysis of dust dy-
namics in the Bodélé Depression and Saharan heat low region. By leveraging these diverse
data sources, we aim to provide a nuanced understanding of the complex atmospheric
processes governing dust emission and transport in these critical areas.

2.3. Methodology
2.3.1. Definition of Key Atmospheric Features

The Saharan heat low (SHL) was defined as the maximum low-level atmospheric
thickness (LLAT, geopotential height difference between 700 and 925 hPa), computed from
ERAD5 data, following [7,25].

The Intertropical Discontinuity (ITD) was identified as the latitude of the maximum
gradient in 925-hPa relative humidity and wind direction, marking the boundary between
the Harmattan and monsoon flows, after [5].

The Bodélé low-level jet (LL]) was defined as the daily maximum wind speed at
925 hPa between the Tibesti and Ennedi massifs (18°N-19°E), according to [3] and as
resolved in ERA5 and AROME model outputs.

The African Easterly Jet (AE]) was defined as a wind maximum in the 600-700 hPa
layer, following [5,29].

2.3.2. Analysis of Atmospheric Circulation Features

The role of key atmospheric features in modulating dust uplift and transport over the
Bodélé Depression was investigated. The Saharan heat low (SHL), a prominent thermal
low-pressure system over the Sahara, was analyzed to assess its seasonal and interannual
variability using ERA5 reanalysis data. The Intertropical Discontinuity (ITD), representing
the boundary between the dry, dusty Harmattan winds and the moist monsoonal flow, was
tracked using gradients in relative humidity and wind direction. Wind speed and direction
at multiple pressure levels (e.g., 925 hPa for low-level jets and 700 hPa for mid-level jets)
from both ERA5 and AROME were analyzed to assess the impact of the Bodélé low-level jet
(LLJ), African Easterly Jet (AE]), and Tropical Easterly Jet (TE]) on dust transport pathways.

2.3.3. AOD Variability and Dust Source Activation

Aerosol optical depth (AOD) values derived from MODIS and MISR satellite obser-
vations were used to examine dust concentrations and variability during June 2006 and
June 2011. To gain a deeper understanding of dust source activation, AOD anomalies were
compared with surface wind fields from both ERA5 and AROME, as well as SHL intensity.

The AROME model was integrated to simulate atmospheric conditions and dust
transport (including vertical distribution) for both months. Model outputs were evaluated
against MODIS Aqua (12:00 UTC) and MODIS Terra (08:55 UTC) data, providing com-
plementary perspectives for the daily cycle. High-resolution simulations using AROME,
combined with a dust module for West Africa, were employed to calculate diurnal and
nocturnal AOD variability. The methodology enabled a detailed examination of temporal
and vertical variations in dust, overcoming some satellite retrieval limitations.

A case study approach was employed to investigate the interactions between dust
emissions in the Bodélé Depression and the larger-scale Saharan heat low region, aiming to
identify the climatic factors driving the differences in AOD and dust activity between the
two years.

In summary, the methodology began by comparing the Bodélé Depression with the
Saharan heat low (SHL) region to identify the unique characteristics of the Bodélé region.
The study then focused on examining the significant differences in AOD between June
2006 and June 2011, followed by an analysis of key atmospheric variables, such as the
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Intertropical Discontinuity (ITD), SHL, and low-level jet (LL]). Statistical analyses, including
graphical comparisons and the evaluation of difference values, were used to assess the
relationships between AOD and these meteorological variables. This approach provided
insights into the climatic factors driving dust emissions and transport, enabling a deeper
understanding of the temporal and vertical variability in dust activity. The comprehensive
analysis allowed for a better understanding of dust dynamics in the Bodélé Depression and
its connection to broader atmospheric systems.

3. Results

Our analysis of AROME simulations and MODIS observations reveals significant
interannual variability in dust activity over the Bodélé Depression between June 2006 and
June 2011. Simulated aerosol optical depth (AOD) shows a clear decrease in 2011, and
a pronounced diurnal cycle (amplitude up to 0.2) not fully detected by MODIS due to
temporal sampling limits.

3.1. Analysis of Key Atmospheric Features

This section presents an analysis of the key atmospheric features influencing dust
emissions and transport in the Bodélé Depression during June 2006 and June 2011. These
features include aerosol optical depth (AOD), the low-level jet (LL]), the Saharan heat low
(SHL), and the Intertropical Discontinuity (ITD).

3.1.1. Aerosol Optical Depth (AOD) in June 2006 and June 2011

To illustrate the variability of aerosol optical depth (AOD) for June 2006 and 2011,
Figure 3 presents the average meridional profile (from 16°E to 20°E) of AOD, derived
from simulations using the AROME (Applications of Research to Operations at Mesoscale)
model. As shown in Figure 3, the vertical distribution of aerosols in June 2006 extended up
to 600 hPa, whereas in June 2011, dust layers remained mostly below 800 hPa.

Figure 4c compares the AOD distributions for June 2011 (Figure 4b) and June 2006
(Figure 4a) from both MODIS and AROME. Both datasets confirm a marked decrease in
AOD in 2011 relative to 2006. The diurnal cycle of simulated AOD reached 0.2 in amplitude
(Figure 5), demonstrating intra-day variability that is not captured by MODIS Deep Blue
data due to sparse temporal coverage [23].

Recent studies have highlighted the importance of high-resolution modeling in captur-
ing the complex dynamics of dust emissions in the Sahara. For example, [30] emphasized
the role of nocturnal low-level jets in dust emission, processes that are often inadequately
represented in global models.

The maximum AOD value observed in June 2006 was approximately 1, with a monthly
average of 0.6 (Figure 5). In contrast, the monthly average AOD for June 2011 was 0.4,
indicating weaker dust loading over the Bodélé region. Despite this decrease, the dust load-
ing remained significant, highlighting substantial interannual variability. This variability
aligns with the findings of [29], who linked year-to-year variations in North African dust
emissions to large-scale atmospheric conditions.

To understand the drivers behind the substantial difference in AOD between the
two years, an analysis of the climatic features of the Saharan region at both regional and
large scales is essential. The authors of [9] emphasized the importance of considering
synoptic-scale atmospheric patterns in conjunction with local topography when analyzing
dust emission variability.
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Figure 3. Comparison between June 2006 and June 2011 of vertical distributions of aerosols by
latitude, averaged between 16°E and 20°E (Bodélé region) and derived from simulations using the
AROME model; Red squares represent the atmosphere of Bodélé between 16°N and 20°N, averaged
between 16°E and 20°E.
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Figure 4. Comparison between June 2006 (a) and June 2011 (b) of the distribution of aerosols that is
derived from the simulation AROME model on the right and MODIS observations on the left. AOD
June 2006 minus AOD June 2011 (c) over Bodélé (the black box).
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Figure 5. Diurnal AOD simulated by AROME for June 2006 and June 2011. Maximum value at
12 UTC for the two seasons. UTC: Coordinated Universal Time (formerly GMT).

The diurnal variability simulated by AROME shows peak mean AOD values for both
June 2006 and June 2011 occurring at 12:00 UTC (Coordinated Universal Time), as shown in
Figure 5. A clear diurnal decrease in AOD values was observed in 2011. This pattern aligns
with recent studies highlighting the significance of diurnal variations in dust emissions and
transport in the Sahara region [12,31].

In summary, June 2006 was characterized by both higher AOD and greater vertical
dust transport than June 2011, as consistently shown by both model simulations and
satellite observations.

3.1.2. Low-Level Jet (LLJ)

A key feature of the atmospheric circulation in the Bodélé Depression region is the
low-level jet (LLJ), characterized by a maximum in low-level easterly winds. Recent
high-resolution reanalysis data (ERA5) have enhanced our understanding of this phe-
nomenon [25].

The LLJ typically exhibits wind speeds approaching 10 m s ! at approximately 925 hPa
near 18°N and 19°E (Figure 6). This feature is most pronounced during winter months,
coinciding with peak dust emissions in the Bodélé Depression [7]. The jet core is typi-
cally located between 900 and 925 hPa, slightly lower in the atmosphere than previously
suggested based on ERAS data [18].

LL]J formation and intensity are closely linked to the region’s unique topography. The
jet aligns with the exit gap of northeasterlies between the Tibesti Mountains (2600 m) and
the Ennedi Massif (1000 m), which channel and accelerate flow over the Djourab Desert
in Chad [9,32]. This topographic influence creates a ‘split’ in the low-level easterly flow,
concentrating wind energy in the Bodélé region.
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Figure 6. Surface wind speed difference between June 2006 and June 2011.

While the persistent position and core intensity of the Bodélé low-level jet (LL]) are
set by the channeling of the Harmattan winds between the Tibesti and Ennedi massifs,
our analysis indicates that interannual LL] variability is mainly controlled by regional
atmospheric circulation, specifically, shifts in the Saharan heat low (SHL) and monsoon
progression, and can be further modulated by upper-level jets (e.g., the African Easterly
Jet, AE]) and remotely by sea surface temperature (SST) anomalies linked to the El Nifio—
Southern Oscillation (ENSO).

The LL] is a distinctive feature of the Bodélé area and is absent at other longitudes
along 18°N in West Africa. This specificity is crucial for understanding the region’s role as
a major global dust source [5].

The jet exhibits a marked seasonal cycle that is closely associated with dust activity.
It is most active from October to March and relatively inactive (<3 m s~1) from June to
August [33]. This seasonality is linked to large-scale atmospheric circulation patterns and
local thermal gradients.

Figure 6 illustrates wind speed differences between June 2006 and 2011 over the Bodélé
region. Negative values indicate wind slowdown in 2006, with high values observed
between the Tibesti and Ennedi Mountains. This interannual variability in LL] strength has
a considerable impact on dust emission rates and transport patterns [1,34].

Ref. [35] suggests that climate change may alter LL] intensity and seasonality, poten-
tially changing dust emission patterns in this critical region.

Continued high-resolution modeling and observational studies are essential to better
understand and predict these changes and their implications for global dust transport and
climate feedback.

3.1.3. Saharan Heat Low (SHL)

The Saharan heat low (SHL) is a key feature of the West African climate system, playing a
crucial role in the African monsoon dynamics. Recent high-resolution reanalysis data (ERA5)
have significantly improved our understanding of SHL structure and variability [7,34].

The intensity of potential temperatures and the position of the SHL's center of gravity
(Figure 7) are now more accurately simulated using advanced ECMWEF reanalysis tech-
niques. These improved estimates enhance the realism of SHL simulations, which is critical
for understanding its influence on the African Monsoon [36].



Remote Sens. 2025, 17, 2674 10 of 20
q° STE 1q°E 15|°E 20|°E 25|°E 3q°E 35‘°E 40|°E
Casablanca s TUNISIA i
\
- Q“n(a omipoli
g P\\’<>s L
MOROCCO
ALGERIA O
z | ’ i LIBYA L
ﬂ .fils I
i
“sli‘?{TAFigRAN. r \H:;j' =Y 7, o [% Sanara Desert
= O =
2 . 0 eeg% p? - -
[V} s .
MAURITANIA LJ 'ﬁ)_____ Tead ™ GO of U
d 8P o
z MALI | &mgk% () |
3 ‘ 9= = v
Dakar @ @) CHA[b
O SENEGAL
i BURKINA
- o FASO rer S
& | QEsri, TomTom, Garmin, FAO, NOAA, USGS; Esri, USGS *
T T T ] T T T
SHL_2006 SHL_2011 , N
Intensity (m) Intensity (m) mw—mw———— Kilometers A
o 2410 O 2410 0 250 500 1000
2425 2425
2433 2433
2440 2440
@ 2450 [] 2450

Figure 7. Position of Saharan heat low from May to September season of 2006 (closed circles) and
2011 (open squares). The color gradient indicates the intensity of the Saharan heat low, measured by
the Low-Level Atmospheric Thickness (LLAT) in meters.

In June 2006, the SHL was less intense and reached a more southerly position com-
pared to June 2011. Conversely, in June 2011, the SHL shifted to the southeastern Hoggar
region (southern Algeria), exhibiting a northwestern anomaly relative to climatology. This
interannual variability in SHL dynamics significantly impacts the configuration of monsoon
flow and Harmattan winds.

Ref. [37] highlighted the SHL's role in modulating dust emissions and transport
across the Sahara. The SHL's intensity and position have been linked to variations in dust
uplift potential and transport pathways, emphasizing its importance in regional climate
dynamics [38].

3.1.4. Intertropical Discontinuity Zone (ITD)

The Intertropical Discontinuity (ITD), also known as the Intertropical Front (ITF) or
Intertropical Convergence Zone (ICZ), is a near-surface boundary dividing Africa into two
distinct climatic zones from the Atlantic to Sudan [39]. South of the ITD, the monsoon
flow contains high energy and extends to about 800-850 hPa. North of the ITD, a very dry
northerly flow that is characterized by low dew-point values prevails.

Ref. [40] refined the criteria for identifying and tracking the ITD. To delineate the ITD,
one of three main criteria is typically used:

a. Surface convergence line at a height of 10 m (or 950 hPa) between southwest and
northeast winds, particularly applicable at night.

b. Sharp gradients in surface moisture, often based on relative humidity contours
around 40%.
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c¢.  The minimum pressure line, which is particularly useful near West Africa’s coast
where other criteria are difficult to apply. This criterion is well-suited for the thermal
depression in northern Mali and Mauritania, which lie close to the ITD.

In this study, we delineated the ITD position using relative humidity fields, following
recent methodologies that have proven effective for ITD identification and tracking [41].
Among the various criteria proposed in the literature, such as surface convergence, min-
imum pressure, or sharp gradients in relative humidity, we selected the 40% relative
humidity contour as the main threshold, which has shown improved accuracy in previous
works. This approach is illustrated in Figure 8a,b for June 2006 and June 2011, respectively,
and the extracted ITD positions are presented in Figure 8c.

(a) HR june 2006 (b) HR june 2011

0,
. . Value (%)
. 15
20 15 10 S 0 S 10 15 20 25 30 -20 15 10 S 0 S 10 15 20 25 30
lon lon
(c) ITD

— 062011
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20F .
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10k 1 1 1 1 1 1 N 1 1 1 L

lon

Figure 8. Relative humidity over the Saharan region for June 2006 (a) and June 2011 (b) and the
Intertropical Discontinuity (ITD) extracted from relative humidity (RH = 40%) for the two periods
(red: June 2006; blue: June 2011) (c).

The ITD’s position and movement have been increasingly recognized as critical factors
in dust emission and transport processes in the Sahel and southern Sahara [8]. Its northward
progression during the monsoon season influences the timing and intensity of dust events,
highlighting the complex interactions between large-scale atmospheric features and dust
dynamics in the region [5].

3.2. Relationship Between AOD and Key Climatic Features

This study presents a comprehensive analysis of the impact of African Monsoon vari-
ability on dust uplift, examining the modulation effects of the Intertropical Discontinuity
(ITD) latitude position, Saharan heat low (SHL), low-level jet (LL]), and African Easterly Jet
(AE]) on intra-seasonal timescales.

3.2.1. AOD and ITD Correlation

The analysis of the daily average latitude position of the ITD and the corresponding
daily average aerosol optical depth (AOD) values over the Saharan heat low (SHL) and
Bodélé Depression regions reveals an unexpected outcome. In June 2011, the ITD shifted
notably northward, reaching around 15°N, compared to June 2006, where it remained to
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the south of 14°N (Figure 8). This northward displacement of the ITD was anticipated
to have a significant impact on dust emissions, potentially leading to reduced uplift in
the Bodélé Depression due to a weakened low-level jet (LLJ), driven by altered pressure
gradients and wind shear over the Tibesti Massif. However, contrary to these expectations,
statistical analysis did not reveal a significant correlation between the ITD position and the
daily AOD measurements over either the SHL (Figure 9a) or Bodélé Depression regions

(Figure 9b).
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Figure 9. AOD and latitude position of ITD over SHL (5°W, 10°E, 16°N, 20°N) (a) and Bodélé (5°E,
20°E, 16°N, 20°N) (b) regions in June 2006 (blue) and June 2011 (red).

Despite the expected influence of the ITD, the analysis did not show a clear relationship
between the northernmost positions of the ITD and peak AOD values.

In fact, while the ITD shifted northward in June 2011, the AOD over the Bodélé
Depression was notably lower compared to June 2006, which saw stronger dust emissions
and higher AOD values. This discrepancy suggests that factors other than the position of
the ITD may have played a more dominant role in regulating dust activity in the region.
Despite the ITD reaching latitudes above 16°N in 2011, the mean AOD values (AOD < 0.5)
did not coincide with the northernmost positions of the ITD, highlighting the complexity
of the relationship between the ITD and dust emissions (Figure 9).

These results align with previous studies that have emphasized the complex and often
non-linear relationship between the ITD and dust emissions in the Sahara. The absence of
a significant correlation suggests that other atmospheric and environmental factors, such
as surface wind speeds, atmospheric stability, and soil moisture conditions, may exert a
more direct influence on dust emission variability, especially on shorter time scales. These
findings emphasize the need for further investigation into the roles of these additional
drivers in order to better understand the factors that modulate dust emissions in the Bodélé
Depression and the wider Saharan region [5].
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3.2.2. AOD in Relation to SHL Position and Intensity

Analysis of the Saharan heat low (SHL) reveals significant interannual variability in
both its position and intensity. In June 2006, the SHL exhibited an unusually southerly posi-
tion, with its center of gravity reaching 18°N during the first half of the month, particularly
in its eastern sector. This represents a displacement of approximately 2° latitude south of
the 30-year climatological mean (1980-2012) for June (Figure 10), potentially influencing
regional wind patterns and dust source activation over Bodélé.
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Figure 10. AOD compared with the intensity and latitude position of Saharan heat low (SHL) for
June 2006 (blue) and June 2011 (red) and the seasonal (June) average from 1980 to 2012 (black line).

SHL intensity, as quantified by Low-Level Atmospheric Thickness (LLAT), was more
pronounced during early June 2011 compared to June 2006. A notable intensification of the
SHL was observed after 20 June 2006 over the Hoggar region, characterized by LLAT values
exceeding 2440 m. However, we found no statistically significant correlation between AOD
values and the latitudinal position of the SHL over the Bodélé Depression.

This lack of a direct linear relationship between SHL characteristics and AOD is
consistent with previous studies [1], indicating that the SHL's influence on dust emissions
is complex and indirect, potentially mediated by its modulation of regional wind patterns,
atmospheric stability, and the strength of the Harmattan winds. While the SHL undoubtedly
plays a significant role in shaping the regional climate system, its direct control on dust
emission variability in the Bodélé Depression appears to be limited.

3.2.3. AOD and Meridional Wind Interaction

Our analysis reveals a notable interaction between AOD and meridional winds in the
Bodélé Depression, with the low-level jet (LL]) playing a significant role in dust mobilization
(Figure 11a,b). AOD values during early June 2006 were almost double those of June
2011, suggesting much stronger dust source activation in 2006 compared to 2011. This
difference can largely be attributed to the stronger meridional winds in 2006, which were
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not restrained by the developing monsoon, as opposed to June 2011, where the monsoon
had a moderating effect on the Harmattan winds, leading to reduced dust mobilization [9].
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Figure 11. AOD and meridional wind (negative values indicate southward flow) over SHL (5°W,
10°E, 16°N, 20°N) (a) and Bodélé (5°E, 20°E, 16°N, 20°N) (b) regions for June 2006 (blue) and June
2011 (red).

In June 2006, the meridional winds were stronger, with southward flow (negative
meridional winds) enhancing dust uplift, while in 2011, the meridional winds were weaker
and even exhibited a negative correlation with AOD, particularly over the Bodélé region.
The topography of the Tibesti Massif plays a crucial role in channeling and accelerating the
low-level easterly flow, contributing to the formation of a pronounced LLJ over the Bodélé
Depression (Figure 11b). The LLJ, in combination with the strong meridional winds, is a
defining characteristic of the Bodélé region and plays a central role in its status as a globally
significant dust source.

3.2.4. AOD and Zonal Wind Dynamics

Our analysis of the zonal wind patterns over the Bodélé region reveals a significant
relationship between the spatial extent of the wind and the observed aerosol optical depth
(AOD) during June 2006 and 2011. In June 2006, the zonal wind exhibited a broader
longitudinal span from 10°E to 22°E, with sustained wind speeds averaging around 10 m/s.
This extensive wind field coincided with higher AOD values, with a mean of 1.2 between
5 and 19 June 2006 (Figure 12a,b). Conversely, in June 2011, the zonal wind was confined to
a narrower longitudinal range between 16°E and 22°E, with slightly lower wind speeds
(10 m/s), corresponding to lower AOD values of 0.5 during the same period (Figure 12c).

This substantial increase in the longitudinal span of the zonal wind in 2006 compared
to 2011 aligns with the observed higher AOD values in 2006. The broader wind field in
2006 likely facilitated the transport of dust particles over a larger area, contributing to
higher dust mobilization and aerosol loading in the region. The figure illustrating this
trend further supports this correlation, showing a marked increase in AOD levels during
the first half of June 2006, corresponding with the broader wind zone.
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Figure 12. (a) Daily longitude position of SHL (June 2006 and June 2011); (b) uzonal average from
5 to 19 June: 2006 and 2011; (c) uzonal average from 20 to 30 June 2006 and 2011 over 18°N and from
0 to 32°E by level (hPa).

These findings suggest that the extent and intensity of the zonal wind, particularly its
spatial reach across the region, play a crucial role in influencing the amount of dust uplifted
and transported from the Bodélé Depression. This conclusion highlights the complex
interaction between atmospheric circulation patterns and dust dynamics, underscoring the
need for a deeper understanding of how wind patterns can drive interannual variability in
dust emissions (Figure 12).

The enhanced AE] activity during June 2006 likely facilitated more efficient dust
transport away from the Bodélé Depression region, potentially contributing to the higher
AOD values observed during this period. Conversely, the weaker AEJ and stronger TE] in
June 2011 may have resulted in a different dust transport regime, with implications for the
spatial distribution of dust aerosols.

The AROME model was integrated to simulate atmospheric conditions, providing
crucial insights into dust transport and vertical distribution. In June 2006, significant
dust uplift was observed over the Bodélé Depression, with vertical transport reaching the
600 hPa level, while in June 2011, dust transport was confined to below 800 hPa, indicating
reduced dust activity. This decrease in AOD is corroborated by both AROME simulations
and MODIS measurements. To validate the AROME data, MODIS Aqua (at 12:00 UTC) and
MODIS Terra (at 08:55 UTC) observations were used, offering complementary perspectives
for a full 24 h daily cycle. AROME simulations reveal a pronounced diurnal cycle in
AOD (amplitude up to 0.2; Figure 5), a feature not observed in MODIS Deep Blue due to
limited temporal resolution. This highlights the importance of high-frequency modeling
for capturing daily variability in dust emissions.

4. Discussion

Our comprehensive investigation into dust dynamics in the Bodélé Depression reveals
a complex interplay between large-scale atmospheric patterns and regional topography,
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resulting in significant interannual variability in aerosol optical depth (AOD) between
June 2006 and June 2011. This study provides novel insights into the specific roles of key
atmospheric features at intra-seasonal timescales, extending our understanding of dust
emission processes in this critical region.

The marked decrease in AOD observed in June 2011 compared to June 2006 suggests
a fundamental shift in dust emission and transport mechanisms. Our analysis indicates
that the Intertropical Discontinuity (ITD), Saharan heat low (SHL), and low-level jet (LLJ)
all played significant roles in modulating dust activity during these periods. However,
the relationships between these features and AOD were often complex and non-linear,
highlighting the limitations of relying on simple correlations.

Contrary to initial expectations, we found no statistically significant linear correlation
between ITD latitude position and daily AOD measurements. This result underscores the
complexity of dust emission processes and suggests that other factors, such as wind speed,
atmospheric stability, and soil moisture content, may be more direct drivers of dust emission
variability. It is also possible that time-lagged effects, where the ITD’s influence on dust
emissions manifests over longer timescales, could explain the lack of a strong correlation.

The SHL exhibited notable differences in intensity and position between the two years,
with a more intense SHL observed in early June 2011. However, high AOD values were not
consistently associated with specific SHL characteristics. This complexity points towards a
more nuanced role of the SHL in dust dynamics, likely mediated through its influence on
regional circulation patterns, including the LL], and atmospheric stability.

Our analysis reveals a strong negative correlation between AOD and meridional wind
over the Bodélé region in June 2011, confirming the LL]’s critical role in dust uplift. The
unique topography of the region, particularly the channeling effect of the Tibesti Massif,
appears to be crucial in shaping these wind patterns and facilitating dust mobilization.
Specifically, the interaction between the LL] and the Tibesti Massif creates localized regions
of enhanced wind shear and turbulence, promoting the suspension of dust particles into
the atmosphere.

The zonal wind analysis highlights the importance of the African Easterly Jet (AE]) and
the Tropical Easterly Jet (TE]) in modulating dust aerosol patterns. The observed differences
in jet speeds and positions between 2006 and 2011 likely contributed to variations in dust
transport pathways. A stronger AE], as seen in 2006, may facilitate westward dust transport,
while a weaker AEJ and stronger TE], as observed in 2011, may result in a more localized
dust plume.

Our findings align with previous research by [33], which emphasized the importance
of extensive cold pools (haboobs) as significant dust sources in the region, potentially
contributing up to 50% of dust production during June [8]. However, as in many studies, our
study faces limitations in capturing these events due to the timing of satellite passes and the
inherent challenges in modeling such phenomena. These findings underscore the complex
interplay between atmospheric and surface factors in controlling dust emissions from
the Bodélé Depression. They highlight the need for continued high-resolution modeling
and observational studies to improve our understanding and prediction of dust emission
patterns in this critical region, particularly in the context of climate change and its potential
effects on dust emission dynamics [42].

To further elucidate the causative relationships between atmospheric features and
dust emissions, future research should employ more sophisticated modeling techniques
that incorporate detailed representations of atmospheric processes and surface condi-
tions. Additionally, the potential influence of larger-scale atmospheric phenomena, such
as Rossby waves and the Indian Monsoon, on dust dynamics in the Bodélé Depression
warrants investigation.
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Rossby waves, being large-scale atmospheric waves, could potentially modulate the
position and intensity of the SHL, AE], or ITD, indirectly affecting dust emission and
transport from the Bodélé Depression. Similarly, the Indian Monsoon’s influence on the
strength and position of the TE] could have downstream effects on dust dynamics in North
Africa. Exploring these connections could provide a more comprehensive understanding
of the global atmospheric processes influencing dust activity in the Sahara—Sahel region.

In summary, our study underscores the complex interplay between large-scale at-
mospheric features and regional and local-scale processes in driving dust emissions in
the Bodélé Depression. While the ITD, SHL, LLJ, and AE] all play significant roles, their
influence on dust activity is often non-linear and modulated by other factors.

To better understand and predict dust events in this critical region, future research
should prioritize several key areas. These include utilizing dust-specific datasets to im-
prove the accuracy and specificity of AOD measurements, employing more sophisticated
modeling techniques to capture the complex interactions between atmospheric features and
surface conditions, and conducting multi-year observational studies to further elucidate
the mechanisms through which these atmospheric features influence dust emissions, partic-
ularly in the context of climate change. Furthermore, the potential influence of large-scale
phenomena like Rossby waves and the Indian Monsoon on dust dynamics in the Sahara—
Sahel region warrants investigation, and efforts should be directed towards improving the
representation of haboobs and other mesoscale features in climate models.

By addressing these challenges, we can move closer to a more complete understanding
of dust dynamics in the Sahara-Sahel region and improve our ability to predict dust events
and their far-reaching impacts on regional and global climate systems.

5. Conclusions

This study has successfully investigated the complex interactions between atmo-
spheric dynamics and dust emissions in the Sahara—-Sahel region, focusing on the Bodélé
Depression during June 2006 and June 2011, periods coinciding with the AMMA and
Fennec experiments. Through a combination of airborne and satellite observations and
mesoscale model simulations, we provide key insights into the roles of the low-level jet
(LLJ), monsoon-related winds, and Saharan heat low (SHL) anomalies in modulating
dust activity.

Our findings reveal significant interannual variability in aerosol optical depth (AOD)
between the two study periods, with distinct atmospheric conditions driving dust uplift
and transport. Notably, the analysis highlights a marked difference in the African Easterly
Jet (AE]) intensity, with a stronger AE] in 2006 contributing to more intense dust uplift
and westward transport. The study also underscores the complex, non-linear relationships
between dust emissions and atmospheric features, exemplified by the absence of a direct
correlation between the Intertropical Discontinuity (ITD) position and AOD measurements.
Instead, the influence of topography, particularly the Tibesti Massif, in shaping low-level
wind patterns and subsequent dust emissions, emerges as a key controlling factor.

Building upon these findings, we recommend that future research endeavors to priori-
tize several key areas. First, the integration of dust-specific datasets, such as the MODIS
MIDAS dataset, is crucial to refining the accuracy of AOD measurements. Second, the appli-
cation of sophisticated modeling techniques is essential to capture the complex interactions
between atmospheric features and surface conditions. Third, interannual observational
studies are needed to elucidate the mechanisms through which these atmospheric features
influence dust emissions, particularly in the context of climate change. Finally, future re-
search should explore the potential influence of other large-scale atmospheric phenomena,
such as Rossby waves and the Indian Monsoon, on dust dynamics in the Sahara-Sahel
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region. Understanding the teleconnections between these systems and the regional climate
could provide valuable insights into dust source variability and improve our ability to
predict dust events. More specifically, we encourage investigation into the easterly jet and
the tropical easterly jets and how they may change our understanding of current climate
change and dust emissions.

By pursuing these research directions, we can continue to refine our understanding
of dust emission processes and improve our ability to predict dust events and their far-
reaching impacts on regional and global climate systems. The need for more specific data
will allow for more precise findings.
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