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Abstract

The VAMOS! Ocean-Cloud-Atmosphere-Land Study Regional Experiment (VOCRESR)
was an international field program designed to make observations ofy pouterstood but
critical components of the coupled climate system of the southeast Pacifia.egion is char-
acterized by strong coastal upwelling, the coolest SSTs in the tropicalameltis home to
the largest subtropical stratocumulus deck on Earth. The field intensasepmpf VOCALS-
REXx took place during October and November 2008 and constitutes a qoititadf a broader
CLIVAR program (VOCALS) designed to develop and promote scientifividies leading to
improved understanding, model simulations, and predictions of the sotghe&scific (SEP)
coupled ocean-atmosphere-land system, on diurnal to interannual tlesesdde other ma-
jor components of VOCALS are a modeling program with a model hierarchgimg from
the local to global scales, and a suite of extended observations frafaregsearch cruises,
instrumented moorings, and satellites. The two central themes of VOCALSHRE=R upon
(a) links between aerosols, clouds and precipitation and their impacts orenstnatocumulus
radiative properties, and (b) physical and chemical couplings bettheampper ocean and the
lower atmosphere, including the role that mesoscale ocean eddies play. oAlggotheses
designed to be tested with the combined field, monitoring and modeling work in (GG
presented here. A further goal of VOCALS-REX is to provide datasetthe evaluation and
improvement of large-scale numerical models. VOCALS-REX involved fgearch aircraft,
two ships and two surface sites in northern Chile. We describe the instrypagdonads and key
mission strategies for these platforms and give a summary of the missionsctathdu

1 Introduction
1.1 Scientific motivation

Interactions between the South American continent and the Southeast FBER) Ocean are
extremely important for both the regional and global climate system. Figureidaied some

Lvariability of the American Monsoon Systems, an internaailcCLIVAR program
3



of the key features associated with these interactions. The great hawylebatinuity of the
Andes Cordillera forms a sharp barrier to zonal flow, resulting in stromgisv(coastal jet)
parallel to the coasts of Chile and Peru (Garreaud anéiddu2005). This, in turn, drives
intense oceanic upwelling along these coasts, bringing cold, deep, pibiognrich waters to
the surface. As a result, the coastal SEP sea-surface temperatbiie3 é8e colder along the
Chilean and Peruvian coasts than at any comparable latitude elsewhereol@surface, in
combination with warm, dry air aloft, is ideal for the formation of marine stratodusnciouds,
and supports the largest and most persistent subtropical stratocureakumdhe world (Klein
and Hartmann, 1993). The presence of this cloud deck has a major injpacthe Earth’s
radiation budget by reflecting solar radiation. This helps maintain cool 383iglting in tight
couplings between the upper ocean and lower atmosphere in this regierunidue climate
of the SEP has been very sparsely observed, yet has great ecompaat, with fishing in the
Humboldt Current system representing 18-20% of the worldwide marimedish (source: UN
LME report).

Itis a challenge for global and regional models to successfully simulate&iRasific climate
system, because of its sharp horizontal and vertical gradients and theamgmof subgridscale
and poorly resolve physical processes. Most coupled GCMs obtdia tB&t are too warm and
have too few clouds over the SEP, and show unrealistic features in the simuw#fthe warm
tropics downstream (deSzoeke and Xie, 2008). There are majortammties in the representa-
tion of key physical processes in these models, which may be contributingde érrors (e.g.
Mechoso et al., 1995; Ma et al., 1996). Therepresentation of stratdgsimuarge scale models
over the SEP is improving in some global models, but most models continue ttahgediases
in the location and albedo of cloud and the boundary layer vertical steuBuetherton et al.,
2004; Wyant et al., 2010). Observations are highlighting the importandezzie precipitation
to SEP marine stratocumulus (e.g. Bretherton et al., 2004; Caldwell et &b, @0fhstock et al.,
2005), and observations and models point to a significant role for diiza#ecting stratocu-
mulus cloud cover and radiative properties, in particular in promoting transifrem closed
to open mesoscale cellular convection (e.g. Comstock et al., 2007; Savcic-and Stevens,
2008; Wang and Feingold, 2009; Wang et al., 2010) and the formatioo-oéled "pockets
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of open cells” (POCs) (Bretherton et al., 2004; Stevens et al., 200®b)si¢al parameteriza-
tions currently used in large scale models do not yet attempt to represesggaksinteractions
between precipitation and cloud cover.

There is evidence that precipitation in marine stratocumulus may be influegcathro-
pogenic aerosols (e.g. Geoffroy et al., 2008; Brenguier and Wo@@R)2 which suggests a
potential role for aerosols to influence cloud macrostructure in addition torttierophysics.
Aerosol indirect effects on warm clouds remain poorly treated in largke stumerical mod-
els (e.g Lohmann and Feichter, 2005), chiefly because the overall impaetosols on cloud
radiative properties depends upon numerous complex small scale anscalestynamical re-
sponses which result in macrophysical cloud changes (Stevens ampblge 2009). Satellite
and research cruise data show strong gradients in aerosol and clougbinyisical properties
between the near-coastal and more remote marine region of the SEP (Wadg@608), mak-
ing this a region where the Twomey effect may be particularly strong (see€egrge and
Wood, 2010). Since this is also a region where clouds are prone to dfgaatherton et al.,
2004; Leon et al., 2008), it is also a region potentially well-suited to the sthdgrosol-cloud
interactions.

In the SEP region there are important contributions to the atmospheric hframoboth
natural and anthropogenic sources (Tomlinson et al., 2007; Hawkéhs 2010). Cloud droplet
effective radii are small off the coast of Northern Chile, implying elevatedcentrations of
cloud droplets (Wood et al., 2008; George and Wood, 2010; PainerdaZaidema, 2010).
These elevated concentrations are broadly downwind of major copptessivehose combined
sulfur emissions total approximately 1 TgSyr comparable to the entire sulfur emissions from
large industrialized nations such as Mexico and Germany. Offshorgtrgressents have been
shown to lead to elevated droplet concentrations offshore (Hunealis2006). However, little
is actually known about the aerosol compaosition in the region since theeskien very few
measurements. We do not yet know the extent of the anthropogenic relusor do we fully
understand the complex chemistry occurring in the pristine boundary lasteef offshore.

In the absence of cloud macrophysical responses, the reducddtdigctive radii resulting
from increased concentrations of cloud droplets would increase teeteflsolar radiation, and
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estimates of the component of the reflected shortwave radiation due t@gbagvariability in
effective radius alone are10-20 W n1 2 or 20-40% of the mean reflected shortwave (George
and Wood, 2010). The magnitude of these estimates is such that the inffieets ef aerosols

on clouds could lead to significant decreases in the amount of solar racéatexing the ocean,
with significant implications for the ocean heat budget.However, we doetdtly understand
the controls on cloud droplet concentration in the MBL, and it is possiblentieé¢orological
controls (e.g. precipitation sinks) in addition to aerosol sources may pliggndicant role.
Further, we are beginning to understand that cloud responses tolaeros not solely due to
the Twomey effect alone, and that fast feedbacks can both enhad@@anteract the Twomey
effect (Ackerman et al., 2004; Xue et al., 2008, e.g.).

Early estimates of surface heat fluxes from climatologies and numericéhevgarediction
models showed diverse conclusions as to whether or not the offsbeam gained from or lost
heat to the atmosphere. Observations from deployment of the IMETcsurfaoring beginning
in 2000 near the location of the annual maximum in stratus cloud cover shtbaethe ocean
gains about 40 W m? annually and was subject to over 1 m in evaporation (Colbo and Weller,
2007). This surface forcing was applied to a relatively thin ocean sairfsixed layer (annual
maximum thickness of about 150 m) that overlays a relatively cold, fres@rwaass formed
to the south. For oceanographers, the challenge is to understand hshatlosv ocean surface
layer under the clouds maintained its temperature and salinity under thisestafaing.

Studies of the upper ocean heat budget offshore of the coastallingwz®ne indicate weak
mean advection, energetic eddies, and the need for a source of iglativ@, fresh water
(Colbo and Weller, 2007). This divergence of heat and salt is prdsiynaahieved by the
interaction of mesoscale and submesoscale processes with the suréacthtaygh the precise
mechanisms are presently unclear. Candidates include oceanic eddieSragkelatively cold,
fresh anomalies westward from the coastal zone and vertical mixing gsesdransporting
heat and salt downward, across the base of the oceanic mixed lageménal, however, little
is know about the oceanic eddy processes in the SEP, not only regitrdinrole in influencing
the mixed layer properties but also their potential role in modulating the coatientof aerosol
precursors such as dimethylsulfide and complex organic species.
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Clouds over the SEP exhibit a much stronger diurnal cycle of cloud anetiquid water
path, LWP (Rozendaal et al., 1995; Wood et al., 2002) than MBL cloudsraparable lati-
tudes in the northern hemisphere. Regional model simulations (Garredududioz, 2004)
suggest that a large-scale diurnal subsidence wave formed by theciidarof the coastal jet
along the Chilean coast with dry convective heating over the westernafirglepes travels at
least 1000 km over the SEP and leads to a strong diurnal cycle of snbsidéremote loca-
tions. Using improved observations of how this wave influences the diayuéd of marine
stratocumulus should be useful for assessing whether the diurnaimasiaf clouds in large
scale models are well represented.

1.2 Motivation for the VOCALS regional experiment

The science issues described above are central to VOCALS (VAMO&areCloud-
Atmosphere-Land Study), an international CLIVAR program to develugp gromote scien-
tific activities leading to improved understanding, model simulations, and piewcof the
southeastern Pacific (SEP) coupled ocean-atmosphere-land systeimyraal to interannual
timescales. VOCALS is ultimately driven by a need for improved numerical nsiaellations
of the coupled climate system in both the SEP and over the wider tropics aimd@ab. At the
root of VOCALS's approach to the problem is the premise that its solutiominegja synergy
between numerical modeling, field studies, and extended observatidnasbaooys and satel-
lites. With this in mind, the VOCALS Regional Experiment (VOCALS-REX) wascemived. In
this manuscript we present an overview of the hypotheses, instrumentaiopling platforms,
sampling strategies, and missions conducted in pursuit of the science\ealeliberately do
not discuss any scientific results from REX; this paper is intended askgroand framework
and a supplement to the numerous other papers which present thdse resu

In Section 6, we will briefly summarize the VOCALS strategy for coordinating efingd
work with REXx (again, without presenting results). REx was designed dormfmprovement
of both global and regional climate and chemical transport models andralsess-level models
such as large-eddy simulations of aerosol-cloud interaction. In additExinfade use of real-
time output from several models for mission planning.
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VOCALS-REX provided intensive observations of key processesibating to the climate
of the SEP. The observations are being used to help test a coordinatdfchgpotheses pre-
sented in Table 1, to evaluate our ability to model the important physical anticdigrocesses
in the SEP, and to help evaluate the performance of satellite retrievals. TGAM®REX hy-
potheses are organized into two broad themes: (1) the impacts of aenpsnlthe microphys-
ical and structural properties of stratocumulus clouds and drizzle ptiody (2) the coupled
ocean-atmosphere-land system.

2 VOCALS-REXx study region and dates

VOCALS-REX took place during October and November 2008, engagieg 160 scientists
from 40 institutions in 8 nations. A variety of operations within a limited domain of BB S
coupled climate system were conducted (Fig. 2). REx operations tookipl#ue domain 69-
86°W, 12-3TS, with a concentration of sampling close to thé2a@atitude line. This parallel
was chosen as it transects the heart of the SEP stratocumulus sheeafil¢iartmann, 1993;
George and Wood, 2010), exhibits strong longitudinal microphysicdtasts (Bennartz, 2007;
Wood et al., 2008; George and Wood, 2010; Bretherton et al., 20ddyses a region where
open cell formation is frequently observed (Wood et al., 2008), and isdte@dy mesoscale
ocean eddies (e.g. Colbo and Weller, 2007; Toniazzo et al., 2009).

Overall, the VOCALS-REX period was characterized by near climatologittabspheric
conditions off northern Chile and southern Peru. However, significamtions in MBL depth
occurred during October when midlatitude troughs reached the VOCAji&ré&ading to four
episodes (1-2 day long) of mid-tropospheric upward motion. In contkestember exhibited
less synoptic forcing and almost continuous subsidence (Rahn aneb@dy2010a,b; Toniazzo
etal., 2010).

In the following sections we first discuss the research platforms and tierirentation used
to make observations during VOCALS-REX, followed by the chief missionsymal sampling
strategy.



3 Platforms and Instrumentation

A total of five aircraft (NSF/NCAR C-130, the DoE G-1, the CIRPAS Twitied, the FAAM
BAe-146, and the NERC Dornier 228, see Table 2) two researchis¢gs=NOAA R/V Ronald

H. Brown, RHB, and the Peruvian IMARPE #olaya, see Tables 3 and 4 respectively) sam-
pled the lower atmosphere and upper-ocean during REx. These mobitapisifiere comple-
mented by a number of ground-based observational sites (Table 5).

3.1 Aircraft platforms

Three of the aircraft deployed in VOCALS-REXx (C-130, G-1 and Twite€) were operational
from 14 October to 15 November 2008, with the other two aircraft (BA@-4dd Do-228)

operational from 26 October-15 November 2008. Table 2 shows the dege which missions
were flown, and Fig. 3 provides a graphical representation of theftisampling as a function
of day and longitude. Tables describing the specific aircraft missiondisuesed below. The
aircraft measurements are designed to critically address several ofQBAMNS hypotheses
(Table 1), particularly those related to aerosol-cloud-drizzle interacaonsthose involving

the sources and sinks of atmospheric aerosols.

3.1.1 NSF/NCAR Lockheed C-130

The NSF/NCAR C-130Q is operated by the Research Aviation Facility (RAE)eaNational
Center for Atmospheric Research (NCAR) in the United States. During REXth30 flew
missions up to 9 hours in duration reaching 1600 km offshore, making it tigeekt range
aircraft used in REx. The C-130 has a large payload and carries rimstits and sensors
in pods and pylons on both wings. Details of the instrumentation payload on-tt#0C
are given in Table 2. The aircraft is flown at an airspeed of approxigna®0 m s' for
boundary layer sampling. Details of the missions flown in REx are given iteTéab Fur-
ther information on the instrumentation on the C-130 including data quality caounel fon-
line at http://www.eol.ucar.edu/about/our-organization/raf/data/vocals/vocalsH@ntation-
summary



3.1.2 FAAM BAe-146

The Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 raificis operated
by a joint agreement between the Met Office and the Natural EnvironmesgaRch Council
(NERC) in the United Kingdom. The BAe-146 served as the medium rangafiioperated in
REX, flying missions of typically 5 hours and sampling up to 900 km offshbe.BAe-146 has

a large payload and carries instruments and sensors in pods and pylbathavings. Details

of the instrumentation payload on the BAe-146 are given in Table 2. Theatiis flown at

an airspeed of approximately 100 m'sfor boundary layer sampling. Details of the missions
flown in REx are given in Table 7. Further information on the instrumentaticihe®Ae-146
including data quality can be found online latp://data.cas.manchester.ac.uk/vocals/vocals-
uk-summary.pdf

3.1.3 DoE Gulfstream-1 (G-1)

The Department of Energy Gulfstream-1 (G-1) is operated by the Rasddncraft Facility
(RAF) at the Pacific Northwest National Laboratory in the United State® G served as
a medium range aircraft in REx, with sampling out to 800 km from the coast. aliferaft is
flown at an airspeed of approximately 100 m' $or boundary layer sampling. Details of the
instrumentation payload on the G-1 are given in Table 2. Details of the missaws ith REx
are given in Table 8.

The NERC Dornier-228 is operated by the Airborne Research ancegacility (ARSF)
of the Natural Environment Research Council (NERC) in the United Kingdts main role in
VOCALS-REx was remote sensing of clouds out t6\k6 using lidar, a hyperspectral imager
and polarimeter. Details of the instrumentation payload on the Do-228 ane igivEable 2.
Details of the missions flown in REXx are given in Table 9. Most flights took pdaem altitude
of 4-5 km, with the remainder profiling the free troposphere to measure imeitisol concen-
tration. Typically, the Dornier overflew the flight path of the FAAM BAel4@&wa similar
airspeed{ 100 m s~!) and/or C-130 especially during theZmissions (see below).
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3.1.4 CIRPAS Twin Otter

The Twin Otter operated by the Center for Interdisciplinary Remotely Pilotecr#fir Studies
(CIRPAS) was instrumented to make turbulence, cloud microphysics, andcheneasure-
ments (Table 2) in the near coastal region of the VOCALS domain &, 2ZIW (a location
termed here as Point Alpha, see Fig. 2). This relatively slow-moving &irer0 m s!)
made 5 hr flights originating from Iquique Chile that allowed for 3 hrs of sargpdinPoint
Alpha on 18 flights (Table 10).

3.2 Ship platforms

The two ships in VOCALS-REx sampled different locations at different timiée R/V Ronald
H. Brown was operational for two phases, the first from 25 OctobeNov&mber 2008 and the
second from 10 November to 2 December 2008. The Peruvian RA&Jaya operated from 2-
17 October 2008. Fig. 3 provides a graphical representation of theatmpling as a function of
day and longitude. Figures describing the specific ship sampling strategidsassed below.
The ship measurements are designed to critically address several of &L\ hypotheses
(Table 1), particularly those related to the upper ocean, aerosol-digzale interactions, the
physical and chemical interactions between the upper ocean and thedowmesphere, and
those involving the sources and sinks of atmospheric aerosols.

3.2.1 NOAA R/V Ronald H. Brown

The R/V Ronald H. Brown is operated by the National Oceanographic amdgpheric Admin-
istration (NOAA), and served as the primary shipborne sampling platforméasurements in
the vicinity of 20°S from the coast out to 88V. The RHB also provided the means to deploy
and recover moorings, drifters, and profiling floats during VOCALS REke RHB payload
was designed to sample both the upper ocean and the lower atmosphegeRExjrand details
are given in Table 3. The multi-week RHB cruises with 6 daily upper air sogiscand contin-
uous measurements by most sensors are able to capture details of the Ml dariations
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and aerosol-cloud-drizzle evolution in a way that the aircraft platformaata
3.2.2 Peruvian R/V Jog Olaya

The Jog Olaya is operated by the Instituto del Mar del(PEMARPE) and operated in Pe-
ruvian near-coastal waters to provide extensive sampling of the ugeanpwith additional
atmospheric measurements (Table 4). The sampling strategy (see belodgsigzed to ex-
amine the coastal upwelling region off Pisco-San Juan and extendedHeoReruvian coast to
100-300 km offshore. The upper and lower atmosphere, the uppangiroperty distribution
and circulation, the biogeochemical characteristics, the plankton communitfustr as well
as fishery responses were measured in a comprehensive, multidisgiplizis. Details on the
instrumentation onboard the Olaya are provided in Table 4.

The National Center for Atmospheric Research (NCAR) Earth Obsehabgratory (EOL)
deployed a GAUS (GPS Advanced Upper-air Sounding systems) radiestation on the Jés
Olaya during VOCALS with sondes launched by IMARPE and IGP (InstituémfSico del
Pei) and IRD (Institut pour le Bcherche et D&@loppement) scientists. A total of 133 sound-
ings were launched at varying intervals from 30 September to 17 Oct@0&: 2ZI'he launch
sites were predominately within an area about 200 km off the coast ofdhred@on of southern
Peru. Vaisala RS92G radiosondes were used throughout.

3.3 Fixed location sites
3.3.1 Paposo

Extensive aerosol and meteorological measurements were made at twomesate®aposo
(25°01’S, 7028'W) on the Northern Chilean coast (see map Figs. 2 and 4). In terms of
the flow in the MBL, Paposo sits upwind of the primary focus area along th& parallel

and the measurements are designed to help constrain the physical asal aeoperties of
airmasses leaving the continent to be advected over the broader SE Ragdit. Two sites
were used near Paposo (Table 5) on the Northern Chilean coast. kesitsol physical and
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chemical measurements, and meteorological sampling, were conductedlavated (upper)
site (2500'22.55"S, 7027°'02.01"W, 690 m asl) in the coastal range immediately adjacent to
the ocean (1.7 km east of the shore). Lidar profiles and soundings made from a lower
site near sea-level in the village of Paposo°(®B34.41"S, 7027°'53.64"W, 20 m asl) situated
100 m from the shore and 1.5 km to the WSW of the elevated site.

The elevated Paposo site is close to the peak of the hill in the coastal randpch itvis
situated (Fig. 4). Meteorological measurements from an automatic weattien stiethe upper
Paposo site were started on 24 July 2008 and continued through the dloverhber 2008.
During the period of intensive REx sampling at Paposo (Oct 17-Nov 08Y2@he upper site
was almost continually within the marine boundary layer (MBL), although eanlithe season
the inversion was occasionally lower which allowed sampling above the MBlleTs details
the measurements made at the upper Paposo site. Aerosol sampling we @atriusing a
custom-made multidirectional aerosol inlet and a multiport sampling configurétes Fig.

4), with additional sampling lines for aerosols during 4-15 Nov. The prinsamypling line
was used to connect with the scanning mobility particle spectrometer (SMpt&glgarticle
counter (OPC), nephelometers, aethalometer and ozone analyzereasatth line was used
to sample submicron<{1 ym diameter) aerosols on filters for chemical analysis. Aerosol
filter measurements are described further in Chand et al. (2010). M&igmal and radiation
measurements at the upper site were made by the University of Chile, apchteasurements
are described further in (Munoz et al., 2010).

Atthe lower Paposo site, an eye-safe 1.pidlidar, a weather station, and a sounding system
were installed at the Paposo foothill site near the coast (Table 5 and mag) Fidhe lidar was
primarily vertically-pointing but some slant path scans were also perforsaddentical set
of meteorological parameters to that measured at the upper site was niestsheslower site.
Multiple soundings per day were made from the site (Table 5 provides defal® daunch
times).
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3.3.2 Paranal

A suite of aerosol measurements (see Table 5) in the free-tropospbereaiso made for just
under three weeks (17 October to 4 Nov) at the high altitude Europedheé&@nbservatory at
Paranal (2437'39.00"S, 7024'17.85"W, 2625m asl), see map Fig. 4.

3.3.3 lquique

The National Center for Atmospheric Research (NCAR) Earth Obseivéfgratory (EOL)
deployed a GAUS (GPS Advanced Upper-air Sounding systems) radiestation located in
Iquique at the Universidad Arturo Prat Marine Sciences Campusl@05’S, 7007'52"W,
15 m asl). The stations was operated with the assistance of staff andtst(ssnmap Fig. 4).
The launch site was on a steep slope, approximately 100 meters inland antE2€ aeve the
shoreline. A total of 192 radiosondes were launched at 4 hourly ingefrean 15 October to
15 November 2008. Weather conditions at the site were generally cleaabmgwith light sea
(daytime) and land (nighttime) breezes. Vaisala RS92G radiosondes sest¢hmoughout.

3.4 IMET Buoy

The Improved Meteorology (IMET) moored buoy is situated at approxim2(&Ig, 83W (see
Table 5 for precise location) at the western end of the sampling conductetd/OCALS-
REx. The mooring has been operational since October 2000 and hadgat@n excellent
intermediate-term record of both the surface meteorology/radiation, angfiex ocean ther-
modynamic and dynamic structure. The meteorological and radiation measusgifatble 5)
on the IMET buoy are described and their performance evaluated in @athoVeller (2009).
The upper ocean measurements include temperature profiles, sez $arfgerature, salinity
and currents. Further details can be found on the WHOI Upper Ocear$des website (Table
5).
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3.5 DART/SHOA Buoy

The Deep-ocean Assessment and Reporting of Tsunamis/Servicio Hificog y
Oceanogafico de la Armada de Chile (DART/SHOA) moored buoy at approximately
19.5°S, 74W (see Table 5 for precise location) has been instrumented with meteordlogica
and oceanographic measurements from October 2006 through J&@idxy Meteorological
measurements similar to those on the IMET buoy (Colbo and Weller, 2009)maate during
much of this period. Upper ocean measurements of temperature and saliitgepths were
also made from 2006 onwards.

4 Sampling strategies
4.1 Matching sampling strategy to the VOCALS hypotheses

The REx sampling strategy was carefully designed and coordinated lmephaéorms to test

key VOCALS hypotheses listed in Table 1. Approximately half way througtfitié phase,

when the RHB was in between its two cruise legs, an "all-hands” meeting vidsrharica

to discuss progress and strategize about the needs for sampling dwingnhinder of the

campaign. Some important adjustments to the sampling strategy were made at this point.
Briefly, the VOCALSaerosol-cloud-drizzl&ypotheses can be paraphrased as

— Hla Aerosol variations significantly affect drizzle formation.

— H1b/d Drizzle-induced aerosol scavenging is required for POC formatiahnaainte-
nance.

— H1lc Cloud droplet radii are smaller near the coast due to anthropogen&chemissions
from South America.

In the REX region, both repeated surveying and sampling of specificrésatue useful for
testing these hypotheses. Repeated sampling of the persistent gradiemtsolsa clouds and
15



precipitation between nearshore and offshore regimes allows rolawstds of the gradient re-
gion to stand out and can be used to study correlations among aerosotsn@arostructure,
and meteorology present on individual days. POCs present extreangss (typically POCs
are among the very cleanest and most strongly drizzling of airmasses irefPeti$at chal-
lenge our physical understanding of cloud-aerosol-precipitation tttera Thus, an aircraft
sampling strategy mainly focused on repeated sampling across the aeesiehgregion (with
a few missions at the end parallel to the coast to characterize the offstiarsol distribution
upwind of the main VOCALS-REX study region), interspersed by opp@@tiecnsampling of
any POCs within range. Because of the desire for repeated samplingistsatihe aircraft
favored particular times of day and did not attempt to characterize the tiwanability of
the cloud-topped boundary layer. The ship, mooring, and land-basegliag was aimed at
complementing the aircraft through a better characterization of diurn@biity along 20S
(particularly with the RHB and the Iquique sounding site) and of the upsteeghropogenic
aerosol sources (the Paposo and Paranal land sites).

The observational VOCALSoupled ocean-atmosphengpotheses in Table 1 can be sum-
marized:

— H2b/d The offshore ocean mixed layer SST and salinity are decreased lan oce
mesoscale eddy transports and entrainment from below. Oceanic DdtSsaffie bound-
ary layer aerosol both in the upwelling zone and far offshore.

— H2c. A subsidence wave driven by slope heating on the Andes measurébtysathe
diurnal cycle of stratocumulus.

VOCALS-REXx tackled these hypotheses mainly with a ship-based stratddlp @Rd Joé
Olaya), through sampling of clouds and atmospheric profiles through theadizycle for H2c
and survey-style sampling for H2b/d.

For both sets of hypotheses, IMET/DART mooring observations, satellgergations, and
modeling on a range of scales are envisioned as vital complements to the ibsstwations.
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4.2 Aircraft missions

The following aircraft mission strategies were used during VOCALS-REX:

1. Cross-Section (XS) missioatong 20S latitude (or other proximal latitudes) from the
coast to close to the IMET buoy at 8% (mission plan shown in Fig. 5) aimed to sam-
ple longitudinal gradients in clouds, the MBL, and aerosols. A total of &€& KSection
missions were flown along 28 during REx (mission details shown in Fig. 6), with more
flown along nearby latitudes (especially by the G-1 aircraft, see Tabl&®)phasis in
these missions was on good sampling within the MBL and the air in the lowermast par
of the free troposphere that would be entrained into the MBL, but profiesomements
were also made up to 3-4 km to capture aerosol layers and the verticaldtthgnamic
structure aloft. The BAe-146 missions also included a return leg at an alofustd km
from which dropsondes were launched and nadir radiometers weratege Three XS
missions were conducted in which three aircraft (C-130, BAe-146 an@Z3) all con-
ducted near-simultaneous cosampling, with the C-130 sampling in the MBL, ariath
228 and BAe-146 flying in the free troposphere and serving as reraat@rg/dropsonde
platforms;

2. POC-drift missionsvhich target either existing pockets of open cells (POCs) within over-
cast stratocumulus, or areas prone to POC development, and track shisy advect
with the flow. Focus in these missions was on characterizing the marine brguager
and the lowermost part of the free troposphere. A typical flight planagvehn Fig. 7,
and a summary of the POC sampling from the various platforms is given in Table 1
Some sawtooth runs provided additional vertical information without compimgieo
severely the number of straight and level flight legs. On one occasictr2({28 2008) it
was possible to sample the same advected POC with two aircraft missions appoext
imately 12 hours apart;

3. Stacked cloud and/or radiation missiomswhich one or two aircraft sample a cloudy
boundary layer airmass, typically using stacked legs 50-100 km in lengthwB-aircraft
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missions, the upper aircraft primarily served as a radiation/remote serlaifigrm and
flew in the free troposphere. All the aircraft other than the C-130 choig missions of
this type. All Twin Otter missions were of this type, and additionally were caxigcht
the same location (at so-called "Point Alpha”°3) 72W);

. Pollution Survey missionis which aircraft sampled within a few hundred km of the Pe-
ruvian and Chilean coasts, with the aim of characterizing the lower atmasphéne
vicinity of pollution source regions. These missions replaced the pollutedahg@n
missions which had been originally planned for VOCALS-REX, becauseciine clear
that Lagrangian missions starting around 202%ould not sample sufficiently close to
the major pollution sources to capture the aging process. Emphasis wad plasam-
pling both within the MBL and in the lower free troposphere, but occasipradiles up to
3-4 km altitude were also employed. Figure 2 shows the typical locations s flights.
The BAe-146 and C-130 aircraft performed the bulk of the pollution eyiisampling,
with six flights dedicated to this mission type;

. Intercomparison flightseither aircraft-aircraft (at several different flight levels both id an
above the MBL) or to compare aircraft and ship measurements (with thafaftging at
its lowest possible flight level, typically 150 m). The summary of intercompasis®n
given in Table 12.

Tables 6, 7, 8, 9, and 10 present the specific missions flown by the CBE8146, G-1,
Do0228, and Twin Otter respectively.

4.3 Ship sampling

4.3.1 Peruvian R/V Jog& Olaya

Figure 8 shows the track of the R/V #&®©laya during the VOCALS REX cruise (2-17 Oc-
tober 2008). A total of 133 radiosonde soundings were acquiredrgingaspatio-temporal
intervals from 30 September to 17 October 2008. Launch sites wererpireately within the

18



upwelling zone, about 200 km from the coast of the Pisco-San Juaglliqgwegion. Tempera-
ture, salinity and currents were measured to characterize the physipatfies of the upwelling
plume and the associated thermal front. A cluster of 8 surface drifteesdegioyed across the
upwelling front in order to study the advective and diffusive procegs&ide this feature. The
glider (autonomous underwater vehicle) mission was designed to examinigltiheebkolution
structure and dynamics of the upwelling plume and thermal front off Pistveele® 10 km and
100 km from the coast. The distribution of biogeochemical and biologicainpeters as well
as fish abundance were also sampled to study the feedback of oceaplanedateractions on
biological and fishery activity.

4.3.2 NOAA R/V Ronald H. Brown

Figure 9 shows the track of the NOAA R/V Ronald H. Brown (RHB) duringW@CALS REX
cruise (25 October to 2 December 2008). The cruise was planned ametiaaut as two legs:
Leg 1 took place between 29 September to 3 November 2008 (arriving in@i@AYS-REx
domain on 24 October 2008) and the RHB spent the majority of the time statiotiesl MET
and DART mooring where recovery and redeployment of the mooringsyitzae; Leg 2 took
place between 9 November and 2 December 2008 and involved mappingutiergtrof the
upper ocean and observing the atmosphere exclusively in the VOCALSIBmMain.

After the RHB arrived in the VOCALS-REXx domain, all of the sampling took plaetween
18°S and 22S. Both Legs 1 and 2 involved studies of the ocean, the atmosphere, and the
coupling as part of VOCALS-REX. Leg 1 focused primarily upon measergs at the IMET
and SHOA buoys, while Leg 2 involved more surveying of mesoscale oegduares. The
sampling strategy for Leg 2 was optimized during the "all-hands” meeting in Arateveen
legs, the adjustments being necessary because operational delayedrédtRiLeg 1 sampling
by almost 10 days which compromised the mesoscale surveying during LEgdrdinated
sampling with research aircraft working from Arica and Iquique took@lduring both cruises,
with the majority of coordinated sampling taking place during Leg 2 (see Tabtes96for
details of RHB-aircraft cosampling.

A total of 210 radiosondes were obtained at 4 hour intervals within the mstria@cumulus
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region. The ship sampled multiple times across relatively sharp transitionsuaf ctiverage
including clear to broken to overcast stratocumulus cloud conditions. dtowarcast approxi-
mately 80% of the time. Drizzle was prevalent: drizzle-containing cells with sigmificadar
reflectivity (Z>0 dBZ) were observed within a 60 km radius of the ship roughly half the time.
The RHB research cruise for VOCALS-Rex was designed to addresstamp aspects of both
(1) aerosol-cloud-drizzle hypotheses and (2) coupled ocean-atm@spypotheses.
Aerosol-cloud-drizzle interactions vary in both space and time at a multitudeatdés. The
ship provided a platform to investigate in detail aerosol distributions and asitign, including
diurnal patterns during slow transects over much smaller regions of theertmundary layer
than is covered by the aircraft in a single hour. For this reason, thiy€aday cruise provided
measurements of marine aerosol with a greater range of statistical variahdig,chemical de-
tail (such as organic functional groups, see Hawkins et al. (204®)highly accurate standards
as references (such as ion chromatography) that are complementaeyaincttaft-based data
sets. In addition, the measurement of radon on the RHB permits an asseséthertime that
airmasses have spent over the ocean. The RHB studies of aergseitj® provide a compre-
hensive basis for addressing the variability in physicochemical propefitieese measurements
also serve as the basis for comparison of the sources and compositi@aafrisol particles,
providing comprehensive information with which to compare to satellite-rettipveperties.
The main objectives of the oceanographic field work conducted from feRRn Brown
(Legs 1 and 2) were: (i) to map the mean and eddy (mesoscale/submesterglerature,
salinity and velocity distribution within the SEP’s upper ocean during VOCARES; (i) to
deploy Lagrangian floats and drifters within the SEP; (iii) to recover ardboy the STRA-
TUS and DART moorings. The synoptic survey across the SEP regiordixtiine collection
of 35 CTD (Conductivity, Temperature, Depth profiles) up to 2000 m degptt of 438 UCTD
(Underway CTD) profiles, ranging between 200 and 800 m deep, to neaméhidional dis-
tribution of properties across the SEP along three distinct latitude lines (frigD@&ing the
surveys, spatial and temporal sampling was increased to resolve a nofoloeanic fronts and
eddies, including 4 cyclones, 2 anticyclones, the coastal currentgavelling front at 21.58S.
Microstructure profiles to quantify mixing rates were obtained using a VeéMaostructure
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Profiler (VMP) at 15 different locations that included the centers angjimaof several of the
eddies/fronts. The velocity structure of the upper 300-500 m, along ipérabk, was observed
by the ship’s Acoustic Doppler Current Profiler (ADCP) - thus providiirgct observations of
the velocity field within the eddies, fronts and boundary currents to completineproperty
measurements. In addition to the synoptic measurements conducted durig-BcREX, the
deployment of 10 profiling Lagrangian floats (SOLO floats, equipped witbxagen sensor)
and 19 surface drifters - some in eddies and some throughout the SEP deggned to pro-
vide long-term context to the synoptic measurements - together with the instaureeavered
and re-deployed on the IMET/STRATUS and DART buoys.

5 Satellite datasets produced specifically for VOCALS-REX
5.1 Geostationary Operational Environmental Satellites, GOES-10
5.1.1 Visible Infrared Solar-Infrared Split Window Technique (VISST)

Cloud and radiation parameters at 4-km resolution were derived fronetite Geostation-
ary Operational Environmental Satellite imager (GOES-10), located°&V,8sing techniques
developed at NASA Langley Research Center (LaRC). The GOESEOveere analyzed ev-
ery half hour for the region bounded by°H) 30'S, 65W, and 90W for the period between
September 11 and December 1 2008 and provided in near-real time for mpéarming and
analysis. Clouds were detected using the method of Minnis et al. (2008)@undi properties
were retrieved during the daytime using the Visible Infrared Shortwavared Split-window
Technique (VISST). At night, cloud properties were retrieved usingti@twave-infrared In-
frared Split-window Technique (SIST). The methods are describedtail der application to
MODerate-resolution Imaging Spectroradiometer (MODIS) data by Minras. §2009). The

VISST uses the 0.65, 3.9, 10.8, and 1210 channels, while the SIST uses the same chan-

nels minus the 0.6om data. The GOES-10 0.68m channel was calibrated against the Terra
MODIS 0.64 um channel using the technique of Minnis et al. (2002). The availableeatkri
parameters and means of accessing the data are similar to those desciBatikoynda et al.,

2006). Both pixel-level and 0:80.5° averages are available each hour in image and digital
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form?. The VISST and SIST assume that only single-layer clouds are in a gixeh In addi-
tion to the standard approach described by Minnis et al. (2010), clqubeight and pressure
were also retrieved using the method described by Zuidema et al. (2008 additional param-
eter, a multilayer cloud identifier was computed for each pixel using the appmf Pavolonis
and Heidinger (2004). In addition to the cloud properties, spectralmedsand estimates of
the top-of-atmosphere shortwave albedo and outgoing longwave radia¢idgmcluded.

Figure 10 shows an example of three parameters for a GOES-10 imageatalatb UTC,
27 October 2010. The pseudo-color RGB image (Fig. 10a) shows lowl€liauhe orange and
peach shades with high cirrus clouds appearing white, gray, and madé=taffective cloud
temperatureq’,. are displayed in Fig. 10b for an abbreviated range of 2#31K <300 K to
better show variations in stratocumulus cloud temperatures. Temperatwéisde73 K are
indicated in the maroon shade. For this cégeranges from 274 K to 284 K for the marine
stratocumulus clouds. Smaller values are evident where thin cirrus clagds aver the low
clouds. Cloud optical depths (Fig. 10c) range from less than 1 at somd eliges to more
than 40 near 18, 78W. The VISST-derived droplet effective radius, re, (Fig. 10djies
from about 7 to 2am across the scene with most of the largest values occurring around the
edges of the POCs. The smallest droplets are mostly near the coast. THev@keroducts,
exemplified in Fig. 10a-d, are used to producex®3%° regional means at each half hour for
many of the cloud and radiation parameters (Palikonda et al., 2006). Exaoifple5x0.5°
regionally-averaged cloud top-height and liquid water path (LWP) are shown in Fig. 10e,f.
The Z; values estimated as in Minnis et al. (2008) range from less than 1 km up to naore th
3 km in the southwestern portion of the domain. Higher clouds near the adrttes domain
correspond to the thin cirrus clouds over the stratocumulus deck. Thbtfidigsed on the
Zuidema et al. (2009) technique are generally lower (not shown). [Bloel t WP ranges from
less than 50 g m? along the coast to over 200 gthnear the center of the domain. The LaRC
cloud properties are based on near-real time retrievals. A refinecetlatasg the latest GOES-
10 calibrations, a higher resolution sea surface temperature datasetiganthm updates is
being generated to provide a more accurate set of cloud propertiesgtmcsmulus research

2Available from http://www-angler.larc.nasa.gov/cgiksiite/showdoc?mnemonic=VOCALS
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and for comparison with the other experiment measurements to better defunectirgainties
in the satellite products.

5.1.2 Gridded cloud cover product from the University of Mancheste/Met Office

Thermal infrared data from GOES-10 (Channel 4, L7, converted to netCDF format and
archived on the VOCALS data archive (see Section 8), have beehtosgenerate a dataset
documenting the variability in cloud amount during the VOCALS-REX periode GOES-
10 data were analyzed between 1 October and 8 December 2008 in afrego8.5-31.5S
and 68.5-96.9\. Note that this is a more extensive region than for the VISST GOES-1B pro
ucts described above. Clouds are classified on all available GOESah8 étypically ev-
ery 15 to 30 min) at a horizontal resolution of 4 km, and cloud cover frastame gridded
at 0.25<0.25 resolution. Further details are given in Abel et al. (2010), and the elaias
available on the VOCALS archive, described below.

5.2 MODIS subset

A dedicated subset of MODIS imagery from NASAs Terra and Aquall#ate for the
VOCALS-REXx study region is available for browsing on the MODIS Rapidfivebsite
http://rapidfire.sci.gsfc.nasa.gov/subsets/?subset=VOCALS

6 Coordinated modeling for VOCALS-REX

6.1 Overview of the VOCALS modeling program

An overarching goal of VOCALS is to improve model simulations of key climatcesses
using the SEP as a testbed, particularly in coupled models that are usdifatecchange
projection and ENSO forecasting. Hence, REx was developed in clasdination with the
VOCALS modeling program, whose main goals are:
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1. Understanding and reducing the warm SEP SST bias near the cdask@ssive in-
terhemispheric symmetry in the eastern tropical Pacific present in most datljprate
models.

2. Using the SEP as a testbed for better simulation of boundary layer cloadgses and
aerosol-cloud interaction, including the relative roles of natural and@mbigenic aerosol
sources and their impact on cloud optical properties (coverage, tliskaad droplet
size).

3. Improving the understanding and simulation of oceanic budgets of laiattys and nu-
trients in the SEP and their feedbacks on the regional climate.

4. Elucidating interactions between the SEP and other parts of Earth’s cligstéas in-
cluding the South American continent, the Pacific circulation and ENSO.

The VOCALS modeling vision is based on the concept of a multiscale hierafampdels,
both in time and space. This is motivated by the multiscale nature of processeas Stk
and the multiscale hierarchy of VOCALS observations, including REX, eetrin-situ and
satellite data. In this spirit, one VOCALS modeling goal is to test models usedrigrtkrm
climate projection as rigorously as possible by applying them on a differergd¢amies namely
the short period of intensive data gathering during REX, by testing thenw@ather forecasting
mode. Another goal is to compare observations with models of various healzznd vertical
resolutions, e.g. higher-resolution regional models vs. coarsdutiesoglobal models. A
third goal is to test and apply small-scale process models, e.g. large-ieddhaton (LES)
models of the cloud-topped boundary layer, which can inform our palsitderstanding and
help guide the development of parameterizations for larger-scale models.

Many aspects of REx were design to facilitate these modeling goals. The dienmspb-
servation strategy included repeated airborne and ship-based nreastsealong one tran-
sect, 20S, to facilitate comparison with global and regional atmospheric models usetkin f
cast mode and to provide a rough climatology that could be compared withaddsrgroup
of coupled ocean-atmosphere models. All aircraft included cloud physicbulence and
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aerosol/chemical composition measurements for testing the representatemsdlaloud in-
teraction in models; the Wyoming Cloud Radar on the C-130 also added precipjaofiles
into this dataset. This integrated suite of measurements provides a stromigaicdro sim-
ulations of SEP clouds and aerosols. Synthesis papers by Brethedbrn(2210) (boundary
layer and physical cloud properties) and Allen et al. (2010) (aeasbchemical composition)
summarize the results of the REx"®measurements in multiplatform 2B synthesis datasets
that will be part of the EOL VOCALS data archive and are designed tmheanient for com-
parison with large-scale models. Modeling studies by Rahn and Garr2au@g,b) and Abel
et al. (2010) focus on comparison with REx°®measurements. The VOCALS assessment
(see Sec. 6.3) was also conceived as an integrated part of REx,ilanthite use of the REx
20°S synthesis datasets.

The REx POC missions were designed for comparison with large-domain LEBSual-
aerosol-precipitation interaction, and modeling papers utilizing these REsatsi@re already
emerging, e.g. Wang et al. (2010).

REX ship-based sampling of mesoscale ocean eddies was also envisionagtement and
test a regional eddy-resolving (5 km resolution) ocean model run inatsianilation mode;
such modeling efforts are underway.

6.2 Real-time modeling during REx

Several modeling groups supported VOCALS-REX mission planning alitldaa interpre-
tation through provision of plots from real-time forecasts. This also provitese groups a
good opportunity to evaluate their models in the field. These forecast grodte archived
in the VOCALS-REX Field Data Cataldgthey remain a useful 'quick-look’ resource. They
include plots of simulated regional meteorological fields, vertical profilagdtories and cross-
sections of selected fields and chemical constituents, especially alé8g&t some regional
zonal cross-sections through the upper ocean.

A synopsis of contributed and archived real-time products follows:

3Available at http://catalog.eol.ucar.edu/vocals/
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6.2.1 UKMO

The UK Met Office (UKMO) submitted 205 cross-sections and horizontal maps of a variety
of fields from their operation weather forecast model, the Unified Mdd®f)( run at 40 km
resolution globally, and from a 17 km resolution regional version of thendited inside their
global model. In addition they contributed real-time forecasts from their NigaleAtmo-
spheric Dispersion Modeling Environment (NAME) dispersion/chemicalsart model, also
run at 17 km horizontal resolution.

6.2.2 ECMWF

The European Center for Medium-Range Weather Forecasts (ECMMII dorecast system,
run at T399 and T799 resolution, provided selected fields alofi§¢ 20d a regional cloud
analysis. High resolution analyses are available for the REXx period thitbeagrear of Tropical
Convection (YoTC) projeét

6.2.3 NCEP

A variety of fields were archived from short-range operational dlaleather forecasts by the
US National Centers for Environmental Prediction (NCEP), run at agpmiately 50 km reso-
lution.

6.2.4 NRL

The Naval Research Laboratory (NRL) contributed real-time forecaststheir COAMPS
(Coupled Ocean Atmosphere Mesoscale Prediction System) regional osidglthree nested
grids (with resolutions of 45, 15 and 5 km, with the 15 km domain extending theentire
REX region). Plots include cloud and lower-tropospheric meteorologadkfi

4See http://www.ucar.edu/yotc/
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6.2.5 U. Chile

The University of Chile contributed plots of cloud and boundary layer giéldm short-range
forecasts with their version of the Weather Research and ForecastRB)(M/gional model run
at 25 km resolution.

6.2.6 UW trajectories

Rhea George of the University of Washington plotted a variety of shage&rward and back
isobaric and three-dimensional trajectories from selected points and atiédmieg the 205
line, based on NCEP GFS wind analyses and short-range forecasts.

6.2.7 FLEXPART particle dispersion model

The FLEXPART Lagrangian particle dispersion model (Stohl et al., 2005), with a horizonta
resolution of 0.%0.5°, and 26 vertical levels, was driven by GFS forecast winds. Millions
of passive tracer particles in FLEXPART were continuously releasamesponding to point
and distributed sources of South American anthropogenic and volcanidr&ported both

by the resolved GFS winds and parameterized subgrid motions, until theyremoved from
the simulation after 10 days. The resulting tracer concentrations shoutg@aled as excesses
above any background associated with other more broadly basedr8i€sion.

6.2.8 Ocean state

Both ECMWF and NCEP also provided selected zonal cross-sectionppef ocean tempera-
ture and salinity from their operational coupled modeling systems.

5Available at http://www.esrl.noaa.gov/csd/metprodiilespart/
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6.3 Model intercomparison studies for REX

Two model intercomparison studies have been organized in coordinatiorR&Ekh The first
was the Pre-VOCALS Assessment or PreVOCA (Wyant et al., 201@)adtdesigned to assess
the skill of current global and regional atmospheric models in forecastibgyopical South
East Pacific cloud and marine boundary layer (MBL) characteristicsapgpation for REX.
The 15 participating models represented the state of the art in simulation of tRadic
and other boundary-layer cloud regimes. They simulated the month of @&@006 and were
compared in the region from 48 to the equator and from 19 — 70°W. Satellite datasets and
rawinsondes from research cruises in the region were used fortafid&ach model was run
in some form of ‘forecast mode’. Global models were initialized using a glabalysis and
compared based on short-range forecasts, while regional modelcamieruously forced at
their boundaries using reanalysis data. A few models showed condiglekdlbin reproducing
the monthly mean, day-to-day variability and diurnal cycle of cloud covdrMBL structure
across the region, though all models had a low bias in MBL inversion heggrtthe Chilean
coast.

PreVOCA was designed to prepare VOCALS modeling groups for a morétiansbfol-
lowon, the VOCALS assessment or VO€Based on the REx period of 15 October-15 Novem-
ber 2008. This assessment, which is ongoing, makes use of the exiersitvedata (especially
along 20S) to test chemical transport, aerosol and drizzle processeuulations of the SE Pa-
cific regions, as well as evaluating the time-varying cloud and MBL strucBméh global and
regional climate models with chemical transport capabilities are participatindhaGhaodels
each use their own chemical emissions inventory; a custom-designedalkegioissions inven-
tory was developed by Dr. Scott Spak of U. lowa for use in regionaletsodOf particular
interest is whether such models can simulate the observed offshorengsaofi@ccumulation
model aerosol concentration and cloud droplet concentration in thedaouhayer. This is
timely, since many global climate models have recently implemented representdtz@nesol
indirect effects on cloud properties.

6See http://www.atmos.washington.eduiwyant/vocals/model/VOCModel Spec.htm
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7 VOCALS data management

The NCAR/EOL provided data management support, coordination, andgatéom archive
for VOCALS datasets. Details regarding VOCALS Data Management cdoura on the
VOCALS Project web pade This web page contains the VOCALS data policy, instruc-
tions for data submission, relevant documentation, links to related projeetsatal access
to the distributed VOCALS long-term archive [i.e. Master List (ML) of VOC&International
Datasets]. The ML contains direct access to all datasets organizeddygatagory and data
source site with associated dataset documentation. In addition, the VORAk Hield Cata-
log® used during the field phase to provide operations and mission/scientifitsemuerational
and preliminary research imagery/products is available as a browse tadddy researchers
in the post-field analysis phase and is included as part of the archive.

8 Conclusions

The VOCALS Regional Experiment (VOCALS-REXx) was an internatioredlifexperiment de-
signed to examine critical aspects of the coupled climate system of the Sdurbhedis region.
VOCALS-REX took place during October and November 2008 in a doma#8d®4 12-3TS.
Sampling with a variety of platforms including two ship, five research airclafi] sites and
two instrument moorings will ensure that researchers have a numbeferedif observational
angles with which to test the VOCALS hypotheses. The purpose of thig papebring to-
gether in one document the scientific goals, the platforms and instrumentaiittheasampling
strategies employed during the program. It is hoped that this will serve tl&\W@S research
community by providing a central location that describes the essence oélith@fogram. Per-
haps more importantly, we hope that it will help to provide an important legadywtitigbe
available to researchers over the coming years.

’Available at http://www.eol.ucar.edu/projects/vocais/index.html
8Located at http://catalog.eol.ucar.edu/vocals/
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Appendix A

Acronyms

Table Al provides details of the common acronyms used in this manuscript.
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Table 1. The VOCALS Hypotheses.

Hla

H1lb

Hlc

Hid

1. AEROSOL-CLOUD-DRIZZLE HYPOTHESES
Variability in the physicochemical properties of aerodwés a measurable impact upon the formation
of drizzle in stratocumulus clouds over the SEP.

Precipitation is a necessary condition for the formatioth muaintenance of pockets of open cells (POCs)
within stratocumulus clouds.

The small effective radii measured from space in the coastadn of over the SEP are primarily con-
trolled by anthropogenic, rather than natural, aerosadipetion, and entrainment of polluted air from
the lower free-troposphere is an important source of clamlensation nuclei (CCN).

Depletion of aerosols by coalescence scavenging issagefor the maintenance of POCs.

H2a

H2b

H2c

H2d

2. COUPLED OCEAN-ATMOSPHERE HYPOTHESES
Improvement of CGCMs performance in the SEP is key to theessfal simulation of the ITCZ/SPCZ,
complex, which will also benefit simulation of other regioAssignificant improvement can be achieved
through better representing the effects of stratocumulmsds on the underlying surface fluxes and
those of oceanic mesoscale eddies in the transport of heat.

Oceanic mesoscale eddies play a major role in the transpoetatively fresh water from the coastal
upwelling region and in the production of sea-water and apheric DMS in the coastal and offshore
regions. Upwelling, by changing the physical and chemicapprties of the upper ocean, has a system-
atic and noticeable effect on aerosol precursor gases arakttosol size distribution in the MBL over
the SEP.

The diurnal subsidence wave ("upsidence wave”) origiatimnorthern Chile/southern Peru has an
impact upon the diurnal cycle of clouds that is well-represd in numerical models.

The entrainment of relatively cool fresh intermediate wétem below the surface layer during mixing
associated with energetic near-inertial oscillationsegeted by transients in the magnitude of the trade
winds is an important process to maintain heat and salt balahthe surface layer of the ocean in the
SEP.
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Table 2. Details of the aircraft used in VOCALS-REX.

Aircraft Locatior? Dates  Measurements
Lockheed Arica Oct 15 Atmospheric state thermodynamics; winds/turbulence; cloud water (KingNpy
C-130° -Nov 15 cloud and drizzle microphysics (CDP, 2D-C).

Remote sensingradar reflectivity and dopper winds (University of WyominpGd
Radar, 95 GHz,nadir/zenith/4%lown); cloud base/aerosol scattering (Wyoming
Cloud Lidar, zenith); liquid/vapor water path (G-Band Vapadiometer, 183 GHz,
zenith); broad-band irradiances (nadir and zenith, SW ati L
Aerosols: size distributions from 20 nm to @3m (heated/unheated); total CN;
refractory CN; ultrafine CN; aerosol composition (aerosebsispectrometer, SP2,
single particle analysis); scattering and absorption; Gp#&ctrum (Static Diffusion
(0.1%< S < 1.5 %) ; cloud water composition (major anions and cations,
formaldehyde, peroxides, soluble Fe and Mn, organic acid¥) Sotal organic
carbon).
Trace gasesCO; O;; SO,/DMS (quadrupole mass spectrometry).

BAe-146 Arica Oct 26 Atmospheric state thermodynamics; winds/turbulence; dropsondes (VaiR&la3

-Nov 13 Revision F); cloud water (Johnson-Williams and Nevzoralgud and drizzle

microphysics (CDP, CIP, FSSP, 2D-C, CAPS).
Remote sensingspectrally-resolved hemispheric shortwave irradian&efS);
hyperspectral IR radiance (ARIES); SW broad-band irrazkan IR upwelling
brightness temperature (Heimann), liquid/water vapoh (89-183GHz, MARSS,
scanning).
Aerosols: size distributions from 50 nm to @m; total CN; aerosol composition
(aerosol mass spectrometer, impactors, single particllysis); scattering and
absorption; wet nephelometer (RH-scanning); CCN (vagiabpersaturations);

volatility.

Trace gasesCO, O;, NO,, PAN, SG (Teco, low sensitivity).
Gulfstream-  Arica Oct 14 Atmospheric state temperature, humidity, winds/turbulence/turbulencssigiation,
1 -Nov 13 cloud and drizzle microphysics (FSSP at 200 Hz, CAPS prolpaiticle-by-particle
G-1y mode)

Remote sensingUV zenith/nadir
Aerosols: size distributions from 16-3000 nm (TSEMS, FIMS, PCASP),ItGfs
(>10 nm and> 2.5 nm), CCN (3 supersaturations, 0.18%, 0.26%, and 0.35%),
aerosol composition (aerosol mass spectrometer, pairitcldiquid sampler, TRAC),
scattering and absorption (3: length nephelc 1gth PSAP,
Photo-thermal interferometer, Single particle soot phnter)
Trace gasesO; (UV absorbance), ©(5 Hz), CO (VUV-Fluorescence), SATEI,
high sensitivity), organics (PTRMS).
Dornier-228  Arica Oct 26 Atmospheric state temperature, humidity, winds/turbulence, cloud micrggibs
(Do-228% -Nov 14 (FSSP)
Remote sensingVisible/near IR hyperspectral imagery (Specim AISA Eagld a
Hawk); aerosol backscattering and cloud top height (Leespldar, 355 nm, nadir);
full-Stokes polarimeter (AMSSP);
Aerosols: size distributions from 0.2-3m.
Twin Otter lquique  Oct 16 Atmospheric state thermodynamics; winds/turbulence; cloud water; cloud an
-Nov 13 drizzle microphysics (CDP, 2D-C).
Remote sensingradar reflectivity and Doppler winds (ProSensing 95 GHz FMCW
radar pointing horizontally from starboard wing); nadiith brightness temperature
(Heimann).
Aerosols: size distributions from 20 nm to @3m (heated); total CN; ultrafine CN;
CCN (2 supersaturations, 0.2 and 0.4%).

aSee map, Fig. 2

bOperated by the National Center for Atmospheric ReseardHamed by the US National Science Foundation

“Operated by the Facility for Airborne Atmospheric Measueats (FAAM), funded jointly by The Met Office and the
Natural Environment Research Council in the UK

dOperated by the Research Aircraft Facility at the Pacificthl@est National Laboratory and supported by the US Depart-
ment of Energy (DoE) 37

€Operated by the Airborne Remote Sensing facility of the Katbnvironment Research Council, UK

fOperated by the Center for Interdisciplinary Remotelyfitl Aircraft Studies (CIRPAS) and supported by the US Office
of Naval Research (ONR).



Table 3. Details of the Ronald H. Brown (RHB) measurements in VOCARBX.

Locatiorf/Dates Measurements

Atmospheric state temperature, humidity, winds (flux tower), cloud obseiaas and

R/V Ronald H. photography

Browr? . . ’ .

See map Fig. 9 Upper air: 6xdaily radiosonde (Vaisala RS92) launches.
Oct 25 -Dec 2

Remote sensingC-band radar reflectivity and Doppler winds within driz¢8ed volumetric

and range-height scans every 3 mins, 60 km range); W-bard reffectivity profiles and
Doppler velocity for cloud/drizzle (vertically pointindgsSGHz cloud radar); cloud base and
drizzle backscatter (lidar ceilometer); volumetric liderckscatter and winds (scanning High
Resolution Doppler Lidar, also operated in vertically gisig mode, 6 km range); liquid water
path and water vapor path (23/31/90/183 GHz microwave raeliers); broad band irradiances.

Aerosols size distributions from 20 nm to 10m diameter; CN { 12nm); ultrafine CN

(> 3nm), aerosol mass and composition (Aerosol Mass Specpps®800 nm, super- and
sub-micron impactors for ion and gravimetric mass analysitage impactor for ion
composition, single particle analysis, submicron FTIRdayanic functional groups and mass,
single particle STXM-NEXAFS and SEM-EDX analysis); supemnd sub-micron scattering and
absorption coefficients at three visible wavelengths; C&tsum (5 supersaturations, 0.1
0.15, 0.2, and 0.3, and 0.6%); aerosol volatility at 230 C2f2800 nm size interval; aerosol
profiling (differential absorption spectroscopy, MAX-DGA

Trace gases:Radon ¢?2Rn); Os; atmospheric DMS (quadrupole mass spectrometry); seawate
DMS/DMSP, chlorophyll-a, and dissolved GQeactive trace gases (differential absorption
spectroscopy, MAX-DOAS)

Oceanography: 438 Underway CTD profiles (temperature, conductivity, poes) to between
200 and 800 m depth, horizontal spacing from 1-30 km; 35 CTdiles to 2500 m in and
outside of eddies/fronts with associated water samplinghi® collection of nutrients, salinity
and oxygen samples; 10 SOLO profiling floats deployed withali®d oxygen sensors;
underway sea-surface salinity/temperature measurepighssirface drifters; 15 Vertical
microstructure profiles (high resolution temperature duantivity, velocity, pressure).

aSee map, Fig. 2
bOperated and funded by the US National Oceanographic andgktheric Administration (NOAA),
with additional support for shipborne sampling from theiblaal Science Foundation.
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Table 4. Details of the R/V Jos Olaya Balandra measurements in VOCALS-REX.

Locatiorf/Dates Measurements

Atmospheric state temperature, humidity, winds, cloud observations, po@phy.

R/V Jos Olaya

Balandrd 4 Upper air: Regular radiosonde launches predominately within anaoeat 200 km off the
See map Fig. 8 Pisco-San Juan region (see Fig. 8).

Oct 2-17

Oceanography:113 CTD profiles (temperature, conductivity, pressure)@0lm depth in the
coastal upwelling off southern Peru extending from the twa80-320 km, horizontal spacing
from 19 km (nearshore) to 32-45 km (offshore). The CTD wadajegal with dissolved oxygen
and fluorescence sensors. Continuous records of VM-ADC&(Bat size 8 m, ping rate 0.3
s-1); underway sea surface temperature/salinity; 8 seidaitters. Collection of water samples
for determination of oxygen, nutrients (phosphate, siéicaitrate, nitrite), ph and chlorophyll-a
concentrations in 78 stations. Underway measurementstijaressure of carbon dioxide
(pCO2) complemented the biogeochemical observations.

Glider mission: continuous physical and biogeochemical data (temperzaalaity, dissolved
oxygen, fluorescence and turbidity) were collected by aatpe section between 10 km and
100 km from the coast off Pisco. Observations every 24sec,abny the vertical over the
upper 200 m depth started in 3 October to 14 November 2008.

Biology: 37 Standard and 35 WP-2 net sampling for phytoplankton anglankton qualitative
analysis, respectively; 17 Hensen net samples for zoofanlertical distribution; 153 samples
at depths 0-75m (Niskin bottles) for phytoplankton quatitie analysis); 313 samples collected
underway at 20 min interval with the Continuous Underwayfgg Sampler (CUFES).

Fishery hydroacoustics:continuous records of echosounder EK60 at frequencies28Baid
200 kHz to document fish (in particular anchovy) abundancepatterns of distributions for the
upper 500 m on the vertical. Data averaged each 1 Basic Sasmjtiél nm) horizontally.

aSee map, Fig. 2

bOperated and funded by the Instituto del Mar delR&@MARPE), with additional support for upper
air measurements and ship mobility from the National S@draundation, Institut pour le Recherche
et le Developpement and Institut National des Sciences de I'Usifa the glider mission.
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Table 5. Details of the surface sites used in VOCALS-REX.

Paposo (upper site) 260'S, Oct 15 Atmospheric state: temperature, humidity, winds, pressure (weather
70°27'W, -Nov 15  station), downwelling shortwave and net (LW+SW) radiatiaiyJ
690m (Jul 23 23-Nov 15).

asl -Nov 15  Aerosols: Aerosol size distribution (20 nm-am, SMPS/OPC); total CN
for met. (CPC, Nov 4-15 only), aerosol composition (submicron intpescfor
and ion and gravimetric analysis); light scattering (Oct 27vNi®, Radiance

radiation) Research nephelometer, single wavelength); absorpt®ARPNov
4-15 only); black carbon (aethelometer, Nov 4-15 only);u@alroplet
residuals (Nov 4-18 only, Counterflow virtual impactor with
instrumentation as at Paranal [see below] behind, plusdigater

content);
Trace gasesOs.
Paposo (lower site) 2B91'S, Oct15 Atmospheric state: temperature, humidity, winds, pressure (weather
70°27'W, -Nov 15  station), downwelling shortwave and net (LW+SW) radiatiauly(J
31lmasl 23-Nov 15).Upper air: multiple daily radiosonde launchesx@aily at

00/12 UTC, Oct 17-23; 8daily at 00/12/21 UTC, Oct 24-Nov 9;
4xdaily at 00/06/18/21 UTC, Nov 11-12&aily at 00/06/12/18/21,
Nov 13-15), Vaisala RS80-15G sondes

Remote sensinglidar backscatter from aerosols and clouds, polarized
(mostly vertical pointing, but some slant path scans, 1/4m4
wavelength, 1.5 m maximum vertical resolution, linear aincutar
polarizations)

Paranal 2438'S, Oct 17 Aerosols: Aerosol total concentration (TSI 3010 CPE€10 nm);
70°24'W, -Nov 4 Aerosol size distributions (DMPS 20-300 nm, unheated/luet@te
2635m 50-400 C; OPC 0.26-2.2m); Volatility TDMA (not continuous, only
asl occasionally range 20 - 300 nm); Aerosol scattering (nepheter) and

light absorption (PSAP and Aethelometer); Samples forlsipgrticle
analysis.

Iquique 2016'S, Oct 15 Upper air: 6xdaily radiosonde launches (00, 04, 08,...UTC)
70°08'W, -Nov 15
15masl

IMET Buoy 1943'S, Entire Atmospheric state: Winds (propeller/vane), temperature, pressure,

85°35'W  period humidity (capacitance), precipitation (tipping bucket);
Radiation: downwelling longwave and shortwave irradiance.
Oceanography: upper ocean temperature, salinity and currats,
with depth sampling varying over time.

DART/SHOA Buoy  1934'S, Oct31 Atmospheric state: Winds (propeller/vane), temperature, pressure (from

7¥47'W  -end 31 Oct 2008 only), humidity (capacitance, from 31 Oct 2008)pn
Radiation: downwelling longwave and shortwave irradiance.
Oceanography: temperature and salinity at 14 depths from
10-310 m

aThe IMET buoy has been providing data nearly continuoushgesiOctober 2000. Data are avail-
able from the VOCALS data archive. A detailed descriptioritaf meteorological instruments and their
performance can be found in Colbo and Weller (2009). Oceapbic measurements are detailed at
http://uop.whoi.edu

bThe DART/SHOA buoy was operational 31 October 2008-3 JarD2@ata are available from the
VOCALS data archive. 40



Table 6. Details of C-130 aircraft missions conducted in the VOCAL&RNnal Experiment.

Flight Date Times [UTC] Mission/Location Notes
T/O Land

RFO1 Oct15 16:49 20:11  Partial 2§to 20S, 7%W  Day mission, solid cloud deck

RF02 Oct18 13:04 21:27  28/POC Drift Day mission, solid cloud deck, polluted withilét
drizzle. POC sampling of rift-like feature

RFO3 Oct21 06:02 14:22 28 Night mission, solid cloud deck, significant
microphysical gradient; notably shallow MBL

RFO4 Oct23 06:0114:20 28 Night mission, broken/open cells at far west

RFO5 Oct25 06:32 15:25 28 Overflight of RHB

RFO6 Oct28 06:20 15:10 POC Drift Night mission, very cleai®&@ige sampled

RFO7 Oct31 06:03 14:58  POC Drift/28 Night mission,

RFO8 Nov 2 06:00 15:20  POC Drift Night mission, overflight diR

RFO9 Nov 4 06:02 14:54  POC Drift/28 Night mission, POC sampling

RF10 Nov6 06:10 14:19 26 Night mission, overcast with breaks and drizzling large
mesoscale cells at west

RF11 Nov9 12:59 21:34  Pollution Survey to°¥ Day mission, Variable cloud morphology along coast,
pollution plumes

RF12 Nov1l 12:56 21:44  Pollution Survey to°®) Day mission, Overcast cloud, overflight of RHB

RF13 Nov13 13:00 21:55 POC/28 Day mission, Extensive clearing near coast, then thick
cloud with POC

RF14 Nov15 13:0022:00 POC Drift Day mission, rift/clearsampled, high S®just above

MBL at 80°W
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Table 7. Details of BAe-146 aircraft missions conducted in the VOGGARegional Experiment.

Flight Date Times [UTC] Mission/Location Notes
T/O Land
B408 Oct26  10:0521:27 28 XS Profiling up to 1500 m out to 799/ with saw-tooth profile to

4800 m at west-most point. Reciprocal return. Increasioga!
base and tops with distance offshore

B409 Oct27 19:59 00:29  POC Drift Sampled open cellular (P@Gjon at~78°W at dusk. Very
low CN in POC.C-130 sampled same advected airmass 12
hours later

B410 Oct29 09:59 15:16 28 XS Detour to rendezvous with DART buoy on outbound leg only.
Profiling to 1600 m with deep profile to 4600 m at west-most
point.

B411 Oct30 10:25 15:48 RHB cosampling RHB on station neaDART Buoy. Cloud and MBL profiles
en route. Several 20-minute back and forth legs (parallel to
mean wind) over RHB

B412 Oct31 09:47 14552 28 XS Profiling up to 1500 m out to 799/. High level return with
7 dropsondes, every degree fronfW8to 72°W.

B413 Nov3 11:03 16:05 llo pollution survey Profiling from A& to DART buoy to study coastal gradient in
pollution, followed by coastal fly-by aligned to mean wind
direction to study potential pollution from the llo smeltdlo
evidence of fresh pollution due to smelter down-time. 4
dropsondes

B414 Nov 4 09:44 15:04 2 XS Profiling up to 1500 m out to 799/. High level return with
7 dropsondes, every degree frontW8to 72°W

B415 Nov5 09:12 14:33  POC Drift Sampled open cellular (PG)an at~78°W. Very low CN
observed in POC. High-level return to base with 10 dropssnde
released.

B416 Nov7 10:32 15:27  POC Drift Sampled open cellular (PG#@)an at~78°W. Very low CN
observed in POC. High-level return to base with 11 dropssnde
released (2 into POC)

B417 Nov9  09:58 21:34 2 XS Profiling to 1600 m with deep profile to 3200 m at west-most
point. Reciprocal return. Transition in wind dynamics (siaé
jet) observed at 73V.

B418a Nov1l 11:3116:13 Coastal pollution  Fly-by along coast (100 km offshore) in straight line fromicar

Survey south from  to Antofagasta, with MBL and cloud saw-tooth profiling.
Arica Refuel at Antofagasta.

B418b Nov 11 17:49 21:17 Return to Arica with legs directefdludre and parallel to mean
wind to study land source Lagrangians. Several point ssurce
noted.

B419 Nov12 11:29 16:51 RHB Cosampling Straight run from Arie Ron Brown whilst on station near the
DART Buoy performing cloud and MBL profiles en route.
Several 20-minute reciprocal legs (parallel to mean wind)
performed, centred on Ron Brown, with cloud, MBL and deep
profiles to 3.2 km

B420 Nov13 09:58 15:13 28 XS/POC profiling up to 1500 m out to 8d with a high level return and
10 sonde drops atlIntervals. POC sampled briefly at western
point with 2 sondes dropped into cloud-clearing on return.
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Table 8. Details of G-1 aircraft missions conducted in the VOCALS Ragl Experiment.

Flight Date Times[UTC] Mission/Location Notes
T/O Land
081014a Oct 15:54 18:26  19S XS Solid clouds, repeated transects at different altdude
14 below, in and above clouds
081017a Oct 13:00 16:50 19S XS Solid clouds, repeated transects betweéran8 74W,
17 vertical profile
081018a Oct 13:07 15:16 19S XS Solid clouds, flight aborted
18
081022a Oct 16:32 19:57 19S XS Solid clouds, repeated transects at different altdude
22 below, in and above clouds, strong longitudinal gradient
cloud and aerosol properties
081023a Oct 12:49 16:35  SW to Point Alpha Broken clouds, C130 intercarispa, repeated transects
23 at different altitudes, below, in and above clouds
081025a Oct 13:03 17:07  SW to Point Alpha Broken clouds, repeated ticass different altitudes,
25 below, in and above clouds, strong longitudinal gradient
cloud and aerosol properties
081026a Oct 13:01 16:36  SW to Point Alpha, then  Broken clouds, Twin Otter intercomparison, repeated
26 20° XS transects at different altitudes, below, in and above
clouds, longitudinal gradient cloud properties
081028a Oct 12:58 17:16  18.55 XS Clouds thicker to west, single transect below, in and
28 above clouds, strong longitudinal gradient in physical,
cloud and aerosol properties
081029a Oct 15:58 19:33  Coastal pollution survey to Broken clouds, constant altitude to south, below, in and
29 23’S above clouds on return
081101a Nov 12:57 16:57 18.5S XS Variable cloud structures, below, in and above clouds to
1 west, constant altitude on return, strong longitudinal
gradient in physical, cloud and aerosol properties
081103a Nov 12:58 16:51  18.5S XS Clear-air near coast and at’¥2, repeated transects
3 below, in, and above clouds
081104a Nov 11:57 16:02 SWto 1975, 72W Clear air near coast and at°X®, C-130
4 intercomparison, repeated transects below, in and above
clouds
081106a Nov 11:57 16:21 1855 XS Solid clouds, below, in and above clouds to west,
6 constant altitude on return, strong longitudinal gradient
in cloud and aerosol properties
081108a Nov 12:5516:31  18.5S XS Broken clouds, longitudinal gradient in cloud and
8 43 aerosol properties
081110a Nov 13:02 16:50 SWto 205, 75%W Clear near coast, variable clouds to SW, below, in and
10 above clouds, short transects at SW terminus, strong
longitudinal gradient in cloud and aerosol properties
081112a Nov 13:20 16:55 18.35S XS Broken clouds at 7328V, solid elsewhere, below, in and
12 above clouds, short transects at W terminus, longitudinal
gradient in cloud and aerosol properties
081113a Nov 12:54 16:41 1855 XS Mostly clear, below, in and above clouds to west,

13

constant altitude on return, longitudinal gradient cloud
and aerosol properties




Table 9. Details of Do-228 aircraft missions conducted in the VOCARSyional Experiment.

Flight Date Times [UTC] Mission/Location Notes
T/O Land

VAO1l Oct26  14:16 17:27  Test flight

VAO2 Oct28  12:49 14:30  Test flight

VAO3 Oct30 11:38 15:48  Overfly RHB at 1®85.5'S, Stacked cloud/radiation over RHB and FAAM BAe146
74 46.9'W

VAO4 Oct31  11:30 15:26  2(b cross-section To point alpha at 4800 m then west t&] Betracing

path

VAO5 Nov 2 11:54 15:11  Profiling, to 15, Six vertical profiles, cloud top—4800 m, followed by
74.5W spiral descent and return to Arica at 3400 m

VAO6 Nov 3 13:00 16:36  Coastal pollution gradient Flew towraan border at 4000 m, then followed same

path as FAAM BAe146 to DART buoy; back at 3300 m

VAO7 Nov 4 11:31 15:43 205 cross-section As VA04 except return leg at 3400 and 3200 m

VAO8 Nov 5 13:00 16:11  Profiling flight south to 22  Profiling coastal pollution between cloud top and 4800
39'S, 7P 10'W m

VAO9 Nov 6 18:35 20:14  Lidar test Flew to point alpha and baetween 4000 and 5000 m

VA10 Nov 9 13:39 17:52 205 cross-section as VAO4

VA1l Nov 10 11:23 15:23  Loop southto 223 4800 m; overflight of FAAM BAe146

VA12 Nov 12 11:3512:19  Flight aborted Problem with aircraft

VA13 Nov 13 10:05 11:45 Intercomparison with Legs at 200 m - 3 km altitude
BAe-146

VA14 Nov 13  12:45 16:48 205 cross-section As VA04 except return leg at 4200 m

VA15 Nov 14  13:15 16:51  \Vertical profiling to 225 8 vertical profiles, 100-4800 m
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Table 10. Details of Twin Otter aircraft missions conducted in the VA Regional Experiment.

Flight Date Times [UTC] Mission/Location Notes
T/O Land

01 Oct16 14:16 17:27 Stacked At Point Alpha (20'S, 72W) 15:10-17:50
turbulence/aerosol/cloud

02 Oct18 12:49 14:30  Stacked At Point Alpha 12:15-15:00
turbulence/aerosol/cloud

03 Octl1l9 11:38 15:48  Stacked At Point Alpha 12:05-14:40
turbulence/aerosol/cloud

04 Oct21 11:30 15:26  Stacked At Point Alpha 12:10-14:50
turbulence/aerosol/cloud

05 Oct22 11:54 15:11  Stacked At Point Alpha 12:00-14:40
turbulence/aerosol/cloud

06 Oct24 13:00 16:36  Stacked At Point Alpha 12:15-15:00
turbulence/aerosol/cloud

07 Oct26 11:31 15:43  Stacked At Point Alpha 12:00-15:00
turbulence/aerosol/cloud

08 Oct27 13:0016:11  Stacked At Point Alpha 15:55-19:00
turbulence/aerosol/cloud

09 Oct29 18:3520:14  Stacked At Point Alpha 11:50-15:00
turbulence/aerosol/cloud

10 Oct30 13:3917:52  Stacked At Point Alpha 11:50-15:00
turbulence/aerosol/cloud

11  Novl1l 11:23 15:23  Stacked At Point Alpha 12:05-15:05
turbulence/aerosol/cloud

12 Nov2 11:3512:19  Stacked At Point Alpha 11:55-15:00
turbulence/aerosol/cloud

13  Nov4 10:05 11:45  Stacked At Point Alpha 11:50-14:40
turbulence/aerosol/cloud

14  Nov5 10:00 16:50  Stacked At Point Alpha 11:50-15:00. Cloud/aerosol probe data
turbulence/aerosol/cloud  failed

15 Nov8 12:45 16:48  Stacked At Point Alpha 11:50-15:00
turbulence/aerosol/cloud

16 Nov9 13:15 16:51  Stacked At Point Alpha 11:50-15:05
turbulence/aerosol/cloud

17 Nov10 13:1516:51  Stacked At Point Alpha 14:45-18:00
turbulence/aerosol/cloud

18 Nov12 13:1516:51  Stacked At Point Alpha 11:50-15:15
turbulence/aerosol/cloud

19 Nov13 13:1516:51  Stacked At Point Alpha 12:00-14:50

turbulence/aerosol/cloud
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Table 11. Details of POC sampling/missions conducted in the VOCAL§i®®al Experiment.

Aicraft Flight Date Times [UTC] Details
T/O Land

C-130 RFO2 Oct18 13:04 21:27  Daytime mission. Samplingftfike feature at 21S, 82.5W

BAe-146 B409 Oct27 19:59 00:29 Late afternoon mission. P@geesampled at 28, 77.5W . First
flight of POC Lagrangian mission with C-130 flight RF06

C-130 RF0O6 Oct28 06:20 15:10  Night mission. Very clear POgeeshmpled at &, 80C'W. Second
flight of POC Lagrangian mission with BAe-146 flight B409

C-130 RFO7 Oct31 06:03 14:58  Night mission. Sampling of mlgeformed POC at 2155, 8CW
which was growing and spreading to the north.

C-130 RFO8 Nov?2 06:00 15:20  Night mission. Sampling of a ptorted microphysical boundary at
22°S, 80W between a polluted tongue of stratocumulus and a very
clean airrmass with precipitating open cells to south. Bumiced
difference in MBL height across boundary.

C-130 RF09 Nov 4 06:02 14:54  Night mission. POC samplingsseoboundary between polluted
stratocumulus tongue and very clean airmass a6280W. Boundary
less well-pronounced than in other cases and overcastatratilus
appeared to be breaking up during flight.

BAe-146 B415 Nov5 09:12 14:33  Early morning mission. Opdtuta region sampled at78°W.

BAe-146 B416 Nov7 10:32 15:27  Morning mission. Open celludgyion sampled at78°W.

BAe-146 B420 Nov 13 09:58 15:13  Morning mission. POC sampileefly at western point at81°W.

C-130 RF13 Nov 13 13:00 21:55 Day mission, Extensive clgamigar coast, then thick cloud with
recently-formed POC at 1S, 78W

C-130 RF14 Nov 15 13:00 22:00 Day mission, rift/clearing pbed, high SQ just above MBL at

21°S, 80W
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Table 12. Details of the intercomparisons conducted VOCALS-REX.

Platform  BAe-146 G-1 Twin Otter Do-228 RHB Paposo
1. 10/25 (RFO5,
IMET Buoy)
1.10/31 1. 11/9 (RF11,
(RFO7/B412) 1+ 10/23 (RFO4) 2 102 (RFO8, a10ng 73w)
C-130 2. 11/04 (RF09) None None SHOA Buoy)
2.11/04 3. 11/11 (RF12 2. 11/11 (RF12,
(RF09/B414) near SHOA | @long 73W)
buoy)
1. ground 1. 10/30 (near
) _ ) . 11/13 SHOA Buoy)
BAe-146 comparison  None (B420NAL3)  2.11/12 (near O
2.11/12 (B419) SHOA buoy)
G-1 - - 10/26 None None None
Twin 11/10 (near
- - - N N
Otter one SHOA buoy) one
Do-228 - - - - 10/30 VA03 None
RHB - - - - - None
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Table Al. Acronyms used in this manuscript.

AMS
BAe-146

C-130
CAPS

CCN

CLIVAR

CN

Ultrafine
CN

CPC
CTD

CUpEX
DART/DB

DMS
DMSP
Do-228
DOE
EDGAR

FAAM

FIMS
G-1
IMARPE

Aerosol Mass Spectrometer

FAAM British Aerospace BAe-146
research aircraft

NSF/NCAR Lockheed C-130Q research
aircraft

Cloud Aerosol And Precipitation
Spectrometer

Cloud Condensation Nuclei, particles that
nucleate at a given instrumental water vapor
supersaturation, generally a fraction up to a
few percent supersaturation.

Climate Variability and Predictability,
component of World Climate Research
Programme

Condensation Nuclei, particle concentration
larger than given diameter, ca. 10 nm.
Condensation Nuclei, particle concentration
larger than given diameter, ca. 3 nm.
Condensation Particle Counter, instrument
to measure CN

Conductivity, Temperature, Depth
measurement

Chilean Upwelling Experiment
Deep-ocean Assessment and Reporting of
Tsunamis, buoy site

Dimethyl sulfide

Dimethylsulfonium propionate

NERC Dornier, DO-228 research aircraft
Department of Energy

Emission Database for Global Atmospheric
Research

Facility for Airborne Atmospheric
Measurements (United Kingdom)

Fast Integrated Mobility Spectrometer

DoE Gulfstream-1 research aircraft
Instituto del Mar del Per

IMET/STRATUS/t®ed Meteorology buoy

MAX-
DOAS
MBL

NCAR
EOL

NERC
OPC
PAN
PCASP
POC
PSAP
PTRMS
RHB

SEM-
EDX

SEP
SHOA

SMPS,
DMPS

SP2
SST

STXM-
NEXAFS

TDMA,
TSEMS

TRAC
UCTD

VAMOS
VM-
ADCP
VOCALS

WHOI

Multi-Axis Differential Optical Absorption
Spectroscopy
Marine Boundary Layer

National Center for Atmospheric Research
Earth Observation Laboratory

Natural Environment Research Council
Optical Paffigle Counter

Peroxy acetylnitrate

Passive Cavity Aerosol Spectrometer Probe
Pocket of Open Cells

Particle Soot Absorption Photometer
Proton transfer reaction mass spectroscopy
NOAA Research Vessel Ronald H. Brown
Scanning Electron Microscopy Energy
Dispersive X-ray

South East Pacific

Servicio Hidrogfico y Oceanogrfico de la
Armada de Chile buoy

Scanning Mobility Particle Sizer or
Differential Mobility Particle Sizer

Single Particle Soot Photometer

Sea Surface Temperature

Scanning Transmission X-ray Microscopy
Near Edge X-ray Absorption Fine Structure
Tandem Differential Mobility Analyzer,
Tandem Scanning Electrical Mobility
System

Time Resolved Aerosol Sampler
Underway Conductivity, temperature, depth
measurement
Variability of the American Monsoon
Systems
Vessel Mounted Acoustic Doppler Current
Profiler

VAMOS Ocean-Cloud-Atmosphere-Land
Study
Woods Hole Oceanographic Institute
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Fig. 1. Key features of the southeast Pacific (SEP) coupled climate being explored in the VO-
CALS Program.
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Fig. 2. VOCALS REx study region showing main sampling platforms amdsion types. The land
aerosol/meteorology site at Paposo, the sounding statitquiue, and the instrumented IMET and
DART buoys are also shown.
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Fig. 3. Operations summary showing platform longitude against tituring VOCALS-REX.
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Fig. 5. Cross Section mission flight plan. Up to three aircraft (BA,1C-130, Do 228) were used in this mission, but in a
number of cases only a single aircraft was used. In all casesiicraft flew from Arica to 20S, 72 W and then flew westward
along the 20 S parallel. The schematic shown here is for all three airerdé upper two panels show longitude-height diagrams
while the lower panel shows a time-longitude plot color codéth altitude range. The C-130 flew 60 km (10 min) straight and
level legs near the surface (150 m altitude), in the cloupi¢ally 800-1300 m altitude) and above cloud (300 m abovad:top),
interspersed with profiles up to 3000—4000 m. The C-130 tylgic@ached 853 W. The BAe-146 flew similar outbound legs, out
to 79-80 W but then flew the return leg at high altitude releasing doopies and making radiation measurements when working
in concert with the C-130. When operating alone the BAe-1#@ated the in-situ sampling on the return leg. The Do-228nwhe
employed in this mission, flew legs at approximately 4000 mualétusing the nadir-viewing lidar and hyperspectral imagers
characterize clouds and aerosols below. There was a cedasffort for the three aircraft to sample the same locatioriasely

in time as possible on the return leg (see bottom panel).



LONGITUDE West [on 205]
Mission Date Aircraft Mission# Times for 205 data
85|84 83 82 81 80 7978|7776 75 74 73 72 71 70 Time Time
Time Key
[tocal] [t
C-130 ouT RFO2 13:04-16:09 3-4 67
A oOct 18th
C-130 RET No return 205 component RF02 N/A 56 89
7-8 10-11
06:03-10:03 910 1213
B Oct 21st
10:03-14:08 11-12 14-15
13-14 16-17
05:53-09:50 1516 1819
C oOct 23rd
09:50-14:20
06:32-10:58
D Oct 25th
11:00-15:25
BAe-146  OUT | 1005 - 12:50
E oct 26th ————————
BAe-146 RET 12:52 -15:05
BAe-146 ouT 09:59 - 12:28
F Oct 29th
BAe-146 12:30-15:16
c-130 out No outbound 20 component RFO7 N/A
BAe-146 out 09:47-12:59
Do-228 ouT 11:30-13:39
G Oct 31st
€130 RET 12:16-14:58
BAe-146 RET 13:00 -14:52
Do-228  RET 13:43-15:26
€130 out No outbound 205 component RF09 N/A
BAe-146  OUT 09:44-12:54
Do-228  OUT 11:31-13:46
H Nov 4th
Cc-130 RET 12:24-15:19
BAe-146 RET 12:55-15:04
Do-228 RET 13:52-15:43
C-130 ouT 06:10-10:09
I Nov 6th
C-130 RET 10:09-14:19
BAe-146  OUT 09:58-12:49
Do-228 out 13:39-15:47
J Nov 9th
BAe-146  RET 12:50-15:23
Do-228 RET 15:51-17:52
Cc-130 out 13:00-15:44.
BAe-146  OUT 09:58-12:59
Do-228  OUT 12:45-14:44
K Nov 13th
c-130 RET No return 205 component N/A
BAe-146  RET 13:00-15:13
Do-228 RET 14:47-16:48
C-130 ouT 13:00-15:48
L Nov 15th
C-130 RET No return 205 component RF14 N/A

Fig. 6. Cross Section missions summary as a function of date andtdmiegalong 20 S. Color coding
shows the approximate local/UTC time of safflling. Timeswvibich Cross-Section mission data is
available are provided at right. Individual aircraft flighimbers are also given. Missions with missing
outbound or return legs indicate that the aircraft was wedlin a different mission for part of its flight.



C-130 RF08, 2 Nov 2008
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Fig. 7. POC-Drift mission flight plan(a) schematic of plan view(b) example POC-Drift misson flight
track from C-130 Research Flight RFO8 on 2 Nov 20@3schematic cross section of boundary between
open and closed cell regions showing sampling using lorggstr and level runs 150-250 km in length,
profiles, and sawtooth sampling through the upper part oMBé& and lower troposphere. Due to its
reduced range the BAe-146 sampled a subset of the C-130glaymivhen sampling POCs.
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VOCALS Peru
12°5 02—17 October, 2008
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Fig. 8. Cruise track (black, with white for transit legs) and samglfrom the IMARPE R/V Jas Olaya
during the VOCALS Peru cruise (2-17 Octo 2008). The cotortours show the October-mean
(1997-2004) daytime clear sky fraction determined usileg3baWIFS cloud clearing algorithm.



Ronald H Brown Leg1 @ IMET or DART/SHOA Mooring
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Fig. 9. Cruise tracks for Legs 1 and 2 of the NOAA R/V Ron Brown durinQ®ALS-REX superim-
posed on the sea-surface temperature (SST) and sea-sheigbe (SSH) from November 18th 2008
(middle of Leg 2; courtesy of P. Gaube and D. Chelton, OSUg 488 underway CTDs (UCTD) are
overlaid as white dots on the two tracks. Also shown are tbatlons of the 35 CTDs and 15 VMP
(microstructure) profiles as well as those where 19 surfaifeeis and 10 profiling SOLO floats were
deployed. Several of the sampled cyclones and anticyclaresdicated by a C and A, respectively,
followed by a sequential number. 57
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Fig. 10. GOES-10 imagery and retrieved cloud parameters, 1545 UT@QQober 2008{a) pseudo-
color RGB imagejb) cloud effective temperature [K][t) cloud optical depth(d) cloud liquid water
droplet effective radius [um]. Regional ((xB.5°) average cloud propertie&) cloud top height, and)

cloud liquid water path for the same time.



