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ABSTRACT: We report on the Azores Stratocumulus Measurements of Radiation, Turbulence and 
Aerosols (ACORES) campaign, which took place around Graciosa and Pico Islands/Azores in July 
2017. The main objective was to investigate the vertical distribution of aerosol particles, strato-
cumulus microphysical and radiative properties, and turbulence parameters in the eastern North 
Atlantic. The vertical exchange of mass, momentum, and energy between the free troposphere 
(FT) and the cloudy marine boundary layer (MBL) was explored over a range of scales from sub-
meters to kilometers. To cover these spatial scales with appropriate measurements, helicopter-
borne observations with unprecedented high resolution were realized using the Airborne Cloud 
Turbulence Observation System (ACTOS) and Spectral Modular Airborne Radiation Measurement 
System–Helicopter-Borne Observations (SMART-HELIOS) instrumental payloads. The helicopter-
borne observations were combined with ground-based aerosol measurements collected at two 
continuously running field stations on Pico Mountain (2,225 m above sea level, in the FT), and at 
the Atmospheric Radiation Measurement (ARM) station on Graciosa (at sea level). First findings 
from the ACORES observations we are discussing in the paper are as follows: (i) we have observed 
a high variability of the turbulent cloud-top structure on horizontal scales below 100 m with local 
temperature gradients of up to 4 K over less than 1 m vertical distance, (ii) we have collected 
strictly collocated radiation measurements supporting the relevance of small-scale processes by 
revealing significant inhomogeneities in cloud-top brightness temperature to scales well below 
100 m, and (iii) we have concluded that aerosol properties are completely different in the MBL and 
FT with often-complex stratification and frequently observed burst-like new particle formation.
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Stratocumulus (Sc) clouds are quite persistent and widespread over the globe, covering on 
average about 20% of Earth’s surface (Wood 2012). Stratocumulus coverage plays a key 
role in maintaining the turbulent and radiative energy balance of the Sc-topped boundary 

layer (STBL). Turbulent and radiative energy fluxes at the cloud top are particularly important 
in this regard. The cloud-top region is one of the most important part of the STBL because the 
downward entrainment of potentially warm and dry air from the free troposphere (FT) into the 
cloud and subsequent mixing influences the whole cloud layer and is, therefore, crucial for 
the entire cloud life cycle. Comprehensive field campaigns to study the evolution of Sc have 
been performed focusing on larger scales (e.g., Lenschow et al. 1988; Stevens et al. 2003), 
but also looking at the small-scale features of the entrainment layer (Katzwinkel et al. 2012; 
Malinowski et al. 2013; Gerber et al. 2013).

Closely connected to the general atmospheric stratification is the spatial distribution of 
aerosol particles (Kanitz et al. 2013). Aerosol particles are eminently linked to the evolu-
tion of Sc, as they may serve as cloud condensation nuclei (CCN). In addition, Sc is also 
a likely source of aerosol particles due to new particle formation close to their top layer 
(Keil and Wendisch 2001; Wehner et al. 2015; Williamson et al. 2019), which may influ-
ence aerosol particle (Np) and cloud droplet (Nd) number concentrations. Furthermore, long-
range transport of aerosol particles plays an important role in the chemical composition 
(Schum et al. 2018; Dzepina et al. 2015), morphology (China et al. 2015, 2017), and vertical 
distribution of aerosol particles. Due to the different sources and sinks of aerosol particles, 
and the history of vertical motions and forcings, the spatial aerosol distribution is often char-
acterized by complex and thin layers, which are closely connected to the structure of marine 
boundary layer (MBL) and the presence of decoupled layers at multiple levels. This holds true 
for both, cloudy and cloudless situations.

Considerable efforts have been spent to investigate the interplay of Sc with the aerosol-laden 
MBL and FT. The mass and energy (momentum and heat) exchange between the Sc layer and 
the FT takes place in the entrainment interfacial layer (EIL), which often extends only a few 
tens of meters in the vertical (Caughey et al. 1982). The specific characteristics of the EIL are 
fundamental for the exchange process. Wood (2012) pointed out that

The nature of the EIL, particularly the strength of the gradients in buoyancy and 
horizontal winds, determines cloud-top entrainment (Wang and Albrecht 1994; 
Gerber et al. 2005; de Roode and Wang 2007). High temporal resolution and collocated 
measurements of liquid water, temperature, inactive tracers, humidity and turbulence, 
preferably from a slow-moving or stationary platform [e.g., the Airborne Cloud Turbulence 
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Observation System (ACTOS) helicopter platform; Siebert et al. (2006)], will be required 
to fully characterize and understand the EIL and how it affects entrainment.

This statement is a major motivation for the Azores Stratocumulus Measurements of Radia-
tion, Turbulence and Aerosols (ACORES) project. Fundamental questions about the structure 
of the EIL, such as “How anisotropic is turbulence in the inversion due to shear and static 
stability, and how important is this anisotropy for entrainment and microphysical proper-
ties?” will be addressed.

Furthermore, the ACORES project is designed to answer the question of how the MBL and 
FT is stratified in terms of aerosol particles under cloudy and cloudless conditions. This 
includes investigations of new-particle formation, long-range transport of aerosol particles, 
and aerosol–cloud interaction.

This paper will introduce the ACORES project in terms of observation strategy, instrumen-
tation, observed weather conditions, and it provides preliminary results in terms of selected 
highlights.

Observation strategy
The archipelago of the Azores (39°N, 28°W) is located about 1,200 km west of Portugal. It is an 
area representative for the eastern North Atlantic undisturbed by local pollution. Depending on 
the synoptical situation, this area can be considered as subtropical or midlatitudinal. Several 
observational campaigns, such as the Atlantic Stratocumulus Transition Experiment (ASTEX), 
took place in this region to study Sc and aerosol properties (Albrecht et al. 1995). The Clouds, 
Aerosol, and Precipitation in the Marine Boundary Layer (CAP-MBL) project (Wood et al. 2015; 
Rémillard et al. 2012) performed long-term measurements using the Atmospheric Radiation 
Measurement (ARM) Mobile Facility which is known as the eastern North Atlantic (ENA) ARM 
site (Mather and Voyles 2013).

The measurements of the ACORES project were collected by the ACTOS and the Spectral 
Modular Airborne Radiation Measurement System–Helicopter-Borne Observations (SMART-
HELIOS). Both instrumental payloads were simultaneously carried by a helicopter as external 
cargo. The helicopter and the instrumental payload were deployed at the airport of Graciosa 
during July 2017. The helicopter-borne instrumentation allowed vertically resolved observa-
tions from ground up to about 3-km altitude covering the entire (cloudy) MBL and the lower 
part of the FT. However, these observations cover short periods of about two hours only, and 
therefore, are representative for a relatively limited region and time period. To overcome this 
restriction, two continuously operating ground-based measurement stations complemented 
the airborne sampling: (i) the permanent ENA site located at sea level at the airport of Graciosa 
Island and, (ii) a smaller station called Observatório da Montanha do Pico (OMP) on top of 
Mount Pico at a height above ground level of 2,225 m, representing the conditions in the FT 
(Kleissl et al. 2007). The general measurement area and strategy with the helicopter-borne 
observations and ground-based stations is illustrated in Fig. 1. The aerial picture of Graciosa 
taken during a measurement flight nicely illustrates the close collocation between the airport 
(and the ENA site) and the operational area for the helicopter off the coast.

A schematic of ACTOS and SMART-HELIOS is given in Fig. 2, together with selected pro-
cesses and mean conditions of the cloudy MBL. Whereas ACTOS is measuring cloud properties 
in situ, SMART-HELIOS is well above the cloud layer measuring remotely cloud-top properties.

Observing platforms and instrumentation
ACTOS and SMART-HELIOS are instrument payloads carried by a 170-m-long tether fixed 
to a helicopter as two separate external cargo; they are mounted about 170 m (ACTOS) and 
20 m (SMART-HELIOS) below the helicopter. During the ACORES campaign, ACTOS and 
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SMART-HELIOS were car-
ried by a twin-engine Airbus 
helicopter of type BO-105 
equipped for offshore flights. 
The endurance is about 2 h 
(without safety time) with a 
maximum ceiling of 3,000 m. 
Most of the flights have been 
performed offshore north 
of Graciosa in a maximum 
distance to the airport of 
20 km. A typical true air-
speed (TAS) of 20 m s–1 
allows for high spatial reso-
lution of the measurements 
at a given high sampling 
rate. Compared to fast-flying 
research aircraft, technical 
issues typically disturbing 
airborne measurements are 
negligible, e.g., particle inlet 
problems or issues caused 
by the adiabatic heating of 
(wetted) sensors (Wendisch 
and Brenguier 2013). See 
the sidebar for a discus-
sion about profiling with 
helicopter and small aircraft.

The 170-m-long tether 
allows sampling with ACTOS inside the Sc, 
whereas SMART-HELIOS and the helicopter 
can safely operate above the cloud under 
visible flight rules. This setup allows for 
an almost perfect spatial collocation of in 
situ (ACTOS) and remote sensing (SMART-
HELIOS) observations (cf. Fig. 2).

Helicopter-borne: ACTOS. ACTOS is an 
autonomous helicopter-borne payload with 
a maximum total weight of 250 kg and 
an overall length of 5.5 m. The general 
concept of ACTOS has been introduced in 
Siebert et al. (2006) and a photo is shown 
in Fig. 1.

ACTOS is equipped with various sensors 
for high-resolution sampling of standard 
meteorological parameters. The three-
dimensional wind vector as measured by 
an ultrasonic anemometer–thermometer in 
combination with a high-accuracy motion 

Fig. 1. Map with the three major components of the ACORES campaign: 
continuously running ENA and OMP stations, and the helicopter-borne 
ACTOS and SMART-HELIOS. The red arrow in the aerial photo of the island 
of Graciosa shows the location of the airport and ENA.

Profiling with aircraft and helicopter
A critical point, which should be considered when observing 
cloud-top layers with fast-flying aircraft, is the issue of 
averaging over several eddies during profiling. All airborne pro-
files are slanted and the steepness of the profiles depend on the 
ratio of TAS and climb rate wA. For a given vertical extent of the 
EIL δz, the horizontal flight path L is given by L = (TAS/wa) δz. 
For smaller research aircraft, a TAS of 50 m s−1 and a climb rates 
of wa ~ 1.5 m s−1 (Malinowski et al. 2013; Gerber et al. 2016) is 
typical. The ratio TAS/wa is comparable to fast-flying research 
aircraft with a TAS ~ 150 m s−1 combined with climb rates 
of wa ~ 5 m s−1 (Desai et al. 2019). For a typical thickness of 
an EIL of δz = 100 m, this results in a flight path of L = 3 km, 
corresponding to 30 large-eddy length scales assuming that 
the largest eddies ∝δz. In contrast, ACTOS observations of 
this study have typically values of wa ~ 5 m s−1 (and 2 m s−1 for 
descents) combined with TAS ~ 20 m s−1 yielding L = 400 m 
(1,000 m for descents) and resulting in much steeper profiles 
with averaging over only 4–10 individual eddies. This distinction 
between aircraft-derived profiles that are heavily averaged and 
helicopter-derived profiles that are closer to a single realization, 
should be kept in mind when interpreting the results.
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package (inertial navi-
gation system and GPS) 
in order to transform the 
measured wind vector 
to an Earth-fixed sys-
tem. Fine-wire sensors, 
such as one-component 
hot wires (Siebert et al. 
2007) for turbulence 
and cold wires for tem-
perature observations 
[ultrafast thermometer 
(UFT) family; Haman 
et al.  1997; Kumala 
et al. 2013], provide 
high-resolution mea-
surements of the small-
scale (cloud) turbulence 
with centimeter reso-
lution. Humidity fluc-
tuations are observed by 
an infrared absorption 
hygrometer (open-path 
LiCor 7500; Lampert 
et al. 2018) with at least 
submeter resolution.

The high-resolution measurements are combined with precise sensors, such as a care-
fully calibrated PT100 and a small dewpoint mirror, with comparably slow response times 
(~1 s), by complementary filtering to obtain fast but also precise and long-term stable signals 
(Wendisch and Brenguier 2013).

Bulk cloud parameters such as liquid water content (LWC), particle surface area (PSA), and 
effective radius (reff) are measured with the particle volume monitor (PVM; Gerber et al. 1994; 
Wendisch et al. 2002). Cloud parameters based on single droplet measurements are addition-
ally measured with the cloud droplet probe 2 (CDP-2; Lance et al. 2010).

Aerosol particle number concentration and size distribution ranging from 8-nm to 2-µm 
particle diameter are measured by a mobility particle size spectrometer (MPSS) and optical 
particle sizing system (OPSS) as described in Wehner et al. (2010). A lightweight cloud conden-
sation nuclei counter (miniCCNC; Roberts and Nenes 2005) has been additionally integrated 
on ACTOS in order to measure CCN number concentration NCCN at 0.2% supersaturation.

A set of upward- and downward-oriented pyranometer and pyrgeometer (same type as 
integrated on SMART-HELIOS; see next section) provide upward and downward solar and 
thermal infrared irradiance.

Online (live) monitoring of the ACTOS measurements is possible for the two scientists 
on board the helicopter during flight. The battery and fuel capacities allow for unattended 
measurements with instrumentation installed on ACTOS of about two hours. An overview 
of ACTOS’s instrumentation during ACORES including specifications is provided in Table 1.

Helicopter-borne: SMART-HELIOS. Solar and terrestrial radiation (spectral and broadband) 
below, above, and within the Sc are measured by SMART-HELIOS with a combination of dif-
ferent sensors (see Table 2). Compared to a previous version described by Werner et al. (2013, 

Fig. 2. Cartoon of the main processes in a STBL and the sampling strategy with the 
two helicopter-borne payloads, ACTOS and SMART–HELIOS. The ground-based 
ENA (surface) and OMP (free troposphere) sites are also indicated. Typical mean 
profiles are shown for total water mixing ratio qt, liquid water mixing ratio ql, 
liquid water potential temperature θl, horizontal wind speed U, aerosol particle 
(NP), cloud droplet (ND), and CCN (NCCN) concentrations, and solar and terrestrial 
irradiance (Fsol and Fter). Ultrafine particles (UFP) are frequently observed around 
cloud top.
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2014), SMART-HELIOS was extended by a set of two CMP22 pyranometers and two CGR4 
pyrgeometers measuring the upward and downward broadband solar and terrestrial irradi-
ances. The two CMP22 cover the solar spectral wavelength range between 0.2 and 3.6 µm. 
The CGR4 are sensitive to terrestrial radiation in the wavelength range of 4.5–42 µm. The 
sensors are calibrated as secondary standards with uncertainties of 0.8% for the solar irradi-
ance and 4% for the terrestrial irradiance. The data acquisition is operated with a sampling 
frequency of 20 Hz; the data are corrected for the sensor inertia (Ehrlich and Wendisch 2015). 
The downward solar irradiance is corrected for misalignments of SMART-HELIOS with respect 
to the horizontal plane using the approach proposed by Bannehr and Schwiesow (1993). The 
attitude of SMART-HELIOS is measured by an inertial measurement unit providing pitch, roll, 
and heading with a dynamic accuracy of ±2°. The impact of the helicopter on the downward 
measurements is minor for SMART-HELIOS being located 20 m below. Measurements with 
the direct sun shaded by the helicopter are filtered in the data analysis. Solar spectral nadir 
radiance 

λ
I  reflected by the clouds is measured by plane grating spectrometers covering the 

spectral range from 0.35 to 2.1 µm with a spectral resolution (full width at half maximum) 
of 2–10 nm (Werner et al. 2013).

Two camera systems are employed to characterize the horizontal structure of the cloud top. 
The thermal-infrared camera Xenics Gobi-640 GigE measures the emitted terrestrial radiation 

Table 1. Overview of all parameters measured on ACTOS.

Parameter measured on ACTOS Symbol Sensor and type Resolution

Wind vector in sensor-fixed system US = (uS, υS, wS) 3D ultrasonic anemometer (Solent HS) 100 Hz

Attitude and motion Ψ, Φ, Θ, UA
Inertial navigation unit (IMU) 100 Hz

Position φ, λ, z GPS 1 Hz

Wind vector in Earth-fixed system UE = (uE, υE, wE) Sonic, attitude, and motion 100 Hz

Small-scale turbulence u Hot-wire anemometer 2,000 Hz

Liquid water content LWC Particle volume monitor (PVM-100 A) 1,000 Hz

Particle surface area PSA 1,000 Hz

Cloud droplet diameter dd Cloud droplet probe (CDP-2) 1 Hz

Number concentration Nd

Water vapor density ρυ Fast dewpoint mirror 1 Hz

IR-absorption hygrometer (LI7500) 20 Hz

Static pressure p Capacitive sensor (Barocap, PTB220) 10 Hz

Static temperature T PT100 (Rosemount Type 139) 1 Hz

Ultrafast thermometer (UFT) 1–4 kHz

Sonic temperature Ts Ultrasonic thermometer 100 Hz

Total particle number concentration (>8 nm) Np Condensation particle counter (CPC) 1 Hz

Total particle number concentration (>10 nm) Np,Fast Fast-mixing-type CPC 10 Hz

CCN number concentration at S = 0.2% NCCN Mini cloud condensation nuclei counter 1 Hz

Particle number size distribution (8–350 nm) PNSD Scanning mobility particle sizer (SMPS) 120 s

Particle number size distribution (350–2,500 nm) Optical particle counter (OPC) 1 Hz

Particle absorption coefficient (450, 525, 624 nm) Absorption photometer (STAP) 1 Hz

Broadband solar irradiance (0.2–3.6 µm) solF , solF Up- and downward pyranometer (CMP22) 100 Hz

Broadband terrestrial irradiance (4.5–42 µm) terF , terF Up- and downward pyrgeometer (CGR4) 100 Hz
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in the wavelength range of 8–14 µm. The images provide a resolution of 640 pixel × 480 pixel 
within a field of view of 57.1° × 44.4°. For SMART-HELIOS, located 150 m above cloud top, 
this results in an image width of about 120 m and a pixel size of about 0.2 m. The sensor is 
calibrated in terms of brightness temperatures with a thermal resolution of 50 mK. Images 
of the solar radiation reflected by the clouds are obtained with a digital RGB camera every 
10–15 s. The resolution of the images is 3,264 pixels × 2,448 pixels within a field of view of 
50.1° × 38.3°.

To estimate the cloud-top altitude, a laser altimeter ILM-500-R was installed in a downward-
looking direction. The laser module operates at a wavelength of 905 nm and detects the cloud 
top if sufficient liquid water is present. The uncertainty of cloud-top altitude is estimated to 
be 5 m. An overview of all sensors on SMART-HELIOS is given in Table 2.

Ground based: Aerosol observation sites. Two ground-based measurement stations were 
set up on the Azorean islands of Graciosa. Measurements on Graciosa were carried out at the 
ARM facility ENA, which has been operating as a permanent facility since 2013. The ENA 
observatory is located on the north of the island, close to the airport and the height is close 
to mean sea level. Predominant winds from north and west assure minimal island effects on 
the measurements performed at the ENA site (Dong et al. 2014). In addition to the continu-
ous measurements at ENA, aerosol particle number size distributions and particle number 
concentrations down to 10 nm were measured during ACORES.

The second ground-based station was located at OMP, on top of the volcano Pico 2,225 m 
above sea level (Honrath et al. 2004). The OMP site can be assumed to be a station represen-
tative for the FT (Collaud Coen et al. 2018). The mountain peak is surrounded by a circular 
caldera with 20-m-high rock walls on the southwest side while a small volcanic cone (126 m 
tall), called “Piquinho,” is situated in the southeast of the station. Wind measurements at 
the OMP are available but are influenced by the caldera walls and the Piquinho. The OMP 
performs measurements of meteorological parameters, trace gases, aerosol scattering and 
backscattering, and black carbon equivalent mass concentration. Samples for offline chemi-
cal and microscopy analysis are collected regularly. Aerosol particle number size distributions 
down to 10 nm were measured for the first time at the OMP during the ACORES campaign. 
Also, as part of the ACORES campaign, a CCN counter (CCNC) was operating at the OMP in 
July 2017.

Both ground-based stations were equipped with an MPSS, but the station in Graciosa had 
an additional CPC to measure the total number concentration. The MPSS setup and calibra-
tion followed the recommendations described by Wiedensohler et al. (2012). A complete list 
of all ground-based sensors is given in Table 3.

Table 2. Overview of all parameters measured on SMART-HELIOS.

Parameter measured on SMART-HELIOS Symbol Sensor and type Resolution

Broadband solar irradiance (0.2–3.6 µm) solF , solF Up- and downward pyranometer (CMP22) 20 Hz

Broadband terrestrial irradiance (4.5–42 µm) terF , terF Up- and downward pyrgeometer (CGR4) 20 Hz

Spectral nadir radiance (350–2,100 nm) I
λ

Grating spectrometer (field of view 2°) 2–3 Hz

Brightness temperature (8–14 µm) Thermal-IR camera (Gobi-640 GigE, 640 pixels × 480 pixels, FOV = 57°) 5 s

RGB images Canon IXUS 80 IS, 3,264 pixels × 2,448 pixels, FOV = 50.1° 10–15 s

Cloud-top height hct Laser altimeter (ILM-500-R) 5 s

Attitude Ψ, Φ, Θ Attitude heading reference system (MicroStrain 3DM-GX3–25) 10 Hz

Position φ, λ, z GPS 1 Hz

Unauthenticated | Downloaded 12/23/21 08:32 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y J A N UA RY  2 0 2 1 E130

Synoptic conditions and data overview
Synoptic conditions. The synoptic situation on the Azores archipelago is, in general, mainly 
influenced by the location and strength of the Azores high pressure system. During the 
campaign, the high was pronounced and its center was located either west or north of the 
island. Occasionally, fronts passed the Azores. A time series of potential air temperature, 
absolute air humidity, and horizontal wind vector profiles measured by regular radiosonde 
launches at the ENA station is shown in Fig. 3. The profiles are shown for the typical altitude 
range of the helicopter operations (<2,500 m) and cover the entire ABL. Profiles of radar 
reflectivity of the Ka-band ARM zenith radar and estimated cloud-base height are shown 
in Fig. 4.

Based on the time series of the local weather conditions affecting the ABL, three periods 
of prevailing synoptic regimes were identified, which are summarized in Table 4. Maps 
of the mean surface pressure, surface wind vector, and potential temperature in 950-hPa 
pressure level are provided in Fig. 5 based on the fifth generation of the European Centre 
for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses (ERA5) data 

(Hersbach et al., 2018a, b). The first synoptic period (2–11 July) was characterized by the 
lowest ABL temperatures of the entire campaign, associated with relatively dry air. This air 
mass prevailed due to a weak northerly flow and stable conditions at the northeasterly edge 
of the Azores high pressure system. In this period, cloud cover was low and dominated by 
thin shallow convection with little amount of precipitation (Fig. 4). On 3, 6, and 7 July, frontal 
systems passed the station leading to a temporal westerly flow associated with an increase 
in air temperature, humidity, and precipitation.

The second period (12–19 July) was affected by a weakening and shift of the Azores 
high pressure system. The center was located farther west while a tail of weak high pressure 
stretched in northeastward direction over the archipelago. During this time, an increase of 
air temperature and humidity within the entire ABL was observed. Supported by the weaker 
high pressure, convection amplified within this air mass and led to the development of thicker 

Table 4. Periods of ACORES defined from the synoptic weather conditions during the measurement period.

Period Dates Summary

I 1–11 Jul 2017 Azores high located west, stable conditions with northerly flow of dry and cold air, low  
cloud fraction with thin shallow convection, less precipitation, front passed on 7/8 Jul

II 12–19 Jul 2017 Azores high centered above, weak winds, warm and moist air mass, daily cycle of stronger  
shallow convection with frequent precipitation, fronts passed on 17 and 19 Jul

III 20–25 Jul 2017 Azores high located west, stable conditions with changing winds, dry and cold air mass,  
low cloud fraction with shallow convection, less precipitation, front passed on 23 Jul

Table 3. Overview of all parameters measured additionally during the ACORES campaign at ENA and OMP.

Parameter measured at ENA

Total particle number concentration (>10 nm) Np CPC 1 Hz

Particle number size distribution (10–800 nm) PNSD SMPS 5 min

Particle number size distribution (>800 nm) PNSD Aerodynamic Particle Sizer (APS) 5 min

Parameter measured at PMO

Particle number size distribution (10–800 nm) PNSD SMPS 5 min

Particle number size distribution (>800 nm) PNSD APS 5 min

CCN number concentration at S = 0.2% NCCN Mini cloud condensation nuclei counter 1 Hz
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Sc clouds that produced 
precipitation.

On 17 July, a front as-
sociated with a strong and 
quickly eastward-moving 
low pressure system north 
of the islands did pass 
Graciosa and affected the 
location of the Azores high. 
After a second frontal pas-
sage on 19 July, the stable 
conditions recovered with 
the center of the Azores 
high located west of the 
archipelago. This defined 
the start of the third synop-
tic period of the campaign 
(20–22 July). Similar to the 
first period, the ABL was 
dominated by colder, dry 
air with reduced cloud cover 
and less precipitation.

Based on the vertical 
temperature profiles ob-
tained f rom the radio-
sondes, the temperature 
inversion was localized 
following the method ap-
plied by Kahl (1990) and 
Andreas et al. (2000). The 
temperature profiles and 
the location of the inver-
sion layers are presented 
in Fig. 6c. Scanning the 
profile from the surface, the 
inversion base was identi-
fied where the first positive 
temperature gradient was 
observed. The altitude of 
the inversion top was then 
defined by the next alti-
tude, where the tempera-
ture started to decrease. 
Repeating this analysis 
above the inversion top, a 
second inversion was iden-
tified in nine profiles. To remove weak inversions, which may be only measurement artifacts, 
inversions where none of the single 5-m layers showed a vertical temperature increase of more 
than 0.2 K (5 m)−1 were not counted. Similarly, inversion layers thinner than 30 m or with 
inversion-base height below 500 m were neglected. The resulting inversion strength, defined 

Fig. 3. Contour plots of the (a) potential temperature (Θ) and (b) water vapor 
density (ρυ) profiles derived from regular radiosonde launches at ENA. The 
horizontal wind vector is indicated by wind barbs in both panels. The labels I, 
II, and III and the vertical dashed lines indicate the starts of the three synoptic 
periods of the ACORES campaign.
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by the difference between minimum and 
maximum temperature below and above 
the inversion and the maximum tem-
perature gradient within a 30-m vertical 
interval are shown in Figs. 6a and 6b, 
respectively. The ABL inversions are 
most pronounced in terms of frequency 
of occurrence and partly in terms of the 
inversion strength during the stable con-
dition of periods 1 and 3. During passages 
of fronts and frequently during period 
2, fewer inversions were identified. The 
inversion-top height varied between 500 
and 2,000 m and follows the cloud ge-
ometry observed by the cloud radar (see 
Fig. 4). The inversion strength is highly 
variable with total temperature increases 
ranging between 0.5 and 5.5 K. In most 
of the inversions the major contribution 
of this temperature jump is observed 
within a single 30-m layer (cf. Figs. 6a,b). 
This indicated that the inversion strength 
strongly depends on the presence of a 
cloud layer, where strong radiative cool-
ing at cloud top strengthens and sharpens 
the inversion layer.

Aerosol measurements at ENA and 
OMP. A characteristic bimodal shape 
of the aerosol particle number size dis-
tribution within the MBL was observed 

Fig. 5. Mean (top) surface pressure and wind vectors and (bottom) potential temperature at 950 hPa calculated from 
ERA5 for the three synoptic periods of the ACORES campaign.

Fig. 4. Time series of radar reflectivity measured by the Ka-band 
ARM zenith radar at ENA during the period of ACORES in July 
2017. Gray dots indicate the cloud-base height derived from 
ceilometer measurements. A rain flag (red bars) identified 
by a laser disdrometer is given below the radar profiles. The 
time of takeoff for the helicopter flights is indicated by the 
dashed gray lines. The labels I, II, and III and the dashed black 
lines indicate the starts of the three synoptic periods of the 
ACORES campaign.
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throughout most of the measurement 
period at the ENA station, as seen in 
Fig. 7. The number concentration and 
mean diameters of aerosol particles in 
the Aitken and accumulation modes 
varied according to the airmass trans-
port and meteorological conditions. 
A merge of Aitken and accumulation 
modes was observed at the ENA sta-
tion on 10 July, when the Aitken mode 
particles grew continuously toward the 
accumulation mode. According to the 
meteorological conditions described in 
the “Helicopter-borne: ACTOS” section 
the second period is associated with 
high humidity and precipitation, and 
therefore, shows the lowest number 
concentration in the two modes com-
pared to periods 1 and 3.

The proximity of the ENA station to 
the Graciosa airport affected the mea-
sured aerosol number concentrations. 
The airport received two flights per 
day, besides the ACTOS measurement 
flights, causing spikes in the aerosol 
number concentrations (see Fig. 7).

The measurements at OMP in the 
free troposphere, displayed in Fig. 8 
show a different behavior. Most of the 
time one mode with a mean diameter 
in the Aitken size range dominated the particle number size distribution. On 5 July, an in-
crease of accumulation-mode particles due to the long-range transport of air masses from 
North America resulted in a bimodal aerosol particle number size distribution in the free 
troposphere. This fits well with the ACTOS measurements as shown in a case study (later 
shown in Fig. 12). An aerosol scavenging event was observed at the OMP during the night of 
the 7–8 July and an increase in number concentration of aerosol particles up to 30 nm was 
recorded. The last week of measurements revealed four aerosol scavenging events and the 
increase of small particle concentrations, with diameters up to 30 nm on 20 July. Obviously, 
also the ratio between the number concentration of CCN and all aerosol particles is variable.

Overview of helicopter flights and sampling strategy. For the period between 3 and 22 July 
2017, 17 research flights with ACTOS and SMART-HELIOS were performed in addition to the 
continuously running aerosol observations at OMP and ENA. Table 5 provides an overview 
of all flights. The flights are sorted in terms of the three different synoptic periods.

Each helicopter flight starts with a vertical profile from about 100 m above sea level up 
to about 2,000 m under cloudless conditions in order to obtain an overview about thermal 
stratification and aerosol layering directly followed by a 10-km-long horizontal leg, which 
allows for at least two scans of an aerosol size distribution in the FT.

The subsequent flight pattern depends on local cloud conditions but usually consists of 
legs in a constant height in and above the Sc layer combined with several porpoise dives of 

Fig. 6. (c) Time series of air temperature measured by radiosondes 
at ENA during the period of ACORES in July 2017. The height of 
identified temperature inversions with base heights larger than 
500 m is indicated by the red (lowest inversion) and orange 
(higher inversions) bars. For each lowermost identified inversion, 
we also show (a) the total inversion strength and (b) the maximum 
temperature gradient observed within a 30-m vertical layer. The 
labels I, II, and III and the dashed black lines indicate the starts of 
the three synoptic periods of the ACORES campaign.
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±100 m around cloud top providing steep profiles into the cloud-top region. For a few flights, 
additional legs at constant height in the subcloud layer (SCL) were flown in order to estimate 
particle fluxes.

Selected highlights
The cloudy marine boundary layer: Vertical structure and entrainment interfacial layer 
(9 July 2017 case study). The general—often complex—structure in terms of temperature, 
moisture, and aerosol stratification of the cloudy MBL and the FT is undersampled in the area 
of the eastern North Atlantic. To obtain high-resolution data of the vertical structure of the 
MBL and their link to the EIL, specific flights were performed. The flight strategy was based on 

Fig. 7. Time series of particle number concentration from 10 to 800 nm (N10–800nm), number concen-
tration of CCN measured at 0.2% supersaturation (NCCN), and particle number size distribution over 
the measurement period from 2 until 23 Jul 2017 at ENA. The labels I, II, and III and the dashed 
black lines indicate the starts of the three synoptic periods of the ACORES campaign. White areas 
represent periods without valid data.
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a combination of vertical profiles and level flights at different heights combined with porpoise 
dives of ±50 m around cloud top.

As an example, on 9 July 2017 a measurement flight started with a vertical profile shortly 
after take-off revealing a 150-m-thick Sc layer between 1,100 and 1,250 m, as depicted in 
Figs. 9a–d. This flight was performed offshore north of Graciosa with a maximum distance 
to the island of about 15 km. Observations above 200 m are considered to be unaffected by 
the island and representative of the undisturbed eastern North Atlantic. The Sc layer as ob-
served during the first profile is characterized by comparably low LWC with maximum values 
around 0.2 g m−3 and droplet number concentrations Nd ≈ 200 cm−3 (Fig. 9b). The profile of 
the radiation induced temperature tendency ζter was estimated from the vertical radiative flux 

Fig. 8. Time series of particle number concentration from 10 to 800 nm (N10–800nm), number concen-
tration of CCN measured at 0.2% supersaturation (NCCN), and particle number size distribution over 
the measurement period from 2 until 23 Jul 2017 at OMP. The labels I, II, and III and the dashed 
black lines indicate the starts of the three synoptic periods of the ACORES campaign. White areas 
represent periods without valid data.
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divergence obtained by the terrestrial irradiance observations on ACTOS and SMART-HELIOS 
following the method by Egerer et al. (2019). The minimum values of ζter are on the order of 
−12 K h−1 and are located close to the cloud top representing the cloud-top cooling, which 
is a major source for negatively buoyant cloud parcels and, therefore, a driver for cloud-top 
entrainment. The cloud top is characterized by a sharp inversion with an increase in Θ by 
~6 K over a height of 40 m (e.g., the space between the green and red box in Fig. 9c) and a 
decrease in water vapor density ρυ of 5 g m−3 over the same height range. It is worth mention-
ing that above the inversion, humidity increases again with height indicating advection of 
humid air masses in the FT.

The horizontal wind speed (Fig. 9d) shows some shear at cloud top with increasing wind 
speed from 3.5 to 5.3 m s−1. Even stronger shear has been observed during other days. The 
balance between wind shear as a major driver of turbulence and the typical stable stratifi-
cation in the cloud-top region is one of the most important problems in terms of cloud-top 
entrainment. Based on previous work by Katzwinkel et al. (2012), Malinowski et al. (2013), 
this topic will be investigated in further studies, in conjunction with the role of radiative 
cooling at cloud top.

The aerosol particle number concentration Np is of order 480 cm−3 below the cloud layer 
with negligible vertical variation and 290 cm−3 inside the cloud and in the FT. The difference 
of about 210 cm−3 agrees remarkably well with the maximum of Nd indicating the number of 
activated aerosol particles. The NCCN (measured at 0.2% supersaturation) shows a quite similar 
structure compared to Np although the respective values are factor 2 smaller.

The lower part of Fig. 9 shows median aerosol number size distributions measured in the 
MBL, in the cloud, and in the FT. Measurements from OMP during the flight agree well with 
those from the FT, indicating that aerosol properties are homogeneous over the whole region on 
that day. Similarly, measurements from ENA agree well with those in the MBL showing that ENA 
represents the MBL in this case. The number size distribution in the MBL is characterized by 

Table 5. Overview of all flight times and conditions.

Period No. Date Start (UTC) End (UTC) Conditions and comments

1 1 3 Jul 2017 1424 1608 Test flight

2 4 Jul 2017 1304 1503 Rain before take-off, afterward only thin Sc

3 5 Jul 2017 1418 1609 High variability in aerosol around inversion

4 7 Jul 2017 1030 1231 Dissipating Sc over ocean; isolated convective Cu close to island

5 8 Jul 2017 1428 1626 Thick low Sc with strong capping inversion

6 9 Jul 2017 0934 1125 Sc with strong capping inversion, many porpoise dives, “golden day”

7 10 Jul 2017 1050 1251 Sharp inversion with only few Cu hum, higher Np in MBL compared to FT

2 8 13 Jul 2017 1355 1523 Sc below sharp inversion; high Np in FT

9 14 Jul 2017 1327 1530 Sc with capping inversion, Np peaks around inversion

10 15 Jul 2017 1446 1614 Several St/Sc layers and few Cu below moderate inversion; rain showers

11 16 Jul 2017 0941 1144 Sc below weak inversion, second strong inversion; low Np in MBL,  
high Np in FT, “golden day”

12 16 Jul 2017 1412 1554 Few Cu below Sc layer capped by strong inversion with high Np above, drizzle

13 17 Jul 2017 1351 1603 Variable cloud conditions without clear inversion, strong wind

14 18 Jul 2017 1501 1704 Quite homogeneous Sc, many porpoise dives, two different aerosol layers in FT

3 15 21 Jul 2017 0945 1158 Sc with high LWC, Np peaks in Sc

16 21 Jul 2017 1357 1609 Thin, dissipating Sc with second thicker Sc layer above

17 22 Jul 2017 1244 1454 Almost cloudless at the beginning with strong inversion, later on Sc in lee of island
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a bimodal shape consisting 
of Aitken and accumulation 
mode. The latter one dis-
appeared inside the cloud 
layer due to activation and 
only the Aitken mode is vis-
ible. The FT exhibits also 
only one single mode with a 
mean diameter 50 nm and a 
significantly lower number 
concentration.

Figure 10 shows a 26-min-
long portion of porpoise 
dives between 1,100 and 
1,350 m above sea level as 
observed on 9 July 2017. 
The upper panel includes 
the sonic temperature Ts, 
estimated cloud top, and 
altitude. The lower panel of 
Fig. 10 shows the interstitial 
aerosol particle concentra-
tion and the LWC indicating 
the cloud portion. The green 
shaded areas indicate parts 
with aerosol bursts with 
peak concentrations of up to 
6,000 cm−3 which are out of 
scale. These aerosol bursts 
are most probably caused 
by nucleation, a process 
that has been observed quite 
frequently at cloud edges 
(Keil and Wendisch 2001; 
Wehner et al. 2015). The 
top-right panel shows prob-
ability density functions 
(PDFs) of droplet sizes as 
observed during the last ascent. A clear tendency to larger droplets with peak diameters 
around 18–20 µm around cloud top is observed.

One particular problem on cloud-top entrainment concerns the spatial homogeneity of this 
process. It is well-known that the mixing depends on several factors, such as the strength of 
the inversion, but also on wind shear, which can promote vertical mixing. Figure 11 shows 
two selected vertical profiles from the same flight as presented in Fig. 10. The left profiles 
were observed during the second ascent in Fig. 10, whereas the right profile was measured 
during the last descent in Fig. 10. For both cases, the difference in Ts over the whole inver-
sion is about 3 K. However, the inversion depth of the right profile is about half compared to 
the left profile resulting in 2-times-stronger gradients of Ts and ρυ. The two different profiles 
illustrate the spatial variability of cloud-top structure within one single Sc cloud deck with 
highly variable inversion strength and wind shear resulting in high spatial variability of 

Fig. 9. Vertical profiles of (a) LWC and temperature tendency (ζter); (b) number 
concentration of aerosol particles (Np), droplets (Nd), and CCN (NCCN at 0.2% 
supersaturation); (c) water vapor density (ρυ) and potential temperature (Θ); 
and (d) horizontal wind velocity (U) measured on 9 Jul. The colored areas 
refer to the height intervals for which (e) median particle number size dis-
tributions are shown for MBL, in cloud, and FT and on ground-based sites. 
The blue-shaded area in (a)–(d) marks the MBL (200 < z < 900 m), the red 
area marks the FT (z > 1,300 m) and the green area marks the cloud region. 
The dotted lines marks the size distributions measured at the ENA and OMP 
during the ACTOS flight.
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mixing (Katzwinkel et al. 2012). These preliminary findings raise the questions how tur-
bulence properties do vertically vary within the EIL, and how do these depend on different 
strengths of the temperature inversion and wind shear?

Aerosol stratification under cloudless conditions (5 July 2017 case study). The second 
case study shows a measurement example under cloudless conditions with a focus on 
physical aerosol properties and aerosol stratification. This flight was organized in east–west 
oriented patterns of 12-km length about 2 km north of Graciosa. In the left panel of Fig. 12, 
the vertical profile as sampled shortly after takeoff is shown. The potential temperature Θ 
and water vapor density ρυ indicate a 700-m-thick well-mixed layer (ML) with height-inde-
pendent aerosol number concentration of Np = 400 cm−3 and NCCN = 130 cm−3, respectively. 
Above 700 m, the atmosphere is stably stratified up to the maximum height of the profile 
(2,000 m) with a generally decreasing humidity but several distinguished humidity layers 
and a pronounced minimum just above the ML. Aerosol number concentrations exhibit 
higher values above ML, but organized in several well-separated layers including one thin 
layer at 1,550 m with concentrations even lower compared to the ML. Interestingly, these 
aerosol layers are not necessarily qualitatively correlated with humid layers. The physical 
properties of the aerosol population indicate a clear cut between aerosol in the ML and 
above. Several flight legs at a constant height are used for estimating aerosol particle num-
ber size distributions that are shown in the right panel of Fig. 12. The yellow-shaded area 
shows three particle number size distributions (PNSDs) measured with ACTOS within the 

Fig. 10. Time series of (a) measurement height (black line) including estimated cloud top 
(blue line), fluctuations of the sonic temperature Ts (red line) and (b) of Np and LWC during 
a sequence of porpoise flights measured on 9 Jul. Green-shaded periods exhibit several 
spikes in Np that are cut in this plot for more detailed presentation. (top right) As an in-
lay, the probability density functions (PDFs) of the droplet diameter dd close to cloud top 
(red curve) and in the lower cloud part (dark blue curve) are shown with arbitrary units. 
The PDFs are based on observations during the final ascent marked with the black box.
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ML, being characterized by two clearly separated modes: one Aitken mode with a peak at 
50 nm and an accumulation mode with a peak at 200 nm. These PNSDs observed at 120, 
430, and 560 m by ACTOS compare qualitatively well with the distribution observed at the 
ENA site. This is worth mentioning because the ACTOS distributions are based on the aver-
age over three to five scans of about 2 min each whereas the ENA and OMP distributions 
are averaged over the entire ACTOS flight of about 2 h, which results in much more robust 
statistics. The top-right panel of Fig. 12 shows the distributions observed at 1,600 and 
2,000-m height, respectively—all well above the ML. These distributions show a significant 
accumulation mode with a peak slightly shifted to diameters below 200 nm compared to 
the ML observations but without a pronounced Aitken mode. Only a small shoulder around 
60 nm is visible for both distributions. Interestingly, this shoulder is most obvious for the 
leg at 1,600 m in the region with the minimum in total aerosol number concentration. 
In addition to the two distributions based on ACTOS observations, the data from OMP at 
2,225 m are shown. Qualitatively, this distribution also compares well with the ACTOS 
observations for comparable heights and shows the same accumulation mode and small 
shoulder around 60 nm for an Aitken mode. This agreement suggests again that the OMP 
data are representative of the aerosols well above the ML for the overall region and with 
little local surface influence confirming previous findings based on trace gases and model-
ing (e.g., Kleissl et al. 2007; Collaud Coen et al. 2018). The complex aerosol stratification 
is different to previous observations (e.g., Collins et al. 2000) in the eastern North Atlantic. 
Based on the profiles shown in Fig. 12 a well-mixed layer up to about 700 m is obvious. 
It is topped by a strong temperature inversion and a clear hydrolapse but combined with 
an increase of aerosol concentration. The aerosol stratification above this inversion is 

Fig. 11. Vertical profiles taken from (left) an ascent and (right) a descent on 9 Jul 2017. In between the 
observations of the two profiles 7.5 min passed. For each panel, Ts (red, bottom axis) and 

—
u΄2– + 

—
w΄2– 

(black, top axis) are depicted in the leftmost plot. The center plot shows LWC (blue, bottom axis) and 
ρυ (green, top axis). The right plot depicts U

−
 (orange, bottom axis) and the wind direction (purple, 

top axis). The cloud-top relative height is chosen such that 0 m represents the cloud top. The extend 
of both profiles is set to ±50 m relative to cloud top. The gray background marks the cloud.
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comparable complex and it turns out that general aerosol stratification under cloudy and 
cloudless conditions will become one of the major topics of the ACORES project.

Horizontal variability of cloud-top temperature (21 July 2017 case study). Brightness 
temperatures Tb of the cloud top are measured with an infrared camera. Figure 13b shows a 
two-dimensional field of Tb obtained above an inhomogeneous Sc observed on 21 July 2017. 
For this example, SMART-HELIOS was located about 790 m above cloud top providing a wide 
view on the cloud field by covering an area of 610 m × 460 m. The Sc shows a range of TB 
between 11° and 20°C. The PDF of Tb is shown in Fig. 13c for the entire image. Large areas 
of the image are dominated by low brightness temperatures corresponding to the top of the 
Sc. In these areas, the horizontal variability is low indicating that the cloud-top altitude is 
rather constant, limited by the temperature inversion. A second mode of high temperatures 
of about 19.5°C indicates cloudless areas, where the emission of terrestrial radiation by the 
warm sea surface dominates the measured Tb. Values of Tb between these two modes charac-
terize optically thinner parts of the stratocumulus. With decreasing optical thickness, these 
areas become more transmissive for the radiation emitted by the surface. These optically 
thinner areas are typically narrow and deviate strongly from Tb of the opaque cloud parts, 
which leads to a positive skewness of the PDF (Hogan et al. 2009; Ghate et al. 2014). These 
measurements show that Tb can significantly change on horizontal scales of less than 100 m 
and cloud-top cooling is highly variable in space and time. As Jakub and Mayer (2017) sug-
gest, such a horizontal variability of radiative processes need to be considered to understand 
the interaction of radiative and dynamic processes in Sc.

Small-scale features of the temperature inversion above an Sc deck (9 July 2017 case 
study). Prior work has shown that the EIL above the STBL extends typically a few tens of 

Fig. 12. (a) A vertical profile of Θ (red line), ρυ (blue line), NCCN measured at 0.2% supersaturation 
(blue dots), and Np (red line) as observed during a cloudless day on 5 Jul 2017. (b),(c) Aerosol particle 
size distributions as observed by ACTOS in different heights. The background color indicates the 
height region in the corresponding profile of (a). Additionally, ground-based size distributions at 
the ENA site (at sea level) and at OMP in 2,225-m height are added.
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meters in the vertical (Haman 
et al. 2007; Malinowski et al. 
2013), with anisotropic, flat 
turbulent eddies, sometimes 
as thin as a few tens of centi-
meters (Katzwinkel et al. 2012; 
Jen-La Plante et al. 2016). High-
resolution, collocated instru-
ments, the moderate TAS of 
ACTOS, and the adopted flight 
patterns allowed investigating 
these features with unprec-
edented detail. High-frequency 
velocity measurements were 
used to document the changing 
character of turbulence and the 
variability of mixing processes 
across the sublayers of the 
entrainment zone (Katzwinkel 
et al. 2012; Malinowski et al. 
2013; Jen-La Plante et al. 2016). 
Temperature fluctuations from 
the very high response UFT 
were exploited to zoom in on 
the eddy structure in the initial 
phases of mixing.

Figure 14 shows just one 
particularly interesting ex-
ample of thermodynamic, tur-
bulence, and microphysical 
properties observed during a 
cloud-top penetration recorded 
during the flight on 9 July. It is 
a rare example of an extremely 
thin and sharp (~4 K over a 
vertical distance of ~0.8 m) 
inversion right above the cloud 
top. Within the inversion layer, 
very narrow, sometimes few-
centimeters-thick filaments 
with temperature contrasts 
up to 2 K can be noticed (rela-
tive distance 116–122 m in the bottom panel of Fig. 14). Such structures, with well-defined 
filaments of remarkable temperature differences, might correspond to developing Kelvin–
Helmholtz vortices. Typically, they appear at the shear interfaces separating different stably 
stratified layers of the atmosphere. Air patches engulf from one layer into another and then 
mix further until the viscosity reduces gradients at small scale. One-dimensional cross sec-
tion through the resulting vortices would include jumps of the amplitude up to the difference 
between the values in the lower and the upper layer. For Sc and the FT, such fluctuations are 
observed for both temperature and humidity.

Fig. 13. (a) Image of the cloud in the visible wavelength range taken 
from above the cloud looking in nadir direction. (b) Infrared image from 
the GOBI camera for the same image section. (c) Corresponding PDF of 
the brightness temperature, showing two maxima for cloud and ocean 
temperatures and a broad transition zone between both maxima where 
the ocean is visible through the clouds.
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The second half of the segment shown in Fig. 14 (relative distance 120–125 m) shows that 
the amplitude of temperature fluctuation decreases with height. The decreasing mean tem-
perature and increasing LWC reflect the mixing of cloud-top air with air from the inversion. 
Resolution of the LWC probe does not allow for verification whether filaments of LWC can 
be as narrow as those of temperature in the dry region above. However, the nearly constant 
water vapor density between 117- and 124-m relative distance, which is reduced with respect 
to the high in-cloud value, suggest that this penetration captured a transient mixing event 
with ongoing evaporation.

Comparison of ACTOS in situ cloud turbulence observations with remote radar observa-
tions (16 July 2017 case study). The close proximity of the helicopter flights to the ENA site 
allows for near-direct comparison of cloud-turbulence properties derived from in situ ACTOS 
measurements and retrieved from remote sensing data. For the purposes of this paper, we 
use turbulence kinetic energy dissipation rate ε for the comparison. The dissipation rate 
is of fundamental importance, not only to turbulence energy budgets, but also to cloud 
processes such as scalar mixing and droplet collision rates (Shaw 2003; Wyngaard 2010). 
Comparisons between in situ and remotely derived dissipation rates are rare, with a notable 
exception being the study of Shupe et al. (2012) in which measurements in Arctic stra-
tocumulus clouds from a tethersonde were compared to retrievals from a Doppler cloud 
radar. They found root-mean-square differences of factors of 4–6, which decreased to 2–3 
when spatial sampling lags were taken into account. In this paper we make a comparison 

Fig. 14. Observation of direct FT–MBL mixing across the sharp single-layer inversion performed 
with ACTOS during descent from the FT into the cloud. Measurements are presented with respect 
to the relative distance covered in the horizontal direction. (top) Temperature (UFT), water vapor 
density (LICOR), and liquid water content (PVM-100 A). (middle) Vertical wind speed and turbu-
lent kinetic energy (sonic), as well as the ACTOS altitude in the course of the descent. TKE was 
derived from longitudinal and vertical wind fluctuations by Reynolds decomposition with 10-s 
averaging. (bottom) An enlarged portion of the penetration, in order to show the fine structure 
in the cloud-top region (indicated by the red shaded region in the top panel).
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of dissipation rates measured near the top of a stratocumulus cloud deck during one flight 
in which the wind speed was directed from the flight location toward the ENA site. A more 
complete study will be published separately.

The comparison shown here is from the 16 July flight, and takes data from the region of 
the flight path highlighted in Fig. 15. The dissipation rate is obtained from the ACTOS sonic 
anemometer measurement of the vertical velocity component, recorded at 100 Hz. The second-
order longitudinal velocity structure function is calculated from the velocity time series by 
considering 1-s samples. In log–log coordinates, a line with slope +2/3 is fitted to the inertial 
range of the structure function, and the intercept allows the dissipation rate to be estimated 
(Siebert et al. 2010). The resulting histogram of ε values is shown in Fig. 15. Dissipation rate 
is also estimated from the second-generation Ka-band ARM zenith-pointing radar (KAZR2; 
Kollias et al. 2016; Lamer et al. 2019) through 0.5-Hz sampling of the KAZR mean Doppler 
velocity. The dissipation rate is estimated by considering power spectra with inertial range 
slopes near −5/3 and using standard Kolmogorov scaling (Borque et al. 2016). Each value 
is based on a 600-point sample. The upper insert in Fig. 15 shows the vertical profile of ε 

Fig. 15. Turbulence energy dissipation rates in stratocumulus clouds: the ACTOS flight path for 
the flight on 16 Jul is shown, emphasizing its proximity to the ENA site, as well as the favor-
able wind conditions for comparison without significant island effects. The highlighted part 
was flown in a stratocumulus layer at a mean height of 1,460 m. The mean wind was from the 
north with U = 3 m s−1. (top inset) A time series of the vertical profile of ε (time given in seconds 
of day). Significant variability in ε is observed, so only the cloud-top measurements were used 
in the comparison. (bottom-left inset) The derived turbulence kinetic energy dissipation rates 
from the in situ ACTOS measurements (blue histogram) and the ENA radar measurements (red 
histogram). The histograms have been scaled to have equal peak height for ease of comparison. 
The mean dissipation observed by ACTOS is ε− = 2.1 × 10–4 m2 s–3 with σε = 2.4 × 10–4 m2 s–3 and 
ε− = 2.0 × 10–4 m2 s–3 with σε = 1.8 × 10–5 m2 s–3 as observed by radar.
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versus time as derived from the radar measurements. There is substantial vertical variability 
in ε, so it is important to take values consistent with the ACTOS flight level. We have used 
radar samples from the 1,480-m level, which is the highest cloud level recorded during the 
corresponding ACTOS sampling time. For comparison, the ACTOS sampling had an average 
altitude of approximately 1,460 m. The resulting histogram of ε from the radar is shown in 
Fig. 15. Note that the histograms have been scaled so that their peak heights are the same; 
this is to facilitate comparison even when the widths differ greatly. The mean ε estimated 
from the ACTOS measurements is  ε– = 2.1 × 10−4 m2 s−3, and from the radar measurements 
is  ε– = 2.0 × 10−4 m2 s−3. This level of agreement seems remarkable, given that even different 
methods for estimating the dissipation rate from the same time series can result in variabil-
ity of up to a factor of 2. Whether the agreement is fortuitous will require a dedicated study 
considering additional flights. The agreement is less accurate when considering the standard 
deviations of dissipation rate: ACTOS measurements give an estimate of σε = 2.4 × 10−4 m2 s−3 
and radar measurements give an estimate of σε = 1.8 × 10−5 m2 s−3. At least in part, this can be 
attributed to different averaging times and sample volumes: the vertical radar resolution is 
30 m, and the averaging time is 20 min, compared to the ACTOS sample which is essentially 
spatially localized, with a vertical extent ~20 cm and an averaging time of 1 s that corresponds 
to 15–20 m for typical flight speeds. Thus, the ACTOS measurements display the variability in 
ε expected within the inertial range, while the radar provides a narrow distribution expected 
when the averaging time is much greater than the large-eddy correlation time.

Summary and conclusions
Ground-based aerosol observations, continuously performed at two measurement stations to 
sample the MBL and FT during the 1-month period of the ACORES campaign, were combined 
with high-resolution helicopter-borne measurements of aerosol, cloud, turbulence, and radia-
tion properties collected during 16 flights around Graciosa/Azores. This multilevel and mul-
tiscale approach has been exploited to investigate small-scale entrainment processes under 
cloudy and cloudless conditions with respect to the boundary layer and aerosol stratification.

The helicopter-borne observations suggest that both ground-based stations, although not 
located at the same island, are representative for the general regional marine environment. 
In terms of aerosol characteristics, the ENA site represents a larger area of the lower MBL, 
and the OMP measurements are representative of the FT.

Preliminary data analysis suggests that MBL and FT are disconnected in terms of aerosol 
properties. The MBL is dominated by bimodal size distributions, while in the FT monomodal 
size distributions are dominant. Rémillard et al. (2012) pointed out that the subcloud layer in 
the region of the eastern North Atlantic is often decoupled from the surface layer, which was 
mostly confirmed during the ACORES campaign. However, this decoupling becomes more 
obvious from moisture and aerosol changes compared to temperature changes.

New particle formation has been observed in the FT and directly above Sc. To which extent 
this particle production will influence the aerosol budget, will be part of further analysis. 
The number of available CCN is in accordance with the shape of the aerosol size distribution. 
Particles larger than 80 nm served as CCN at a supersaturation 0.2% at all sites. This means 
that the accumulation mode aerosol particles inhibited the typical hygroscopicity of marine 
aerosol particles. The observed cases of new particle formation do not influence the number 
of CCN at typical Sc supersaturation, as they did not grow into the relevant size range within 
the observation period.

The close collocation of the in situ cloud turbulence and microphysical observations 
performed by ACTOS with the remote sensing observations of radiation and brightness tem-
perature collected by SMART-HELIOS turned out to be of major importance to verify remote 
sensing retrievals. In addition, the interpretation of the high-resolution in situ observations 
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along the flight path requires the combination with the “bird’s-eye view” of the cloud field 
provided by SMART-HELIOS. For the fast transition between cloud and cloudless conditions 
as observed during ACORES, this key advantage cannot be realized by a single research air-
craft. Preliminary analysis indicates that spatial inhomogeneity of brightness temperature 
varies on scales of less than 100 m significantly. These findings are supported by observed 
high spatial variability of the turbulent cloud-top structure on similar horizontal scales. 
Within the same Sc-layer regions with extreme local temperature gradients of up to 4 K m−1 
were found followed by much smoother vertical gradients of temperature and wind speed in 
the direct vicinity.

Due to the comparably limited operational area of the helicopter, all airborne observa-
tions are located in the vicinity of the ENA site with its comprehensive set of remote sensing 
devices. In particular, the ACTOS and SMART-HELIOS observations to the north of Graciosa 
cover the same cloud layers as seen by the remote sensing station, which allows for statistical 
comparison of cloud and turbulence properties with high fidelity. Energy dissipation rates 
derived in situ and remotely around cloud top agree remarkably well in terms of their mean 
values although exhibiting different variability due different averaging.

Finally, the utility of the data are further amplified by its coordination with the Aerosol 
and Cloud Experiments in the Eastern North Atlantic (ACE-ENA), for which the first proj-
ect part (IOP1) overlapped in time. The in situ measurements from the ARM Gulfstream 
G1 aircraft located on Terceira Island, and which also flew in the vicinity of Graciosa, will 
provide additional opportunities for intercomparison and for combining complementary 
measurements.
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