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Abstract

The CARRIBA (Cloud, Aerosol, Radiation and tuRbulence in the trade wInd regime
over BArbados) project with focus on trade wind cumuli over Barbados is introduced.
The project is based on two one-month field campaigns in November 2010 (climatic wet
season) and April 2011 (climatic dry season). Observations are based on helicopter-5

borne and ground-based measurements in a square of 100 km2 off the coast of Bar-
bados. CARRIBA is accompanied by long-term observations at the Barbados Cloud
Observatory located at the East coast of Barbados since early in 2010 and which pro-
vides longer-term context for the CARRIBA measurements. Deployed instrumentation
and sampling strategy are presented together with a classification of the meteorolog-10

ical conditions. The two campaigns were influenced by different air masses advected
from the Caribbean area, the Atlantic Ocean, as well as the African continent which
led to distinct aerosol conditions. Therefore, pristine conditions with low aerosol par-
ticle number concentrations of ∼100 cm3 were alternating with periods influenced by
Saharan dust or aerosol from biomass burning resulting in comparable high number15

concentrations ∼500 cm3. The later was originating from both, the Caribbean area and
Africa. The shallow cumulus clouds responded to the different aerosol conditions with
a wide range of mean droplet sizes and number concentrations. Effective radii in the
range of 7 to 18 µm have been observed. Finally, the four leading topics of CARRIBA –
Clouds, Aerosol, Radiation and tuRbulence – are motivated and illustrated by selected20

findings and measurement examples.

1 Introduction and motivation

Shallow cumulus clouds are a common feature of the trade wind regions (hereafter
called the trades). They play an important role in the moisture transport to the free
atmosphere (Tiedtke, 1989) and for the Earth’s radiation budget (Albrecht et al., 1995).25

Furthermore, shallow cumulus convection significantly influences the dynamics of the
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sub-cloud layer (SCL) and cloud layer (CL) by intensifying the vertical transport of
moisture, momentum, and heat from the surface to higher levels (Stevens, 2007).

Since the late 1940’s the trades have been in the focus of the scientific cloud com-
munity. In a series of pioneering aircraft measurements known as the “Wyman and
Woodcock Caribbean Expedition” in April 1946, soundings of wet and dry-bulb temper-5

ature in- and outside the clouds were performed. Based on these observations, new
concepts of cloud dynamics and entrainment have been tested (Stommel, 1947, 1951).
Malkus (1954, 1956, 1958) recognized trade wind cumuli as an example of convective
processes under rather uniform and less complex conditions compared to cumuli form-
ing over land in mid-latitudes.10

Although the trades have been in the focus of several extensive field experiments
since then, such as BOMEX (Barbados Oceanographic and Meteorological EXperi-
ment) in 1968/1969 see Davidson (1968); Holland and Rasmusson (1973), ATEX (At-
lantic Trade wind EXperiment) in 1969 see Augstein et al. (1973), or more recently
RICO (Rain In Cumulus over the Ocean) see Rauber et al. (2007), or smaller cam-15

paigns such as BACEX (Barbados Aerosol Cloud EXperiment) in 2010, several aspects
with regard to trade wind cumuli are still not understood in detail.

One of the most important open issues is the formation of precipitation. As the life-
time of trade wind cumuli is relatively short – in the range of hours – formation of
precipitation through warm-rain processes is not expected. However, observations in-20

dicate the onset of precipitation sometimes in less than one hour. Already Langmuir
(1948) pointed out that “. . . warm cumulus clouds often developed rain within less than
thirty minutes after their formation. . . ”.

To clarify this warm-rain problem several topics need further investigation, such as
the influence of small-scale turbulence on cloud droplet growth and the importance25

of atmospheric aerosol particles and cloud condensation nuclei (CCN) on the droplet
number concentration, the droplet size, and the amount of drizzle forming from a cu-
mulus cloud (e.g. Heymsfield and McFarquhar, 2001; Kaufman et al., 2005). Giant nu-
clei are supposed to play a particular role among the aerosol particles, as they might
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promote the rapid development of precipitation, a topic which was mentioned and ex-
amined already by Woodcock et al. (1953) and which is still a topic of active research
(e.g. Rudich et al., 2002; Blyth et al., 2003). In general, the role of the aerosol particles
in controlling radiative properties of clouds may be important e.g. Twomey (1977), but
the role of the aerosol in driving precipitation, particularly from shallow clouds, remains5

controversial (Stevens and Feingold, 2009). Quantitatively understanding of cloud con-
trolling processes, particularly as relates to aerosol interactions with shallow cumulus,
remains insufficient to advance the representation of these processes in numerical
weather prediction and climate models.

Following Malkus’ point of view, the trades provide unique laboratory conditions10

for investigating crucial cloud processes in conditions near stationarity. Furthermore,
besides ship and aircraft emissions there are no significant anthropogenic aerosol
sources upwind the island of Barbados, which we have chosen as basis for our ob-
servations, for several thousands of kilometers. Therefore, this place seems almost
ideal to investigate the influence of aerosol layers advected by large-scale transport. In15

certain seasons, mineral dust advected from the Sahara is the dominant aerosol over
Barbados (Prospero and Carlson, 1972; Smirnov et al., 2000; Reid et al., 2002). In
addition, aerosol particles originating from biomass burning in Africa can frequently be
observed from 1 to 4 km height (e.g. Haywood et al., 2008). The long-range transport
of this aerosol type from the Sahara over the Atlantic and its influence on the Barbados20

region is discussed by Kaufman et al. (2005). Examining the influence of these aerosol
particles reaching Barbados by large-scale advection or by production on the island
itself, may shed light on the different aspects of shallow cumulus dynamics and the
importance of aerosol particles therein.

Therefore, the CARRIBA-project (Cloud, Aerosol, Radiation and tuRbulence in the25

trade wInd regime over BArbados) was initiated by the Leibniz-Institute for Tropo-
spheric Research (TROPOS) in Leipzig/Germany. The project is based on two one-
month experiments with the ACTOS (Airborne Cloud Turbulence Observation Sys-
tem) and SMART-HELIOS (Spectral Modular Airborne Radiation measurement sys-
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Tem) payloads along with ground-based aerosol characterization. The first campaign
was performed in November 2010, at the end of the climatic wet season and is called
CARRIBAWET, the second campaign CARRIBADRY was performed in the climatic dry
season in April 2011. CARRIBA is embedded into a long-term initiative of the Max-
Planck-Institute for Meteorology (MPI-M) in Hamburg/Germany, which operates the5

Barbados Cloud Observatory (BCO) located at the East coast of Barbados since early
in 2010 and which provides longer-term context for the CARRIBA measurements.

With highly-sophisticated instrumentation such as the helicopter-borne ACTOS to-
gether with recently developed aerosol characterization methods, and collocated ra-
diation observations with SMART-HELIOS in combination with ground-based spectral10

imaging sensors (see Sect. 2 for instrumentation), powerful tools were applied during
CARRIBA to make a big step forward in understanding fundamental cloud and aerosol
processes.

Beside the MPI-M the local Caribbean Institute for Meteorology and Hydrology
(CIMH) on Barbados is a partner in this project and. In addition, long-term dust mea-15

surements which have continuously been performed since 1964 by the University of
Miami are available from an upwind site at “Ragged Point”, a location at the eastern
most tip of Barbados, where several systems for a thorough ground based aerosol
characterization were additionally deployed for CARRIBA (see Sect. 4.2).

The main research interests of CARRIBA and the interplay of the related physical20

processes in and around a shallow cumulus cloud are illustrated in Fig. 1 together
with a brief view of the sampling strategy with the two helicopter-borne measurement
payloads. The objectives of CARRIBA in terms of four leading topics arise from the first
four capitals of the campaign acronym and are briefly introduced below:

– Clouds: The cloud microphysical properties in terms of droplet number concentra-25

tion and size distribution of trade wind clouds are investigated for different cloud
regions and stages of cloud life time. Beside fundamental questions like how big
droplets form in a turbulent shallow cumulus, the focus is on the question on how
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the clouds do respond to different aerosol conditions observed during the two
campaigns.

– Aerosol: The physical aerosol properties in the sub-cloud and cloud layer and the
aerosol stratification are investigated for different meteorological conditions. One
major topic in this context is how the aerosol particles control the cloud properties5

but also how clouds influence the aerosol conditions in the cloud layer.

– Radiation: The susceptibility of trade wind cumuli to different aerosol environ-
ments will be studied applying remote sensing techniques on the basis of mea-
surements of spectral reflected solar radiation. The remote sensing results of op-
tical and microphysical properties of trade wind cumuli will be compared with col-10

located in situ data.

– tuRbulence: The turbulent dynamics and thermodynamics of the sub-cloud layer,
cloud environment, and cloud edges including the entrainment process are in-
vestigated. Furthermore, the turbulent in-cloud mixing and its influence on the
cloud microphysical properties will be quantified by determining the governing15

time scales and dimensionless numbers.

This article is intended as a general introduction and overview of the CARRIBA-project
for those interested in using the data, or considering similar measurement campaigns.
After a classification of the weather situation observed during the two CARRIBA cam-
paigns with emphasis on the cloud situation and the thermodynamic structure of the20

lower troposphere, measurement examples in the form of snapshots related to the four
main themes of CARRIBA are presented. This compilation of different research topics
is used to help motivate the project as a whole, and the sampling strategies that were
employed.
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2 Instrumentation and sampling strategy

2.1 Location of measurement sites and sampling strategy

The helicopter was operated from a helipad located at to the Concorde Experience
Museum at Grantley Adams International Airport (GAIA, see map in Fig. 2). The main
operational area was a roughly square area of 100 km2 upwind of the BCO and Ragged5

Point sites which were supplemented with additional aerosol, meteorological and radi-
ation measurements as part of CARRIBA (see map in Fig. 2). Typically, research flights
began with a vertical profile up to a height of 2 to 3 km followed by several horizontal
flight legs flown between two pre-defined navigation points (C1 and C2, see map in
Fig. 2) separated by about 10 km and oriented in South-North direction. With this sam-10

pling strategy, the influence of the island was kept minimal and a direct comparison
between helicopter-borne profiling, remote-sensing and radio-soundings at the BCO
and aerosol measurements at Ragged Point is facilitated. During the second half of
the flights, cloud sampling was performed in a semi-random fashion according to the
present development and accessibility of shallow cumulus. To illustrate a typical flight15

pattern, one flight path of a two-hour flight (#18 from 10 April 2011, see Table 1 for
an overview of all flight numbers and dates) is shown as a red line together with its
corresponding height profile in the upper right part of Fig. 2. Blue lines indicate cloud
penetrations. A second measurement area was defined in the south of the island as an
alternative in case of possible conflict with commercial air traffic.20

All flight paths from both campaigns have been included in Fig. 2 as thin lines (gray
for CARRIBAWET and orange for CARRIBADRY). The three main operational areas are
marked in Fig. 2 as colored boxes. About 80 % of cloud sampling was performed within
the gray box (a), almost all profiling was performed within the green box (c) and four
flights had to be performed in the orange box (b) due to conflicts with air-traffic. During25

CARRIBADRY, a few times low-level flight legs were flown about 50 m above sea level
(a.s.l.) in order to investigate air-sea interaction. This has been done shortly after take-
off while approaching point C1.
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2.2 ACTOS and SMART-HELIOS

2.2.1 The ACTOS payload

During the two CARRIBA field campaigns, helicopter-borne measurements were per-
formed with ACTOS (Siebert et al., 2006) which is an autonomous measurement pay-
load carried by means of a 150 m long kevlar cable as external cargo. The long rope5

and a typical true airspeed of 20 ms−1 of the helicopter avoid any measurable influ-
ence of the rotor downwash. The overall length of ACTOS (Fig. 3) is about 5 m and the
total weight is limited to 200 kg. The main body consists of five 19′′ standard racks in
which most of the sensor electronics, power supplies, and data acquisition systems are
located. The sensors themselves are located on a carbon fibre outrigger on the front10

of ACTOS so as to avoid possible aerodynamic influences. A passive tail unit keeps
ACTOS aligned in the mean flow direction.

ACTOS can be operated up to a height of about 3000 m and is restricted to shal-
low cumulus conditions, that is, deep convective clouds have to be avoided for safety
reasons. Due to general flight rules, the helicopter remains above the clouds and AC-15

TOS is dipped into the clouds from above. Due to the typical low gustiness observed in
the trades, the wind speed was not a serious restriction for flight operation during the
campaigns.

The standard ACTOS instrumentation comprises sensors for the wind vector, tem-
perature, and humidity under clear and cloudy conditions. The measured wind vector20

is transformed into an Earth-fixed system using information about the payload posi-
tion, attitude, and velocity taken from the GPS and inertial navigation systems (see
Wendisch and Brenguier, 2013, for details). In addition to a PVM-100A (Gerber et al.,
1994), which measures the integral properties of the cloud droplet spectrum, a Phase
Doppler Interferometer (PDI) for single droplet measurements in the size range of 1 to25

180 µm is included (Chuang et al., 2008; Wendisch and Brenguier, 2013).
ACTOS is additionally equipped with a variety of sensors to measure aerosol mi-

crophysical properties. The aerosol instruments are supplied by one common aerosol
28617
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inlet which is designed for sampling particles up to diameters of 3 µm. This ensures
that cloud droplets cannot enter the system. The inlet is followed by a dryer to keep the
relative humidity below 40 %. Aerosol particle number concentration (Np) is detected by
two CPCs (Condensation Particle Counters). The commercial TSI-CPC (model 3762,
TSI Inc., St. Paul, USA; operated with a temperature difference between saturator and5

condenser of 25 K) measures Np for particles larger than 6 nm with a measurement
frequency of approximately 1 Hz. The second CPC measures particles larger than
8 nm with a frequency of 50 Hz (here-after referred to as Fast-CPC, see Wehner et al.,
2011). The aerosol number size distribution was measured by a Scanning Mobility Par-
ticle Sizer (SMPS, see Wehner et al., 2010) providing a full spectrum between 6 and10

230 nm at a time resolution of 2 min. For larger aerosol particles an Optical Particle
Counter (OPC, model 1.129 “SKY-OPC”, Grimm Aerosol Technik GmbH, Ainring, Ger-
many) gives information about the aerosol number size distribution in the range of 300
to 2676 nm at a measurement frequency of 1 Hz. Additionally, a mini-CCNC (Cloud
Condensation Number Counter) was used for measuring the CCN number concentra-15

tion at different supersaturations (Roberts and Nenes, 2005). A similar instrument was
also used in course of the ground-based aerosol characterization at the Ragged Point
site during CARRIBA (see below). With the given true airspeed of ACTOS the spatial
resolution for the Fast-CPC measurements are on the decimeter scale.

2.2.2 The SMART-HELIOS payload20

The reflection of solar radiation by clouds was measured by SMART-HELIOS (see
lower picture in Fig. 3). Two optical inlets for upward spectral radiance I↑λ and upward

spectral irradiance F ↑
λ are connected with two plane grating spectrometers, for the vis-

ible (VIS, 300 to 1000 nm) and near-infrared (NIR, 900 to 2100 nm) spectral range. In
the VIS the spectrometer has a full width at half maximum of 2 to 3 nm, in the NIR of 825

to 10 nm. I↑λ and F ↑
λ were sampled with a temporal resolution of 0.1 to 1 s. This temporal

resolution and the opening angle of the radiance inlet of about 2◦ yield a spatial res-
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olution of about 5 m, when SMART-HELIOS is measuring 140 m above the trade wind
cumuli. Measurement uncertainties result from spectral and calibration uncertainties
and are in the range of 6% in the VIS and 10% in the NIR. Observations of closely col-
located in situ and cloud reflectivity data by ACTOS and SMART-HELIOS have been
described in Henrich et al. (2010) and Werner et al. (2012).5

SMART-HELIOS does not measure downward radiation due to its location close to
the helicopter. This is a serious handicap because, as a consequence, the downward
radiation has to be calculated. Therefore, additional ground based radiance measure-
ments with the hyper-spectral imaging spectrometer AisaEAGLE were performed. The
measurements were conducted at the BCO and were performed in parallel to all heli-10

copter flights.
The AisaEAGLE is a single line sensor with 1024 spatial pixel that cover a field of

view of 36.7◦ (Hanuš et al., 2008). By aligning the sensor perpendicular to the flow
direction of the clouds, two-dimensional measurements of transmitted radiances (i.e.
images of clouds) with high spatial resolution were obtained. For a cloud altitude of15

2000 m the size of a single image pixel is about 1.3 m with 1300 m swath. The high
resolution allows detailed studies of cloud edges. Schmidt et al. (2009) and Chiu et al.
(2009) demonstrated that spectral radiation in the vicinity of clouds can be used to
discriminate cloud and aerosol radiative effects.

For each spatial pixel AisaEAGLE measures the transmitted spectral radiance be-20

tween 400 nm and 970 nm at 488 wavelength pixel. The spectral resolution is 1.25 nm
full with at half maximum which is comparable to SMART-HELIOS and which allows to
analyze the blueing effect of aerosol optical thickness in the presence of 3-dimensional
cloud effects as proposed by Marshak et al. (2008).

2.3 Aerosol instrumentation at Ragged Point25

During both CARRIBA campaigns, accompanying ground-based measurements were
performed to obtain a continuous characterization of basic aerosol parameters for the
duration of the campaigns. For this, we were able to use the facility operated by the
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University of Miami at Ragged Point (see Fig. 2) where mineral dust measurements
have been made continuously for more than forty years (Prospero and Lamb, 2003).
An aerosol inlet on top of a 17 m high mast directly at the top of the cliffs at Ragged
Point was used to sample the aerosol. Measurements were made in a ground based,
air conditioned, container connected to the inlet by an inlet line. The aerosol was dried5

to a relative humidity below 25 % using diffusion dryers. The aerosol instrumentation
operated at Ragged Point during CARRIBA included a DMPS (Differential Mobility Par-
ticle Sizer), with a DMA (Differential Mobility Analyzer, Type Vienna medium) and a
CPC (model 3010, TSI Inc., St. Paul, USA) operating from 25 to 500 nm. Furthermore,
a CCNC (Roberts and Nenes, 2005) measuring activation to cloud droplets for size10

segregated aerosol (i.e. operating in parallel to the DMPS-system); and a mini-CCNC
(Roberts and Nenes, 2006), which measured total CCN concentrations, while the su-
persaturation was scanned from 0.1 % to 1 %, and is the counterpart to a sister instru-
ment flown on ACTOS. The measured size distributions can be integrated to yield the
total particle number concentrations Np for the respective size range. Additionally to15

this instrumentation, daily filter samples were taken on top of the mast and analyzed
with regard to the chemical bulk composition of the aerosol particles.

3 Classification of the two observational periods

In this section, an overview of the meteorological, cloud, and aerosol conditions during
the two campaigns is provided. Cloudiness – in terms of cloud cover and the distribution20

of cloud base heights – and the humidity stratification during the two campaign periods
will be compared with a two-year climatology. The latter is derived from two-year of
RAMAN lidar and ceilometer measurements at the BCO, operational analysis from
the European Center for Medium Range Weather Forecasts (ECMWF) and averaged
ACTOS flight data. In Sect. 3.0.1 the different data sets are introduced which are then25

jointly discussed in Sect. 3.0.2.
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3.0.1 The data

Figure 4 shows the volume depolarization ratio from the Raman lidar and the low-level
(below 5 km) cloud cover derived from ceilometer data, both measured at BCO. The
volume depolarization ratio can be considered a good dust indicator, but shows little
sensitivity to aged aerosol particles produced by biomass burning. The upper panels5

show the time period from April 2010 to January 2012. The two CARRIBA campaigns
are marked with colored boxes and enlarged in the lower panels. Rain showers are
visible in the lidar data as short white gaps representing missing data, because the
lidar system shuts down when rain is present. The long data gap at the beginning of
CARRIBAWET is due to a power outage related to the hurricane Tomas that passed10

over Barbados.
Figure 5 shows profiles of specific humidity q, potential temperature θ and relative

humidity rh derived from 12:00 UTC ECMWF operational analysis at a single grid-point
near Barbados (300.66◦ E, 13.14◦ N), as well as the frequency of detecting cloud bases
at any height derived from the ceilometer operating at the BCO. The dashed black lines15

in all panels indicate a two-year mean, from April 2010 to January 2012. Also shown
are the mean profiles during days when ACTOS was flying, in solid black (OP ECMWF)
and solid blue (ceilometer). The profiles measured by ACTOS during flight hours are
shown in thick solid orange and red, similarly the cloud base heights measured during
those flight hours by the ceilometer are shown in thick blue lines. We also show the20

mean RAMAN lidar humidity profiles between 07:00–09:00 UTC on ACTOS flight days.
The RAMAN lidar only measures humidity profiles during nighttime (22:00–09:00 UTC),
hence we choose the early morning 07:00–09:00 UTC timeframe to match the ACTOS
flights closest in time. When comparing ACTOS with the OP ECMWF, one should keep
in mind that the ACTOS flights were performed under favorable cloud conditions, im-25

plying that times with deep convective clouds and heavy rain showers were avoided,
instead situations with typical trade wind clouds were preferred. This selection of flight
times will bias the comparison in a certain way.
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Mean values of selected quantities for each individual research flight have also been
calculated after classifying the data into three categories: (i) data sampled in the SCL
below 400 m. For this class only data sampled over the ocean are considered to min-
imize land effects. (ii) data in the height range between 700 m and 2 km but out off
clouds, and (iii) all cloud data in the same height range. Here, cloud data is defined by5

a liquid water content (LWC) >0.05 gm−3. In this paper, we present the effective radius
reff (see Fig. 6e) instead of the size distribution itself. The effective radius is calculated
as the ratio between the third and second moment of the size distribution. The results
are presented in Fig. 6 for both campaigns.

3.0.2 Discussion10

The typical amount of precipitation in November is 170 mm (climatic wet season) com-
pared with 60 mm in April (climatic dry season), based on a 30-yr record measured
at the airport (period from 1981 to 2010). However, after a significant amount of pre-
cipitation at the end of October 2010 due to hurricane Tomas – on 30 October 2010
about 235 mm was measured, the highest daily value observed within the last 30 yr –15

November 2010 was comparable dry with only 65 mm. CARRIBADRY in April 2011 on
the other hand experienced a total amount of precipitation of 143 mm, mainly due to a
few days with heavy shower activity at the end of the month. Compared to the clima-
tology, the CARRIBAWET campaign was therefore much drier than the CARRIBADRY
campaign, but because ACTOS flights took place mostly during non-raining periods,20

the unusual rain conditions did not bias the observations. In fact, in terms of the cloud
field both campaigns experienced very similar conditions, with cloud cover frequently
peaking above 0.5 (Fig. 4b) and the day-to-day variability being high (Fig. 4b, e, f).

During both campaigns the overall meteorology was quite similar, with easterly winds
dominating and typical wind speeds being on the order of 5 to 10 ms−1 (Fig. 6a, b).25

During most flights, no significant vertical shear was observed, that is, the wind velocity
was similar in the SCL and the CL. Only for a four-day period in November 2010 (20
to 24) the wind record indicates some vertical shear with stronger winds in the SCL
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compared to higher levels. A second exceptional period took place in April 2011 when
the trades were disturbed for a three-day period between 18 to 21 April and the wind in
the SCL turned to north-east whereas winds in the CL were from the south-west. This
period coincided with the weakest wind speed observed during the two campaigns,
U < 5ms−1 (cf. Fig. 6b).5

The prevailing easterlies in combination with a quite constant sea-surface temper-
ature resulted in quite stable temperature conditions in the SCL (over water) with
Θ= 300.6 K in November 2010 compared with Θ= 299.3 K in April 2011 (Fig. 6d). The
day-to-day variation of the mean temperature in the SCL was typically below 0.5 K. The
specific humidity (Fig. 6c) during both campaigns had a mean value around 17 gkg−1

10

and a standard deviation of ∼1 gkg−1, based on all flights. The two days with the lowest
observed humidity values in the SCL (morning flight on 21 November 2010 and 9 April
2011) were the only two flights without any clouds in the measurement area. Both days
show also the lowest temperatures in the SCL (Fig. 6d).

Evidently, the mean q-profiles measured with ACTOS, as well as with the RAMAN15

lidar, are 1 to 2 gkg−1 moister compared to the OP ECMWF profiles during both
CARRIBAWET and CARRIBADRY, especially in the SCL during April 2011 (Fig. 5a). Ra-
diosondes launched over the island, that are used in the data assimilation performed at
ECMWF in producing their analysis, also show a drier lower atmosphere. Because the
ACTOS profiles are derived from highly accurate fast dewpoint mirror measurements20

performed over the open ocean, and the RAMAN lidar is also located directly at the
coastline, land-ocean differences, especially in the SCL, may play a role in explaining
these differences.

Because the mean ACTOS profiles are based on only one profile per flight, per
day, and the water vapor field is highly variable in both space and time, one should25

keep in mind that ACTOS profiles likely do not represent the mean conditions during
these months. Based on the ECMWF OP and the RAMAN lidar profiles, we believe
that ACTOS flights were performed under somewhat warmer and moister conditions
during CARRIBAWET, and drier and colder conditions during CARRIBADRY. These
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combined lead to little difference in the relative humidity profiles in the SCL, and lit-
tle differences in the overall frequency of detecting cloud, although cloud fraction near
cloud base (500 m) was somewhat higher during CARRIBAWET. Again, because the
ACTOS means are based on just a few profiles, the high θ and low rh in the SCL
during CARRIBAWET should not be taken as representative.5

Both the ECMWF OP and ACTOS profiles show that the rh in the lower cloud layer,
between 700 m and 1.8 km, was higher during CARRIBADRY, but at heights above 2 km,
both q and rh decrease more sharply compared to CARRIBAWET. This indicates a
stronger inversion during CARRIBADRY. Indeed, during April months the large-scale
subsidence (not shown) is generally stronger than during November months, lead-10

ing to a more stable and drier atmosphere. The peak in detected cloud base heights
just above 2 km CARRIBADRY indeed reflects a more frequent occurrence of extended
cloud layers near cloud top that likely result from this stronger inversion.

The aerosol particle number concentration Np observed during ACTOS flights

(Fig. 6f) is in general on the order of a few hundred particles cm−3 (Fig. 6b). Typi-15

cally, the concentration in the SCL and in higher levels is quite similar and there is only
a small decrease of Np with height. Only the westerly winds on 18 to 21 April 2011 ad-
vected a significantly increased aerosol particle number concentration at higher levels.

At the beginning of CARRIBAWET (11 to 13 November) and from 17 to 19 November,
Barbados was significantly influenced by advected Saharan dust which is visible in the20

volume depolarization ratio of the lidar in Fig. 4. The dust layers reached heights of
up to 2 to 3 km but a significant amount of dust was also mixed down and increased
particle number concentration was observed at Ragged Point (see concentration in
Fig. 6 for particles >80 nm). Unfortunately, for the second dust period no flight data is
available. For both periods, air masses originated from regions in Africa with biomass25

burning were mixing with Saharan dust influenced the situation in Barbados. However,
biomass burning aerosol does not contribute to the volume depolarization ratio but
results in a generally increased particle number concentration. During a third period
between 25 and 26 November an increased volume depolarization ratio in the lidar
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signal was observed in a layer roughly between 1 and 2 km indicating again advected
dust. During this period the downward mixed dust resulted in a slightly reduced lidar
signal compared to the main layer. In-situ data at Ragged Point and from ACTOS do
well agree with the lidar observations. The slightly higher concentrations observed by
ACTOS result from particles smaller 80 nm. Again, aerosol originated from biomass5

burning was partly influencing the situation over Barbados. During clean periods, for
example around 21 November, often increased number concentrations of Aitken-mode
particles (<80 nm) were observed which were attributed to freshly produced particles.

For CARRIBADRY, we can divide the campaign into three major periods in terms of
aerosol load. The first half of CARRIBADRY was influenced by Saharan dust layers in a10

height up to 3 km height indicated by an increased volume depolarization ratio. This pe-
riod was interrupted by a comparable clean period (8 to 12 April) which coincides with
higher cloudiness but no precipitation. Partly the dust was mixed down leading to in-
creased number concentration at ground. The dust disappeared completely on 17 April
when the wind in the SCL turned to more north-east direction advecting clean marine15

air masses. About 50 % of the aerosol particle concentration at ground was caused
by Aitken-mode particles <80 nm in the SCL for all the flights performed from 18 to
20 April. In the cloud layer the weak wind from south-west was advecting air masses
from the Caribbean area (Fig. 6). Thus, this cloud layer was influenced by extensive
biomass burning activity observed in the entire Caribbean area and also on Barbados20

(see MODIS fire maps for the period from 17 to 21 April, not shown here) resulting in
particle number concentrations up to 800 cm−3 – the highest mean values observed
during the two campaigns. Therefore, although the mean particle number concentra-
tions in the SCL and CL are comparable, the reason for the high numbers is completely
different. A period with low aerosol burden and the lowest observed CCN concentration25

of ∼ 60cm−3 was observed from 22 to 24 April. Again, on 24 April 2011 there was a
very high concentration of Aitken mode particles with a peak around 30 to 40 nm which
results in an increased total number concentration but low CCN concentration.
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The clouds usually respond to a changing aerosol number concentration in the SCL
in a well known way, where with decreasing aerosol particle number concentration the
droplets will become bigger. As a measure for the mean size of the cloud droplets,
Fig. 6e shows the effective radius derived from the droplet size distributions together
with the retrieved values from the radiation measurements. A detailed analysis of the5

droplet size distributions of different cloud types under different aerosol conditions will
be published elsewhere. The range of in-situ observed reff is from 7 to 18 µm. The
highest values of reff have been observed at the end of CARRIBADRY, identified as a
period with the lowest aerosol number concentrations for particles >80 nm in the cloud
layer. The smallest cloud droplets in terms of reff have been measured in the period10

where the trades were disturbed and the aerosol laden air-masses from the Caribbean
region where prevailing over Barbados.

In general, during phases when aerosol was advected from Africa during
CARRIBAWET, it was often a mixture of dust and biomass burning, both originating
from the African continent. In contrast, for respective phases during CARRIBADRY,15

the aerosol could be characterized as dust events, resulting in higher volume de-
polarization ratios. A further difference between the two campaigns was, that during
CARRIBADRY we took measurements within air-masses originating from the Caribbean
region with enhanced particle number concentrations due to biomass burning.

4 The four leading topics of CARRIBA20

In this section the observations related to CARRIBA’s motivating themes – clouds,
aerosol, radiation, and turbulence – (cf. Fig. 1) are discussed by presenting selected
findings and a general discussion of the observations.
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4.1 Cloud properties

Cloud properties in terms of droplet diameter, droplet number concentration, and LWC
have been investigated for different meteorological and aerosol conditions during both
campaigns. Most of the flights have been performed in fields of typical trade wind cu-
muli with a horizontal extend of a few hundred meters and a vertical extend of about5

1 km. Due to a nearly constant sea-surface temperature of 25 ◦C, the lifting condensa-
tion level was around 500 m, but often evaporating cloud remnants with higher cloud
base were observed. Often, also thin stratiform cloud layers stretching across the up-
per part of the cumulus layer were observed, most probably due to detraining cumulus
clouds in combination with locally stable stratification.10

Figure 7a shows an example of cloud droplets measured by the PDI with two dif-
ferent types of clouds. The green box assigns measurements performed during the
traverse of a stratiform cloud layer, the black box represents typical trade wind cumuli.
Furthermore, there is evidence of abundant large particulate matter in the cloud free
air (red box), which will be discussed later on.15

The droplet size range of the stratiform cloud layer is about 1 to 50 µm and narrower
than what is typically observed in the shallow cumulus clouds, which frequently include
a long-tailed distribution indicative of an active coalescence process (see Fig. 7b).

As can be seen in Fig. 7a, there are substantial particle counts associated with large
particles in the cloud free regions of the SCL and CL. Since the PDI is configured20

in a way that does not allow it to see non-spherical particles with refractive indices
substantially different from that of water it is unlikely that these particles are associated
with dust. Therefore, we conclude that the measured particles are dissolved sea salt
particles with a size range of 1–20 µm, which experienced hygroscopic growth and
are in thermodynamic equilibrium e.g. not activated. Their number concentrations are25

relatively small (0.5 to 1 cm−3) compared to typical cloud droplet number concentrations
of ∼100 cm−3 (see also Fig. 7b).
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Figure 8a depicts the vertical profile of the particle diameter, rh, and the Θ for the
first ascent. A positive correlation with rh becomes obvious with particles being smaller
at altitudes where rh is decreasing, and particles being larger where rh shows an in-
crease. Apart from this hygroscopic behavior, the particles have a rather constant mean
size of about 5–6 µm. The larger particle sizes and number concentrations at heights of5

about 2200 m are most likely due to the fact, that these measurements were performed
close to clouds and thus, the challenge will be to sort out to what extent these are evap-
orating drops versus dissolved sea-salt particles. In Fig. 8b the vertical profile of the
particle number concentration, as well as rh, is shown for the first ascent of this flight.
A positive correlation between number concentration and rh becomes obvious. Due to10

the hygroscopic nature of sea salt, particles tend to decrease in size with decreasing
rh until they become too small to still be detected by the PDI.

4.2 Aerosol processing in the sub-cloud and cloud layer

4.2.1 Ground-based versus airborne measurements

Figure 9a shows a selection of three different aerosol particle number size distributions15

(here-after simply called size distribution), which are averages from continuous ground
measurements at Ragged Point (thick lines) done during three different research flights
with ACTOS (flights #06, #13, and #14). Additionally, Fig. 9a shows simultaneously de-
termined size distributions in the SCL in heights up to 400 m (thin lines). In general, the
agreement between the measurements taken on ground and those taken on ACTOS20

inside the SCL is good, indicating that the ground based measurement might be used
to describe the aerosol observed in the SCL.

A common feature of all the size distributions shown in Fig. 9a is a pronounced min-
imum in the particle number concentration at particle diameters of around 70 nm to
90 nm. This minimum is often referred to as the Hoppel-minimum after Hoppel et al.25

(1986), which indicates the size above which particles have been activated to a cloud
droplet before, a process during which additional soluble mass due to wet phase chem-
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istry is acquired (e.g. Yuskiewicz et al., 1999). The diameters at this minimum can be
interpreted as being indicative of the average peak supersaturation found in the cloud.
Assuming an average hygroscopicity for marine aerosol particles in the North Atlantic
as given in Pringle et al. (2010) of about κ = 0.59 (with κ as defined in Petters and Krei-
denweis, 2007), these maximum supersaturations can be derived to be on the order5

of 0.2 % to 0.3 %. Figure 9b shows a selection of size distributions recorded on AC-
TOS during flight #06 at cloud level. All black lines indicate size distributions which are
recorded in the vicinity of clouds show a bimodal distribution with a well pronounced
Hoppel minimum as measured on ground and in the SCL. Instead, the thick blue lines
representing the interstitial aerosol feature a mono-modal distribution, where the accu-10

mulation mode (particles larger than e.g. dp = 100 nm) vanishes due to cloud droplet
activation.

4.2.2 Vertical distribution of total aerosol and CCN number concentrations

The three flights shown in Fig. 9 were chosen to describe three typical marine aerosol
number size distributions. All shown size distributions feature a bimodal distribution. In15

contrast the number concentration of the individual modes varies which has a large ef-
fect on the CCN concentration. The size distributions during flight #06 show two modes
with comparable low concentration, while the size distributions during flight #13 feature
a dominating Aitken mode (particles between 20 nm and 80 nm in diameter) and the
size distributions during #14 a dominating accumulation mode.20

Figure 10 shows three vertical profiles of the measured aerosol particle number con-
centration (panel b) and CCN concentration (panel a) at a supersaturation of 0.26 % for
the same periods during which the size distributions shown in Fig. 9 were measured.
At this supersaturation the concentration of CCN is mainly dependent on the number
concentration of aerosol particles larger than the Hoppel-minimum. During #06 and25

#13 CCN concentrations are similar, although there were many more small particles
during #13, which is also obvious in the vertical profiles of Np in Fig. 10b. In compar-
ison, the increase in the number of particles in the accumulation mode during #14 is
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well reflected in the doubling of the CCN concentration. In these examples CCN con-
centrations are fairly stable up to around 1200 m. Above this height the concentration
shows a first decrease, with the drop most pronounced for #14, and drops further at
about 2200 m near the transition to the free troposphere. The vertical profiles of Np
in Fig. 10b show a more variable pattern in heights above 1200 m. In contrast to the5

CCN concentration, the total aerosol concentration not necessarily drops when reach-
ing the free troposphere, indicating a change in the shape of the size distributions and
an increase in the concentration of small particles.

In the previous section, the relation between aerosol particles and clouds was mainly
discussed in terms of particles acting as nuclei for cloud droplet condensation. How-10

ever, clouds should also be considered as a source of aerosol. The conditions around
clouds are supposed to be favorable for new particle formation, e.g. nucleation and sub-
sequent particle growth. High actinic fluxes, increased humidity with comparable low
temperatures in combination with reduced particle surface area seem to be favorable
for new particle formation. Signs of new particle formation in combination with clouds in15

comparable clean environments have been observed by Perry and Hobbs (1994) who
found freshly produced particles in the outflow of deep convective clouds in a height of
around 4 to 5 km.

During both CARRIBA campaigns signs of new particle formation have been fre-
quently observed. Almost all flights with clouds exhibit at least a few distinct events,20

e.g. particle number concentrations increased by about one order of magnitude com-
pared with the background concentration. Only for days with general high aerosol load
and higher particle surface area no signs of new particle formation have been observed
(e.g. 19 April 2011 was a day with high particle number concentrations on which no new
particle formation was observed).25

Figure 11 shows a 6 km-long flight path in around 900 m height with a few cloud
penetrations indicated by the LWC signal (black line in panel a). The red line in panel
a indicates the total particle number concentration sampled at 100 Hz with the Fast-
CPC in the size range of 6 nm to 2 µm. The few distinct spikes indicating new particle
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formation are striking. Many of them can be directly related to clouds or more precisely
to cloud edges. However, a few of them do not correspond to any significant changes
in other parameters such as w (panel b) or T and a in panel c. The first new particle
formation event in panel a is enlarged for a better insight. It is quite obvious that new
particle formation is linked to the humid cloud environment but sometimes the areas5

with increased particle number concentration seems to grow into the cloud region.
Since the horizontal extent of this process is limited to a few decameters or so, the
slow flying ACTOS with the new Fast-CPC is highly suitable for such investigations.

4.3 Radiation properties of trade wind cumuli

Time series of trade wind cumuli optical and microphysical properties (cloud optical10

thickness τ, effective droplet radius reff) were derived from the time series of upward
spectral radiances I↑λ and look-up tables calculated with the libRadtran 1.6b radiative
transfer package (Mayer and Kylling, 2005; Mayer, 2009). τ and reff are used to derive
LWC = 2/3 ·τ · reff/(ρ ·z), with the density of liquid water ρ and the vertical extent of the
trade wind cumuli z estimated from LIDAR and ACTOS measurements. Uncertainties15

in retrieved τ and reff arise from the measurement errors in I↑λ and uncertainties in
the radiative transfer calculations. They are in the range of 3% and 9% for τ and reff,
respectively.

The retrieved cloud properties were compared to the in situ measurements by the
PVM-100A on ACTOS. The mean values of reff and LWC for each flight agree within 220

to 3µm and about 0.06gm−3, respectively. Due to the high time resolution and close
collocation of both instruments, time series of individual clouds can be analyzed. Fig-
ure 12 a shows a time series of τ, Fig. 12b) of reff and Fig. 12c of the LWC over a single
trade wind cumulus on 22 April 2011.

In general, both data sets agree within their respective measurement uncertainties,25

although discrepancies attributable to different sampling strategies are evident.
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Directly at the beginning of the time series and at around 1500 m, ACTOS mea-
surements indicate a cloud gap, while the retrieval results yield cloud data with reff =
9 to 15µm and LWC = 0.2 to 0.4gm−3. Such instances regularly occur when ACTOS
briefly dips outside of cloud top, while the SMART-HELIOS payload still gathers data
above the cloud. Larger differences in reff and LWC, as illustrated at around 1400 m,5

occur when both instruments probed different cloud areas (e.g. ACTOS measuring up
to 100m below cloud top) or when cloud inhomogeneities caused 3-D–radiative effects.
Moreover, in the calculation of the retrieved LWC a constant cloud height is assumed
for each measurement flight. Trade wind cumuli, even though only a couple of 100m in
vertical extent, show rather large inhomogeneities and the cloud top height might vary10

considerably.
For all CARRIBA flights a mean τ = 12.8 with a standard deviation of 4.5 was ob-

served together with a mean reff = 10.5µm with a standard deviation of 2.3µm, and a
mean LWC = 0.34gm−3 with a standard deviation of 0.09gm−3. Differences between
CARRIBAWET and CARRIBADRY are in the range of the measurement uncertainty, with15

slightly lower τ and higher reff in 2011.
The small-scale inhomogeneities were covered by ground based downward radi-

ance (I↓λ) measurements of the hyper-spectral sensor AisaEAGLE. Figure 13a shows
an almost 5 min extract of AisaEAGLE measurements (645 nm wavelength) for a typi-
cal trade wind cumulus, recorded on 20 April 2011. This sequence covered areas with20

clear sky (C), clouds (B), and thus also a cloud edge (A) which is significantly brighter.
The Sun’s position is at the center of the image. The image shows that AisaEAGLE can
resolve cloud edges with a sufficient spatial resolution to study the transition between
cloud and clear sky where the aerosol and particles will interact. These measurements
will help to interpret the in situ observations of ACTOS in the entrainment zone of cloud25

edges.
Radiance spectra from the three areas (cloud, cloud edge and clear sky) I↓λ are plot-

ted in Fig. 13b. All three spectra show significantly different spectral patterns. While
the clear sky observations are generally dark (low radiance) and dominated by short
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wavelengths (Rayleigh scattering) clouds are much brighter and show spectral neutral-
ity (Mie scattering) outside of absorption bands. The radiance measured at the vicinity
of the cloud edge reveals a significant enhancement of radiance which may result from
a humidification and associated hygroscopic growth of the aerosol particles but is also
affected by 3-D-radiative effects in adjacent cloud areas of broken clouds. The spectral5

data of the AisaEAGLE will allow to identify which of both effects is dominating in each
case dependent on the aerosol properties measured by ACTOS (Marshak et al., 2008).

4.4 Turbulence in the Sub-Cloud and Cloud Layer

The onset of shallow cumulus convection is mainly determined by the turbulent struc-
ture, thermodynamic properties, the vertical extend of the SCL, and the structure of the10

interfacial layer (IL). The later connects the well-mixed SCL and the conditional unsta-
ble layer above. The high-rate measurements during CARRIBA provide an excellent
opportunity to investigate the structure of these layers in more detail. Here, we focus
more on the IL characterized by a slight temperature inversion and a more pronounced
jump of humidity. Due to a comparable homogeneous and stationary sea surface tem-15

perature the mean height of the IL is about 500 m but the local and temporal variability
is of interest.

Dolphin-like flight patterns have been performed with ACTOS during the flight on
9 April 2011 under cloud-free conditions (e.g. no clouds in the measurement area).
The profiles were taken between 300 and 800 m a.s.l. (see top panel of Fig. 14 which20

shows the measurement height of the entire flight period). The middle panel of Fig. 14
shows the vertical profile of the specific humidity q. The first profile has the original
values, all other profile are shifted by 2 gkg−1 to each other for better resolution. The
lower panel shows the local standard deviation of the vertical wind velocity σ2

w as an
indicator of turbulence. A high-pass filter (Savitzky-Golay filter, Savitzky and Golay,25

1964) was applied to the 100 Hz data with a window of 200 samples to define the
residuals. A running mean with a window of 200 samples was applied to the squared
residuals to estimate the local variance.
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For most of the profiles the height of the IL is quite obvious for q and σ2
w . For q, the

values sometimes jump or sometimes gradually decrease from typically 15 gkg−3 in the
SCL to about 13 gkg−3 in the layer above. The structure of q in the SCL is always highly
turbulent whereas in the stable layer variability is minor by definition. The local height
of the IL covers the full range of the measurement heights. For the second profile for5

example the IL can be hardly detected in 350 m, for the 7th profile the top of the SCL
is reached in 800 m.

Such kind of Dolphin-like flights have been performed in order to investigate the
IL structure and height during four additional flights of CARRIBADRY – all flights with
clouds in the measurement area, although the profiling has been done out of clouds10

conditions only.
Another important topic in terms of cloud turbulence is the dynamic at the edge of

shallow cumulus clouds. Due to its significance for mixing and entrainment cloud edge
turbulence is key for understanding cloud evolution and lifetime.

In a simplified picture, cloud dynamics can be described by a strong updraft in the15

cloud core region which is responsible for the main growth of the cloud in the vertical
direction. At cloud edge however a downward flow – mainly due to mass compensation
and due to evaporative cooling with subsequent buoyancy reversal – is predominant
(Heus and Jonker, 2008). These two opposite flow regimes lead to a horizontal wind
shear at cloud edge, which results in further small-scale mixing.20

To illustrate our measurements in terms of small-scale turbulence, a single cloud pas-
sage is shown in Fig. 15. A LWC > 0gkg−3 denotes the cloud region (blue area). Inside
the cloud core a peak updraft of 5ms−1 is measured (green line for the vertical velocity
component w), whereas at the cloud edge a downdraft of w = −1ms−1 is observed
which results in a strong horizontal wind shear between both regimes at cloud edge.25

Based on the high spatial resolution (∼ 5 cm) of our de-spiked hot-wire measurements,
we were able to estimate local energy dissipation rates ετ derived from second-order
structure functions (see Siebert et al., 2010, for more details of this method). The local
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values of ε are estimated by applying a moving window with a width of 0.2 s for which
ετ is derived (see black line in Fig. 15)

The cloud region is characterized by intense small-scale turbulence indicated by a
sharp increase of ετ inside the cloud by about three orders of magnitude.

The inlay in Fig. 15 shows a 30 m wide enlarged section of the left cloud edge. It5

is quite obvious that the highly turbulent part already starts outside the cloud and a
3 to 5 m thick turbulent area has developed which surrounds the cloud. The influence
of these turbulent shells to the entrainment process will be one major topic of further
analysis.

Often it is not explicit to isolate single clouds with a distinct downdraft region at cloud10

edge in a cumulus field since it is hard to tell where a single cloud starts or were they
do overlap with the following cloud. Nevertheless, we managed to select about 200
clouds from both campaigns for further analysis of the small-scale dynamics at cloud
edges.

5 Summary15

This article provides a general introduction to the two CARRIBA campaigns performed
in the climatic wet season (November 2010) and dry season (April 2011) on Barbados.
With the helicopter-borne ACTOS and SMART-HELIOS payloads 31 research flights
have been conducted, which were supported by additional ground-based aerosol ob-
servations and remote-sensing at the East coast of Barbados. The goal of this project20

was to explore the fine-scale structure of trade wind cumuli with a focus on cloud mi-
crophysics, aerosol, radiation, and turbulent processes and their various interactions
and feedbacks. As one unique feature of this campaign, all airborne and ground-
based measurements have been realized in a comparable small square area of roughly
100 km2 off the coast which allows an optimal inter-comparison of the different obser-25

vations.
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Even though most flights were performed under quite similar conditions in terms of
the macroscopic cloud structure – fluffy shallow trade wind cumuli often combined with
a few thin stratiform layers were prevailing – the microscopic structure below and in
cloud, in terms of aerosol and mean cloud droplet size, was highly variable. On dif-
ferent flights the observed effective radii span a range between 7 and 18 µm. The two5

campaigns had slightly different characteristics in terms of the aerosol loading and
aerosol origin. In general, during both campaigns, phases with low and high particle
number concentrations occurred, with values as low as 100 cm3 (typical clean marine
conditions) and higher than 500 cm3 (typical polluted conditions). In general, increased
particle number concentrations in the CCN size range were observed often when air10

masses originated from Africa. During CARRIBAWET, these aerosols were a mixture of
dust and aerosol from biomass burning, while during CARRIBADRY the aerosols origi-
nating from Africa were mainly dust. Additionally, during CARRIBADRY measurements
were made in clouds influenced by biomass burning aerosol from the Caribbean. All-
toghether, a wide range of different situations in terms of aerosol loading was observed15

during the two campaigns which allows us to investigate the influence of aerosol on the
cloud microstructure.

In this article, after a general overview of the meteorological, aerosol, and cloud
conditions the four main topics of the CARRIBA campaign were briefly introduced by
presenting selected measurement examples including a discussion of their significance20

for the entire project.
The experiment was designed such that as many aspects as possible concerning the

lifetime cycle of shallow cumulus could be covered. This starts with a detailed physi-
cal aerosol characterization including CCN measurements at ground. With similar in-
strumentation on ACTOS and the close collocation of the airborne and ground-based25

observations we are able to judge how representative the ground-based observations
are for the cloud base level. With similar concentrations of total particle number con-
centrations on ground and in the well-mixed SCL we can safely conclude that for our
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measurements the detailed ground-based measurements are representative also for
the cloud level.

During all flights with appropriate in-situ droplet measurements substantial particle
counts associated with large particles in the cloud free regions of the sub-cloud and
cloud layer have been observed. The origin of these particles with typical number con-5

centrations of ∼0.5–1 cm−3 is not yet clear but most likely these particles are hygro-
scopically grown not activated sea-salt particles. The role of these particles in partic-
ular for the generation of larger cloud droplets is controversially discussed in recent
literature (Colon-Robles et al., 2006; Hudson et al., 2011) and will be investigated in
more detail.10

An important aspect of cloud lifetime is the entrainment of sub-saturated air into the
clouds with subsequent mixing and its consequences for cloud microphysical proper-
ties. Due to the fluffy appearance of the trade wind clouds, it is obvious that entrain-
ment/detrainment and turbulent mixing play a major role in the lifetime of these clouds.
Based on the high resolution of our measurements, the turbulent transition layer be-15

tween cloud and environment – often observed to be only a few meters thick – can be
resolved and the dynamics of the cloud edges can be described in much more detail
compared with aircraft observations with less resolution.

Cloud edges with their humid environment are also known to produce highly favor-
able conditions for the production of new aerosol particles. This feature has been fre-20

quently observed during nearly all of our flights, with the observations being irregularly
distributed in time and space. That is, the cloud has to be considered not only as an
aerosol sink but also as an aerosol source. The significance of these freshly produced
aerosol particles to the overall particle concentration including CCN will be investigated
in more detail and discussed as one possible feedback to the onset of clouds.25

Finally, the interpretation of the accompanying cloud radiation measurements ben-
efits from a new experimental design in terms of the close collocation of the radiation
and cloud measurements. In a horizontal plane the separation of the ACTOS measure-
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ments and the radiance measurements performed by SMART-HELIOS are in the order
of approximately ten meters – never obtainable with two vertically separated aircraft.

The two CARRIBA campaigns, together with data available from the MPI-M BOC,
provides us with a large data-set which we will explore in more detail. This article
outlined the conditions we encountered during the measurements in general, and gave5

a first overview of topics that will be examined more deeply in the near future.
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Table 1. Schedule of all research flights during CARRIBAWET in 2010 and CARRIBADRY in
2011.

Flight No Date DOY Start Landing Duration
UTC UTC min

#01 2010-11-12 316 14:17 15:38 1:21
C #02 2010-11-12 316 18:51 20:27 1:35
A #03 2010-11-13 317 13:14 14:37 1:22
R #04 2010-11-13 317 17:45 19:23 1:38
R #05 2010-11-14 318 17:26 18:55 1:28
I #06 2010-11-15 319 14:07 15:40 1:32
B #07 2010-11-16 320 14:43 15:54 1:10
A #08 2010-11-20 324 16:52 18:40 1:48

#09 2010-11-21 325 13:30 15:21 1:50
D #10 2010-11-21 325 18:45 20:46 2:01
R #11 2010-11-22 326 13:53 15:44 1:50
Y #12 2010-11-23 327 13:32 15:34 2:01

#13 2010-11-24 328 13:29 15:25 1:56
#14 2010-11-25 329 13:31 15:24 1:52
#15 2010-11-26 330 14:00 15:47 1:47
#16 2010-11-27 331 13:31 15:26 1:54
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Table 1. Continued.

Flight No Date DOY Start Landing Duration
UTC UTC min

#17 2011-04-09 99 13:30 15:08 1:36
C #18 2011-04-10 100 13:44 15:29 1:44
A #19 2011-04-13 103 13:47 15:28 1:40
R #20 2011-04-14 104 13:53 15:46 1:53
R #21 2011-04-14 104 19:35 21:35 1:59
I #22 2011-04-15 105 13:41 15:24 1:43
B #23 2011-04-16 106 13:39 15:23 1:44
A #24 2011-04-18 108 13:44 15:29 1:44

#25 2011-04-19 109 13:04 14:47 1:42
W #26 2011-04-19 109 18:30 20:23 1:52
E #27 2011-04-20 110 14:27 16:21 1:53
T #28 2011-04-22 112 13:29 15:22 1:53

#29 2011-04-23 113 13:27 15:24 1:56
#30 2011-04-24 114 14:13 16:07 1:54
#31 2011-04-25 115 13:50 15:42 1:51
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Clouds, Aerosol, Radiation, and tuRbulence in the trade wInd regime over BArbados

CARRIBA

Fig. 1. The cartoon illustrates the cloud processes of the four main topics of the CARRIBA
project: Clouds, Aerosol, Radiation, and tuRbulence in trade wInd regime over BArbados and
how the helicopter-borne measurements are embedded in the long-term remote-sensing obser-
vations in terms of cloudiness and precipitation performed at the Barbados Cloud Observatory
(BCO).
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Fig. 2. A map of Barbados including the location of the helipad for the ACTOS operation and
the two stations at Deebles Point and Ragged Point. For both campaigns the tracks of all
ACTOS flights are shown, the orange lines are for CARRIBAWET and the gray lines are for
CARRIBADRY, respectively. The three main operational areas are marked by colored boxes: (a)
area were about 80 % of the cloud sampling took place, (b) alternative area only used during
the first flights of CARRIBAWET for conditions with higher commercial traffic load, and (c) box
with the two navigation points C1 and C2 for profiling. The flight of 19 April 2011 is marked
as red line. For this example the measurement height is presented in the upper right panel
together with sampled clouds (blue lines) to illustrate the flight strategy.
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Fig. 3. Upper panel: ACTOS with its main sensors located at the carbon fibre outrigger. The
data acquisition, sensors electronics, and power supply are located in the 19′′-racks behind the
red covers. Lower panel: ACTOS with SMART-HELIOS entering a field of fluffy cumulus clouds
over the Caribbean Ocean.
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low-level cloud cover (-)

volume depolarization ratio (-)

CARRIBAWET CARRIBADRY

November 2010 April 2011

Fig. 4. Time series of volume depolarization ratio measured by the Raman lidar and ceilometer-
derived low level cloud cover (fraction of time with a cloud base height <5 km) both measured
at BCO. Below are zoom-ins on the two CARRIBA periods in November 2010 and April 2011.
The long data gap at the beginning of CARRIBAWET was due to a power outage related to the
hurricane Tomas that passed over Barbados.
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Fig. 5. Profiles of specific humidity q (a and e), potential temperature θ (b, f), relative humidity
rh (c, g), and the vertical distribution of cloud base heights (d, h). Black dashed lines show the
two year mean humidity and temperature profiles, derived from ECMWF operational analysis
(12:00 UTC) for a single grid-point near Barbados, and two year of ceilometer-derived cloud
base heights. The mean profiles during ACTOS flight days only are shown as black solid lines
(EMCWF OP) and dark blue solid lines (ceilometer). The RAMAN lidar humidity profiles during
07:00–09:00 UTC on ACTOS flight days are shown as yellow and pink. Profiles measured by
ACTOS are shown as thick orange and red lines, and the corresponding cloud base heights as
thick light and dark blue lines. Top panels are for CARRIBAWET, bottom panels are the same,
but for CARRIBADRY.
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Fig. 6. Overview of the meteorological situation during CARRIBAWET and CARRIBADRY. Dis-
played are mean values representative for the SCL below 400 m (black circles) and the cloud-
free layer in the height range between 0.7 and 2.0 km (red crosses). Only data from over the
ocean is considered for the SCL height. Displayed are the mean wind direction d , the mean
horizontal wind velocity U , the specific humidity q, the potential temperature Θ, and the aerosol
particle number concentration Np. The solid blue line represents the particle number concen-
tration with diameters >80 nm (a proxy for CCN at S ≈0.2 %) as continuously measured at
Ragged Point. The mean effective radius reff is estimated for cloud fields in the height range
between 0.7 and 2.0 km, the orange symbols are in-situ estimates derived from the PDI and
the green symbols are retrievals from radiation measurements representative for cloud top.
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Fig. 7. Droplet measurements during a typical cloud situation (#13) with shallow cumulus and
thin embedded cloud layers (marked with green box in the picture). The upper panel shows
the time series of droplet diameter (each black symbol marks one single droplet). The red
line indicates the flight height a.s.l. Three different regions are marked with boxes: (i) particles
measured in the SCL (red box), (ii) embedded stratiform layers (green box), and (iii) shallow
cumulus clouds (black box). The three histograms for the three types are shown in the lower
panel with the color code.
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Fig. 8. Left panel shows vertical profile of particle diameter, potential temperature Θ (shifted by
273 K) and rh and the right panel shows vertical profile of particle number concentration (10 s
mean) and rh. All profiles are sampled during the first ascent (cf. Fig. 7).
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Fig. 9. Aerosol particle number size distributions. (a) shows a comparison of a size distribution
measured on ACTOS in the SCL (thin lines) and simultaneously at Ragged Point (thick lines)
during three different research flights (#06, #13 & #14). (b) illustrates measurements at cloud
level during #06 (black and blue lines). Thick blue lines indicate measurements of interstitial
aerosol inside one cloud passage.
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Fig. 10. Vertical profiles of CCN concentrations at 0.25 % super-saturation measured on AC-
TOS during three (#06, #13 & #14) different research flights (a). The lines represent running
averages with an averaging time of 30 s. On (b) vertical profiles of total particle number concen-
tration (Np) is plotted for the same research flights, the lines represent a 10 s running average.
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Fig. 11. In-situ observations performed with ACTOS during a 6km-long flight path in around
900 m height with several cumulus penetrations (#13). (a) shows the particle number concen-
tration Np (red line) in the size range between 6 nm and 2 µm together with the LWC (black
line) as cloud indicator; for both parameters the abscissa is on a logarithmic scale. The mean
background concentration is about 400 cm−3 with distinct peaks up to 104 cm−3. (b) shows the
vertical wind velocity w, whereas (c) indicates static temperature T (red line) and absolute
humidity a (black line).
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Fig. 12. (a) Cloud optical thickness τ from the SMART-HELIOS payload as a function of relative
flight path. (b) In-situ measured reff from ACTOS and retrieved reff from SMART-HELIOS. (c)
In-situ measured LWC from ACTOS and retrieved LWC from SMART-HELIOS.
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Fig. 13. (a) 5 min extract of AisaEAGLE downward radiance I↓λ measurements at 645 nm wave-

length, recorded on 20 April 2011. (b) Spectral I↓λ for three representative areas: cloud (B),
cloud edge (A) and clear sky (C).
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Fig. 14. Upper panel: Measurement height a.s.l. of an ACTOS flight during cloud-free conditions
(#17). Dolphin-like patterns comprising twelve profiles in the height range between 300 and
800 m were flown to investigate the small-scale structure of the SCL and the IL. The middle
panel shows the specific humidity q, the first profile has the original values, all other profile are
shifted by 2 gkg−1 to each other for better resolution. In addition, red and black lines are used
for a better distinguishability of subsequent profiles. The lower panel shows local variances σ2

w
of the vertical wind velocity w.

28659

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/28609/2012/acpd-12-28609-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/28609/2012/acpd-12-28609-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 28609–28660, 2012

An introduction to
the CARRIBA project

H. Siebert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

400 600
x / m

-3

-2

-1

0

1

2

3

4

5

6

w
 / 

m
 s-1

 ; 
LW

C
 / 

g 
m

-3
, T

 / 
o C

300 m

LWC
w

T

250 300 350 400 450 500 550 600 650 700 750
x / m

10-6

10-5

10-4

10-3

10-2

10-1
ε τ / 

m
2  s-3

ετ

310 315 320 325 330 335 340

3 - 5 m

Fig. 15. A single cloud passage of a horizontal flight of 14 April 2011(#14): (a) liquid water
content (LWC, blue area), (b) vertical wind velocity (w, green line), and (c) temperature (T ,
orange line). For the temperature the value before entering the cloud has been subtracted. In
addition the local energy dissipation rate ετ as derived from de-spiked hot-wire data is plotted
(black line). The cloud has a diameter of about 300 m. The upper inlay shows an enlarged
picture of the left cloud edge where a 3 to 5 m thin highly turbulent but drop-free area at the
cloud edge has been observed.
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