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Abstract.

Clouds over the tropical Atlantic remain under-represented in ground-based observational studies, despite their key role in the
regional radiative and hydrological budgets. This observational gap contributes to substantial uncertainties in the representation
of these clouds in climate models. The recent BOWTIE (German: Beobachtung von Ozean und Wolken — Das Trans ITCZ
Experiment) campaign aimed to address this deficiency through a six-week, ship-borne measurement campaign across the
tropical Atlantic, spanning from Cape Verde to Barbados. This study investigates the influence of Saharan Air Layers (SALSs)
on cloud properties using vertically pointing remote sensing observations collected during the research cruise. Cloud types
are classified and combined with Cloudnet-derived microphysical products to assess both macrophysical and microphysical
cloud characteristics. The analysis reveals a shift in the cloud characteristics toward less convective regimes during SAL
presence, accompanied by changes in cloud base height (CBH) and cloud top height (CTH). Microphysically, the suppression
of convection associated with SAL leads to a greater vertical separation of cloud layers, meaning that droplet and ice effective
radii (DER and IER) differ across layers. However, hydrometeor populations across all observed layers are comparable to those
observed in marine cloud regimes reported in previous studies. Overall, the thermodynamic structure of the SAL emerges as the
dominant driver of the observed changes in cloud properties. These findings highlight the importance of accounting for SAL
influences in understanding cloud development over the tropical Atlantic and improving their representation in atmospheric

models.

1 Introduction

A precise understanding of clouds and the processes driving cloud evolution is crucial for estimating global radiation, energy,
and hydrologic balances (e.g. Charlson et al., 1987; Kubar et al., 2009). The energy-rich tropical atmosphere is particularly
relevant for estimating the global energy budget due to the high amount of incoming solar radiation, which ultimately drives
the global circulation (Kraus, 2007). In general, the impact of clouds on the radiation budget and the hydrological cycle is

influenced by cloud macro-properties such as cloud lifetime, depth, base and top height as well as microphysical properties of
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hydrometeors such as thermodynamic phase, size, and number concentration (Kubar et al., 2009). These cloud properties are
determined by the evolution of the cloud influenced by a variety of processes across a range of scales, which include micro-
scale influences such as the presence of aerosols, the diurnal cycle, and meso- to synoptic-scale drivers of moisture availability
and atmospheric circulation (Khain et al., 2000; Pan and et al., 2018).

In general, directional and speed convergence at the Intertropical Convergence Zone (ITCZ) are known to govern the for-
mation of convective clouds in the tropics climatologically (Nicholson, 2018; Windmiller and Stevens, 2024). At the synoptic
scale, African Easterly Waves (AEW) passing through the tropical Atlantic every three to five days affect deep convection and
modulate precipitation formation (Houze and Betts, 1981). Temporally, clouds are influenced by the diurnal cycle of cloud
development (Ruppert, 2016). On smaller scales, the presence of aerosols is known to modulate the occurrence of clouds. For
aerosol particles over the tropical Atlantic, the dominant source are sea spray from the Atlantic Ocean, biomass burning smoke
from the African continent (Barkley et al., 2019) and dust from the Saharan Desert (Guo et al., 2013). An air mass lifted off
from the Saharan desert and advected over the Atlantic Ocean contains dust, but also conserves its original thermodynamic
properties of temperature and humidity (Gutleben et al., 2019a; Wong and Dessler, 2005). These elevated mixed layers are
called Saharan Air Layers (SALs; Tsamalis et al., 2013). The SAL changes its properties due to ageing of the dust aerosols as
it travels across the Atlantic (Kanitz et al., 2014; Weinzierl et al., 2017). As previous studies have shown, Saharan dust particles
can serve as both, ice nucleating particle (INP) and cloud condensation nuclei (CCN) (DeMott et al., 2003; Twohy et al., 2009;
Haarig et al., 2019).

A comprehensive analysis of cloud properties and their evolution requires the synthesis of models and observations to un-
ravel the coupling of various processes and patterns all around the globe (Foltz and McPhaden, 2010; Foltz et al., 2019).
It is evident that cloud-related processes are not uniform all over the globe. However, atmospheric observations over ocean
regions are under-represented (Foltz et al., 2019) because deployment of instrumentation is difficult and maintenance of in-
strumentation is negatively impacted by water, salt, erosion and waves. Recent efforts to gain knowledge about clouds over the
tropical Atlantic involved modelling and measurements. Field campaigns incorporating comprehensive instrumentation and
detailed, targeted observations are a key component of data collection over the tropical ocean, alongside continuous satellite
observations and isolated island observing stations, such as the Barbados Cloud Observatory (BCO; Stevens et al., 2016)).
Shipborne field campaigns, such as the Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE)
in 1974 (Kuettner, 1974; Kuettner and Parker, 1976) or “ElUcidating the RolE of Cloud—Circulation Coupling in ClimAte”
(EUREC*A) in 2020 (Stevens et al., 2021) aimed to investigate clouds, their properties and their link to dynamic patterns over
the tropical Atlantic. Previous research cruises from the Caribbean to Cabo Verde were used to study the Saharan dust transport
across the Atlantic Ocean (Kanitz et al., 2014; Rittmeister et al., 2017).

In 2024, the “Organized Convection and EarthCARE Studies over the Tropical Atlantic” (ORCESTRA) campaign observed
the tropical Atlantic from multiple platforms, investigating the role of mesoscale processes in the context of the climate system
(Stevens et al., 2026). As part of ORCESTRA, the sub-campaign “Beobachtung von Ozean und Wolken — Das Trans ITCZ
Experiment” (BOWTIE; Translation: ocean and cloud observation - the trans-ITCZ experiment) contained a 40-day-long re-

search cruise across the Atlantic (Klocke et al., 2026). This study, makes use of these shipborne atmospheric observations over
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the tropical Atlantic ocean. The proximity of the research cruise to the African continent, and the Saharan Desert, and thus
being located in the dust outflow region during the peak season of dust transport (?) increases the possibility of atmospheric
measurements being influenced by Saharan dust.

The goal of this study is the qualitative description of the influence of SAL on clouds and clouds development during the
BOWTIE campaign on a macro- and microphysical scale based on remote sensing and radiosonde observations. Three multi-
day periods of Saharan dust were observed by the RV Meteor during the campaign. The lidar-based detection of the dust is
complemented with other data for the characterisation of the tropospheric conditions and cloud properties during Saharan dust
events.

The paper is structured as follows. In Section 2 the data and its processing used for this study is presented. Section 3 describes
the methods used for the analysis, including cloud type classification, and the detection and characterisation of SALs. Following
a general overview of the cloud conditions in Section 4, the effect of SAL presence on macro- and microphysical properties of
clouds is investigated. Finally, a conclusion summarises the derived role of Saharan dust in cloud evolution over the tropical

Atlantic in Section 5.

2 Instruments and Data

The observations used in the analysis presented in this paper were gathered as part of the research project ORCESTRA (Stevens

et al., 2026) which consisted of eight sub-campaigns including BOWTIE (Klocke et al., 2026).
2.1 The BOWTIE campaign

The BOWTIE sub-campaign, was a ship-borne investigation of atmosphere and ocean onboard the RV Meteor, focusing on
storm-scale processes, the atmosphere-ocean interaction, and mutual influences (Klocke et al., 2026). The Atlantic crossing
started on 16 August west of Africa in Cape Verde and ended in Barbados on 24 September 2024. The westward progression
towards Barbados was interrupted by three north-south transects at the beginning, the middle and the end of the campaign
period, respectively. The data obtained during BOWTIE is described in more detail by Segura et al. (2026) and is publicly
available on the ORCESTRA data browser at: https://browser.orcestra-campaign.org/. BOWTIE collected extensive in situ and
remote sensing measurements of atmospheric and oceanic thermodynamic, kinematic, and physical properties. This variety
of the instruments allows multiple aspects to be investigated such as the drivers of the large-scale structure of the ITCZ, the
variability of convection or small-scale processes at the ocean-atmosphere interface. Remote-sensing and radiosonde data will

be used here.
2.2 From instruments to datasets

The instruments used for the investigations presented in this paper are shown in Fig. 1 and mentioned in Tab. 1. The observations
were interrupted on 28 August from 8§ to 12 UTC while RV Meteor was in the territory of Cape Verde. The RPG-HATPRO-G5
Microwave radiometer (MWR; Rose et al., 2005) and the RPG frequency modulated 94 GHz Doppler radar (Kiichler et al.,
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Figure 1. RV Meteor during BOWTIE (photo by Geet George (TU Delft)) equipped with remote sensing instruments (photos by Anna

Trosits).

Table 1. Specifications of the instrumentation used for the analysis of this paper including information about the operational settings and

operators including Leipzig University (LU), the Max Planck Institute for Meteorology (MPI-Met) and the German Weather Service (DWD).

instrument wavelength/ observed quantities vertical and max. vertical  operator
(reference) frequency temporal res.  range

Microwave radiometer 22.24-31.4GHz  liquid water path 30s - LU
(Rose et al., 2005) 51-58 GHz

Doppler cloud radar 94 GHz radar reflectivity factor, Doppler 45m,19s 9or12km LU
(Kiichler et al., 2017) velocity, linear depolarisation ratio

Ceilometer 1064 nm attenuated backscatter coefficient 15m, 10s 15km MPI-Met
(Heese et al., 2010)

Raman lidar 355,532 attenuated backscatter coefficient 60 m, 2 min 29 km MPI-Met
(MPI-Met) and, 1064 nm linear depolarisation ratio

Radiosondes - temperature, relative humidity 10m 14km MPI-Met

(Winkler et al., 2026)

Rain gauge - rain rate 60s - DWD
(Eigenbrodt GmbH & Co. KG)

2017), operated by Leipzig Institute for Meteorology (LIM) were installed on the navigation deck (5th deck) to reduce exposure
90 to sea spray. The MWR sampled atmospheric profiles of temperature and humidity passively with a temporal resolution of 30s.

In addition, every 15 minutes a boundary layer scan was performed. For the MWR, a set of ERA5-based retrievals specifically
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for the tropical Atlantic was created as described in Schnitt et al. (2024) using the pyMakeRetrieval routine (Foth, 2023; Foth
et al., 2024). The cloud radar was operated in vertical mode and actively detected clouds and precipitation from 150 m to 12 km
with a temporal resolution of 1.9 s and a vertical resolution of 15-40 m depending on height.

The operation of a Doppler cloud radar on a ship faces challenges compared to operation on land due to the ship’s motion.
As the radar was located off centre-point, it experienced vertical (heave) and rotational (pitch, roll, yaw) movement. To coun-
terbalance the misalignment of the radar beam it was deployed in a free swinging cardanic mount as it was during EUREC*A
(Kalesse-Los et al., 2023). To correct for the vertical heave in the mean Doppler velocity (MDV) a correction following Ac-
quistapace et al. (2017) was applied, similarly as for the EUREC*A W-band radar data, e.g., presented in Kalesse-Los et al.
(2023). Besides the heave correction, the processing chain included the removal of isolated data pixels, Doppler spectrum
dealiasing, ghost echo detection and flagging of theses artificial echoes, as well as attenuation due to heavy rain.

Retrievals from the MWR and cloud radar were complemented by data collected by other instruments operated by Max
Planck Institute for Meteorology (MPI-Met) and the German Weather Service (DWD). These instruments include a Jenoptik
CHM 15k ceilometer installed on the 6th deck and the Raman lidar system LICHT (LIdar for Cloud, Humidity and Temperature
profiling (MPI-Met) installed on the main deck, in a similar setup as during EUREC*A on the RV Meteor. Both instruments
were deployed by MPI-Met-Hamburg. The permanently installed rain gauge on the mast of RV Meteor was operated by DWD.
Specific information about the instruments, the deployment and sampling times can be found in Segura et al. (2026). The
ceilometer data is retained in its raw format until it is used in the synergistic Cloudnet algorithm. The Raman lidar data remains
uncalibrated, which only allows for a qualitative analysis of the data which is however sufficient for this study. Radiosondes

underwent quality control as described in Winkler et al. (2026).
2.3 Limitations of W-band radar observations in the Tropics

Water vapour attenuation of high-frequency radar signals also needs to be considered in the Tropics where high water vapour
contents are present (Clothiaux et al., 1995). In the present dataset, W-band radar signal attenuation by water vapour mostly ex-
ceeds 5 dB at 5 km altitude (see https://cloudnet.fmi.fi/search/visualizations ?site=rv-meteor&dateFrom=2024-08- 17 &dateTo=
2024-08-17&product=categorize&variable=categorize-radar_gas_atten). Additionally, in heavy rain conditions with rain rates
exceeding 5 mm/h the observed W-band radar reflectivity at constant altitudes decreased over time even when the rain rate
increased. This can be attributed to insufficiently water-repellent radar radomes and/or insufficient rainwater removal by the
blowers. Due to its high operating frequency of 94 GHz, the cloud radar signal furthermore cannot penetrate heavy rain (Cloth-
iaux et al., 1995) resulting in a reduced radar echo top height. Thus, the assumption that echo top height corresponds to cloud
top height (CTH) does not hold in cases when heavy rain attenuates the radar signal. In the analysis of CTH, this would distort

the results and is, therefore, flagged and left out for the respective analysis of CTHs.
2.4 Cloudnet products

The European research project Cloudnet started in 2002 to optimize the representation of clouds in forecast models. From a

combination of ground-based remote-sensing instruments, standardized NetCDF datasets (https://cloudnet.fmi.fi) are created
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for evaluation across stations (Illingworth et al., 2007). Processing is performed by the CloudnetPy package (Tukiainen et al.,
2020), using Doppler cloud radar, ceilometer, microwave radiometer, and rain gauge data, combined with thermodynamic
profiles from models or radiosondes. After interpolation to 30 m and 30 s resolution, each pixel is classified for hydrometeors,
cloud phase, aerosols, or insects (Hogan and O’Connor, 2004). A pixel represents the smallest unit of measurement in both
time and space within the Cloudnet dataset. From the categorization, drizzle, liquid, and ice pixels are identified. The interested
reader is referred to the original paper by Hogan and O’Connor (2004) for additional information about the Cloudnet target
classification procedure.

For pixels identified as liquid containing, Droplet Effective Radius (DER) is derived based on radar reflectivity following the
method of Frisch et al. (2002). The liquid-water content (LWC) is derived by constraining adiabatic profiles with MWR-based
LWP over the vertical extent of the cloud (Illingworth et al., 2007). For pixels identified as ice containing, ice water content
(IWC) can be derived based on radar reflectivity and model temperature (Hogan et al., 2006). The IWC retrieval relying on
the Rayleigh assumption was developed for midlatitude stratiform ice clouds, so its global use, especially for observations in
the Tropics, is uncertain. Moreover, at 94 GHz, the Rayleigh assumption becomes invalid for large ice crystals, with additional
errors resulting from attenuation by liquid water and melting ice (Hogan et al., 2006). Cloudnet derives Ice Effective Radius
(IER) from IWC and lidar extinction (Delanog et al., 2007) using the reflectivity—temperature relationship of Griesche et al.
(2020). IWC and extinction errors at 94 GHz can be large (Hogan et al., 2006; Tukiainen et al., 2025), generally exceeding
those at 35 GHz and increasing with decreasing temperature (Hogan et al., 2006). A summary of uncertainties of Cloudnet
retrieved microphysical products can be found in Tukiainen et al. (2025). While uncertainties increase when applying these
relationships outside their original data range, these retrievals are nevertheless critically needed (e.g., as microphysical input to
radiative transfer simulations to estimate cloud radiative effects), particularly beyond midlatitudes.

Acknowledging these uncertainties, we nonetheless show results for the Tropics, relying on Cloudnet’s quality flags to
limit errors in the statistics of the microphysical products. The Cloudnet internal retrieval status for its microphysical products,
provides eight different quality status classifications among which only "feasible" and "retrieval performed with radar corrected

for liquid, melting or melting attenuation" are used in this study.

3 Methodology

In order to obtain more general results when assessing the influence of SAL on clouds, the clouds are classified according
to their macrophysical properties. In addition, the actual period of the occurrence of Saharan dust must be determined as an

indicator of SAL. The properties of the dust layer are then related to those of a SAL.
3.1 Cloud type classification

A cloud type classification facilitates the characterisation of occurrence of clouds in different height ranges. A threshold-based
classification using macrophysical properties such as cloud base and top height was applied. An echo mask of W-band radar

reflectivity is used, considering all pixels with valid reflectivities. The object-based approach based on Roschke et al. (2025)
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identifies connected pixels in the cloud mask as one object and subsequently derives metrics for that object; for example, the
index (or here, height) of lower and upper edge and the area in pixel units. The criteria for the metrics per cloud type class
are chosen in agreement with typical climatological cloud classes, following previous studies (Schulz et al., 2021). Johnson
et al. (1999) pointed out that there are three major modes of convective cloud types in the tropics. Following this, convective
clouds most frequently occur as cumulus humilis (CuHum), cumulus congestus (CuCon), and cumulonimbus (Cb). These three
types all have a cloud base height (CBH) at the lifting condensation level (LCL) and are only differentiated by their vertical
extension in the form of CTH (Table A1). However, observations indicate that not all clouds align with these aforementioned
categories. We thus include two additional classes. The alto cloud class, identified by a CBH above the LCL and the cloud top
below or only slightly above the 0 °C-isotherm, contains alto cumulus and alto stratus in the mid-levels of the troposphere.
The high cloud class includes isolated cirrus or mixed-phase clouds with bases above the 0 °C-isotherm. In addition to these
clearly defined clouds, convective clouds may also be coincidentally connected to another stratus cloud or may produce outflow
(Schulz et al., 2021). These connected clouds were added to the CuCon class because the characteristics of the few connected
cloud cases were very similar to CuCon. While other cloud types could be distinguished (such as a separation of warm and
mixed-phase alto clouds), for simplicity we restrict our analysis to five classes: CuHum, CuCon, Cb, Alto, and High clouds
(Figure 2).

This classification has several limitations. The object-based analysis of radar data can lead to pixels being connected in-
correctly. For example, the seeder-feeder effect of higher clouds precipitating into lower clouds is not separated here, because
there uncertainty and misclassification remains even with separating these two cloud layers with connected pixels. However, a

visual inspection of the misclassified clouds revealed that incorrect classifications are rare.
3.2 Saharan dust detection

Within the dataset of the BOWTIE campaign, three periods of Saharan dust occurrence were identified based on Raman lidar
observations. Specifically, mineral dust presence was identified by enhanced Particle Linear Depolarisation Ratio (PLDR) in
combination with near-zero backscatter-related Angstr(jm exponent (Floutsi et al., 2023). The enhanced PLDR results from
the non-sphericity of fresh and aged dust aerosol particles, which distinguishes them from, e.g., marine or pollution aerosol
particles that can also occur over the open ocean (Bohlmann et al., 2018). The three Saharan dust periods observed above the
RV Meteor are highlighted in orange in the bottom bar of Fig. 4. In each case, the Saharan dust remained in the troposphere for
several days. It should be noted that the Raman lidar system LICHT remained uncalibrated, meaning that the depolarisation
ratio cannot be used quantitatively derive the amount of dust. Still, microphysical properties can be identified qualitatively
(personal communication with instrument-operator Ilya Serikov), and therefore, can be used for dust aerosol identification.
Enhanced depolarisation ratios indicate mineral dust layers with typical values of the PLDR of 0.25 to 0.35 (Haarig et al.,
2017; Veselovskii et al., 2016). The uncalibrated PLDRs indeed show an enhancement in depolarisation ratio in the SAL
compared to the marine aerosol layer below, but the values are quantitatively too low because of the missing calibration. The

dusty periods were verified by satellite observations and model forecasts.
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Figure 2. Visualisation of applied cloud type scheme.

Specifically, the Geostationary Operational Environmental Satellite (GOES) 16 providing the Split Window product for
SAL detection (Dunion and Velden, 2004; Dunion, 2011), is visualised in Fig. 3B, A1B and A2B (retrieved from: University
of Wisconsin - CIMSS at https://tropic.ssec.wisc.edu/archive/index.php?basin=Europe Africa&searchmethod=date&startdate=
20240825 &enddate=20240928 &ptimes=00,03,06,09,12,15,18,21). The algorithm of the Split Window product is sensitive to
the presence of dry and/or dusty air in the lower to middle levels of the atmosphere ( 600-925 hPa or 4,500-800m) and is
denoted by yellow to pink shading (Dunion and Velden, 2004). The pink-white shading qualitatively indicates likely SAL
regions with increased amount of dust content and dry lower-tropospheric air. These SAL layers were present in the GOES16
observations during the identified dust event periods from the shipborne data, though the dust layer is not clearly present
in the satellite images at all times due to the presence of clouds. However, the Copernicus Atmosphere Monitoring Service
(CAMS) Dust aerosol optical depth at 550 nm forecast indicates the three periods of Saharan dust presence (data retrieved
from: (Copernicus Atmosphere Monitoring Service, 2021)) thus further validating the ship-based SAL identification.

The strongest of the three dust periods was observed above the ship from 28 August until 31 August 2024, when the RV
Meteor was located at approximately 25 °W (see panel B in Fig. 3). This dust period (referred to as Saharan dust case 3) is
presented in detail in Fig. 3, which provides an overview of the CAMS AOD, GOES 16 Split-Window product as well as Raman
lidar, cloud radar, and radiosonde observations. A similar overview of the two other dust periods can be found in the appendix
(Figs. Al and A2). During the strongest dusty period, the dust layer was first observed on 28 August, 3 UTC at a height of 5 km

as a very thin layer. Over time, the vertical extent expanded downward at the same time the PLDR intensified, as can be seen
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Fig. 3E. The top of the layer was consistently observed at around 5 km, while the base lowered from 5 km at 6 UTC to 2.5 km
at 24 UTC on 28 August. The dust layer persisted stably until 30 August, 4 UTC with CuCon clouds directly below the dust
layer during 29 August. This gives the impression of the clouds being capped by the dust layer, which will be discussed in the
next subsection. On 30 August at around 6 UTC, clouds occurred at the top and above the dust layer precipitating into lower
tropospheric layers. These were classified as Alto clouds and produced virga, which led to wet deposition and reduced the
height and load of the dust layer. The dust layer eventually faded out on 31 August at 3 UTC. Apart from the dust plume in an
altitude of 2.5 — 5 km, an aerosol layer in the lowest 2 km exhibiting strong backscatter and lower depolarisation compared to
the dust plume with Angstrﬁm exponent values less than one was observed from 28 August to 29 August 6 UTC. This suggests
that the source was marine aerosol particles (Bohlmann et al., 2018). In the following, the Saharan dust periods are defined as

times when dust occurred, regardless of its height.
3.3 Saharan air layer identification and characterisation

The lower the ambient temperature, the more active are dust INP for immersion nucleation (Kanji et al., 2019). In warm clouds,
the hygroscopicity of Saharan dust can lead to an increased number of cloud droplets with smaller radii (Rosenfeld et al., 2001;
Twohy et al., 2009) which in turn leads to precipitation suppression during dust events. Ageing and shape-induced differential
fallout of dust particles (Yang et al., 2013), leads to a change in the characteristics of SAL during its transport across the
Atlantic Ocean (Grof3 et al., 2015; Gasteiger et al., 2017; Weinzierl et al., 2017). Of the three observed dust cases, only the
third case represents a well-mixed dust layer at an altitude of two to five kilometres with a vertical structure as described by
Barreto et al. (2022) (see Fig. 3). The first dust case (24 August to 27 August) shows signatures of the shape-related differential
sedimentation of spherical dust particles by the gradual decrease of PLDR towards the ground (see Fig. A1) (Yang et al., 2013).
Saharan dust is advected within an air layer which is also thermodynamically characterised by its dry, well mixed origin over
the Saharan desert (Tsamalis et al., 2013; Barreto et al., 2022). For the identification of SAL, Saharan dust is a sufficient tracer
(Tsamalis et al., 2013) and can be detected by considering several Raman lidar variables (e.g., Gebauer et al., 2026). The
detection of dust and with it SAL identification was described before. In the following the characteristics of the air layer, in
which the dust is suspended are analysed.

In addition to the vertically pointing remote-sensing observations by lidar and radar (panels C-E and F, respectively), the
profiles of relative humidity and lapse rate derived from radiosondes are shown in panels G and H of Fig. 3. The height of the
dust layer derived from PLDR is visualised by grey shading in panels F to H. These dust-laden layers coincide with observations
of lower relative humidities of around 40 % by the radiosondes. The lapse rate profiles also exhibit signatures of an air mass
origin different than oceanic regions: While the moisture-rich atmosphere above the tropical Atlantic theoretically exhibits a
moist-adiabatic temperature gradient (—0.6 K/100 m), the temperature gradient in the dust layer is more negative than in the
marine environment and approaches a dry-adiabatic lapse rate of around —1 K/100 m as shown in panel H of Fig. A3 and Fig.
3. The dry-adiabatic lapse rate is an indicator of the air mass’ origin over the arid, continental Saharan desert. Due to the lack

of moisture and strong diurnal adiabatic heating, the air mass over the Saharan desert exhibits a strongly mixed atmospheric
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Saharan Dust case 3: Aug 28th to Aug 31th 2024
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Figure 3. Saharan dust case 3 - Overview including the CAMS aerosol optical depth at 550 nm (A), location of RV Meteor and image of
SAL split-window product of GOES16 (B), Raman lidar particle backscatter coefficient at 532 nm (C), lidar backscatter related Angstrt‘)m
exponent (D), uncalibrated PLDR (E), LIMRAD94 cloud radar reflectivity and ECMWEF isotherms (F), profiles of relative humidity over
water and lapse rate profiles from radiosonde observations (G and H), respectively. Panels F, G and H contain a grey shading for areas with

PLDR> 5 %.
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boundary layer with a great vertical extent, which leads to a near dry adiabatic lapse rate up to 4 — 5 km above ground (Tesche
et al., 2009).

Additionally, at the bottom and top of the dust layer temperature inversions are evident in the radiosonde data. As also
reported in the literature, the lower edge inversion results from the lifting and advection of the dry and hot continental air
mass over cooler airmass over the ocean (Barreto et al., 2022). The upper boundary temperature inversion develops due to the
comparatively strong temperature decrease with height of the continental air mass, resulting in a lower temperature at the top
of the dust-rich air layer compared to the air above it. The vertical structure of such an advected, well-mixed elevated dust layer
between two and five kilometres was also described by Yang et al. (2013), Weinzierl et al. (2017) and Barreto et al. (2022) and
is characteristic of the Saharan Air Layer (Tsamalis et al., 2013).

Here, the three observed SAL cases are characterised by drier air inside the layer (around 50 %in case 3, Fig. 3), at the
lower SAL edge (around 20 % in case 2, Fig. A2) or at the upper SAL edge (around 30 % in case 1, Fig. Al). However, as e.g.
evident in Fig. 3 G, the relative humidity in the lower part of SAL is higher than in the upper half. Consequently, bounding
inversions are conserved and enhanced heating rates occur at the ocean’s surface (Gutleben et al., 2019b). This in turn leads to
lower tropospheric stabilisation and mid-level tropospheric destabilisation (Wong and Dessler, 2005; Barreto et al., 2022). The

following section evaluates the effect of the three detected SALSs on the observed cloud properties.

4 Results: The effect of Saharan air layers on clouds during BOWTIE

The effect of Saharan dust and the surrounding SAL on the atmosphere during BOWTIE is assessed by an investigation at sev-
eral scales. The general cloud occurrence introduced in Fig. 4 illustrates the variability of cloudiness and rainfall throughout
the campaign. The following sections analyse the influence of the presence of Saharan dust on the macro- and microphysical
characteristics of clouds, such as CBH and CTH, cloud depth and hydrometeor effective radii. To assure comparability between
the different data subsets, the “no Saharan dust” period was limited to times when the RV Meteor was operating in approxi-
mately the same geographical region where Saharan dust was observed. This condition was met until 2 September, when the
vessel began its east—west transect toward Barbados and crossed 27°W. As a result, the dataset comprises 8.2 days with dust
and 7.8 days without dust. These intervals are considered the most comparable in terms of environmental conditions and are

hereafter referred to as the “Saharan Dust” and “No Saharan Dust” periods.
4.1 Clouds during BOWTIE

Figure 4 provides a first insight into the cloudiness during BOWTIE, based on the number of hours per day of clear-sky,
cloudy, and rainy conditions. The rain flag was derived from the rain gauge measurements. The “confidently cloudy” and
“probably cloudy” cloudy classes result from signals received by either the ceilometer or cloud radar (“probably cloudy”), or
both (“confidently cloudy”) following Schnitt et al. (2024). The class “probably cloudy” mostly occurred when the ceilometer
detected a thin layer of mid-level cloud at around 4 km altitude. These clouds often remained undetected by the cloud radar

due to strong water vapour attenuation of up to 4 dB at 4 km altitude.
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Daily clear-sky, cloud, and rain fractions and occurence of Saharan dust periods

N
I

72.1
(8.39

372.

N
o

[ury
(o)}

(43.1

Hours of the day
N

8 190.2h
clear sky (22.0%)
a1 probably cloudy 229.9h

e confidently cloudy |(26.6%)
rainy

| feater| == ——"Vcase? flcasea ~F =1 | | | [ | | | | | | | | | [[ssamn
08-17 08-21 08-26 08-30 09-03 09-08 09-13 09-17 09-21 total
Day of the campaign in 2024

o

LI TS LI T

Figure 4. Ambient conditions as hours per day of cloud and rain occurrence, with classes “clear sky”, “probably cloudy”, “confidently
cloudy” and “rainy” based on radar, ceilometer and rain gauge signals. Orange indicates the cases of Saharan dust. The blue shading indicates

the periods of dust free conditions in the same region as the observed dust, therefore serving as comparison period.

As shown in Fig. 4, there was a high day-to-day variability in cloud and rainfall occurrence above RV Meteor in the first third
of the campaign (to 27°W ). From 30 August until 11 September, the troposphere was cloudier and it rained more frequently.
This period was followed by many days with clear skies and little rain from 12 September until the end of the campaign
when the ship steamed west of 35°W en route to Barbados. This demonstrates that the cloud cover and rainfall are strongly
variable across the tropical Atlantic. A similar pattern of cloudiness and precipitation occurrence was revealed by observations
with Sea-Pol, a scanning C-band radar (Rutledge et al., 2019; Klocke et al., 2026).Multiple factors affect cloudiness, such as
environmental humidity (Schulz and Stevens, 2018), for example. Moreover, the synoptic-scale influence of troughs and ridges
associated with African easterly waves modulates the occurrence of cloud clusters (Houze and Betts, 1981) and precipitation
(Janiga and Thorncroft, 2016). A diurnal cycle in cloud evolution driven by radiative processes could be expected (Ruppert,
2016) but was not evident in the surface precipitation dataset of the rain gauge likely because of the limited temporal and
spatial extent of this vertically pointing 40-day long dataset (not shown). Another variable that influences cloud occurrence is
the presence of an advected SAL from the African continent, which contains suspended Saharan desert dust (Weinzierl et al.,
2017). Due to natural variability of atmospheric processes, multiple influences on cloud characteristics need to be taken into in

account for a comprehensive cloud development study, which limits the results of this study.
4.2 Cloud type distributions

As described in section 3.3, the thermodynamic structure of the SAL, in which the Saharan dust is suspended, increases the
stability of the lower troposphere through temperature inversions at the bottom and top of the SAL, as well as through net
heating of the lower troposphere at the ocean surface. Weak convection either cannot overcome the energy barrier at the

inversion or it dries out by entrainment in the lowest part of the SAL (Wong and Dessler, 2005; Yang et al., 2013; Gutleben
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Saharan dust .

et al., 2019b). Meanwhile, the stability of the mid level troposphere is decreased due to stronger lapse rates. Presumably, once
a larger, cold-pool driven meso-scale convective system (MCS) grows beyond the temperature inversion, it could profit from
the increased lapse rates. However, in the given dataset, this situation was not observed.

Fig. 5 shows how this affects the distribution of cloud types by contrasting periods with and without dust present in the
same region. A Jensens-Shannon test showed that the overall distributions of cloud type are similar but distinguishable. The
differences are more notable between the dusty and non-dusty periods (JS = 0.08) than when comparing the period of Saharan
dust to all data, which also contains the dusty sub-periods (JS = 0.07). Bootstrap resampling reveals, that the differences in the
distributions of cloud types of dusty to non-dusty conditions are statistically driven by differences in the occurrence of CuCon
and alto clouds. At the same time the difference between dusty periods and all data is mainly caused by differences in Cb
occurrence. A lower frequency of convective clouds classes (CuHum, CuCon and Cb) during Saharan dust periods suggests
a reduction of convection. In particular, the frequency of CuCon clouds decreases in the presence of Saharan dust by about
one third compared to when no dust was observed, which is in agreement with Wong and Dessler (2005) and Gutleben et al.
(2019a). However, the decrease in CuHum frequency is only minor and suggests that they are not affected by the SAL but
are rather formed in the convective boundary layer from sea salt aerosols. Additionally, alto clouds were found to occur more
frequently when dust was observed (Fig. 5, Fig. 3). Meanwhile, high clouds remain mostly unaffected by the SAL and their

frequency remains similar.
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Figure 6. Distribution of cloud top height, cloud base height and cloud depth for Saharan dust times and the non-dusty periods.

4.3 Macrophysical cloud properties

Fig. 6 presents the distribution of CBH and CTH, as well as the cloud depth, at a vertical resolution of 120 m. The data are
shown for the whole campaign period, as well as separately for dusty and non-dusty periods in the eastern tropical Atlantic. Due
to quality and accuracy constraints induced data gaps, the lowest two cloud radar height ranges (below 150 m) are excluded.
Additionally, cloud depths of two pixels (with a height of 30 m per pixel) or less are neglected. Due to multi-layer cloud
occurrences, the accumulated relative frequencies of all CBH, CTH and depth, in relation to the time during which clouds were
present, can exceed 100 %. A major limitation of the cloud radar-derived CBH and CTH distribution is the cloud radar signal
attenuation by high IWV, which increases with height and makes thin, liquid alto clouds undetectable for the radar.

The enhanced occurrence of alto clouds (Fig. 5) is also evident in the distribution of CBH and CTH. CBHs and CTH in the
altitude of the upper boundary of the SAL (4-7 km, see schematic in Fig. 2) are more frequent in the presence of Saharan dust.
Moreover, in the periods of no Saharan dust, cloud bases and tops occur more frequently at altitudes below 3 km and above
8 km. Lower CTHs aligned with previous studies (e.g. Gutleben et al., 2019a; Wong and Dessler, 2005), which have found that
shallow marine trade wind clouds exhibit reduced CTHs, cloud fraction and horizontal cloud extend as a macrophysical effect
of a SAL in the troposphere. For high clouds, the visual ratio of CBH to CTH in SAL-free conditions is also indicative for
the presence of more cirrus clouds and more Cbs with cloud tops extending beyond 9 km. This is also evident in cloud depth
distributions. However, the cloud depth distribution clearly peaks at low vertical extents, indicating the ubiquitous presence
of thin cloud layers in both SAL and SAL-free conditions. The enhanced occurrence of alto clouds in dusty periods only

occurs at the top of the SAL in approximately 6 km altitude. However, from this analysis, the expected role of dust as CCN
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or INP can not be evaluated. Instead, the increased atmospheric stability rather suppresses the formation of convection, as it
was also observed by (e.g. Wong and Dessler, 2005; Barreto et al., 2022). Ultimately, this case reveals that the SAL’s moisture
and temperature characteristics dominate over any expected CCN-driven cloud enhancement by dust particles in the BOWTIE
dataset. Nevertheless, the role of dust particles as INPs is not negligible: alto clouds occurred more frequently at the top of the

SAL than in its absence, suggesting a potential link to dust-induced ice formation.
4.4 Microphysical cloud properties

The Cloudnet-derived variables DER, IER, LWC, and IWC provide microphysical insights into cloud processes, which are
eventually relevant for the cloud radiative effect. The distributions of the aforementioned quantities are studied for dusty and
non-dusty periods and for individual cloud types. The distributions for DER and IER are shown in Fig. 7, panels A and B,
respectively. As no significant differences in LWC and IWC were found between the SAL and non-SAL periods they are
not shown here. The distributions of DER for the three considered time periods (Saharan dust, no Saharan dust and all data)
have the same width, peaking at 8 um. The modality of the distributions exhibits differences between the dusty and non-dusty
observation periods. During Saharan dust cases, the DER distributions can be described as a bimodal distribution consisting
of two droplet populations. One population with effective droplet sizes between 5 and 10 um originates from CuHum, CuCon,
Cb and Alto clouds (see Fig. 7 panel C). Smallest DER were found for CuHum, followed by DER of CuCon. The small
secondary peak of larger droplets of around 22 pm effective radius results from Cb and Alto clouds, probably in mixed-phase
regions. Tolentino et al. (2026) observed an increase in DER in single-layer mixed-phase clouds compared to purely liquid
clouds, but the radii did not grow beyond 15 um. The considered single-layer mixed-phase clouds differ from the DER in
convective clouds containing both, liquid and ice. In mixed-phase alto clouds the difference can also result from precipitation
or retrieval uncertainties, since it mostly occurred for the retrieval status "radar corrected for attenuation". Generally, DER in
the mixed-phase regime was found to be larger than for pure liquid-clouds.

Panel C and E in Fig. 7 show the contribution of the different cloud types to the total DER distribution. Since the SAL
and non-SAL periods exhibit a different distribution of cloud types, the DER distribution is also expected to differ. Here, the
CuCon clouds have a range of DER with only one peak at 8 um. Depending on the selected period, the distribution of CuCon
dominates the total DER distribution and makes the different droplet populations indistinguishable. This behaviour is observed
in liquid-containing clouds during the non-dusty period.

The IER distribution in Fig. 7 B shows a feature similar to the DER bimodal size distribution in 7 A. Even though ice particle
growth mechanisms are different from the processes responsible for droplet growth, isolated cloud layers, as observed in dusty
periods, lead to a bimodal IER distribution. The two distinguishable IER size distributions are especially prevalent in high
clouds (see Fig. 7 panel D). However, all three distributions peak at around 50 pm and have near-identical width. The peak in
the number of small ice crystals during periods of Saharan dust (IER around 32 um) is caused by very high, isolated cirrus
clouds that are not anvil-related as e.g. from 29 to 31 August, 2024. Comparing the IER distribution to Griesche et al. (2020),
shows that the high clouds in non dusty conditions follow a very similar shape and values of the distribution. However, the

total distributions of IER are also affected by Cb and Alto clouds related ice detection and IER calculations.
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Figure 7. Distribution of DER and IER for Saharan dust times and the non-dusty periods and the entire dataset.
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5 Conclusions

In this work, we derived cloud statistics for the BOWTIE field campaign and investigate the effect of the SAL on the atmosphere
and cloud macro- and microphysical properties. For this purpose, we exploited a unique ship-based remote sensing dataset
obtained during a transect across the tropical Atlantic ITCZ. The comprehensive set of high-resolution measurements enabled
the application of the Cloudnet processing chain, including data quality control and cloud retrievals, and provided continuous
observations of clouds in the tropical ITCZ over extended periods. In this way, key limitations of previous aircraft- and satellite-
based studies, which were restricted by either short sampling periods or coarser spatial and temporal resolution, were overcome.
The dataset is publicly available and provides a valuable benchmark for satellite evaluation and model-observation studies.

In the case studies (Fig. 3 and Fig. A1), we observed that the SAL suppression of convection associated with the moisture
and temperature characteristics of air masses originating from the African continent. The dry desert air, exhibiting dry adiabatic
conditions within the SAL, bounded by inversions at its bottom and top, inhibit cloud vertical development. Weak convection
is capped by the SAL base, because the energy barrier for further ascend is increased (Wong and Dessler, 2005). These findings
suggest that the thermodynamic properties of SAL dominate over potential hygroscopic effects of the mineral dust acting as
CCN, consistent with Gutleben et al. (2019a). The resulting suppression of convection modifies the cloud type distribution
(Fig. 5), reducing the number of deep convective clouds while increasing the number of Alto clouds. Furthermore, cloud layers
become more distinctly separated during SAL conditions owing to reduced convective mixing leading to bimodal distributions
of IER and DER (Fig. 7). Although Alto clouds occur more frequently near the SAL top , the the available observations do not
allow us to disentangle microphysical effects of dust acting as INPs from the thermodynamic effects of the SAL.

Overall, our results demonstrate that the SAL influences cloud macro- and microphysical properties, including suppression
of convection, enhanced cloud-layer separation, and emergence of bimodal DER and IER distributions, primarily through
its stabilising effect on the lower troposphere. While the strongly negative lapse rate within the dry SAL can increase mid-
tropospheric instability, this appears to play a minor role for weak convection because entrainment of the dry air suppresses
the development of individual convective cells. These changes in cloud structure are likely associated with modifications in
cloud radiative properties and lifetime and thus may influence the surface energy budget. However, direct assessment of these
impacts was beyond the scope of our observational setup, which does not permit tracking clouds throughout their life cycle. In
addition, uncertainties inherent to remote-sensing retrievals must be considered when interpreting the derived cloud properties.
More case studies and even long-term measurements are therefore required to assess the robustness and representativeness of
the observed SAL effects. Long-term measurements at SAL influenced sites equipped with comparable instrumentation, such
as Mindelo (Cape Verde) or Ragged Point (Barbados), would provide appropriate basis for such investigations. Nevertheless,
by providing a unique, openly available Cloudnet-processed dataset from the tropical Atlantic ITCZ and new observational
evidence of SAL-cloud interactions, this study establishes an important foundation for future process studies, model evaluation,

and improved representation of aerosol-cloud interactions in weather and climate models.
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Data availability. The data used here, is publicly available on the ORCESTRA data browser, under the following links:
Cloudnet (LIMRAD94 cloud radar, microwave radiometer and derived cloud macro- and microphysical products):
https://doi.org/10.82246/bafybeidtfyua2 vmmrpnhbl6nj57x2ynowaceghdapyetc6lnrpjii2tlli
Rain gauge: https://doi.org/10.82246/bafybeievu3hvrmcb7bh6fv4xqsx3kzsreokwknsk2mfz62xp2fspyzrrta
Ceilometer: https://doi.org/10.82246/bafybeia74wnxe2nxwkcemespzjckqwt25tyhcknah3xgxxeeevbsdiawzom
Microwave Radiometer (HATPRO - single point): https://doi.org/10.82246/bafybeihc63mpkfatnvl6zShze2eijzwqr6o3ohubhi5i66dvos4qjcssvu
Microwave Radiometer (HATPRO - multiple point): https://doi.org/10.82246/bafybeihddiylirtivo4yo74wzt7zok545yowhiiu23kjonvz2wl57eunze
Raman lidar licht (fast product - 2 min smoothing): https://doi.org/10.82246/bafybeidhokylvrnu447th4z3npevzflfmtjsva2icf7gbyp7mmsyyeknhm
Raman lidar licht (slow product - 58 min smoothing): https://doi.org/10.82246/bafybeie754xlrs75yw2vnqrneuh23vsalzagfputvinbqnsi4fvyjjtfrq

Appendix A

Al

18



https://doi.org/10.5194/egusphere-2026-4385
Preprint. Discussion started: 11 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Saharan Dust case 1: Aug 17th to Aug 19th 2024
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Figure Al. Saharan dust case 1 - Overview including the CAMS aerosol optical depth at 550 nm (A), the location of RV Meteor and
the image of SAL split-window product of GOES16 (B), particle backscatter coefficient at 532 nm (C), the backscatter related Angstrém
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Saharan Dust case 2: Aug 24th to Aug 27th 2024
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Figure A2. Saharan dust case 2 - Overview including the CAMS aerosol optical depth at 550 nm (A), the location of RV Meteor and
the image of SAL split-window product of GOES16 (B), particle backscatter coefficient at 532 nm (C), the backscatter related Angstrtim
exponent (D), uncalibrated PLDR (E), radar reflectivity (F), relative humidity profiles and lapse rate profiles from radiosonde observations

(G and H) respectively. Panels F, G and H contain a grey shading for areas with PLDR> 5 %.
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Table A1. Cloud classification thresholds, grey labels = flexible threshold,

Type short name | Object base object top

High clouds High above 0 °C-isotherm | above 0 °C-isotherm
Alto clouds Alto above LCL below 0 °C-isotherm
Cumulus Humilis CuHum below LCL below 1 km
Cumulus Congestus | CuCon below LCL below 0 °C-isotherm
Cumulonimbus Cb below LCL -
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