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ABSTRACT
During the boreal summer, mesoscale convective systems generated over West Africa propagate
westward and interact with African easterly waves, and dust plumes transported from the Sahel
and Sahara by the African Easterly Jet. Once off West Africa, the vortices in the wake of these
mesoscale convective systems evolve in a complex environment sometimes leading to the
development of tropical storms and hurricanes, especially in September when sea surface
temperatures are high. Numerical weather predictions of cyclogenesis downstream of West
Africa remains a key challenge due to the incomplete understanding of the clouds-atmospheric
dynamics-dust interactions that limit predictability. The primary objective of the Clouds-
Atmospheric Dynamics-Dust Interactions in West Africa (CADDIWA) project is to improve our
understanding of the relative contributions of the direct, semi-direct and indirect radiative effects
of dust on the dynamics of tropical waves as well as the intensification of vortices in the wake of
offshore mesoscale convective systems and their evolution into tropical storms over the North
Atlantic. Airborne observations relevant to the assessment of such interactions (active remote
sensing, in situ microphysics probes, among others) were made from 8 to 21 September 2021 in
the tropical environment of Sal Island, Cape Verde. The environments of several tropical cyclones,
including tropical storm Rose, were monitored and probed. The airborne measurements also
serve the purpose of regional model evaluation and the validation of space-borne wind, aerosol
and cloud products pertaining to satellite missions of the European Space Agency and EUMETSAT

(including the Aeolus, EarthCARE and IASI missions).
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CAPSULE
Airborne observations relevant to the assessment of “mesoscale convective systems-dust-tropical
waves” interactions in the eastern tropical North Atlantic will help improve understanding of

cyclogenesis downstream of West Africa.

During the boreal summer over Africa north of the equator, the gradient of temperature
between the heated land and the ocean generates a monsoon flow in the lower troposphere that
peaks in late August, bringing moisture to the Sahel and favoring deep convection. The conver-
gence of the harmattan and the monsoonal flow shapes the synoptic-scale circulation near the
surface over the continent. In the mid-troposphere and around 15°N, the thermal gradient be-
tween the hot and dry air above the Sahara and the cooler and moister air above the Guinea Coast
drives the African Easterly Jet (AEJ), which is a key feature of the West African Monsoon (WAM)
system. This time of year is also propitious to the emission and westward transport of terrigenous
aerosol (also generally referred to as dust) from a number of sources scattered across the Sahara
and the Sahel. Emissions are related to a variety of near-surface dynamical processes such as low-
level jets (Washington and Todd, 2005) and gusty fronts (e.g. the intertropical discontinuity mark-
ing the monsoon-harmattan interface, or convective cold pools emanating from deep convection
(Flamant et al., 2007; Bou Karam et al., 2008). In particular, the cold pools originating from
Mesoscale Convective Systems (MCSs; Houze, 2004), i.e. large organized convective storms trav-
elling westward across the continent, are effective dust mobilizers accounting for a large part of
the emissions over West Africa (Marsham et al., 2011; Kocha et al., 2013). African Easterly Waves
(AEWSs; Burpee, 1972) developing along the AEJ also contribute to accelerating the northward
propagation of the intertropical discontinuity on a daily basis, thereby enhancing dust emission
(Knippertz and Todd, 2010, 2012; Cuesta et al., 2020).

Terrigenous aerosols emitted from the Sahara and Sahel, in turn, affect the atmospheric
dynamics and meteorology over West Africa and the tropical North Atlantic (Lavaysse et al., 2011;
N’Datchoh et al., 2018), through the so-called aerosol direct and semi-direct effects (surface
cooling and mid-troposphere heating, respectively), which act on atmospheric stability (e.g.
Ramanathan et al., 2007; Zhao et al., 2010). They also influence precipitation associated with

MCSs over West Africa due to their capacity to act as cloud condensation and ice nuclei (so-called
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aerosol indirect effect; DeMott et al., 2003; Yin and Chen, 2007; Zhao et al., 2011; Price et al.,
2018) as well as due to the semi-direct aerosol effect (Reinares-Martinez et al., 2018). Hence, the
atmospheric circulation over West Africa driving the westward transport of dust and MCSs over
the adjacent Atlantic Ocean is the result of intricate processes involving complex aerosol-
radiation-cloud interactions.

Over the ocean, downstream of West Africa, the remains of continental MCSs evolve in
the complex coastal environment and interact with the atmospheric circulation (AEJ and tropical
waves), the upper oceanic layer and the terrigeneous aerosols advected within the Saharan Air
layer (SAL), an elevated layer of Saharan air crossing the North Atlantic (Carlson and Prospero,
1972; Karyampudi et al.,, 1999; Dunion and Velden, 2004, among others). Tropical wave
phenomena of interest in this part of the globe are Kelvin waves, Equatorial Rossby waves, Mixed
Rossby gravity waves, the Madden-Julian Oscillation and tropical disturbances including AEWs.
This complex dynamical and compositional environment offshore of West Africa is sometimes
favorable to the formation of tropical cyclones (TCs). For instance, developing AEWs (those
strengthening as they travel westward and in which well-organized deep convection is co-located
with the AEW trough) are known to be primary precursors of TCs (Pasch et al., 1998; Thorncroft
and Hodges, 2001; Dieng et al., 2017), accounting for ~60% of tropical storms (Russell et al., 2017)
and 85% of major hurricanes (Landsea, 1993), occasionally as far east as near Cape Verde (e.g.
Jenkins et al., 2017). On the other hand, developing AEWs only represent a small fraction of AEWs
leaving the West African coast (Hopsch et al., 2010; Arnault and Roux, 2011). The SAL also affects
the evolution of AEWs (Zipser et al., 2009) and the generation of TCs (Evan et al., 2006; Jenkins et
al., 2008; Jenkins and Pratt, 2008). Even after genesis, dust can significantly affect TC tracks and
evolution because of aerosol radiative effects (Chen et al., 2015; Nowottnick et al., 2018) and
through modifications in the TCs microphysics (Zipser et al., 2009; Luo and Han, 2021). Although
all the processes linking dust outbreaks to TC genesis are not yet fully understood, several studies
suggest that dust outbreaks are anticorrelated to TC activity (e.g. Dunion and Velden, 2004; Reed
et al.,, 2019). Other studies have suggested indeterminant influences (Braun et al.,, 2010) or
positive influences of dust (Karyampudi and Carlson, 1988; Karyampudi and Pierce, 2002;

Herbener et al., 2014) on TCs.

BACKGROUND AND MOTIVATION.
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Currently, interactions between dust, atmospheric dynamics and clouds in West Africa and
the tropical North Atlantic are very poorly accounted for in numerical weather prediction (NWP)
models. This likely impairs an improvement in understanding and forecasting the development of
intense storms and TCs over the North Atlantic. For instance, Vogel et al. (2018) have shown that
NWP models have very low skills in tropical Africa for three main reasons. Firstly, tropical Africa
is characterized by the largest degree of mesoscale convective organization worldwide, a
challenge for NWP convection schemes (Becker et al, 2021). Secondly, current NWP models
struggle to reproduce the coupling between tropical waves and the mean atmospheric flow as
well as with the advection of dust and MCSs, possibly due to dust-induced effects in the wave
development (Jones et al., 2004; Grogan et al., 2019; Nathan et al., 2019; Jury and Santiago, 2010).
Thirdly, observational networks are very scarce over West Africa, thereby stressing the need for
fully validated satellite products to be available over the region for assimilation in NWP model.

TCs pose a threat to human lives as well as the economy and the environment of impacted
regions along their tracks. Due to their high population and asset density, and to its location at
the end of the climatological North Atlantic cyclone track, the Caribbean and North American
Atlantic coasts are particularly exposed. For instance, according to the National Oceanic and
Atmospheric Administration (NOAA), the damages of all TCs between 1980 and 2020 amount to
more than one trillion dollars in the US only (NOAA report, 2021), while Mitch, one of the
deadliest hurricanes to hit Central and North America, claimed more than 11,000 lives in 1998.
Landsea (2015) highlighted that, since the early 1970s, about 25% of all Atlantic basin hurricanes
struck the continental United States.

Even though the 3-day forecast error on cyclone tracks has been dramatically reduced in
the past decades (from 300 to 100 nautical miles -NM- between 1990 and 2016; Landsea and
Cangialosi, 2018) there is still no general theoretical framework that can provide a thorough
explanation for TC occurrence, thereby limiting their predictability. Models still fail to correctly
forecast ~54% of cyclogenesis with a 5-day lead-time, and ~30% with a 3-day lead-time (Liang et
al., 2021). Errors in initial intensity often propagate in the model and lead to bad cyclone intensity
forecast (Emanuel and Zhang, 2016). Therefore, the early development stage of TCs is still an
active field of research. Enhanced knowledge of aerosol-cloud-dynamics interactions in the
eastern part of the tropical North Atlantic is key to better understanding and forecasting of
intense storm development over the North Atlantic. For that purpose, new, more comprehensive

observations are needed over sea adjacent to West Africa.
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To tackle this ambitious challenge, a consortium of European and US scientists concerned
with improving knowledge on cyclogenesis in the Tropical North Atlantic have joined forces and
built a cooperative programme, including an international campaign that took place in September
2021 together with the European Space Agency (ESA) and the National Aeronautics and Space
Administration (NASA), namely the Joint Aeolus Tropical Atlantic Campaign (JATAC, Fehr et al.,
2021). JATAC involved four aircraft, as well as one boat and several ground-based sites (see
Supplementary Material). The Clouds-Atmospheric Dynamics—Dust Interactions in West Africa
(CADDIWA) project is one component of JATAC, with a major overlap in scientific goals with all
the other JATAC elements (i.e. enhanced comprehension of the 2021 TC season through the
acquisition of an innovative combination of new observations and high-resolution modeling). It

also has specific scientific objectives within that common goal, as detailed in the following.

CADDIWA SCIENTIFIC OBJECTIVES.

Cape Verde is located immediately downstream of the massive dust plumes from the Sahel
and the Sahara that exit the African continent in August and September while being advected
westward by the easterly flow between 1.5 and 4 km above sea level (asl). Cape Verde is also
ideally located to monitor significant weather phenomena, such as the remains of continental
MCSs as they evolve in the complex coastal environment and interact with the atmospheric
circulation (the AEWs notably; Arnault and Roux, 2011), the ocean and the dust. Nevertheless,
out of the campaigns conducted in the area, only a few considered dust-dynamics interactions.

The data gathered over the eastern Atlantic Ocean during the Global Atmospheric
Research Program (GARP) Atlantic Tropical Experiment (GATE) near Cape Verde in 1974 (Reed et
al. 1977) consolidated the pioneering work conducted in the early 1960s on the role of AEWs as
seedlings for TCs over the North Atlantic. The interactions between AEWs, the SAL and TCs have
been investigated during NAMMA (NASA- African Monsoon Multidisciplinary Analysis, Jenkins et
al., 2008; Jenkins and Pratt, 2008; Zipser et al., 2009), which took place in Cape Verde as part of a
broader collaborative effort across West Africa known as AMMA (Redelsperger et al., 2016).
Several cases of developing and non-developing AEWs off the cost of West Africa have been
analyzed by Arnault and Roux (20094, b; 2010; 2011), while others concentrated on the formation
of Hurricane Helene (Schwendike and Jones, 2010; Chen et al.,, 2015; Folmer et al., 2016).
Terrigenous aerosols have been extensively studied in the vicinity of Cape Verde during dedicated

campaigns such as SHADE (Saharan Dust Experiment, Tanré et al., 2003), DODO (Dust Outflow

6

Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0230.1.
Unauthenticated | Downloaded 02/22/24 08:14 AM UTC



and Deposition to the Ocean, Mc Connell et al., 2008), SAMUM-2 (Saharan Mineral Mineral Dust
Experiment; Ansmann et al., 2011) and SALTRACE (Saharan Aerosol Long-range Transport and
Aerosol—Cloud-Interaction Experiment; Weinzierl et al., 2017), AER-D (AERosol Properties — Dust,
Ryder et al., 2018) or using ground-based lidar measurements in the Cape Verde region (Ansmann
et al., 2009, 2011). The Hurricane and Severe Storm Sentinel (HS3) mission (Braun et al., 2016)
aimed to improve understanding of the physical processes that control intensity change of TCs
across the northern Atlantic, focusing on the relative roles of environmental (including the dust-
laden SAL) and inner-core processes. More recently, interactions between tropical waves and
deep convective systems were examined during the Ice in Clouds Experiment-Dust field campaign
(ICE-D, Price et al., 2018) based in Praia, Cape Verde.

Together with all the European components of the JATAC campaign, the CADDIWA field
campaign was held in September 2021 in Cape Verde and comprised large airborne and ground-
based detachments on the island of Sal, and a boat-borne detachment on Sdo Vicente.

The first overarching objective of the CADDIWA project is to assess dust direct, semi-direct
and indirect effects on atmospheric dynamics in the complex coastal environment offshore of
Senegal in different dust load conditions and in a variety of tropical wave-driven synoptic
conditions, using a combination of observational and modeling approaches. The second
overarching objective is to contribute to the calibration/validation (CAL/VAL) of wind, cloud and
aerosol products of two space missions, namely Aeolus (Stoffelen et al., 2020), and the Infrared
Atmospheric Sounding Interferometer (IASI, Hilton et al., 2012) as well as ocean subsurface
optical properties from Aeolus. It also aims to prepare the processing algorithms of the cloud and
aerosol products of EarthCARE (Earth Cloud Aerosol and Radiation Explorer, Illingworth et al.,
2015) and the wind retrievals of WIVERN (Wind Velocity Radar Nephoscope, lllingworth et al.,
2018) using the in situ and remote sensing data gathered during the campaign. The third

overarching objective is the validation of regional climate models and NWP models.

To achieve the CADDIWA goals, we gathered new observations pertaining to the
assessment of dust direct, semi-direct and indirect effects as well as aerosol-cloud-dynamics
interactions from dedicated ground-based and airborne platforms operating in the eastern

tropical North Atlantic.

THE CADDIWA CAMPAIGN STRATEGY.

7

Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-23-0230.1.
Unauthenticated | Downloaded 02/22/24 08:14 AM UTC



The CADDIWA contributions to the JATAC 2021 campaign are now described.

variety of instrumentation and assets that are summarized in Table 1.

They included a

Instrument/asset Description of parameters measured and/or Resp. Platform/
derived institution location
Rosemount T Temperature Safire Safire FA20
Rosemount Pressure (static & dynamic) Safire Safire FA20
transducer 1221F
Buck Research CR2 Dewpoint temperature Safire Safire FA20
and 1011C
Litton 90-100 Inertial Wind components Safire Safire FA20
Navigation System +
Trimble Global
Positioning System +
Collins
ADC 80 barometric Aircraft position, attitude, altitude Safire Safire FA20
altimeter + TRT AHV 8
radio altimeter
Vaisala Airborne Temperature, humidity, and horizontal wind profiles | Safire Safire FA20
Vertical Atmospheric between 11,000 m MSL and the surface
Profiling System
(AVAPS) dropsonde
system
CLIMAT radiometer Brightness temperature in the IR (8.7, 10.8 and 12 Safire Safire FA20
pum); Nadir pointing; 0.16-s resolution
Kipp & Zonen CMP22 Upwelling and downwelling Visible radiances and Safire Safire FA20
(x2) fluxes in the spectral range 0.2-3.6 um
5-s resolution
Kipp & Zonen CGR4 Upwelling and downwelling IR radiances and fluxes | Safire Safire FA20
(x2) in the spectral range 4.2 - 42 um
0-700 W/m?
5-s resolution
Cloud droplet probe Cloud droplet spectrum (2-50 um), 30 bins LaMP Safire FA20
CDP LWC, Effective radius
1-s resolution
Two dimensional Cloud particles spectrum (25-1550 um), 62 bins LaMP Safire FA20
stereo probe 2DS IWC & LWC, shape of particles
1-s resolution
Nevzorov probe TWC (=IWC+LWC) Safire Safire FA20
1-s resolution
Forward-scattering Aerosol size distribution (275 nm—20 um), 30 bins LaMP Safire FA20
spectrometer probe 1-s resolution
(FSSP)
Ultrahigh sensitivity Aerosol size distribution (40 nm-1 um), 100 bins LaMP & Safire FA20
aerosol spectrometer | 1-s resolution Safire
(UHSAS-A)
LNG high-spectral- Aerosol, cloud backscatter and extinction LATMOS Safire FA20
resolution aerosol/ coefficient at 355, 532, and 1064 nm, HRS (including
cloud Doppler lidar Doppler) at 355 nm, polarization at 355 nm
operating at 20 Hz
Nadir, zenith and 37° off nadir pointing
1-s resolution (adjustable)
RASTA Doppler cloud Radar reflectivity at 95 GHz, Doppler velocity along | LATMOS Safire FA20
radar up to 4 different beams. From these measurements
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IWC, extinction, sea-surface reflectivity, particle
size, terminal fall speed and the 3 wind components
are retrieved (below aircraft) — 250 ms resolution
(adjustable)

GNSS station Total column water vapour IGN Sal, Cape
Verde
Radiosonde Vertical profiles of temperature, humidity, wind KIT Sal, Cape
Verde
TriOs radiometer UV/VIS Hyperspectral spectra of the water-leaving | LOG Boat
reflectance at the surface Gamboa
TriOs radiometer UV/VIS Hyperspectral spectra of the attenuation up | LOG Boat
to 30 meters depth Gamboa
ECO-VSF Wetlabs VIS Absorption and back-scattering coefficients of | LOG Boat
the seawater up to 30 meters Gamboa
AC-S Wetlabs Concentration of chlorophyll-a at 2, 4, 6, 8, 10, 15 | LOG Boat
and 20 meters depth Gamboa
Ninskin bottle Particulate organic carbon at 4, 6 and 8 meters depth | LOG Boat
Gamboa
Ninskin bottle Colored dissolved organic carbon at 2 meters depth | LOG Boat
Gamboa
CADDIWA Operations | Daily meteorological and atmospheric composition | LATMOS Sal, Cape
Center forecast briefings, daily instrumentation status Verde

briefings, daily aircraft flights preparation briefings,
daily JATAC coordination briefings

WRF-CHIMERE Dedicated daily CADDIWA meteorological and | LMD Palaiseau,
regional model atmospheric composition forecasts France
Meso-NH regional | Dedicated twice-daily CADDIWA meteorological and | LAERO Toulouse,
model atmospheric composition forecasts France
AEROIASI processing Dedicated twice-daily processing of IASI instruments | LISA Créteil,
operating from platforms MetOp A, B and C: aerosol France
optical depth, aerosol extinction and mean aerosol
layer height.

Table 1. CADDIWA instrumentation and assets. LATMOS = Laboratoire Atmospheéres, Milieux,
Observations Spatiales ; LAERO = Laboratoire d’Aérologie ; LOG = Laboratoire d’Océanologie et
de Géosciences; LaMP = Laboratoire de Météorologie Physique; LMD= Laboratoire de
Météorologie Dynamique : LISA = Laboratoire Interuniversitaire des Systemes Atmosphériques) ;
KIT = Karlsruher Institut flir Technologie ; IGN = Institut national de I'information géographique et
forestiere ; Safire = Service des Avions Frangais Instrumentés pour la Recherche en
Environnement ; CLIMAT= Conveyable Low-noise Infrared radiometer for Measurements of
Atmosphere and ground surface Targets; VSF = Volume Scattering Function; AC-S Spectal

absorption and attenuation sensor ; WRF = Weather Research and Forecasting.

Airborne campaign
The CADDIWA aircraft campaign was based on the deployment of the French Falcon 20 envi-
ronmental research aircraft of Safire (Safire FA20) in the tropical environment of Cape Verde,

offshore of Senegal, from 8 to 21 September 2021. The Safire FA20 operated from the Amilcar
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Cabral International airport on Sal island. Its payload was composed of in-situ and remote sensing
instruments and tailored to characterize atmospheric dynamics and thermodynamics as well as
aerosol and clouds radiative and microphysical properties (Table 1). When relevant, the Safire
FA20 flights were designed so to probe through active AEWs troughs associated with deep con-
vection, as well as the pre- and post-storm environment and/or the front and back of AEWs
troughs.

In order to achieve large synergies between science and Cal/Val objectives, the airborne data
was acquired along Aeolus morning orbits (around 0730 UTC) and afternoon orbits (around 1930
UTC) in the vicinity of Sal, Cap Verde, as well as within the IASI/MetOp-C swath provided it covered
Cape Verde (around 1115 UTC). Given the fairly limited range of the Safire FA20 (i.e. 1400 NM), a
predefined calendar of flight plans was implemented based on the Aeolus ANX 2.0 orbit
predictions, considering the proximity of the satellite tracks: the transit time needed to reach a
given satellite orbit (and come back to Sal) should not exceed 50% of the time of flight of the
Falcon 20.

During the campaign, selected fligths dates enabled performing stacked legs along Aeolus
orbits and around the satellite overpass time in order to conduct a proper assessment of the
aerosol, clouds and atmospheric dynamics using the aircraft payload. At least one leg was made
at the Safire FA20 ceiling altitude with the LEANDRE Nouvelle Generation (LNG, Bruneau et al.,
2015) lidar pointing off-nadir with a 37° angle, i.e. in a geometrical configuration similar to the
ALADIN lidar on-board Aeolus, and the nadir-pointing antenna of the Cloud radar RASTA (RAdar
Airborne System; Delanoé et al., 2013). A second leg was performed in the SAL as the aircraft flew
under its own track, thereby allowing in situ characterization (cloud and aerosol microphysical
probes) and nadir and/or zenith radar and lidar measurements where nadir active remote sensing
observations were gathered along the high-level leg. In addition, vertical profiles of all dynamics,
thermodynamics and atmospheric composition were also obtained from dropsondes released
while the aircraft was flying high, as well as during aircraft soundings (after take-off, before
landing and during flight level changes).

The Safire FA20 performed nine flights covering 32 science hours and released 46 dropsondes.
Five flights along Aeolus tracks (2 morning orbits, 3 afternoon orbits, see Table 2 and flight tracks

F5, F6, F9, F10 and F11 in Figure 1) in mostly cloud-free conditions to document the Saharan air
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transport and contribute to Aeolus and IASI Cal/Val on wind and aerosol L2 products. The instru-

ments on-board the Safire FA20 most pertaining to the Aeolus and IASI Cal/Val objectives are

listed in Table 3.

Date Flight number | Time (UTC) | Nb of drops| Objectives | Coordination with
08 Sep Aeolus west | DLR F20, AA WT-
2021 F5/fs21005 | 0636-0957 3 of Mindelo 10
10 Sep Aeolus Min- | DLR F20, AA WT-
2021 F6 /fs21006 | 1842-2223 5 delo overpass | 10, Boat Gamboa
11 Sep TP Pierre
2021 F7 /521007 | 0916-1243 10 Henri
11 Sep TP Pierre AA WT-10
2021 F8 / fs21008 | 1447-1756 8 Henri
14 Sep Aeolus Sal AA WT-10
2021 F9 /fs21009 | 0626-0924 6 overpass
16 Sep Aeolus east | DLR F20, AA WT-
2021 F10 /fs21010 | 1806-2116 6 of Sal 10
17 Sep Aeolus Min- | DLR F20, AA WT-
2021 F11/fs21011 | 1834-2216 3 delo overpass | 10, Boat Gamboa
18 Sep
2021 F12 /fs21012 | 1603-1940 2 TS Rose Boat Gamboa
19 Sep
2021 F13 /fs21013 | 0906-1243 2 TS Rose

Table 2. Summary of Safire FA20 flights performed from Sal. Drops = dropsondes
released during the flight. TP = tropical perturbation. TS = tropical storm. DLR F20 = Deutsches
Zentrum fir Luft- und Raumfahrt Falcon 20 aircraft operating from the Island of Sal. AA WT-
10 = Aerovizija Advantic WT-10 aircraft operating from Mindelo (Sdo Vicente island, Cape

Verde). Also see Supplementary Material for details on the JATAC components.
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Data SIO, NOAA, U.S. Navy, NGA, GEBCO
Image Landsat / Copernicus

Google Earth

Figure 1. Safire FA20 flight tracks for the 9 flights conducted during the CADDIWA detachment
in Cape Verde. Flights F5, F6, F9, F10 and F11 were made along Aeolus orbits. Flight F5 and F9
were conducted along morning orbits on 8 and 14 September, respectively. Flights F6, F10 and
F11 were conducted along afternoon orbits on 10, 16 and 17 September, respectively. Flights F7
and F8 were made in the environment of tropical perturbation Pierre Henri on 11 September, and
flights F12 and F13 in the environment of TS Rose on 18 and 19 September 2021. Map credit: ©
Google Earth 2021.
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LNG X | X | X X X X X X

RASTA X1 X X | X X

Dropson X X | X

des

CLIMAT | X | X X1 X

Pyrano- | X | X X | X
&
pyrgeo

meters

UHSAS X[ X | X

& FSSP

CDP & X | X
2DS

Nevzoro X1 X
v

Table 3. Safire Falcon 20 payload for CADDIWA and its relevance for Aeolus and
IASI/MetOp-C Cal/Val as well as EarthCARE and WIVERN preparation activities.

Not all CADDIWA flights were performed along Aeolus tracks, as one of our objectives was
also to chase tropical disturbances in the early stage of their formation near Cape Verde to
document their environment (dynamics, thermodynamics, and composition) and the convective
cells present in the tropical wave troughs. Four flights in the environment of a tropical
perturbation (TP, referred to as ‘Pierre Henri’ in the following as it was not named nor numbered
by the NOAA National Hurricane Center -NHC) and TS Rose (Flight tracks F7, F8, F12 and F13 in
Figure 1). This allowed documentation of aerosol-cloud-dynamics interactions and gather data for
model validation purposes of TC precursors as well as to provide proxy data for EarthCARE cloud
products development. Even though the Safire FA20 flew straight, leveled legs, this was not
imposed by a satellite orbit or timing, but rather to facilitate the processing and analysis of the
data. The remote sensing and in situ cloud and aerosol data gathered during these flights will

serve for the preparation of the EarthCare processing algorithms as well as for the WIVERN
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mission. The instruments on-board the Safire FA20 most pertaining to the EarthCARE and WIVERN
preparation objectives are listed in Table 3.

Aerosol in-situ probes (UHSAS and SPP-300) were fully operational during all flights. The laser
diode of the CPD probe (cloud droplets measurements) failed at the end of F7 making the probe
inoperative during F8 (same day). A spare CDP probe was flown during F9 to F13. The 2DS probe
(drizzle/rain drop & ice crystals) suffered from data losses due to communication instability in the
Ethernet link between the probe and the data acquisition and control system. The issue happened
in clear sky most of the time, with limited impact on in cloud data collection in all flights but F8
where in cloud data is sparse. There were also issues with the dropsondes, especially during F6
and F8 related to the initialization procedure as the dropsondes did not pick up the GNSS signal in the
aircraft. A new procedure has been developed in order to limit dropsondes problem from F11
onward which was based on a much longer initialization period (30 min) in the aircraft before
launch. The RASTA radar, Safire baseline measurements and CLIMAT worked perfectly during the
whole time. The LNG lidar was operational most of the time, only a few issues leading to small
gaps in data. Due to saturation effect, the LNG data at 1064 nm is only available when the lidar is

pointing nadir.

Boat-borne campaign

The oceanic component of CADDIWA aimed to measure optical, bio-optical and
biogeochemical parameters dedicated to the validation of routinely available lidar-derived
oceanic products from the Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) and the Ice, Cloud, and land Elevation Satellite-2 (ICESat-2) (e.g. Behrenfeld et al., 2013;
Churnside et al., 2013; Lu et al., 2014; Dionisi et al., 2020; Liu et al., 2020), in order to fill an
observational gap in the tropical ocean needed to validate these products. It also was designed
to demonstrate the potential of Aeolus to derive subsurface ocean particulate backscattering
parameter (bpp) and the diffuse attenuation coefficient (Kq) in the UV, as well as assess Aeolus
potential to derive biogeochemical parameters linked to ocean color and the ocean carbon cycle:
colored dissolved organic matter, particulate organic carbon, and phytoplankton carbon. Finally,
oceanic products derived from the airborne lidar LNG were also validated using boat-borne
observations acquired along the flight track of the Safire FA20 when it was operating near Sao

Vincente.
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Six one-day outings at sea were performed south of the Sao Vicente Island between 9 and
22 September 2021 using the fishing boat “Gamboa”. These ocean water sampling days at sea
occurred during overpasses of Aeolus (9 coincidences on 10, 15, 17 and 22 September), CALIPSO
(2 coincidences on 9 September), and ICESat-2 (5 coincidences on 18 September). Oceanic
measurements were also made along the Safire FA20 flight tracks on 10, 17 and 18 September
(11 coincidences) in order to conduct comparison with LNG-derived oceanic products. Sixteen
stations were established during the six outings to acquire several optical, bio-optical and
biogeochemical parameters (Table 1). A station in this context is a pause between two transits of
the boat during which the sub-marine instrumentation is deployed. Reflectance R just under the
surface and diffuse attenuation coefficients in the water column were measured continuously
between 350 and 900 nm using TriOS radiometers. The back-scattering coefficient was measured
using an ECO-volume scattering function meter from WetlLabs at 532 nm and the absorption
coefficient using an AC-S from WetlLabs. Water samples were obtained using a Ninskin bottle at
different depths. The particulate organic carbon is here considered as particulate carbon from
organic origin retained by a Whatman glass microfiber filter according to the Joint GlobalOcean
Flux Study protocol (Knap et al., 1996). The particulate organic carbon is then composed of
particles with a diameter between 0.4 and 200 um, with pre-filtration usually performed. The

colored dissolved organic matter were obtained following de Matos Valerio et al. (2018).

Other CADDIWA assets
Additional notable CADDIWA assets included:

» A dedicated processing of IASI observations to retrieve the 3D distribution of the Saharan
dust within the SAL over the ocean and in the vicinity of deep convection, based on the
AEROIASI approach (Cuesta et al., 2020), for contextualisation of airborne observations.

» A GNSS (Global Navigation Satellite System) station in Sal to monitor the evolution of total
column water vapor (TCWV, Bock et al., 2021) alongside an AERONET sunphotometer sta-
tion to monitor aerosol optical depth (AOD).

» A contribution to the balloon radiosounding effort in Sal coordinated by the Karlsruhe In-
stitute of Technology (KIT). Between 7 and 28 September, 38 GRAW balloons were
launched from the airport, 9 of which corresponding to the time of Aeolus morning and/or

evening overpasses.
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CADDIWA Operations Center

All CADDIWA operations were coordinated from the CADDIWA Operation Center located
in Hotel Morabeza in Santa Maria, Sal, close to the Amilcar Cabral International Airport. The
planning of CADDIWA airborne missions involved several steps, repeated daily during the
deployment while the aircraft was operational (6-22 September 2021):

e Forecast teams’ meetings were held at 0900 LT (1000 UTC) on a given day (hereafter noted
D) to prepare the subsequent briefings using available material such as satellite imagery,
weather predictions from national and international forecast centers, the cyclonic condi-
tions monitored by the NHC as well as dedicated aerosol Meso-NH and WRF-CHIMERE
forecasts tailored for CADDIWA,

e Weather and atmospheric composition briefings took place at 1000 LT. A comprehensive
analysis of the current situation was made in case of airborne operations scheduled on
the day, as well as an assessment of the situation up to D+3 in order to prepare upcoming
airborne operations,

e CADDIWA mission proposal meetings were held at 1100 LT to discuss the Safire FA20 air-
craft operation proposals for the following 3 days (D+1, D+2 and D+3),

e JATAC coordination meetings with DLR (physically) and other JATAC participants (re-
motely) at 1200 LT under the guidance of ESA,

e Weather and atmospheric composition update briefings took place at 1900 LT, during
which the evolution of the situation was monitored, and the impact on the flight planning
was assessed.

More details on the CADDIWA team can be found in the Supplementary Material.

On days when the Safire FA20 flew, pre-flight briefings and flights debriefings were held
directly at the airport. During airborne operations, the CADDIWA Operation Center monitored the
weather situation and updated the mission scientists as needed through the chat capability of the
PLANET communication system from the ATMOSPHERE company.

Daily operation reports were compiled at the end of each day, which summarized the major
weather and atmospheric composition information for the record, as well as an outline of the
CADDIWA flight conduct, an update on the instruments status and operations by other JATAC

teams.
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Regional aerosol simulations were carried out using two state-of-the-art French national
“codes communautaires”, namely WRF-CHIMERE (Menut et al., 2021) and Meso-NH (Lac et al.,
2018). CHIMERE is a chemistry-transport model forced by meteorological fields from WRF. The
models include newly developed aerosol-cloud-interaction-parametrization (Meso-NH: Hoareau
et al., 2018; Barthe et al., 2019; CHIMERE: Tuccella et al., 2019), in order to quantify the aerosol-
radiation-cloud interactions (i.e. all three effects mentioned above) accounting for the spatial and
temporal variability of remote aerosol sources over the Sahara and the Sahel, and assess the
aerosol radiative effects at the regional scale. Operational forecasting chains were designed and
tested starting in July 2021 in order for the forecasts to be available during September 2021 to
assist in the planning of airborne operations. Both models have a strong record of efficacious

III

contribution to previous projects on the topic. The “operational” forecasting chain for Meso-NH
has already been successfully implemented in campaigns such as FENNEC (Chaboureau et al.,
2016) and AEROCO-sA (Formenti et al., 2019). Concerning WRF-CHIMERE, the operational chain
is used daily in numerous Air Quality Networks, for the French PREVAIR system and the European
Center for Medium-Range Weather Forecasts (ECMWF) Copernicus Atmospheric Monitoring
Service (CAMS) forecast.

The WRF-CHIMERE operational chain was initialized with National Centers for
Environmental Prediction (NCEP) forecast of the previous day (D-1) at 1800 UTC, which is made
available at 0000 UTC on the day of interest (current day, D). The CHIMERE forecasts were
available to the CADDIWA forecasting team around 0400 UTC (0300 LT in Sal) for the period
covering D to D+4. CHIMERE simulations consisted of two nested domains, one domain with a
resolution of 60 km, covering a large area including Sahara and Sahel, and one domain with a
resolution of 4 km (10°-24°N / 30°-15°W), centred on Sal. The CADDIWA operational chain is
described in Menut (2023).

Meso-NH simulations also consisted of two nested domains with a resolution of 4 and 16
km, the larger domain covering the Sahara and the Sahel, and the smaller one being the same as
the inner domain of the WRF-CHIMERE simulations. Two sets of forecasts were made: 3-day
forecasts with the 2 domains (referred to as EP) and 5-day forecasts on the larger domain
(referred to as EA). EP simulations used 1200 UTC ECMWEF analyses at D-1 as initial fields and were
available at 0900 LT every day. EA simulations started from ECMWF analyses at 0000 UTC on D

and were available at 1400 LT every day, for the CADDIWA evening briefings. The vertical grid was
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made of 32 levels and the vertical mesh increased from 100 m near the surface to 1 km at the top
of the model. Simulations were run with the Kain-Frisch shallow convection scheme (Pergaud et
al., 2009), the one-moment bulk microphysics scheme of Jabouille and Pinty (1998), the Dust
Entrainment and Deposition scheme (Zender et al., 2003), DEAD dust scheme, a Lagrangian on-
line back trajectories capability and the capacity to produce synthetic satellite images thanks to
the use of the Rapid Radiative Transfer Model (Mlawer et al., 1997). Additional details on the

dedicated CADDIWA forecasts products can be found in the Supplemental Material.

SUMMARY OF MAJOR ACCOMPLISHEMENTS AND SCIENCE HIGHLIGHTS.

This section provides first highlights of notable events and unique opportunities for research
enabled by the field campaign, including an overview of tropical cyclones forming in the
eastern tropical North Atlantic in September 2021, cases of developing and non-developing
AEWSs, RALl-derived wind measurements and comparison with Aeolus and bio-optical

measurements in the Cape Verde waters.

Overview of tropical cyclones forming over the eastern north Atlantic in September 2021

The year 2021 was the third most active year on record in terms of named storms
according to the NHC, 21 in all, marking the sixth consecutive above-normal Atlantic hurricane
season.

Category 3 Hurricane Larry (30 August-11 September) had already formed over the
Tropical North Atlantic when the CADDIWA Operational Center began operation on 6 September.
Larry originated from a strong tropical wave that emerged off the west coast of Africa on 30
August. By 1800 UTC on 31 August, the convective organization increased enough for the system
to be designated as a tropical depression when it was located about 280 NM south-southeast of
the Cape Verde Islands. The signature of the atmospheric moisture associated with Larry is also
apparent in the GNSS-derived TCWV time series collected in Sal (Figure 2).

The first notable weather feature that came across Sal during the CADDIWA detachment
occurred on 11 September (see its temporal evolution in Figure 3a-f). It was associated with an
intense AEW moving out of West Africa from Guinea, south of Senegal, on 10 September (Figure

3c). The NHC started to follow that feature and provided best track estimates of it over the
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continent (Guinea and Mali) starting at 0000 UTC on that day and through 2300 UTC on 12
September (Figure 3e). However, the wave did not develop into a TS, and hence was not given a
number or a name by the NHC. In this paper, we shall refer to it as a TP, and we have decided to
tag it as ‘Pierre Henri’, in memoriam of the late Pierre Henri Flamant?. As it passed over Sal (Figure
3d), the signature of Pierre Henri was evident on the GNSS-derived TCWV series (Figure 2) and
was associated with the highest values observed during the CADDIWA detachment period. Two
Safire FA20 flights were dedicated to the documentation of the environment of TP Pierre Henri.
The life cycles of the short-lived TSs Peter and Rose were quite similar over the Atlantic
Ocean and occurred during the same period, i.e. 19-22 September, but farther west in the case
of TS Peter. Both started as disturbances over the continent on 12 September (Figure 3e), which
moved from West Africa over the Atlantic on 14 and 16 September (Figure 3g and i) for Peter and
Rose, respectively, producing large bursts of convection but lacking a closed circulation. In both
cases, convection became more concentrated as the features moved westward, and both systems
acquired a closed circulation on 19 September. As a result, tropical disturbances developed by
0000 UTC on 19 September with the first signs of the formation of Peter occurring about 540 NM
east of the French Antilles and those of Rose occurring around 335 NM south-southwest of the
Cape Verde Islands. The depression intensified into TS Peter at 0600 UTC on the same day,
whereas the transition to TS Rose occurred near the end of the day on 19 September. The
signature of the atmospheric moisture associated with TS Rose is apparent in the GNSS-derived
TCWV time series (Figure 2), unlike for TS Peter which can hardly be detected. The lack of the
moisture peak for Peter because of the fact that the disturbance was too far south of Sal, putting
Sal more in the dry air of the Saharan air layer. Two Safire FA20 flights were dedicated to the
documentation of the environment of the TS Rose, on 18 and 19 September. The pre-TS Peter

environment was deemed too far south of Sal to trigger dedicated Safire FA20 operations.

1 Pierre H. Flamant is one of the founding fathers of lidar technology for atmospheric observation, with an expertise widely
recognized throughout the world. The pioneering work of Pierre H. Flamant still guides a large part of the lidar community
observational activities, whether it be the development of instruments, or satellte missions
(https://www.insu.cnrs.fr/en/node/4197).
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Figure 2. TCWV time series for September 2021 at Sal as observed from two GNSS stations:
CPVG (green dashed line) the permanent station operated by INMG and IGN, and SAL1 (black solid
line), the co-located temporary station installed for the CADDIWA campaign, as well as the Fifth
ECMWEF reanalysis (ERA5) (red solid line), and radiosondes launched from Sal (blue asterisks).
Black dashed vertical lines indicate the mid-flight times of the Safire FA20 operations on 8 (flight
F5), 10 (F6), 11 (F7 and F8), 14 (F9), 16 (F10), 17 (F11), 18 (F12) and 19 (F13) September 2021 (see
Table 2). The time at which the environments of TS Peter and Rose were probed in Sal is also

indicated.

Unlike Larry, the signature of category 4 Hurricane Sam (22 September-5 October) cannot
be seen in the TCWV time series in Sal (Figure 2) as it formed and traveled westward over the
Atlantic too far to the south from Cape Verde. Sam stemmed from a combination of tropical
waves (namely an AEW, a Mixed Rossby Gravity wave and an Equatorial Rossby wave) that moved
off the west coast of Africa and into the Atlantic on 19 September, while operations at the
CADDIWA Operational Center were still underway. The wave was associated with convective
activity as it moved westward to the south of the Cape Verde Islands on the following day. By
1800 UTC on 22 September, it became a tropical depression approximately 590 NM west-
southwest of Cabo Verde's southernmost islands. The depression intensified into TS Sam around

0600 UTC on September 23. Late on 25 September, it became a category 4 hurricane.
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Figure 3. Daily evolution of the atmospheric dynamics and aerosol content from (a) 8 to (l)
19 September 2021 over West Africa and the tropical North Atlantic. Shading represents the
relative vorticity at 700 hPa, only positive values are displayed to highlight cyclonic circulations
favorable to convection. Blue contours represent the zonal wind at 600 hPa (m s2), only negative
values are displayed to highlight the AEJ location. Red contours represent the aerosol optical
depth at 550 nm. Relative vorticity and zonal wind data are extracted from the ERA5 reanalysis
product; aerosol optical depth data are extracted from the CAMS reanalysis product. The black
dot at 23°W and 17°N indicates the coordinates of Cape Verde. The perturbations leading to the

development of Pierre Henri, Peter and Rose are labelled as PH, P and R, respectively.

Non-developing AEW - Tropical Perturbation Pierre Henri

On 11 September 2021, 2 Safire FA20 flights were conducted in the environment of the
approaching TP Pierre Henri. The associated AEW was first detected over the continent on 8
September (Figure 3a) and the AEW trough predicted to deepen upon reaching Dakar on 11
September (Figure 3d). The TP had an unusual northwestward path over Sal on that day and was
moving into a thick widespread dust plume associated with the SAL. According to Jonville et al.
(2023, submitted), Pierre Henri benefited from a supply of low-level vorticity over the continent
that led to the development of a coherent vorticity column before reaching the Atlantic. This
vertical structure favored convective systems over the continent, where no significant humidity
flux could balance the loss of water content due to convective precipitation, thereby leading to a
drying of the air inside the cyclonic circulation. In addition, due to its northern location, the
cyclonic circulation associated with Pierre Henri also incorporated air from the SAL over the
ocean, which also contributed to the drying of the air. Those two processes prevented the
development of Pierre Henri into a TS.

The large dust outbreak was captured by AEROIASI in the morning of 10 September, over
the Cape Verde Islands (Figs. 4a-c). Dust was transported from north Africa (Morocco, Mauritania,
Algeria), just north of Pierre Henri which was located near the coast of West Africa. The mean
altitude of the dust plume over Sal was almost 5 km asl (Figure 4b), with dust being observed as
high as 6 km asl (Figure 4c). On the next day, in the morning, the dust plume was observed to
swirl around the center of Pierre Henri mostly to the north and west of the Cape Verde Islands
(Figure 4d-e). According to AEROIASI, the core of the dust plume was between 3 and 5 km asl

(mean layer height at 4 km asl), and it was thickest west of Cape Verde (about 5-6 km).
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Figure 4. AEROIASI-derived dust AOD at 10 um (a), mean layer height (b) and 3D dust
distribution (c) in the morning of 10 September 2021. These AEROIASI products are based on the
IASI observations made from 3 platforms (MetOp A, B and C) merged together, the equatorial
crossing time of which are separated by less than 1h, around 0900 LT Cape Verde (1000 UTC).
Areas in white in the plots indicate the presence of clouds that prevent AEROIASI retrievals. The
mean aerosol layer height is estimated as the height below which the AOD is half that of the total
column. (d), (e) and (f) are the same as (a), (b) and (c), respectively but for 11 September in the
morning. The magenta line in panels (d) and (e) is the Safire FA20 flight track. The dotted magenta
contours represent brightness temperature isotherm 245 K indicative of the most active
convective clouds associated with PH. The colorbar of the 3D plots in panels (c) and (f) is the one

located on the rightmost part of the figure.
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The dry air and dust circling ahead of the approaching TP, as well as the anvil of the
approaching storm was documented during the morning Safire FA20 track. Figure 5a shows the
dust RGB composite from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) onboard
Meteosat Second Generation at 1100 UTC on 11 September, with the flight track and the position

of the released dropsondes overlain.
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Figure 5. (a) Safire FA20 flight track (red) overlain on the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) dust RGB composite at 1100 UTC on 11 September. Pink indicates the
presence of dust while dark red indicates high-level clouds. The location of the dropsonde
releases are also shown as white dots. The Cape Verde Islands are highlighted by thick black lines.
The two black circles indicate the distance from Sal, the outer one being at 425 NM and the inner
one at 225 NM. Bottom: Profiles of potential temperature (b), water vapor mixing ratio (c),
relative humidity (d), wind speed and direction (e, f) obtained from the five dropsondes released
from the Safire FA20 in the morning of 11 September 2021 (DS1 in green, DS2 in light blue, DS3

in yellow, DS4 in grey and DS5 in dark blue).

During the morning flight, the dry and dust-laden SAL was first sampled in situ at ~3.6 km
asl as the Safire FA20 was flying away from the storm (from 0916 to 0947 UTC) and then remotely
along the same track, but from a higher altitude (~9.3 km asl), as the aircraft was flying towards
the TP (between 1006 and 1115 UTC, Figure 6). Figure 6a,b displays the LNG backscatter at 532
nm and depolarization ratio at 355 nm, respectively, acquired along the flight, and shows the
location of the five dropsondes that allowed retrieving complete dynamical and thermodynamical
profiles between 0 and 8 km asl. The deep convection associated with TP Pierre Henri (evidenced
by the high backscatter values at the altitude of the aircraft in Figure 6a) was then sampled in situ
at different levels (~9.3 and 4.2 km asl) between 1115 and 1230 UTC. Figure 6¢c shows a cross-
section of dust extinction, cloud water content, potential temperature forecasted by Meso-NH
along the Safire FA20 flight track between 0900 and 1300 UTC. In the part of the flight that is free

of mid-level clouds, the structure of the dust layer is consistent with the LNG observations. The
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forecast suggests that the dust layer is also present underneath the mid-level clouds and even, to

a much lesser extent, under the cloud anvil associated with Pierre Henri.
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Figure 6. LNG-derived (a) backscatter signal at 532 nm and (b) depolarization ratio during

the Safire FA20 flight 7 on 11 September 2021. Radar reflectivity is overlain in light gray. The
reddish colors in (a) indicate clouds while the dust layer sampled at the beginning of the flight
(between 0900 and 1045 UTC) between 1 and 5 km asl appears in green in (a) and blue in (b). (c)
Vertical cross-section of dust extinction (warm colors), cloud water content (cold colors) and
potential temperature along the Safire FA20 flight track extracted from the Meso-NH 4-km
domain between 0900 and 1300 UTC.

The wide-spread dust layer seen in Figure 4d was sampled in situ and with LNG in the first

stages of the flight (Figure 6). The dust layer extended from 1 to 5 km asl, above the marine
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boundary layer (the top of the marine boundary layer being marked by the presence of low-level
cumulus clouds). The dust layer is clearly seen until 1045 UTC and its dynamical and
thermodynamical environment depicted by the first dropsonde released at 1021 UTC (DS1, Figure
5b, red filled circles). After 1045 UTC, the Safire FA20 overflew a mid-level cloud deck that
prevented unambiguous retrievals with LNG. However, but the model suggests that the dust
extends into later times (Figure 6c). The dynamical and thermodynamical environments
associated with the portion of flight above the mid-level clouds were well captured by dropsondes
at 1056 and 1104 UTC (DS2 and DS3, Figure 5b). Finally, 2 dropsondes were released in the deep
convective region associated with Pierre Henri (DS4 and DS5, at 1145 and 1210 UTC, respectively,
Figure 5b).

The SAL west of TP Pierre Henri consists of a deep adiabatic layer between 1 and to 5 km
asl (see potential temperature profile from DS1 in Figure 5b) advected from the northeast (Figure
5f), characterized by a water vapor mixing ratio of ~5 g kg (Figure 5c¢) and lincreasing relative
humidity from the bottom to the top of the layer (Figure 5d). Another adiabatic layer,
characterized by a water vapor mixing ratio of ~3 g kg (Figure 5c), advected from the southeast
(Figure 5f), is present between 5 and 7 km asl which is also exhibiting increasing RH with height,
allowing clouds to form atop (as evidenced by lidar measurements around 1055 UTC in Figure 6a).
The subsequent dropsondes released as the aircraft was approaching the storm evidenced the
moistening of the lower troposphere. Measurements made within the cloud anvil evidence the
moist environment associated with Pierre Henri, with relative humidity above 70% from 0 to 9
km asl, and nearly saturated conditions below 1.75 km asl (DS5 in Figure 5b). Strong winds
between 4 and 8 km asl, peaking above 20 m s, and coming from the southeast were also
observed, likely associated with an undulating AEJ (Figure 3d). The depth of the marine boundary
layer was also observed to decrease with the distance from the center of TP, from 1.8 to 1 km,
with low level winds veering from southerly to easterly, consistent with low-level air masses

swirling around the Pierre Henri (Figure 5b).

Figure 7 shows the Meso-NH 16-km domain with 4.5-day back trajectories ending at 1200
UTC at 3000 m asl on 11 September, along the Safire FA20 track shown in Figure 6¢. The origin of
the dust outbreak to the northwest of the flight track is northern Africa, while the dust sampled
by LNG in the middle and southern part of the flight is from Sahel, and potentially originating from

the Bodélé depression, known to be the most prominent dust emission source in West Africa
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(Washington and Todd, 2005). The processes associated with this differential dust transport will

also be further investigated.

Meso-NH 16-km: 4.5-d backtrajectories ending along the red track at 12 UTC Sat 11 Sep 2021
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Figure 7. Meso-NH simulation on the 16-km resolution domain showing 4.5-day back tra-

jectories ending at 1200 UTC and ending at 2.4, 2.7, 3.2 and 5.7 km asl along the Safire FA20 flight

track shown in Figure 6c. Dots represent the evolution of the back trajectories every 3 h.

Into the environment of TS Rose precursor

In this section we want to highlight the variety of observations obtained during the
campaign and the synergies between these different pieces of information towards a better
comprehension of aerosol-cloud-dynamics interactions in the environment of developing TS.

According to Jonville et al. (2023, submitted), the developing AEW which ultimately was
associated with TS Rose benefited from a low-level positive vorticity supply over the ocean in the
monsoon trough region. Furthermore, the intensifying cyclonic circulation did not incorporate air
from the SAL as it was too far south. The resulting closed circulation created a protective pouch
in which deep convection developed while being sheltered from any intrusion of dry air
(Dunkerton et al., 2009), allowing the transition from a tropical depression to a TS.

The cloud, aerosol and dynamical environments associated with soon-to-become TS Rose
(Figure 3j-I) near Cape Verde on 19 September 2021 at 1000 UTC is shown in Figure 8. The flight
plan was designed to reach the center of the depression and release a dropsonde there. According

to the Meso-NH forecast, the Safire FA20 did reach the center of the low (~1009 hPa), which is
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also evidenced by the strong circling winds at 10 m asl (Figure 8d). The 10-m winds show a
circulation consistent with the area of low pressure. At 4 km, the circulation is displaced
significantly to the southwest (Figure 8b), indicating a sheared, non-vertically aligned system. The
TCWV simulated with Meso-NH was also largest in the vicinity of the closed low pressure
circulation (in excess of 60 kg m2, Figure 8d), while it was only between 50 and 60 kg m2 near Sal,
consistently with GNSS-derived TCWV (Figure 2). There is a sharp southeast-northwest gradient
of TCWV according to Meso-NH, with a much drier atmosphere in the convection-free areas to
the northwest of Cape Verde as shown in the SEVIRI infrared imagery (Figure 8c). Thanks to SEVIRI,
there is evidence of the presence of dust in this area (Figure 8c), as also suggested by the Meso-
NH simulation (Figure 8b). SEVIRI imagery in the visible and infrared (Figure 8a, b) evidence the
nearly cloud-free conditions along most of the flight track, while the deep convection associated
with the closed circulation of TS Rose being located to the southwest of the southernmost way-
point of the track, likely due to the sheared environment. This is corroborated by the RASTA cloud
radar reflectivities (Figure 9a). There appears to be quite a difference in the representation of
clouds in the model versus the satellite imagery with deep clouds in the model appearing to be

organized near the center of circulation.

On 19 September, the environment of deep convection was sampled with the Safire FA20,
but close to Sal, not near the closed circulation to the south. Deep convection near Sal reached
almost 13 km asl (Figure 9), and was sampled in situ (microphysics probes) and remotely (radar)
at 7 levels from 4 km (cloud base) to 11.1 km, allowing to document the properties of liquid and
frozen hydrometeors up to -50°C. The capability of the radar-lidar combination to derive multiple
variables of interest for the analysis of aerosol-cloud-dynamics interactions is illustrated in Figure
9, along with in situ cloud microphysics observations of the ice water content derived from the
2DS probe. The LNG observations in the first part of the flight (1015-1115 UTC) confirm that the
atmosphere was nearly cloud- and dust-free. Cirrus clouds were observed above 15 km asl. In the
region of deep convection near Sal, the radar-lidar target categorization evidences that the
isotherm 0°C (melting layer, transition from light to darker blue, Figure 9d) was at 4.5 km asl,
consistently with the dropsonde temperature measurement (not shown). Horizontal winds
derived from RASTA highlight strong winds (in excess of 13 m s?) just below 4 km, as well as in
the marine boundary layer, below 2 km asl. The altitudes and strengths of these jets are consistent

with dropsonde measurement made to the west of the area.
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Figure 8. Weather situation on 19 September 2021 at 1000 UTC associated with the

tropical disturbance that will become TS Rose later on that day. (a) MSG reflectance in the

visible. (b) Synthetic reflectance in the visible from the Meso-NH model forecast and aerosol

optical thickness (> 0.1) in brown. Winds at 4 km altitude are also indicated (arrows). (c) RGB

MSG image showing high clouds (red), mid-level clouds (dark brown) and low clouds (light

brown), and terrigenous aerosols (pink). (d) TCWV in color, sea level pressure (white contour)

and wind at 10 m (arrows). The Safire FA20 flight track is shown in red throughout the figures,

the white dots locate the sondes dropped from the aircraft, and the black dot indicates the

airport on Sal.
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Figure 9. Measurements collected from the Safire FA20 during flight 13 on 19
September 2021: (a) Radar reflectivity (nadir and zenith antennas) measured by the RASTA
Doppler cloud radar, black line indicates the altitude of the aircraft. (b) and (c) Lidar calibrated
attenuated backscatter at 355nm and 532nm respectively (pointing alternatively between
nadir and zenith). The radar-lidar target categorisation is presented in panel (d), showing the
complementarity of the two instruments, i.e. the high sensitivity of the lidar and the
penetration capability of the radar. Ice appears in light blue, rain in dark blue, supercooled
layers are depicted in red while aerosols appear in yellow. Light grey indicates areas where
there is no lidar information and dark grey corresponds to the areas where the lidar beam is
extinct due to the presence of optical thick liquid water clouds (and hence the entire depth of
the cloud cannot be probed). The combination of the three downward antennas using the
Doppler radar allows one to retrieve the horizontal wind speed of both cloud and precipitation
particles (aircraft wind measurements are show at the altitude of the aircraft in (e). The ice
water content derived from the 2DS probe, and assuming a Baker and Lawson (2006) mass-
size relationship, is depicted in (f).

Anticipated research toward aerosol-cloud-dynamics interactions will deal with the
impact of the dust load on the development of AEWs and other tropical waves over the
Atlantic Ocean, as well as the impact of the structure, growth, and propagation of the tropical
waves on the zonal dust transport. Other anticipated research will focus on establishing which
of the three dust effects dominates/controls the intensification of MCS mesovortices offshore

and eventually their transition to TSs over the Atlantic Ocean.

Aeolus wind verification

Five dedicated Safire FA20 flights were made during the campaign along Aeolus orbits with
the objective to document aerosol and wind gradients and to collect sufficient wind and aerosol
data to intercompare with a significant number of L2A (aerosol) and L2B (wind) Aeolus products
profiles (nominal horizontal resolution of 87 km). Aeolus provides horizontal line-of-sight (HLOS)
wind observations in aerosol-laden (referred to as Rayleigh-clear winds) and cloudy atmospheres
(so-called Mie-cloudy winds). The length of the Safire FA20 legs above and in the dust layer was
set to be at least 240 NM (450 km) in order to allow meaningful comparisons with at least five
Aeolus L2B profiles. LNG measurements along the upper leg were performed in the so-called

Aeolus mode, i.e. pointing 37° sideways, while they were made in nadir pointing mode along the
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lower leg. Dedicated Safire FA20 Aeolus flights were made in a variety of AOD conditions: flight
F5 occurred in low AOD conditions, with AOD less than 0.4, while flight F6 took place in high AOD
conditions (AOD ~1). Flights F9, F10 and F11 were conducted under moderate AOD conditions
ranging from ~0.55 for F9 to ~0.65 for flights F10 and F11.

Thanks to its Doppler capability at 355 nm, LNG allows retrieving the HLOS velocity of
aerosol and cloud particles that can be compared to Aeolus L2B products, provided that a
correction is applied to the LNG data to account for the difference in observation geometry
between Aeolus and LNG (e.g. Lux et al., 2020). A similar approach can be applied in order to
compared Aeolus products and dropsonde-derived winds projected along the Aeolus HLOS (e.g.
Martin et al., 2021).

Figure 10 shows the LNG-derived particulate signal at 355 nm during flight F11, as well as
the LNG-derived HLOS velocity. During this flight, a complex layering of dust was observed in the
southern part of the flight track along the Aeolus orbit, between 2 and almost 6 km asl. The depth
of the marine boundary layer was also observed to increase between the southern and the
northern part of the leg (between 1900 and 2030 UTC). Cumulus clouds were observed at the top
of the marine boundary layer as well as near the top of the dust layer in the early part of the flight.
The upper part of the dust layer was sampled in situ when the Safire FA20 flew under its own
track at 4 km asl during the second part of the flight. Strong backscatter was obtained in the
marine boundary layer and in the dust layer (especially during the second part of the flight), which

allowed HLOS velocity retrievals from LNG.
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Figure 10. LNG-derived (a) backscatter signal at 355 nm and (b) Doppler radial wind during
Safire FA20 flight 11 on 17 September 2021. The reddish colors in (a) indicate clouds. The dust
layer sampled between 1830 and 1945 UTC and between 2100 and 2200 UTC above the boundary
layer appears in blue in (a). The dash-dotted lines indicate the two overpasses of Mindelo on Sao
Vicente Island. The flight track is shown in Figure 1 (brown track, tagged F11). The Safire FA20 was

heading norh during first overpass of Mindelo and heading south during the second overpass.

Figure 11 shows an example of Aeolus-dropsonde HLOS winds comparison during flight
F11 on 17 September during which the Aeolus orbit overpassed Mindelo on Sao Vincente Island.
Comparisons are shown between the dropsonde-derived HLOS velocity and Aeolus-derived Mie
HLOS velocity (distant from the dropsonde by 19 to 46 km) and Rayleigh HLOS velocity (~12 km
away from the dropsonde). It illustrates the fairly large spread between the latest Aeolus L2B
product (L2B12) regarding the Rayleigh HLOS velocities (between 5 and 10 m s), but also the lack
of sensitivity of Aeolus to dust in the lower troposphere, as Aeolus Mie HLOS velocities could only
be derived in the marine boundary layer, likely due to sea salt aerosol. The Rayleigh HLOS wind
random errors are estimated to be typically 4-5 m s, but with high variability depending on the
signal levels which vary with meteorological conditions (Rennie and Isaksen, 2020). Based on a

compromise between the quality of the data set and the number of observations that pass the
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quality control, Rayleigh HLOS winds with an estimated error greater than 6 m s are excluded

from validation studies (Martin et al., 2021).

B HLOSicows-Ray s HLOSps
HLOS zeorus - Mie

)4,5°W 245\
Ds

Rayleigh profiles 124
Mie profiles -

o WX

104

e - HLOOS [rnJ"s]S 10 ' 20
Figure 11. Left: Aeolus orbit (grey squares and grey circles, indicating the location of Aeolus L2B
Mie and Rayleigh profiles, respectively) over Cape Verde on 17 September 2021 at 1936 UTC. The
blue square corresponds to the location of the Aeolus L2B Rayleigh wind products used for
comparison with the dropsonde (black star) released south of S3o Vicente at the time of the
Aeolus overpass of the Safire FA20. The red filled circles correspond to the location of the Aeolus
L2B Mie wind products used for comparison with the dropsonde. Right: Comparison between the
dropsonde-derived HLOS velocity (black symbols) and Aeolus-derived Mie HLOS velocity (red
circles) and Rayleigh HLOS velocity (blue squares). The dropsonde was released at 1931 UTC. Error

bars associated with the Aeolus product are also shown as colored horizontal lines.

Further analysis using the collected data will deal with comparison statistics between
Aeolus-derived L2B12 Rayleigh and Mie HLOS velocity products, LNG-derived and dropsonde-
derived HLOS velocity products for all dedicated Aeolus flights during CADDIWA during September
2021. Random relative errors of the L2B Rayleigh-clear and Mie-cloudy winds derived in the

tropical environment of Cape Verde with respect to both the ECMWF model background and the
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2-um heterodyne-detection Doppler wind lidar onboard the Falcon aircraft during the JATAC

detachment will also be analyzed.

Bio-optical measurements in the Cape Verde waters

Our optical and bio-optical measurements are the first to document the south and south-west
coastal waters of the S3o Vicente Island to our knowledge. The bathymetry decreases very quickly
as the 200m-isodepth is less than 10 km from the coast in the south west part of the island and
there is no run-offs as the annual precipitations are very low (84.2 mm). The western part of Cape
Verde is known to be an oligotrophic system characterized by low macronutrient concentrations
in the surface water (Ohde and Siegel, 2010).

Figure 12 presents the variation of the backscattering coefficient at 532 nm, bpp(532) as a
function of depth and the values of the diffuse attenuation coefficient K4(532) for each station.
The temporal and vertical variabilities of the back-scattering coefficient, byy(532), are very low
with values between 0.5 and 1.5x103 m. For a given station, the values of bpy(532) are almost
constant over the water column up to 30 meters for the 16 stations. The phytoplankton
concentration measured are very low (mean value of 0.025 mg.m=3, not shown here)
corresponding to oligotrophic waters (Huot et al., 2008; Loisel et al., 2011). The temporal and
spatial variations of K4(532) are also low with a mean value of 0.0599 m™ and a standard deviation
of 0.0151 m™. Those values of K4(532) correspond to very clear waters, i.e. oligotrophic waters.
For this type of waters, the UV sunlight penetrates deeper than visible sunlight, which means that

the LNG and Aeolus lidar signals can penetrate deeply in the water column.
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Figure 12: Top: Variation of bpp(532) as a function of depth for each station. In the legend, the
first digit corresponds to the outing number (1 to 6) and the second digit to the station (from
first to last) made during the outing. Bottom: values of K4(532) for each station made during

the sixteen stations established from the Gamboa boat during the six outings at sea.

The sub-surface lidar signal is proportional to volume backscattering coefficient from
water molecules and suspended particles and hence to the hemispherical particulate back-
scattering parameter by, which is an important in ocean color (as it depends on the size, type
and composition of the optically active marine particles). The attenuation coefficient of the
lidar signal in water is a proxy of the diffuse attenuation coefficient Ky. Anticipated research
conducted with this data will focus on the development of algorithms for processing airborne
and space-borne lidar data at 355 and 532 nm gathered around Cape Verde, as well as the

validation of the lidar-derived products with sea-borne sub-surface observations.
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OUTREACH AND EDUCATION.

Participation in an international campaign such as CADDIWA is a unique opportunity for
early career scientists as well as students interested in field experimentation and environmental
sciences, in a key region of the globe for the understanding of atmospheric dynamics and climate
variability and change.

As such, five early career scientists, an assistant professor from the University of Cape
Verde in Praia (Mateus Neves Andrade), two PhD students (Cédric Gacial Ngoungué Langué and
Clémantyne Aubry) and two Master students (Nicolau Gomes Araujo from the University of Cape
Verde in Praia, and Tanguy Jonville from Ecole Polytechnique) were invited to participate in the
campaign. These early career scientists were an integral part of the CADDIWA team during the
campaign and participated in the daily briefings conducted from the CADDIWA Operation Center
in Sal (Figure 13). On numerous occasions, they presented the outcome of the discussions
conducted by the Meteorology and Aerosol Forecasting Groups to the broader CADDIWA
audience. They were involved in the on-site data analysis during the CADDIWA hackathon
organized on 23-24 September. They also were very much involved in radiosonde launch activities
led by Maurus Borne (PhD student at KIT) conducted at the Sal International Airport. During the
campaign, Mateus Neves Andrade and Nicolau Gomes Araujo also gave interviews aired on the
National Cape Verde Radio on behalf of the CADDIWA project. All the early career scientists
praised this first experience in the field, and one master student, Tanguy Jonville, has begun his

PhD on the analysis of the CADDIWA cases in September 2022.
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2 participants from Cape Verde, including one M2 student

Figure 13. The CADDIWA Operation Center in Sal. Top left: Jean-Pierre Chaboureau
(standing) presenting the NHC TC track forecast facing Cyrille Flamant while Gilles Vergez and Guy
Febvre (backward) are listening. Top middle-left: Christophe Cadoux during a morning briefing.
Top middle-right: Marco Gaetani preparing the Daily Operations Report. Right: Cédric Gacial
Ngoungué Langué, Azusa Takeishi and Maurus Borne preparing the next balloon launches. Bottom
left: Pierre Coutris and Guy Febvre having a good time. Bottom middle-left: Tanguy Jonville,
Christophe Lavaysse and Cédric Gacial Ngoungué Langué preparing the weather briefing. Bottom
middle-right: Azusa Takeishi presenting the atmospheric composition briefing while Cédric Gacial
Ngoungué Langué is listening. Bottom right: Pilot Dominique Duchanoy, Cyrille Flamant and pilot
Jean-Frangois Bourdinot discussing the implementation of the airborne missions previously
discussed during the CADDIWA briefing, while Marco Gaetani and Azusa Takeishi are working on

the reports of the day.

The GNSS station that was installed by IGN (Institut national de I'information géographique
et forestiere) in Sal during the CADDIWA detachment was set-up and maintained by the two early
career scientists from the University of Cape Verde in the framework of a capacity building
program led by IGN. After the field campaign, the station was moved to Praia on Santiago Island,
on the premises of the University of Cape Verde. Mateus Neves Andrade is now in charge of
running the GNSS station under the guidance of IGN. The GNSS station served to monitor the

evolution of TCWV during the NASA CPEX-CV airborne campaign that took place in September
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2022 from Sal. It will also has been used for education and research purposes, with the objective
to launch a new teaching program centered on Tropical Meteorology that does currently not exist
in the University of Cape Verde Educational Program.

Finally, a series of short videos were made by ESA during the campaign that describe the
payload of the Safire FA20, the lidar LNG, the radar RASTA and the microphysical probes. They

can be accessed from https://earth.esa.int/eogateway/news/jatac-caddiwa-the-french-cam-

paign-helping-to-validate-aeolus-data-at-the-tropics. Additionally, numerous contents were

posted on social media under ‘4CADDIWA’.

SUMMARY AND OUTLOOK.

The airborne measurements (9 flights with 32 scientific flight hours and 46 dropsondes)
acquired during the campaign have enabled documention of a variety of meteorological situations
involving complex interactions between dynamics, aerosols, convection and tropical disturb-
ances. The payload on the Safire FA20, combining active and passive remote sensing as well as in
situ sampling and dropsondes, was unique in the JATAC initiative. The acquired datasets are a
solid foundation to answer the scientific objectives of CADDIWA with respect to understanding
the role of cloud-atmospheric dynamic-dust interactions for the development of tropical storms
downstream of Cape Verde. They will also allow us to better constrain the simulations which will
be carried out with the help of regional climate models and NWP models, in particular to under-
stand the impact of the various radiative effects of the aerosols on the life cycle of Tropical Per-
turbation Pierre Henri and TS Rose, and answer questions related to the interactions between
dust and tropical waves upon which the project is built. In particular, the observations gathered
during the campaign (and the accompanying modelling effort) will enable to investigate how trop-
ical waves modulate the transport of desert dust and moisture over the tropical North Atlantic.
The case of non-developing AEW associated with Pierre Henri will allow investigating the impact
of the dust load on the development of AEWs and other tropical waves over the ocean. The com-
parison between the non-developing AEW (Pierre Henri) and the developing AEW (Rose) cases
will help assessing how well the development of AEWs and other tropical waves represented in
state-of-the-art regional climate and NWP models. It will also permit to advance knowledge on
which of the three dust effects dominates/controls developing AEWs offshore in their transition
to TSs over the Atlantic Ocean and contribute to asses whether this hierarchy between the three

dust effects depends on the dust load and/or its vertical distribution and/or microphysics. The
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data acquired in particularly complex tropical scenes will also serve to validate, improve and pre-
pare various satellite products relating to missions of importance for the European and American

space agencies.
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Data availability.

CADDIWA has an open data policy. The CADDIWA database will be hosted in the Base Af-
rique de I'Ouest beyond African Monsoon Multidisciplinary Analyses (AMMA) Base (BAOBAB) by
the French national atmospheric database AERIS (www.aeris-data.fr/). The BAOBAB portal gath-
ers data from major field campaigns and long-term data series in West Africa, including datasets
from AMMA, FENNEC and DACCIWA (Dynamics—Aerosol-Chemistry—Cloud Interactions in West

Africa). The RALI data are currently available from https://rali.aeris-data.fr/catalogue/ and the

quicklooks from https://rali.aeris-data.fr/products/|2 caddiwa/. The rest of CADDIWA dataset

will be publicly released in October 2023. Meanwhile, data are made available for collaborations

by e-mail request to the project lead scientist (cyrille.flamant@Ilatmos.ipsl.fr).
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