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The Barbados Cloud Observatory advances understanding of clouds, circulation, and climate

sensitivity through sustained observations on the edge of the ITCZ.

louds are at the heart of some of the most

fascinating questions posed by climate change.

Ashighlighted by Bony et al. (2015), the coupling
between clouds and circulation systems influences
not just the pace of warming but also the pattern of
the response to this warming. Cumulus clouds con-
fined to the lower troposphere, like those that prevail
in the trades, are well appreciated as being central to
the question as to how much surface temperatures
will rise with increasing concentrations of carbon
dioxide in the atmosphere (Bony and Dufresne 2005;
Boucher et al. 2013), but their influence on circula-
tion systems is only beginning to be understood.
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The surface evaporation engendered by clouds in
the trades is important to the structure of tropical
convergence zones (Tiedtke 1989; Neggers et al.
2007), and their radiative effects drive the tendency
of deeper convection to aggregate (Emanuel et al.
2014; Muller and Bony 2015). Understanding climate
change is thus synonymous with understanding
patterns of cloudiness. Earth’s atmosphere supports
many different cloud regimes; nonetheless, advanc-
ing understanding of only those in the trade wind
regions will advance the science on many fronts, but
this requires data, of which there is a paucity in the
trades.
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FiG. 1. (left) Cloud fraction and (right) change in cloud
fraction for the ECHAM6 atmospheric general cir-
culation model. Shown by the teal-colored lines are
two versions of the model that differ in the mixing
parameter used in the parameterization of shallow
convection. Cloud fraction derived from measure-
ments (gray) at the Barbados Cloud Observatory is
shown for reference in (left).

The way in which a poor understanding of low
clouds translates into uncertainty in the response of
the climate system to forcing can be illustrated by a
simple example. Through the course of development
of the new version of the Max Planck Institute Earth
System Model (MPI-ESM), particular attention was
devoted to fixing errors that had been identified in
an earlier version of that model (Stevens et al. 2013).
The initial result of this process was a model that
had an abundance of low clouds, concentrated near
the cloud base, in the trades, and over the oceans
more generally. Because the cloudiness in this layer
proved to be very sensitive to the surface temperature
(Fig. 1), this version of the model has an exceptionally
strong temperature response to radiative forcing. But
cloudiness in this cloud-base layer also proved to be
sensitive to parameter settings that control mixing by
shallow cumulus. For a different choice of parameters,
the cloud-base peak in cloud amount is much less
pronounced, it changes less with warming, and the
climate sensitivity of the model is more than halved
(Fig. 1). This simple example is consistent with analy-
ses of other models (Sherwood et al. 2014; Brient et al.
2016) and helps explain why a better understanding of
trade wind clouds is at the center of efforts to better
understand the expected pace of warming.

The importance of trade wind convection makes
it all the more surprising that measurements of
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cloud-controlling factors in the trades are rare. Major
measurement initiatives are frequent in regions of
stratocumulus (e.g., Stevens et al. 2003; Bretherton
et al. 2004; Wood et al. 2011; Gerber et al. 2013;
Russell et al. 2013) as are field programs in regions
of deeper convection (e.g., Betts 1974; Johnson et al.
1999; Raymond et al. 2003; Chen et al. 2015). In
both cases, regimes of more broken, trade wind-like
clouds may be sampled serendipitously but are not
generally the focus of measurements. In the few cases
of trade wind studies, the focus has been more on
rain forming processes than on the factors control-
ling cloudiness and convection (Rauber et al. 2007;
Knight and Miller 1998; Smith et al. 2009; Siebert
et al. 2013). The last field studies designed to under-
stand larger-scale cloud-controlling factors in the
trades, the Barbados Oceanographic and Meteoro-
logical Experiment (BOMEX; Holland 1970) and the
Atlantic Trade Wind Experiment (ATEX; Augstein
et al. 1974), were nearly 50 years ago. These seminal
studies, both of which took place in 1969, still consti-
tute the benchmark for simulations of cloudiness in
the trades (Stevens et al. 2001; Siebesma et al. 2003).

An absence of in situ measurements has only
been tolerable because of a growing record of satel-
lite measurements (e.g., Stephens et al. 2008; Loeb
et al. 2009; Winker et al. 2010; Chepfer et al. 2010).
Although helpful, satellites have several disadvan-
tages: trade wind clouds comprise many clouds
whose diminutive size is poorly sampled by satel-
lites; the presence of upper-level clouds, whether it
be overlying cirrus or stratocumulus cumulogenitus
near the trade inversion, obscures a view of pro-
cesses near cloud base; the highest-resolution sensors
poorly sample evolution in time; and, finally, the
use of satellite measurements to advance process
understanding is often dependent on meteorological
reanalyses, which in the lower tropical troposphere
are not as well constrained by data as at midlatitudes.

To fill this gap in the empiricism and thereby
advance understanding of the trade winds and their
clouds, we have established a cloud observatory on
the island of Barbados (13°N, 59°W). Our observa-
tory, the Barbados Cloud Observatory (BCO), was
constructed very much in the spirit of long-term,
European, ground-based observatories that form
the basis of Cloudnet (Illingworth et al. 2007) and
the U.S. Department of Energy’s [Atmospheric
Radiation Measurement (ARM)] climate research
facilities (Moran et al. 1998; Clothiaux et al. 2000;
Ackerman and Stokes 2003; Long et al. 2013).
These other observatories are all situated in the
extratropics, so that the BCO stands out as the only
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Fic. 2. Setting of BCO: (top) photograph of the observatory as seen from neighboring Ragged Point;
(bottom left) location of Barbados relative to other landmasses that give definition to the Caribbean Sea; and
(bottom right) observational infrastructure on Barbados and island relief as taken from the I-min gridded

elevations/bathymetry for the world (ETOPOI) global relief model (Amante and Eakins 2009).

advanced, long-term, ground-based measurement
station in the broader maritime tropics. As such,
in addition to informing understanding of factors
controlling clouds in the tropics in its own right,
the BCO is increasingly being used as an anchor for
field studies more broadly.
In the following pages, we explain why we chose
Barbados as the location for our observatory, the
general meteorological conditions at the observatory,
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and the evolving measurement infrastructure at the
BCO. A few of the insights that have been gleaned
from the first 5 years of operations are also pre-
sented. This information (more information can
be found online at http://dx.doi.org/10.1175/BAMS-
D-14-00247.2) is provided to help orient those inter-
ested in using our data (which is freely available to
the broader community) or in collaborating on the
design of future field studies anchored by the BCO.
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FiG. 3. Seasonal snapshots of tropical Atlantic and neighboring landmasses for climatologically (right) wettest
(October) and (left) driest (February) months on Barbados. Shown are shaded contours of Tropical Rainfall Mea-
suring Mission (TRMM) precipitation (ranging from | to 16 mm day™), streamlines of near-surface (10 m) winds
from the Interim European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA-Interim),
and sea surface temperature monthly climatological mean (contour lines every 2°C with orange lines denoting
26° and 28°C isotherms) from Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E)
measurements. Other BCO-like observatories are also indicated on the map; these include permanent stations
such as the Amazon Tall Tower Observatory (ATTO), the Cape Verde Atmospheric Observatory (CVAO), and
the ARM facility on Graciosa, as well as locations of recent field measurements as part of RICO that took place
in 2004 and 2005 and the ARM Mobile Facility that was located in Niamey, Niger, through 2006 as part of the
African Monsoon Multidisciplinary Analyses (AMMA) program. From June 2016 to May 2017, the ARM Mobile
Facility will be deployed on Ascension Island.

WHY BARBADOS? In a few words: because it
is relatively flat, remote, logistically attractive, and
meteorologically well situated.

Barbados sits firmly in the Atlantic Ocean, some
150 km east of the Windward Islands that form the
eastern border of the Caribbean Sea. In the windward
direction, the Cape Verde Islands, nearly 3,700 km
away, are the nearest land. Dakar, Senegal, on the
westernmost point of the African mainland, is more
than 4,500 km away. Unlike the Windward Islands,
which are volcanic in origin and whose peaks (reach-
ing nearly 1,500 m) interact strongly with the imping-
ing trades (Smith et al. 2009), Barbados was formed
by gradual but episodic tectonic uplift associated with
the collision of the Caribbean and Atlantic plates and
is relatively flat (Fig. 2).

A well-maintained network of roads, and access
to Internet and power across the island, greatly fa-
cilitates the maintenance of advanced remote sensing
instrumentation, as does an international airport and
deep-water harbor. The Cave Hill campus of the Uni-
versity of the West Indies and the Caribbean Institute
for Meteorology and Hydrology (CIMH) are also
located on Barbados. Together they provide access to
students, technical expertise, and an understanding
of the local meteorology. The CIMH supports the
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maintenance of a network of measurement stations,
including a modern Gematronik S-band polarimetric
radar that has been in operation since 2008, and is
presently celebrating 50 years of cooperation with
the University of Miami in the establishment and
maintenance of mineral dust measurements (e.g.,
Prospero and Lamb 2003).

Although Barbados is a relatively populous is-
land, most of the development is on its southwestern
(downwind) side. Of its roughly 300,000 inhabitants,
80% of the population is concentrated in the five
parishes in and around the lowlands surrounding
the capitol of Bridgetown. As a result the upwind
side of the island, where the BCO is situated, remains
relatively wild and undisturbed.

METEOROLOGICAL CONDITIONS SAM-
PLED BY THE OBSERVATORY. The seasonal
migration of the intertropical convergence zone
(ITCZ) subjects Barbados to a wide variety of tropical
circulation systems (Fig. 3), including the occasional
hurricane; Tomas formed over the BCO in 2010.
Subsidence prevails during the dry winter months
from December to June, and low-level convergence
supports convection in a wet season that peaks in
October but lasts from June to December (Fig. 4). In
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region (12°~15°N, 58°-60°W) as represented in the
ERA-Interim dataset (1989-2007).

the annual mean, the distribution of the vertical mo-
tion (at 500 hPa) mirrors that of the broader tropics
(Fig. 5), so despite its pronounced seasonal cycle, the
mean vertical motion nearly vanishes (-2 hPa). In
contrast, at Nauru (one of the former ARM sites) the
annually averaged vertical velocity is nearly an order
of magnitude larger (16 hPa). During the wet season,
less precipitation forms over Barbados, as compared
to other regions in the tropics with the same amount
of vertical motion (white dots, Fig. 5). This is indica-
tive of greater ventilation by the low-entropy air of
the subtropics—even when deep convection prevails,
Barbados still feels the influence of the trades.
Seasonal shifts in the wind also modulate aerosol
transport, including that from biomass burning, and
mineral dust raised from Africa (e.g., Fig. 6), helping
to create a laboratory for understanding aerosol-
cloud and aerosol-radiation interactions. An analysis
of 2 years of daily 10-day back trajectories, initiated
over Barbados at a height of 3 km above sea level,
indicates that in the dry season (December-May)
roughly half of the air masses originate east of 55°W
and north of 10°N. This fraction increases to nearly
two-thirds in the wet season (June—-November). Of
these back trajectories, most (55%) pass over the Eu-
ropean or African continents during the wet season
but relatively few (8%) do so during the dry season. In
both seasons streamlines of the low-level (10 m) flow
connect Barbados to a second measurement station
on Graciosa (part of the Azores), well upstream of
Barbados (cf. Fig. 3); during the wet season the BCO
also samples cross-equatorial flow that may have
passed over Ascension Island (8°S, 14°W), where the
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ARM Mobile Facility will be operating between June
2016 and May 2017. The Graciosa station (operated
temporarily during 2009 and 2010; Rémillard et al.
2012; Wood et al. 2015) began operations as a perma-
nent station in September of 2013.

The transport of mineral dust to Barbados maxi-
mizes in June and July (Doherty et al. 2008; Prospero
and Lamb 2003). During this time the Saharan Air
Layer is frequently observed above the trade inver-
sion in the layer of easterlies between 1.5 and 4.0 km
(Prospero and Carlson 1972; e.g., Fig. 6). The peak in
the dust layer above the trade inversion likely reflects
the efficiency of wet scavenging and the removal of
dust below the inversion, where shallow cumulus are
prevalent and frequently precipitate. Dust transport
from Africa has long motivated measurements on
Barbados (Prospero 1968). Its prevalence was noted
in early field studies such as BOMEX (Holland and
Rasmusson 1973), and motivated a program of con-
tinuous dust and aerosol measurements that continue
to this day (Prospero and Lamb 2003). Studies have
shown that it takes about a week for the dust to be
transported from its source regions in Africa and
that the summertime dust transport is modulated by
easterly waves, with tenfold or larger daily variations
in the amount of dust. Aged dust is known to be ef-
fective as a cloud condensation nuclei (CCN). Hence,
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FiG. 5. Distribution of monthly averaged vertical pressure
velocity from the ERA-Interim data overlaid with precip-
itation conditioned on a given range of vertical pressure
velocity for the entire maritime tropics (30°S-30°N)
and over the Barbados region (12°~15°N, 58°~60°W) as
represented in the ERA-Interim dataset (1989-2007).
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is also very dry.

the sedimentation of dust and its downward mixing
through entrainment provide a source of CCN to the
boundary layer (Twohy et al. 2009). The area near
and upstream of Barbados thus provides a natural
laboratory for exploring the sensitivity of shallow
cumulus to large changes in the number of available
CCN (Siebert et al. 2013).

THE BARBADOS CLOUD OBSERVATORY.
The BCO is situated at Deebles Point, a relatively
remote promontory on the upwind (eastern) shore
of the island (Fig. 2). The instruments are set back
from the shore by about 30 m, and the 17-m eleva-
tion of the site keeps it above the wave break. Ragged
Point, which lays across a small cove 400 m to the
northwest, is the site of aerosol measurements by
the University of Miami group, an Aerosol Robotic
Network (AERONET) station (operating since 2007),
and one of only two Advanced Global Atmospheric
Gases Experiment (AGAGE) stations in the tropics
(operating since 1978; Prinn et al. 2000).

The measurements at the BCO are centered
around active radar and lidar profiling of precipita-
tion, clouds, water vapor, and aerosol. An overview
of the BCO instrumentation is provided in Table 1
(technical and operational details are in the electronic
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supplement). The lidar and
cloud radar are among the
most advanced instru-
ments of their kind world-
wide and have formed the
core for a broader and
larger suite of instruments
that have been in opera-
tion intermittently or have
only come online more
recently. These include
a second scanning cloud
radar, a water vapor dif-
ferential absorption lidar
(DIAL), and a microwave
radiometer for atmospheric
profiling (L6hnert et al.
4 2004). Beginning in March
2015, instrumentation has
0 been added for measur-
ing broadband visible and
infrared irradiances for
eventual inclusion in the
Baseline Surface Radiation
Network. The scanning
cloud radar has been aug-
mented (and will eventually
be replaced) by a newer system that has a much larger
(2 m) dish, greater sensitivity, and is set inside a clutter
fence to remove signals from sidelobes. A wind lidar
has also been installed and profiles the wind through
the lower 2 km of the atmosphere. A new high-power
Raman lidar system is under development and will
be installed at the BCO in early 2017. The new lidar
system will have the ability to measure daytime water
vapor, and its high power will facilitate much higher-
frequency humidity profiling. Its measurements, on
the scale of meters, will thus resolve the humidity
structure at the very edge of a cloud and help inform
understanding of cloud mixing processes.

'
in

depolarization ratio log, |

mixing ratio (g kg")

WATER VAPOR, AEROSOLS, CLOUDS,
AND PRECIPITATION AT THE BCO. An
ability to anticipate changes in climate depends on
the extent to which insight into processes relevant
for climate change can be inferred from present and
past fluctuations of the climate system. Below we
give a glimpse of some of what has been learned over
the first 5 years of measurements, also to guide the
anticipated use of our data by others.

The seasonal migration of the ITCZ and the ac-
companying circulation shifts are associated with
large changes in cloudiness. This is evident when
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comparing measurements in February and October
as compiled during the first two years of operations
at the BCO. During October (taken to be representa-
tive of the wet season) midlevel and high cloudiness
(above 3 km) is pronounced. The contribution of high
clouds (above 9 km; e.g., Fig. 7a) to the cumulative
ceilometer cloud fraction is nearly 5 times larger dur-
ing October than it is in February (Fig. 7b). Because
cloudiness in the lower troposphere changes much
less across the seasons, cloud cover is greatest overall
during the wet season; radar-derived cloud cover is
0.5, compared to 0.36 during the dry season (blue vs
orange lines in Fig. 7b).

What is surprising, and what could not have been
readily deduced from satellites, is that the contribu-
tion of clouds below 1 km to cloud cover has little
seasonality. Integrating upward from the surface,
cloud cover from low clouds in February is indistin-
guishable (0.22; dotted lines below 1 km) from that
which is measured in October or any other month
for that matter. This finding has obvious implica-
tions for the questions raised by Fig. 1. Differences
in the downward accumulated cloud cover begin to
become evident when including cloudy points that
first occur between 1 and 5 km (dashed line). Cloud
cover increases only slightly to 0.26 in the wet sea-
son and substantially to 0.34 in the dry season when
contributions in this layer are considered. Although
the wet season has more high cloud that contributes
to cloud cover, in the dry season this is offset by the
additional cloud between 1 and 5 km. A secondary
peakin cloudiness in the layer between 1.5 and 3 km
is due to stratocumulus cumulogenitus: that is, strati-
form clouds formed by the detrainment of condensate
from cumulus convection (Nuijens et al., 2014). On
monthly time scales low-cloud amount correlates

AMERICAN METEOROLOGICAL SOCIETY

most strongly with wind speed, which is higher in
the dry season. On the basis of reanalysis and satellite
retrievals evaluated using data from the BCO, Brueck
etal. (2015) show that enhanced stability in the lower
troposphere during the dry season also appears to
play a role in the enhanced low-level cloudiness.

The vertical distribution of cloud fraction is
predominantly bimodal over Barbados (Fig. 7), al-
though the hint of a tertiary maximum in cloudiness
at 6.5 km is evident during the dry season. Even if
significant, this third maximum appears somewhat
higher than the average melting-level cloudiness
highlighted by Johnson et al. (1999). Analysis of the
radar data show this peak in cloudiness to be as-
sociated with detrainment from isolated cumulus
congestus systems. No such feature is evident in the
wet season, although midlevel cloudiness is on aver-
age higher as compared to the dry season, and the
atmosphere is more humid through a deeper layer.
During February the mean humidity between 4 and
9 km is near 10%; in the wet season it is closer to 50%.
Differences between the wet and dry season humidity
are strikingly similar to differences between the dry
and precipitating regions in simulations of radiative
convective equilibrium (e.g., Fig. 4 in Bretherton et al.
2005), suggesting that these rather idealized simula-
tions might capture some of the effects associated
here with much larger-scale circulations.

Seasonal shifts in cloudiness at the BCO appear
representative of processes in the broader trades
(Medeiros et al. 2010; Medeiros and Stevens 2011)
and are proving helpful as a baseline for evaluating
the representation of trade wind cloudiness in large-
scale models (Nuijens et al. 2015). Measurements at
the BCO suggest that the parameterization of shallow
convection in climate models adequately represents
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TaBLE |. Summary of BCO measurement systems. Further information about the operation and tech-
nical specifications of the measurement systems are provided in the electronic supplement.

System

Measurements

Raman lidar

Measures particle backscatter at 355, 532, and 1,064 nm. Particle extinction is
derived from pure rotational Raman signals at 355 and 532 nm. The depolar-
ization ratio is measured at 532 nm. Water vapor mixing ratio derived and air
temperature from Raman signals at 355 nm. In early 2017 the existing system

will be replaced by the lidar component of the Cloud Observing Radar and Lidar
(CORAL) system designed to measure humidity within 2% at a 3-m range and 5-s
temporal resolution.

CORAL cloud radar

A vertically pointing Metek K _(35.5 GHz) polarized Doppler radar measures
clouds and precipitation. It is operated at a high (—60 dBZ at 2 km for 15-m range
gates and 2-s averaging) sensitivity and a narrow (0.3°) more isolated beam to
avoid clutter.

KATRIN cloud radar

A Metek scanning K _(35.5 GHz) polarized Doppler radar measures clouds and
precipitation. It is operated at a high (=52 dBZ at 5 km) sensitivity and has a 0.5°
beamwidth (at half maximum).

Scanning precipitation
radar

A high-performance METEOR 500S Gematronik radar operating in the S band
measures precipitation with a 300-m range resolution and a sensitivity of

—12.5 dBZ at 50 km. It has been operational since 2008 and is maintained by the
Barbados Meteorological Services.

Microwave radiometer

A scanning RPG Radiometer Physics GmbH Humidity and Temperature Profiler
(HATPRO) radiometer maintained by the University of Cologne measures seven
brightness temperatures around the water vapor line at 22.24 GHz.

Micro Rain Radar

A frequency-modulated continuous-wave radar, the Micro Rain Radar (MRR-2),
operating in the X band (24 Ghz). Two MRRs are deployed, one at the BCO and
another at the CIMH.

Ceilometer

A Jenoptik |5-K laser ceilometer with a 0.4-mrad field of view measures back-
scattered energy at 1064 nm.

Radiation

A Solys2 sun tracker with two CP2| pyranometers (shaded and nonshaded) mea-
suring visible radiation (0.285-2.80 ym), a CGR4 shaded pyrgeometer measuring
thermal radiation (4.50—42.0 ym), and a CHPI pyrheliometer measuring direct
irradiance (0.20—4.00 ym). Operational since March 2015.

Wind lidar

A Halo Photonics Streamline Pro wind lidar system for profiling the wind in the
lower (2 km) atmosphere.

Atmospheric composition

The University of Miami makes daily filter samples from a |7-m tower (atop a
30-m cliff) at nearby Ragged Point.

Standard meteorology

Continuous meteorological measurements are provided by a Vaisala WXT520
sensor, which measures barometric pressure, humidity, precipitation, tempera-
ture, and wind speed and direction from a mast at a height of 5 m.

All-sky imager A self-made all-sky imager provides high-resolution digital photograms every
minute.
Webcams Four webcams oriented southeast, northeast, northward, and westward take

visible images every minute.

Water vapor DIAL

DIAL (Ertel et al. 2005) was operated for 5 months during the period between
November 2011 and May 2012. The DIAL transmits in the near infrared, at
820 nm, where appropriate water vapor absorption lines are located.

the basic depth and structure of the cloud layer but

The BCO also functions as a laboratory for study-

that cloudiness varies more with wind speed in nature  ingaerosol-cloud interactions. Aerosol optical depth
than it does in climate simulations, and cloud amount ~ can vary greatly, largely as a result of dust transport
near cloud base is more constant in the data thanin  from North Africa. Dust episodes can produce daily

models (Brueck et al. 2015; Nuijens et al. 2015).
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averaged optical depths larger than 0.4 and are most
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FiG. 8. (a) Time series of Raman lidar optical depth at 335 nm integrated between 0.5 and 15 km during the
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quartile range of data. (b) Daily median, interquartile, and 10th- and 90th-percentile values of dust and sea
salt calculated from Il years (2000-10) of filter samples at Ragged Point.

common in the May-September time frame (Fig. 8).
During the dry season, particularly January and
February, the flow from the east-northeast is less
aerosol laden, with optical depths remaining well
below 0.05 for extended periods of time, and very little
dust is evident. The interplay between dust transport
and precipitation leads to considerable variance in
aerosol optical depth during the wet season, so that
despite the larger dust loading, aerosol optical depths
may still drop to values less than 0.01 (Fig. 8a) and
sea salt is likewise reduced (Fig. 8b). Such very clean
periods are thought to occur more often during the
wet season when wet scavenging is strong but also
because climatologically lighter winds lead to less sea
salt aerosol to begin with (Fig. 8b). The slightly higher
clear-sky extinction (Fig. 7d) above 5 km in October
is consistent with slightly more dust during this pe-
riod, although differences between dust amounts in
February and October are small (Fig. 8b).

The aerosol varies considerably over the BCO,
seemingly much more profoundly than the meteo-
rology; even so, it has been difficult to demonstrate
a robust influence of the aerosol on important cloud
properties, such as the tendency to form precipitation.
An analysis of two years of data from the KATRIN
(named for scientist Katrin Lehmann) cloud radar
shows a strong influence of slight changes in ambient
relative humidity on cloud development but no robust
signature of aerosol effects (Lonitz et al. 2015). This
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finding is consistent with high-resolution modeling,
which suggests that even a few percent change in the
cloud-layer humidity has as much effect on the echo
development of shallow clouds as does a twofold
change in cloud droplet number concentrations
(Seifert et al. 2016).

ANCHORING INVESTIGATIONS ON THE
EDGE OF THE ITCZ. Measurements at the BCO
have helped support a number of recent field studies:
the Barbados Aerosol Cloud Experiment (BACEX)
in 2010 and two Cloud, Aerosol, Radiation and Tur-
bulence in the Trade Wind Regime over Barbados
(CARRIBA) campaigns in November 2010 and April
2011 (Siebert et al. 2013). During CARRIBA particle
measurements were made in situ at the neighboring
Ragged Point, and profiling of the turbulent structure
of the cloudy boundary layer upwind of the BCO was
performed with a helicopterborne payload. During
the recent Saharan Aerosol Long-Range Transport
and Aerosol-Cloud-Interaction Experiment (SAL-
TRACE) 2013 campaign, additional lidars and in situ
particle samplers were deployed both on the CIMH
campus and at Ragged Point, and air masses were
sampled from the German national aeronautics and
space research center [Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR)] Falcon aircraft, which in
addition to an array of particle probes also deployed
a wind lidar system.
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ALO is a Gulfstream 550 with a

large payload (2,800 kg, 800 kg with
maximum fuel), long range (12,500 km),
and a high (15.5 km) ceiling. In support
of measurements at the BCO a suite
of remote sensing instrumentation has
been developed for HALO in coop-
eration with the DLR, the University
of Hamburg, and the University of
Cologne. The instrumentation includes
three banks of radiometers with 26
channels spanning the K and V bands,
a K _cloud radar very similar to the
KATRIN system on Barbados but with
a somewhat reduced (—38 dBZ at 5 km)

sensitivity, and a water vapor DIAL
lidar [Water Vapour Lidar Experiment
in Space (WALES); Wirth et al 2009].
The microwave instrumentation is
described in more detail by Mech et al.
(2014). The remote sensing instrumen-
tation looks in the nadir direction from
a special belly pod mounted on the
forward fuselage of HALO (Fig. SBI).
Dropsondes can be launched from the
rear of the aircraft, and differential op-
tical absorption spectroscopy provides
further information about the state of
the air mass below HALO. A high-res-
olution spectroradiometer (HALO-SR;

Cloud Radar/ .

Water Vapor DIAL

HALO

Fricke et al. 2014) measured radiances in
the spectral range from 0.35 to 2.0 ym,
with a spectral resolution of 0.003 ym
below | yum and 0.016 yum between |
and 2 ym. The composition of vari-

ous trace gases was measured using a
miniature differential optical absorption
spectroscopy (mini-DOAS). The HALO
mini-DOAS instrument was developed
by the Institut fiir Umweltphysik at the
University of Heidelberg. It consists of a
six-channel (ultraviolet/visible/infrared)
spectroradiometer that measures trace
gas amounts using scattered sunlight in
the limb and nadir directions.

Fic. SBI. (left) HALO with the remote sensing belly pod mounted to its fuselage. (right) Closeup image of belly
pod showing three compartments for cloud radar, water vapor lidar, and three-bank, 26-channel radiometer.

The BCO is also anchoring aircraft-baded stud-
ies of tropical and trade wind convection with the
German High Altitude and Long Range Research
Aircraft (HALO; see sidebar on HALO). The first
HALO campaign, Next-Generation Aircraft Remote
Sensing for Validation Studies (NARVAL)-South,
took place between 10 and 20 December 2013 (Klepp
et al. 2014; see also the electronic supplement).
NARVAL-South comprised eight flights over the
tropical North Atlantic (Fig. 9) that were designed
to test its payload of nadir-looking remote sensing
instruments and investigate the extent to which
measurements at the BCO are representative of the
broader trades. Seven of the eight research flights
included long coincident legs along the path of the
A-Train constellation of satellites. The legs allowed for
a comparison of the lidar and radar remote sensing
from HALO to be compared with the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) lidar
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on Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSO) and the cloud profiling
radar on CloudSat. Sixty-seven dropsondes were also
successfully launched from HALO, mostly in a region
of the subtropical Atlantic (Fig. 9).

Conditions during NARVAL-South were char-
acterized by a relatively homogeneous large-scale
environment and an exceptionally dry free tropo-
sphere, very much consistent with the measurements
at the BCO. Over a stretch of thousands of kilometers
convection was confined to a shallow (topping at
1.5-3 km) marine layer, above which the atmosphere
was very dry and cloud free. The homogeneity in the
large-scale conditions allowed a clear trade wind
structure, with a pronounced trade wind temperature
inversion and hydrolapse, to emerge from the mean
sounding taken from 46 sondes launched south of
20°N and west of 25°W (Fig. 10). The main features
of this mean sounding are also evident in individual
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Fic. 9. Overview of HALO trade wind flights. Shown are the flight paths dur-
ing the NARVAL-South campaign overlaid on outgoing longwave radiation
(OLR) measurements from the Atmospheric Infrared Sounder (AIRS) for
the same period. Eight flights were performed, four of which crossed the
entire Atlantic. Seven flights included A-Train under flight legs (evident as
north-northeast-south-southwest jigs) for intercomparisons with CloudSat
and CALIPSO.

Radar imagery empha-
sizes that very shallow
moist convective systems
are not infrequent and can
precipitate heavily. This is
the case for an event mea-
sured around 1330 UTC
15 December (Fig. 11, see
inset), for which a convec-
tive cluster with tops only
at 2.5 km sustains an echo
that is greater than 40 dBZ.
These types of systems are
commonplace in the BCO
record, as evidenced by the
daily quick-look imagery.
Similar systems featured
prominently in the distri-
bution of cloudiness over
the broader Atlantic trades
during the HALO over-
passes (see supplemental
information) and were also

soundings. Here, the top of a relatively thick inver-
sion layer is defined by the maximum in the saturated
moist static energy and the minimum in moist static
energy at about 3 km. This inversion demarcates the
depth of the deepest convective clouds. For the most
part, moist convection is confined between the top
of the subcloud layer at about 600 m and the base of
the trade wind inversion at about 1.75 km, and the
free-tropospheric humidity is at most a few percent
(Fig. 10), similar to what is observed in the winter
trades at the BCO.

During the period of the NARVAL flights, the BCO
was influenced by deeper convection, which was preva-
lent south of the area of flight operations near the Guy-
ana coast. This is evident in lower values of outgoing
longwave radiation in Fig. 9, which extended northward
toward Barbados on some of the days, for example, 14
December. The radar imagery from the BCO cloud
radar KATRIN shows the contrast between periods
of deeper convection and the more suppressed condi-
tions more typical of the trades (Fig. 11) and what was
sampled by HALO. Deeper convection over and south
of Barbados maintained elevated cirrus outflow layers
on 14 December, transitioning to more suppressed con-
ditions with diminishing high clouds and convection
capped at about 2-3 km thereafter. The three modes of
convection seen in this 3-day period are similar to what
is seen in the average over 4 years (Fig. 7).
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often observed during the
Rain in Cumulus over the
Ocean (RICO) field study (Nuijens et al. 2009). This
suggests that the convective systems sampled by the
BCO are not just a local feature but play an impor-
tant role in the mass and moisture budgets in the
trades, as demonstrated with the help of BCO data
by Burdanowitz et al. (2015).
In demonstrating the capability of the HALO
aircraft to characterize the large-scale environment
through active remote sensing and from dropsondes,

.............. flight level
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Fic. 10. Trade wind sounding from 46 dropsondes
launched during a 10-day period over the north-central
subtropical Atlantic: dry static energy s (black dashed
line), moist static energy h (red), and saturation
moist-static energy h_(blue). The relative position of
h between s and h. measures the relative humidity.
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Fic. 11. Radar reflectivity profiles from the KATRIN cloud radar at the BCO for the 3-day period 14-16 Dec
2013. Inset shows the details of a convective system passing over the site near 1330 UTC 15 Dec 2013 with a
maximum echo greater than 40 dBZ near the surface at 1338 UTC arising from a system whose echo tops were
at an altitude of less than 3 km.

NARVAL has set the stage for subsequent field stud-
ies. NARVAL-II will take place in August of 2016 and
will use Barbados as its base of operations to explore
the capability of measurements of the divergence of
the horizontal wind (from dropsondes) and thermo-
dynamic profiles (also from remote sensing) to con-
strain the mass, heat, and moisture budgets in an area
of some 10* km?, typical of the grid cell in a general
circulation model. These types of measurements are
being performed to help understand the interaction
of shallow convection with its large-scale environ-
ment, including the role of shallow trade wind layers
in organizing nearby deep convection. NARVAL-II
will help inform the design of, and contribute to, a
larger, multiplatform field study, being proposed for
2019. This campaign [Elucidating the Role of Cloud-
Circulation Coupling in Climate (EUREC*A)] is a
French initiative to leverage ongoing measurements
by HALO, and at the BCO, to explore new ideas for
testing understanding of how clouds and convection
interact with the large-scale environment. Data from
initiatives such as these, combined with the context
provided by long-term measurements at the BCO,
are bringing a fresh wind to efforts to understand
the relationship between cloudiness, circulation, and
climate change.
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