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Atmospheric Boundary Layer in the Atlantic: the desert dust impact

Ioanna Tsikoudi'?, Eleni Marinou', Maria Tombrou?, Eleni Giannakaki?, Emmanouil Proestakis’,

Konstantinos Rizos', Ville Vakkari**, Holger Baars’, Annett Skupin’, Ronny Engelmann’,

Zhenping Yin®, and Vassilis Amiridis'

'National Observatory of Athens (NOA), IAASARS, Greece

’Department of Physics, National and Kapodistrian University of Athens, Greece

3Finnish Meteorological Institute, Finland

4Atmospheric Chemistry Research Group, Chemical Resource Beneficiation, North-West University, Potchefstroom, South
Africa

3Leibniz Institute for Tropospheric Research (TROPOS), Leipzig, Germany

Correspondence: Ioanna Tsikoudi (jtsik@noa.gr)

Abstract. We investigate the dynamics of the atmospheric Boundary Layer (BL) over the Atlantic Ocean, with a focus on the
region surrounding Cabo Verde during the Joint Aeolus Tropical Atlantic Campaign (JATAC) and the ASKOS experiment,
using a combination of ground-based PollyXT and Doppler lidars, satellite lidar data from Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO), radiosondes, and the model outputs of the Integrated Forecasting System (IFS)
of the European Centre for Medium-Range Weather Forecasts (ECMWF). The comparison of CALIPSO lidar results with
ECMWEF/IFS reanalysis for 2012-2022, revealed good agreement for BL top over open ocean regions but weaker relation over
dust-affected areas of the African continent. In these regions, daytime CALIPSO retrievals typically indicate lower BL tops
than ECMWE, while at night CALIPSO often detects aerosols within the residual layer, leading to higher estimates than the
model. Observations in Cabo Verde highlight distinctive Marine Atmospheric Boundary Layer (MABL) characteristics, such
as limited diurnal evolution, but also show the potential for BL heights to reach up to 1 km, driven by factors like strong
winds that increase mechanical turbulence. Additionally, the technical and physical challenges in estimating the BL height
using different datasets and methods are discussed, examining cases with different thermodynamical conditions and aerosol
load that directly affect the dynamics of the BL. The findings underline the strengths and limitations of different observational
and modeling approaches, and emphasizes on the importance of considering local meteorology and aerosol conditions when

interpreting BL height.

1 Introduction

The atmospheric Boundary Layer (BL) is characterized by complex interactions between surface-driven forces and meteoro-
logical conditions, which determine its height, structure, and the degree of turbulent mixing within (Stull, 1988). BL. dynamics
vary considerably across different environments, presenting challenges for weather modeling and prediction, especially in

transitional zones like those between deserts and oceans (Seibert et al., 2000; Li et al., 2017).
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Monitoring the BL top reliably is a challenge, particularly in heterogeneous environments where traditional observation
methods may fall short. Lidar systems have proven valuable for continuous profiling of aerosol and atmospheric structures, as
their high vertical resolution enables detailed monitoring of BL height (Wiegner et al., 2006; Baars et al., 2008). Yet, automatic
identification of the BL top from lidar data is challenging in complex areas, because BL structures can be influenced by
surface type, time of day, and atmospheric stability (Tsikoudi et al., 2022). Up to now, lidar-based BL retrievals showed very
good performance on relatively predictable areas with known BL patterns, such as open land surfaces or stable atmospheric
conditions (Tsaknakis et al., 2011; Seidel et al., 2012). Expanding lidar BL retrievals to more complex environments, is an
ongoing challenge especially when it comes to oceanic and coastal BLs where ground-based observation sites are limited.

Over the open Atlantic, the Marine Atmospheric Boundary Layer (MABL) is typically shallow and influenced by the rel-
atively constant sea surface temperature, while boundary layers in coastal and island regions experience terrestrial-marine
interactions that increase their variability (Garratt, 1994; Wood, 2012). Few studies over years have addressed the detection
and analysis of MABL using lidar data, largely due to practical and observational challenges over the ocean (e.g. Atlas et al.
1986; Flamant et al. 1997; Pena et al. 2015). Given these constraints, satellite observations, such as those provided by the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) mission, have become essential for studying
lower troposphere characteristics over remote regions, offering a means to improve understanding of these complex systems.

The general circulation over the tropical Atlantic is dominated by the Inter-Tropical Convergence Zone (ITCZ) and affected
by the presence of the Saharan Air Layer (SAL). The SAL is a typically warm and dry air layer that frequently occurs at
large scales in the tropical North Atlantic Ocean and can reside up to 5 km in altitude, often accompanied by dust aerosols
(Carlson and Prospero, 1972; Dunion and Velden, 2004; Wu, 2007). The ITCZ, migrates seasonally between the northern and
southern tropics, influencing rainfall and convective activity, creating conditions conducive to both the formation of clouds
and the aerosol convection over the Atlantic (Zhou et al., 2020). In tandem, the SAL, comprising of hot, dry air laden with
desert dust from the Sahara, moves westward across the Atlantic Ocean, especially in summer, driven by the prevailing trade
winds (Prospero and Mayol-Bracero, 2013) and has consequences on the surface radiation budget (Evan et al., 2009; Yu et al.,
2006). These circulation patterns are key in transporting dust from Africa to the Atlantic, affecting the radiative balance and
potentially impacting cloud formation, atmospheric stability, and therefore BL behavior in the region (Sun and Zhao, 2020).

A typical characteristic of the eastern sides of the Atlantic, is that the air subsiding into the subtropical north-east Atlantic
is warmer and drier than the air that has been in contact with the relatively cold ocean surface influenced by upwelling, and
a strong inversion forms at the interface of the two air masses (Hanson, 1991). As such, transported desert dust from Africa
introduce another layer of complexity in tropospheric dynamics and clouds activity by altering radiation budget, atmospheric
stability, and moisture distribution (e.g. Marinou et al. 2021; Ansmann et al. 2017; Marsham et al. 2008). This dual effect
of dust—scattering and absorbing solar radiation while in the same time serving as cloud condensation and ice nucleation
nuclei (CCN/IN)—Ileads to competing influences on the BL (e.g radiative cooling can suppress turbulent mixing, yet CCN
activation can lead to increased cloud cover and associated feedback on surface radiation). These processes have been observed

to influence the vertical structure and stability of the BL, but their overall impact on BL dynamics is still not fully understood.
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Accurately representing BL-aerosol interactions in climate and chemical transport models is crucial because these pro-
cesses affect surface conditions and large-scale atmospheric circulation (Menut et al., 2009; Pérez et al., 2006; Tombrou et al.,
2015, 2007). Gaps in observational data over complex environments, such as the dust-laden, desert-ocean transition zone in
the Atlantic, limit the model’s ability to accurately capture BL evolution and aerosol influences (Rémy et al., 2019, 2021;
Kallos et al., 2007). The need for observational data to validate and refine these models is high, especially given the impacts
on cloud formation, energy distribution, and surface-air interactions. Addressing these gaps through both ground-based exper-
imental campaigns such as Joint Aeolus Tropical Atlantic Campaign (JATAC) and satellite sensors such as space Lidars can
significantly enhance understanding and modeling of BL processes in regions of critical climatic importance. In addition to
investigating BL-aerosol interactions, this study aims to improve BL top detection methods in diverse and complex environ-
ments. By addressing challenges inherent to automated BL detection, particularly in areas affected by aerosols and variable
atmospheric conditions, this work contributes to the development of more robust methods for BL identification.

The structure of this paper is as follows: Section 2 provides an overview of the datasets and methods used, including
ground-based lidar, space lidar, radiosonde data, and model outputs. Section 3 examines the BL characteristics across different
environments, beginning with the Atlantic Ocean (Area 1) and the ocean-desert transition zone (Area 2), before focusing on

Cabo Verde, where dust interactions with the BL are investigated. Finally, Section 4 presents the main conclusions of this study.

2 Data Sources and Analysis

This study uses data from the ASKOS Campaign (Marinou et al., 2023), the ground-based component of the JATAC organised
by the European Space Agency (ESA). The campaign was conducted at the Ocean Science Centre Mindelo (OSCM), at
the island of Sdo Vicente, Cabo Verde, during 2021-2022. In addition, CALIPSO observations and ECMWF model data are
employed. The BL height is derived using the gradient method and the Wavelet Covariance Transform method on satellite and

ground-based lidar data respectively.
2.1 Datasets

The comprehensive ASKOS dataset includes active remote-sensing observations and radiosonde profiles, both essential for
characterizing atmospheric dynamics in the studied region. Specifically, ground-based PollyXT lidar and Wind Doppler lidar
observations are examined, together with the LIVAS (LIdar climatology of Vertical Aerosol Structure for space-based lidar
simulation studies) Climate Data Record (Amiridis et al., 2015) derived from CALIPSO. Furthermore, the BL heights obtained
from measurements are compared against the ERAS5 reanalysis dataset, produced with the Integrated Forecasting System (IFS)

of the European Centre for Medium-Range Weather Forecasts (ECMWF), at 0.25° x 0.25° horizontal resolution.
2.1.1 Groundbased Lidars

The ground-based PollyXT Raman Lidar (Engelmann et al., 2016), consists of a compact, pulsed Nd:YAG laser, emitting at

355, 532, and 1064 nm at a 20 Hz repetition rate, with the laser beam pointed into the atmosphere at an off-zenith angle of






