Manuscript prepared for Atmos. Chem. Phys. Discuss.
with version 2.2 of theAIEX class copernicusliscussions.cls.
Date: 24 January 2011

An aircraft case study of the spatial transition
from closed to open mesoscale cellular
convection over the Southeast Pacific

R. Wood?, C. S. Bretherton?!, D. Leon?, A. D. Clarke®, P. Zuidema?, G. Allen®, and
H. Coe®

1Atmospheric Sciences, University of Washington, Seattle, USA

2Atmospheric Science, University of Wyoming, Laramie, USA

3Department of Oceanography, University Hawai'i, Honolulu, USA

“Rosenstiel School of Marine and Atmospheric Science, University Miami, Miami, USA
5School of Earth, Atmospheric and Environmental Sciences, University Manchester,
Manchester, UK

Correspondence to: R. Wood (robwood@atmos.washington.edu)



Abstract

Aircraft measurements are presented from 27 to 28 October 2008taayeo$ the VOCALS
Regional Experiment (REXx) over the remote subtropical southeastdddfiS, 80 W). Data
from two aircraft that took measurements approximately twelve hours hptirh the same
advected airmass are used to document a remarkably sharp spatial tndnsitarine boundary
layer (MBL), cloud, and aerosol structure across the boundarydsetva well-mixed MBL
containing overcast closed mesoscale cellular stratocumulus, and d pbogen cells (POC)
with significantly lower cloud cover. Long{(190-250 km) straight and level flight legs at three
levels in the marine boundary layer and one level in the lower free tropospiermit sampling
of the closed cells, the POC, and a 20-30 km wide transition zone with distirnfyedt
structure from the two airmasses on either side. The POC region consistsrafittent active
and strongly precipitating cumulus clouds rising and detraining into patchdgzaling but
quiescent stratiform cloud which is optically thin especially toward its edges.

Mean cloud-base precipitation rates inside the POC are several nbdt rates in the
closed cell region are not greatly lower than this. This latter finding suig¢fest precipitation
is not a sufficient condition for POC formation from overcast stratocusulespite similar
cloud-base precipitation rates in the POC and overcast region, muchgéttipitation ¢-90%)
evaporates below cloud in the overcast region, while there is significafasice precipitation
inside the POC. In the POC and transition region, although the majority of thieneate is
in the form of drizzle, the integrated liquid water path is remarkably close tcettpected for
a moist adiabatic parcel rising from cloud base to top.

The transition zone between the POC and the closed cells often consist&kdbthumdary
cell” clouds producing mean surface precipitation rates of 10-20 mimal divergent quasi-
permanent cold/moist pool below cloud, a convergent inflow region atlenigls in the MBL,
and a divergent outflow near the top of the MBL.

The stratiform clouds in the POC exist within an ultra-clean layer that is so®e320 m
thick. Aerosol concentrations\,) measured by a PCASP in the diameter range 0.12—-3.12 um
in the center of the ultra-clean layer are as low as 0.1-1%crithis suggests that coalescence
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scavenging and sedimentation is extremely efficient, sMcim the subcloud layer, and droplet
concentrationNy in the active cumuli are typically 20-60 cm. The droplet concentrations
in the quiescent stratiform clouds are extremely low (typically 1-10%9mand most of their
liquid water is in the form of drizzle, which mainly evaporates before rearthia surface. The
cloud droplet concentration in the overcast region decreases strasgg transition region is
approached, as do subcloud accumulation mode aerosol concentrstiggssting that coales-
cence scavenging is impacting regions in the overcast region as wellids the POC. Both
flights show lower accumulation mode aerosol concentration in the subclpeiddathe POC
(N.~30cnT?) compared with the overcast regiolW{~100 cnm?), but elevated (and mostly
volatile) total aerosol concentrations are observed in the POC at all leralsnd 20-50 km
from the transition zone, perhaps associated with some prior nucleation Bespite the large
differences in cloud and MBL structure across the POC-overcastdaoy, the MBL depth is
almost the same in the two regions, and increases in concert over the fidd lpetween the
flights.

1 Introduction

The influence of the structure, dynamics, and microphysics of marine @iratdus clouds
on the nature and quantity of the precipitation that they produce has beensadf research
stretching back over seventy years to pioneering studies by Walter Féndeishe late 1930s
which showed that even relatively thin, low liquid water content clouds cprdduce drizzle-
sized drops through collision-coalescence (see Mason, 1957). Sinip841) and Squires
(1952) discuss observer reports of precipitation falling from warmaddgadno the subtropics and
tropics. Mason (1952) showed theoretically that clouds thinner than laknpwduce drizzle
that can reach the surface especially if the cloud is turbulent. The aiobsdrvations of Mason
and Howorth (1952) and Singleton (1960) demonstrated unequivocatlwrm stratocumulus
clouds as thin as 300—600 m can produce surface drizzle.

Squires (1958a,b) opened up the study of factors controlling warmaaimation including
the importance of increased cloud droplet concentration, and henzgoheoncentration, for
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reducing the propensity for precipitation formation in low cloud. Very little wibrén followed
until interest in stratocumulus clouds grew and a significant number ofaftircase studies
of marine stratocumulus showed drizzle to be a common feature (Brost e9&2;, Micholls,
1984; Nicholls and Leighton, 1986; Austin et al., 1995; Bretherton et@®5)and, importantly,
that precipitation rates were frequently sufficient enough to play an imgouge in the cloud
moisture budget. Sensitive millimeter radar studies also began to shed light stnutteire of
precipitation in marine low cloud (Frisch et al., 1995; Miller and Albrecht, 19%#i et al.,
1998) and were central in establishing that drizzle is intermittent and cancbyl@trong,
particularly where cumulus clouds are growing and detraining into a maretestimulus layer
above.

Together, these aircraft and radar studies engendered the ide&rdhatismulus precipita-
tion might exert an influence on the stability of the boundary layer, and tlousl clynamics
and structure. This notion fuelled various modeling studies of varying codityl@.g., Liou
and Ou, 1989; Albrecht, 1989; Wang et al., 1993; Feingold et al., 19&%ens et al., 1998;
Savic-Jovcic and Stevens, 2008) which all showed sensitivity of clowdre thickness, and
MBL structure to drizzle. Many of these modeling studies suggest thatelrizzarticularly if it
is strong (cloud base precipitation rates on the order of 1 mh dhas a tendency to decrease
cloud cover because drizzle acts to stabilize the MBL by suppressing nedistasport into the
cloud and promoting decoupling. Recent radar and satellite observatvasdvealed a strik-
ing connection between the mesoscale morphology of marine stratocumultiseasheljree to
which they precipitate, with spatial transitions between regions of closed @ mesoscale
cellular convection frequently associated with an increase in precipitatiemgskr (Bretherton
et al., 2004; Stevens et al., 2005; Comstock et al., 2005, 2007). It is¢hasnable to suppose
that drizzle plays a significant role in setting the climatological cloud covemeder, since
there have been only very limited aircraft missions contrasting precipitatioland structure
transitions between open and closed cells (Van Zanten and StevensSk@0sn et al., 2006),
there are many remaining questions regarding the way in which precipitatiorctisnigdB L
cloud coverage and thickness.

Cloud modeling studies have advanced the assertion (Squires, 195&a,brtkased cloud
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droplet concentration could limit precipitation and have opened a pathwayghrwhich in-
creasing atmospheric aerosols might alter cloud cover regionally (Lio@and989; Albrecht,
1989). Studies collating many aircraft and remote sensing measuremestoinéivmed the hy-
pothesis that stratocumulus drizzle rates are sensitive to cloud droptetrtcation (Pawlowska
and Brenguier, 2003; Comstock et al., 2004; Van Zanten et al., 2006d Vi&D05; Geoffroy
et al., 2008). Without adequate controls, it has proven difficult to eskabliservationally
whether microphysically-suppressed precipitation is able to increasecstmatitus cloud cover
or thickness. Cloud resolving model studies suggest that increasatiadadensation nucleus
(CCN) concentrations can induce non-monotonic responses in cload Géwe et al., 2008)
and cloud thickness (Ackerman et al., 2004). These responses agstlitaf competing effects
with increased CCN suppressing precipitation formation but, as a consagjurcreasing the
lateral and cloud-top entrainment that tends to reduce cloud volume (V266d@; Xue et al.,
2008; Stevens and Feingold, 2009).

Ship and aircraft observations show large reductions in CCN contientrand consequently
lower cloud droplet concentration, within pockets of open cells (POCskedddd in overcast
marine stratocumulus (Sharon et al., 2006; Van Zanten and Stevens VZ008 et al., 2008).
Spaceborne remote sensing measurements of cloud droplet effediive ase consistent with
such microphysical contrasts (Stevens et al., 2005; Rosenfeld et @6, @®od et al., 2008),
and there is a tendency for regions of open cells to be embedded withrastetoud regions
with low cloud droplet concentrations (Wood et al., 2008). This, togettiibr thive finding that
open cells forming within marine subtropical stratocumulus are rarely folose ¢o the coasts
(Wood and Hartmann, 2006), may tempt one to attribute the formation of POCs tGGN
concentrations since low CCN would drive stronger precipitation all elsgtegual. Cloud re-
solving model simulations do indeed show that spatial CCN gradients careipdecipitation
gradients that lead to closed/open cell cloud morphology gradients (Wahigeangold, 2009).
The conclusion that CCN differentials are the primary trigger of POCs inrmatowever,
may be difficult to establish since we also know from simple calculations that preaipita-
tion rates within POC regions<{l mm d!) are sufficient to drive significant rates of depletion
of CCN through coalescence scavenging (Wood, 2006). For a 1 lem lbeundary layer the
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timescale for CCN removal through coalescence scavenging is~ehlyd for a cloud base
precipitation rate of 1 mmd' (Wood, 2006). Therefore, we would expect precipitation dif-
ferentials, which might be driven by dynamics, to drive CCN differentid@lse tight coupling
between microphysics and dynamics within POCs, and perhaps within drizsgtatgcumulus
boundary layers in general is therefore an intriguing area where iragnmeasurements may
shed important light on POC formation mechanisms.

Here, we present aircraft measurements from two aircraft flights sagrtpénsame broad re-
gion of transition between overcast stratocumulus and a pocket of efisntaken over an 18 h
period (27/28 October 2008) during the VOCALS Regional ExperimeBxjR A major focus
of VOCALS-REX is an improved understanding aerosol-cloud-precipitatiteractions within
drizzling stratocumulus clouds and the role that these interactions play inglrivesoscale
cloud variability. As such, the aircraft missions documented here are sihelddicated specif-
ically to documenting the transitions between an overcast region of closexsoads cells and
a pocket of open cells embedded within it.

This paper describes observations from an aircraft case studyastng the structure and
dynamics of the spatial transition from overcast marine stratocumulus tdketpafopen cells.
The organization of the paper is as follows. Section 2 describes the sampbtgimenta-
tion, and data. Section 3 describes the mesoscale structure and the rdtiohedakdown into
different regions, while Sect. 4 describes the large scale context. Tae steicture and the
cloud/aerosol microphysics are presented in Sects. 5 and 6, reshecHection 7 is a discus-
sion and introduces a conceptual model of the transition from overcagieto cells. Conclu-
sions are drawn in Sect. 8.

1The VOCALS (Variability of the American Monsoon Systems @aeCloud-Atmosphere-Land
Study) Regional Experiment (VOCALS-REX) is an internadibfield program designed to make ob-
servations of poorly understood but critical componentthefcoupled climate system of the southeast
subtropical Pacific, a region dominated by strong coastalellijng, extensive cold SSTs, and home
to the largest subtropical stratocumulus deck on EarththEudetails of the program can be found at
http://www.eol.ucar.edu/projects/vocals/




2 Data and methodology
2.1 Flight and leg details

Data from two research flights are used in this study. Table 1 details thel8ighfrom the
Facility for Airborne Atmospheric Measurements BAe-146 flight B409 orCTober 2008,
and the NSF C-130 flight RF06 on 28 October 2008.

Figure 1 shows visible satellite imagery of the sampled POC and environsxapptely 3 h
after the end of the C-130 measurements. As seen in the GOES whole-disk (Riggl), an
extensive sheet of stratocumulus is present over the Southeast HatigcArica Bight area
off the coast of Northern Chile/Southern Peru, and it is punctuated byge fagion of open
cells which extends westwards of°A®/, as seen in the MODIS image (Fig. 1, top panel). The
sampled POC is an eastward extension of this broader region of open Eiglise 2 shows
an GOES infrared sequence for a 44 h period encompassing the two. fligtesevolution of
a narrow, quasi-linear POC feature into a broad expanse of open cdbsiiy shown. Despite
considerable diurnal variability in the clouds near the coast and in theVfapfSthe region
shown in Fig. 2, in the region of the POC feature itself there is no clear esédehdiurnal
variability. There are two key points that make it difficult to determine diuraiability in
this case: (a) high clouds are masking our ability to clearly delineate frotiitegttee evolution
overnight on the 27/28 October; (b) aircraft sampling issues includinigltitation with respect
to the POC-overcast boundary make it difficult to separate diurnalbititysfrom evolution of
the POC feature independent of diurnal variability.

Flight B409 was conducted during the late afternoon hours of 27 Octaliescience sam-
pling from 21:40to 22:50 UTC (16:40-17:50 LT). The flight consisted af¢tstraight and level
legs. Trajectories estimated using NCEP GFS analysis and short-rangadtiields were used
to position the C-130 in the same airmass as that sampled by the BAe-146 dd@iagdighly
12 h earlier. Flight RFO6 was conducted during the early morning hou8 Gfctober with the
science sampling taking place from 08:00 to 13:30 UTC (03:00-08:30 LB flight consisted
of a series of six straight and level legs 190-250 km in length which wesiyded to sample
the transition between a POC and the surrounding overcast closed csthatacumulus. In
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addition, a sawtooth run with the aircraft climbing and descending from 18Bave the inver-

sion to approximately 100 m below stratocumulus cloud base was carriechdyir@files were
taken well into the POC and overcast regions. All runs and profiles re@ated NNE-SSW
with headings of 30/210 which resulted in approximately Lagrangian airmass sampling over
5.5h. At the end of the legs, 18@urns of opposite handedness (left then right then left, etc.)
were used, which led to a slight upstream lateral drift of the legs with ct$pe¢he mean flow
(~60 km over the 5.5 h). This ensured that the sampling of the boundanhakiEig. 1 shows

is quite heterogeneous on tkel 00 km scale, was not biased by repeatedly sampling the same
set of cells throughout the flight.

Figures 3 and 4 show sections of the BAe-146 and C-130 flight trackdaid on near-
coincident GOES IR and (when sufficient sunlight permits) visible imag#rging missions
B409 and RF06, respectively. Patches of thin high cloud are eviddmitbrflights, particularly
in the IR, and preclude good spaceborne visualization of the boundpegially in the hours
before sunrise (10:42UTC) on RF06. Both flights sample the boundaweba a pocket of
open cells to the SW and overcast stratocumulus to the NE, although the cjendieight
and level run in B409 appears to skim the eastward edge of the POCee@mrboth flights,
the boundary between the open and closed cells is rather uneven aistcofcellular cloud
features with horizontal scales of 20-40km. As the gray dashed line irdFsgows, the
boundary between the open and closed cell regions appeared to ddiagwvith the mean
wind in the MBL during the course of flight RF06.

2.2 Instrumentation

Full details of the instrumentation flown on the C-130 and BAe-146 during NCESREX are
given in Wood and coauthors (2011). We present data from numamstraments including
atmospheric state variables and winds (standard C-130 or BAe-146nisits), cloud liquid
water content (Particle Volume Monitor, PVM on the C-130 and Johnson-Wililevzorov
on the BAe-146), drizzle liquid water content and drop size distributiosr80 pum, 2-D-C op-
tical array probe), and cloud droplet concentratip and size distribution (&r<23.5um,
Droplet Measurement Technologies Cloud Droplet Probe, CDP). Alsoreanents were ana-
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lyzed at 1 Hz time resolution unless otherwise stated. The 2-D-C probe @iowime C-130 in
VOCALS was modified by doubling the number of diodes from 32 on the cuiosgal probe
to 64. The electronics were updated which reduces the number of pattistedue to slow
signal ramping. Counts from the first two size bins were excluded sincgathele volume for
these particles is difficult to determine. The 2-D-C thus sampled drops withlaegker than
approximately 30 um.

Size distributions of dry particles measured on the C-130 are reportéiisate8olution by
merging cabin-sampled size distributions from the following instruments: arouzidd radial
differential mobility analyzer (RDMA, dry diameters 10—-150 nm), a “long” BNLDMA, di-
ameters 10-500 nm), a custom modified PMS LAS-X optical particle counfe€(Qiameters
150-1000 nm) and a TSI model 3321 aerodynamic particle sizer (APS, téien@e78—10 pum).
Details are given in Clarke et al. (2007). In addition, an externally-maliR@ASP gives nom-
inally dry size distributions for diameters 120-3000 nm. Total aerosolesurationsNcy are
measured with TSI 3025 and 3010 CN counter8 m and>10 nm, respectively). Aerosol
size distributions on the BAe-146 are measured using an SMPS system witbaiotantra-
tions from a TSI CN counter. On the C-130 one of the inlets to the 3010 Chteruis heated
to ~350°C which is sufficient to volatilize sulfuric acid and ammonium/sulfate salts and pro-
vide the concentratioVon 1ot Of Non-volatile CN (these measurements are described in Clarke
etal., 2007). From this we estimate the volatile fractfig,.refOf total particles larger than
10 nm.

The C-130 flew a substantial remote sensing suite during VOCALS. Measmts used
in this study are upwelling and downwelling broadband fluxes (from saidriR pyranome-
ters), profiles of radar reflectivity from the zenith and nadir-viewing 95 GHz University of
Wyoming Cloud Radar (WCR), lidar backscatter profiles from the zenitiwag Wyoming
Cloud Lidar (WCL), and microwave radiances from a wing-mounted zesnétving 183 GHz
G-band microwave radiometer (GVR).



2.3 Derived data products

Several derived data products are used in this study. Data at 1 Hz tioleti@s (100 m hori-
zontal resolution) from the WCR on the C-130 are used to derive (ajl ¢lmquheightz,,, for
those clouds with significant radar echoes, using a threshold3éfdBZ; (b) column maxi-
mum radar reflectivity,,.«; (C) near-surface reflectivity,.. Precipitation rates are estimated
from Z,.x and Zy. using Z—R relationships appropriate for drizzling stratocumulus (Com-
stock et al., 2004). From the maximum reflectivity we derive the column maxinrecipita-
tion rate Riyax=(Zmax/25)"7" and from the near-surface (250 m) reflectiviys, we derive
a 250 m precipitation rat&ys0=(Z250/57)%?!. In addition, the in-situ drop size distribution
measurements from the 2-D-C probe are used to estimate the precipitatiosstatarag termi-
nal velocities from Pruppacher and Klett (1997).

Cloud top height is taken to be the highest gate where the WCR return is dezdroireflect
scattering from hydrometeors rather than receiver noise or otherctstifdo avoid spurious
cloud top height determinations caused by random variations and ndrbieleavior of the
receiver noise, a combination of thresholds is used for each rangeogatehalf of the samples
within the 1 s average must exceed the standard deviation of the noise dnsldverage must
exceed 1.5 times the standard deviation of the noise; the variance of théeDuplocities
within the second must be less than 0.4 time the variance associated with n@iig; ¢cloud
top height must be withil=100 m of the median cloud top height for the leg.

The C-130 WCL lidar backscatter profile is used to determine the cloud hi#sdeusing
a maximum gradient method. Cloud cover is also determined from subcloudideys the
WCL by identifying cloud features above the aircraft.

Liquid water path (LWP) is derived from the GVR on the C-130 using the3B314 GHz
channel as described in (Zuidema and coauthors, 2010). Such estaratmdy available for
the two subcloud legs (Table 1).
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2.4 Distinguishing cloudy, clear, and drizzling samples

Each 1 Hz data sample is classified as being either cloudy, clear, or cogtdiiinle (but not
cloudy) using a combination of sensors. To be classified as cloudy, dihdé?VM or CDP
liquid water mixing ratio has to exceed 0.03 gKg To be classified as containing drizzle, the
sample must not be cloudy as defined above, but the 2-D-C probe micsttend drizzle drop
concentration of at least I1'. All samples not classified as cloudy or drizzle-containing are
deemed to be clear.

In this paper, we refer to the PVM-measured liquid water aglitied liquid water mixing-
ratio ¢;, since the PVM instrument is relatively insensitive to droplets with radii grehser
approximately 25 um (Wendisch et al., 2002). Since the 2-D-C counts dvip radii larger
than 30 um, there is little overlap between the PVM and the 2-D-C, and so &rdaehe 2-D-C
measured liquid water as tlaeizz e liquid water mixing ratiogp in this study.

3 Mesoscale structure
3.1 Delineation of POC, overcast and transition regions

Figure 5 shows radar reflectivity from the straight and level and sdiwtlegs in RF06 as
a function of distance along the run. A zone of strong echoes wasedindgupresent in the
transition zone between the overcast stratocumulus and the more brokdrasknciated with
the POC. This region of strong precipitation represents the transition zinedén overcast
and POC, and we term the mesoscale cloud structure associated with thigutidery cell.
The POC-ward extent of the boundary cell we term légseling edge and the location where
the overcast stratocumulus clouds begin we refer to abableedge. The leading edge was
diagnosed subijectively based upon the WCR imagery. The images in Fig. &igmed so
that the leading edge is defined as being zero distance. The location ok adige is harder
to define since for four of the runs the boundary cell is not all that lglesparated from the
echoes associated with the overcast stratocumulus (e.g. runs SCICZRZE. For other legs
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(AC, C1 and S), there is a clear gap between the strongly precipitatingagxhthe overcast
stratocumulus. Figure 5 denotes the location of the back edge by a vedstzdiline. We
refer to the region between the leading and back edge asah®tion region separating the
POC from the overcast stratocumulus. The width of the transition regiagesaitom 16 to
43km (see also Table 1). The location of the transition region moved rougimgistently
with the mean wind in the MBL on RF06, and the edge observed with the satellitaigttho
a conclusive assessment of this is not possible with the flight strategy used

The key features contrasting similarities and differences in the MBL, clpuskLipitation
and aerosol structure between the POC and overcast regions are rizgdnita Table 2. The
following sections of the paper constitute a presentation of the obsenatiat@aupon which
this summary is based.

3.2 Overcast region

Since the column maximum reflectivi§,,.x is typically found near the cloud base (Comstock
et al., 2004),Z..« IS @ good indicator of the precipitation rate near cloud bidgg. Almost

all of the overcast region can be characterized by columns with maximuettieitly 27,
greater than-20dBZ (Fig. 5). Remarkably, 92% of columns in the overcast region sample
by the WCR have”,,,,,.>—15dBZ (Fig. 6), which is the threshold commonly assumed for the
presence of significant drizzle-(5 dBZ corresponds to roughly 0.1 mm'dprecipitation rate
according to Comstock et al., 2004). For roughly a quarter of all columiieinvercast region
Zmax>0dBZ, corresponding to cloud base precipitation rates; of ~2mmad-! (see upper
axis in Fig. 6), and 2% of the columns ha¥g,. as high as 10dBZ. It is clear, therefore, that
the overcast stratocumulus clouds surrounding the POC are produtisiastial drizzle.

Figure 5 also shows that the precipitation within the overcast region is nif@rombut is
organized into cellular structures containing core regions with Aigh. surrounded by regions
with much lowerZ,,.«. This cellularity in marine stratocumulus is consistent with the closed
mesoscale cells seen in the satellite imagery (Fig. 1), which have a dominadrhal scale
of some 30-40km, a typical value for stratocumulus over the Southeaific Rsidood and
Hartmann, 2006).
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3.3 POC region

The POC region is characterized by lower cloud cover and the POC cimadwganized into
open cells (e.g., Fig. 1). Approximately 55-60% of the POC columns sampigdicaeflec-
tivities exceeding-28 dBZ (Fig. 6). The more sensitive WCL detected clouds 60% of the time
from subcloud runs in the POC indicating that most clouds in the POC contafledtivities
large enough to be detected by the radar. As in the overcast regiayhlycal quarter of the
POC hasZ,,.x>00dBZ (Rcg> 2 mmd!) but the occurrence of heavy drizzlg (., >10 dBZ)
is three times more likely inside the POC than in the surrounding overcast sedibiere are
also relatively fewer incidences of weak precipitatier20< Z,,.x<—10 dBZ) inside the POC.
Thus, there is a fundamentally different nature to the precipitation inside@& ddmpared
with the surrounding overcast clouds, with a broader distributiof,f. and locally stronger
precipitation.

3.4 Transition region

The distribution of Z,,, within the transition region is shifted to highéef,,., values
than in the POC and overcast regions (Fig. 6). Around 65% of the tramsitigion has
Zmax>0dBZ, 30% hasZ,,.x>10 dBZ (Rcg>10 mmd'), and roughly 5% hag,,..>20 dBZ
(Rce>70mmd1), which emphasizes that the drizzle in the transition region can be locally
very heavy indeed. The distribution 4f,,. is not as broad as in the POC region, being closer
to the distribution in the overcast region except shifted to higher reflectivitiespection of
Fig. 5 confirms that the strongest precipitation in most flight legs is assogidtiedoundary
cells that are frequently present in the transition region.

4 Large scale context

Tables 3 for flight B409 and 4 for flight RFO6 show a number of key laiggde variables, some

of which are estimated separately for the POC and overcast region$) ednistitute the me-

teorological forcings on the MBL. During the earlier flight B409 the MBLsagdvecting in
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approximately SSE flow which becomes more southeasterly by the time of RF@6wihd
speed increases slightly from 7.5 m'¢o 9 ms™! between the flights. The sea-surface temper-
ature (SST) is slightly warmer than the air temperature. The near-suifdeenperature inside
the POC is cooler than in the overcast region (by 0.3 K on B409 and 0.9 K=66)Rand some

of this difference can be explained by cooler SSTs in the POC (see TalBedace estimated
sensible heat fluxes (SHF) are smatll W m~2) throughout. However, the estimated latent
heat flux (LHF), however, is large (115-130 Won B409 increasing to 122 W in the
POC and 160 W m? in the overcast on RF06). This contributes an additional 8-12 W to
add to the SHF, giving surface virtual heat fluxes of 20-25 W nwhich is not an insubstantial
surface contribution to buoyant production.

The primary driver of turbulence in the MBL is the longwave radiative flivedyence across
the MBL, which averages 91 W™ in the overcast stratocumulus in RF06 (Table 4), a particu-
larly high value due to low values of downwelling fluk'() above the MBL caused by the very
dry free-troposphereg&1 gkg™! on both B409 and RF06). Despite the visual impression of
a lack of cloud in the POC region (e.qg., Fig. 1), the actual cloud cove6d)o (Sect. 3.3 above)
on RF06 leading to 72 W n? of radiative flux divergence across the MBL in the POC region.
However, much of the extensive cloud in the POC consists significantly ligued water path
(see Sect. 5.3 below), and contains very large droplets. Thereforaptleal thickness and
emissivity of the extensive POC clouds will be lower than that in the overeg&in, so that
longwave radiative flux divergence will be distributed over a thickernaye may therefore
be less effective at driving buoyant circulations in the POC. This lieh&as been found in
large-eddy simulation studies for clouds with similar characteristics to those RQRestudied
here (Ackerman et al., 1993).

The most marked difference between the two flights is the MBL depth whickases from
1280 m on B409 to 1375m on RFO06, with uncertainties in these estimates baigg3tbm
determined from inter-profile variability. The MBL is capped with a very sframversion
throughout. The difference in potential temperature between 200 m #fivoua/ersion and the
inversion base is-12-13 K in the POC and 15K in the overcast regions (Tables 4 and 3). Vi-
sually, the cloud top in the overcast region was quite flat. From the varigegsion-crossings,
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no significant difference in MBL depth was detected between the oweand$OC regions on
either flight. In both regions the mean cloud top height is located close to thesionéase,
but there are some clouds in the POC whose tops are up to 150 m below ttstanJsase, in
agreement with the DYCOMS-II RF02 case study of Petters et al. (2006).

The MBL is under the influence of large scale divergence, at least mfethyemean (Table 4).
It is interesting that this is the case despite negafivédy (the strongly positivelu/dx is
double the magnitude of the negatie/dy). Since the POC boundary is aligned approximately
WNWI/ESE (Fig. 4), this significant deformation to the flow implies a stretching covapt
along the direction of the POC boundary and a convergent flow towatbilvedary.

5 Mean structure
5.1 Conserved variables

Profiles of liquid potential temperaturé, Y and total water contenty, the sum of the vapor
(dewpoint hygrometer), cloud liquid (PVM/CDP), and drizzle liquid (2-DEY8) water mixing
ratios) from both leg-mean data and representative individual profiestewn in Fig. 7. On
both flights the overcast region MBL is remarkably well-mixed given the sicanifi drizzle
that the clouds are producing. The remarkably strong inversidb K inversion jump ir)) is
clearly evident. The inversion jump in the POC region is closer1@ K, in the mean, although
the RF06 POC profile happens to be through a cumulus cell and so is waameththmean
conditions.

In the mean, on RF06 the POC region is more strongly stratified than the sieegéon
(Fig. 7), both inf; and ing;, and the transition region even more so, with strong cold/moist
pooling of air near the surface. Liquid potential temperature in the uppet MBhe POC
exceeds that in the overcast region by 1.5K, but is colder by roughlyaime amount near the
surface. The mean total water content in the upper MBL is greater in threasteregion by
some 0.3-0.6 gkg', but near the surface, the POC is moister than the overcast region ky clos
to 1gkg . The POC region sampled on B409 is actually slightly drier than the overgistr
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(Fig. 7) Approximately two thirds of the way up the MBL, and¢; are roughly the same in
the overcast and POC. It is interesting that the MBL mean valuk isfslightly lower andy
slightly higher inside the POC than outside. This would be consistent with weakainment
inside the POC than outside, although differences in radiative heatingfacsudluxes over the
airmass history preclude definitive attribution. Data taken on flight B409pt®hto the RFO6
measurements show a very similar structure with a well-mixed boundary lageeansimilar
mean values of; andg; (Table 3 and Fig. 7), but with an inversion base that is approximately
100 m lower than that observed during RF06. The latter finding is consistdmentrainment
deepening of the MBL over the period between the two flights (see Sedbw)be

Tracers that have higher concentrations in the free-tropospherentttenMBL (e.g. carbon
monoxide (CO) and ozone) are less abundant in the POC MBL than in tiheast@&IBL. For
example, on RF06 the CO concentration is 0.5-2 ppb lower inside the PO@yeaozone con-
centration 2—4 ppb lower. Similar overcast/POC differences in CO (1.8gmabdzone (1.6 ppb)
are found for the subcloud layer leg on flight B409, implying longevity in theZontal gra-
dients and structure across the POC-overcast boundary. Sinceytdepmbsition rate of CO
is small, and the free-tropospheric values measured in RF06 were apptely equal above
the POC and the overcast regions, the observed MBL differencdd oepresent integrated
differences in entrainment rate. However, since we do not know eithdrigiory of the air en-
trained into the MBL prior to RF06, or the concentrations in the MBL beford?Q€ formed,
this cannot be concluded with certainty. The same is the case for ozoiod, s the added
complication of significant dry deposition and short timescale photochenuuoates/sinks.

5.2 Condensate and drizzle on RF06

Profiles of cloud ¢;,) and drizzle ¢p) liquid water mixing ratio from the straight and level runs
on RFO06 are shown in Fig. 8, and profiles of precipitation rate (2-D-C ialdar-estimated),
relative humidity, drizzle drop size and number are shown in Fig. 9. In theddlmyer of the
overcast regiongr, significantly exceedsp, ¢r, increases upward, angh downwards in the
cloud. This is typical behavior for overcast drizzling stratocumulus @Y@905). By 300—
400 m below cloud base, little drizzle water remains in the overcast regioce 8ia cloudbase
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precipitation rates (Fig. 9a) in the overcast region are substantial ah@vdr !, this indicates
strong evaporation in the layer immediately below cloud base.

In the POC and transition regions, as inferred from cloud-level fligh,lgg>qr, (Fig. 8)
indicating that the majority of the condensate is present as precipitation ta#tmecloud wa-
ter. Averaged over the two cloud layer legs, the ratig ¢, is approximately 3 in the POC
region and 4 in the transition region (in contrast with the overcast regi@nenhis only 0.25).
Therefore, a marked transition from cloud to drizzle condensate apfmehe a signature of the
transition from closed to open cellular convection. The mean total conemssing ratio in
the cloud layer of the POC region is significantly lower than that in the overegon when
weighted by the fraction of samples that are cloudy (35% of POC samplestiietwo cloud
legs are cloudy, in contrast to 92% of those in the overcast region)héun-cloud means are
approximately equal.

The transition region observed on RF06 contains the heaviest precipitgigprda), where
mean values are 10-20 mmdat all levels. In this region there is also a substantial quantity
of drizzle liquid water present close to the surface (Fig. 8b), with someleka in the POC
and almost none in the the overcast region. This largely reflects the ldowgt base and
high relative humidity (Fig. 9b) both of which hinder drizzle evaporationter@stingly, the
drizzle drop volume radius, p is largely independent of region but is a strong function of
height (Fig. 9¢), so that the mean size of the drizzle drops leaving closglibareases from
the overcast+{80 um) to POC {100 um) to transition~{140 um) region. The strong height
scaling ofr, p independent of region suggests that the mean size of drizzle dropsesylarg
a function of the depth of cloud that produces them rather than otherda€@ae consequence
of this is that since the depth of the layer that a drizzle drop can fall befaporating scales
strongly withr, p (Comstock et al., 2004), it is not surprising that the fraction of the closelba
precipitation rate reaching the surface increases strongly from theastef:10% reaching
surface) to the POG{25% reaching surface), and is higher still in the transition region where
most of the drizzle reaches the surface (Fig. 9a).

A striking feature, observed with both in-situ and radar data, is that the preaipitation
rate at the cloud level in the overcast region is significant (3—4 mhhand about three quar-
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ters of that in the POC (4-5mn1d). Thus, the thinking that POCs delineate regions in marine
stratocumulus with locally enhanced precipitation (Stevens et al., 2005) redytmbe revised.
Examination of MODIS-retrieved liquid water path (Fig. 10) from 4 h afteORBEhows that the
POC feature sampled is itself embedded in a broader swath of thick ovetreastumulus with
peak values of liquid water path at the center of the mesoscale cells exgd@dig nT2 and
amean LWP of 150-200 g. Our observations from RF06 are indicating that this surround-
ing cloud contains significant cloud base precipitation. Since elevated L\WWRoisn to be
associated with enhanced precipitation in marine stratocumulus (Comstock2€0dl, \WWood,
2005; Kubar et al., 2009, and see also Sect. 5.4 below) it seems rbbstmaonclude that
the high LWP swath, rather than simply the POC, may delineate regions of locdlineed
precipitation and that this broad region of precipitation supports the formatitne POC. This

is consistent with existing satellite analysis over the southeast Pacific (Wabd2008) show-

ing that open cellular convection is positively correlated with elevated LWRencast clouds
surrounding the open cells.

Sincer, p is similar in all regions at a given height, variations in precipitation rate atengiv
height level are more strongly reflective of variations in the drizzle dapcentrationNp
(Fig. 9d). This is consistent with previous aircraft observations (ean,Zanten et al., 2005)
and with observed exponents relatively close to unity in the relationship batvedlectivity
and rain rate (Comstock et al., 2004).

5.3 Cloud vertical structure on RF06

Figure 11la indicates striking differences in the cloud LWP distributions in € ,Rvercast,
and transition regions. The cloud LWP distribution in the overcast regicarisw with a mode
at 200 g nT2, a slight positive skewness, a mean of 240¢frand only a few instances where
LWP exceeds 500gn?. The POC LWP distribution has a mode at close to zero, a mean of
210gn72, and is broader and more positively skewed, with some 15% of POC cloitids w
LWP exceeding 500 g n?. The transition region has the largest mean LWP (510 ¢)rwith
a broad distribution and little skewness.

Cloud top height.,, is well-sampled with the cloud radar and is shown in Fig. 11b. Narrow
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distributions characterize the overcast and the transition regions, thieestandard deviation of
ztop IS @pproximately 40 m. In the POC the distribution is somewhat broader (sthaelaation
closer to 50 m) and there is evidence of bimodality, consistent with photagragbrmation
(not shown). Interestingly, the means of the distributions in each of the teggons are within
15m of each other (1345m in the POC to 1360 m in the overcast), but thestighd lowest
cloud tops are found in the POC. Further investigation shows that the higbad tops in the
POC are those with the largest values of the column maximum reflecfyity, and thus are
the most strongly precipitating cells.

Cloud base height.,, distributions (Fig. 11c) are much broader than those in cloud top in
all three regions. This result is in accordance with previous studies ajsoale variations of
overcast stratocumulus (Wood and Taylor, 2001). The narrowesibdison is in the overcast
region. In the POC region there is a bimodal distributiorzgf with the lowest bases corre-
sponding to cumuli which grow from the top of the surface mixed layer, aadhigfhest bases
consistent with stratocumulus and thin stratus aloft. The cloud base heighd tmatisition
region is unimodal and somewhat higher than the cumulus bases in the POC.

Further insight into the vertical structure of the clouds in the MBL acros®ME€-overcast
boundary is provided in Fig. 12 which shows zenith-viewing radar and hdakscatter for
the entirety of the subcloud run SC2, together with liquid water path obsemgatiom the
microwave radiometer. Radar-derived cloud top height and maximum raflactivity are
overlaid on the lidar backscatter which indicates a remarkable degreesgiagnt between the
height of the cloud bassg, (delineated by strong lidar backscatter in regions with moderate or
no drizzle) and the height of the maximum radar reflectivity,.x. The coincidence of the,
andzzm.x IS to be expected because drizzle drops grow by collection monotonicalryvaanal
in the cloud but begin to evaporate as soon as they fall into the subsatregiaad below cloud
base (Comstock et al., 2004; Wood, 2005), but the agreement is stri@imgheless. Further,
this agreement suggests that,.. may be used instead of a lidar-derivedin cases where
the drizzle is sufficiently heavy to cause substantial lidar backscatter thaagnadifficult to
objectively determine a cloud base (for example, throughout much of thsiticm region in
Fig. 12).
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Figure 12 further exemplifies the narrow distribution of LWP in the oveneagbn, the high
values in the transition region, and the intermittent distribution in the POC. Whattisydarly
interesting is that in all regions and for all observed values of LWP, thedsl@ppear to be
well-modeled with an adiabatic assumption. This is true whether the model usédaihe
derived or, in strong drizzle, the maximum radar reflectivity-derivedidlbase height. That
even very strongly drizzling clouds, in which much of the condensate is ifothe of drizzle
(Fig. 8), retain an adiabatic liquid water path presumably indicates that tlenigipment time
for liquid water path through cloud updrafts is sufficiently strong to overethe loss of liquid
water to precipitation (see e.g., the simple adiabaticity model in Wood, 2005)lditican, the
vertical motions may also prevent loss to drizzle by keeping drizzle drofeglldhus hindering
fallout. However, since there are substantial lateral mesoscale motigiemsef high liquid
water content could be advected into regions with elevated cloud baseg¢éaduperadiabatic
liquid water contents as deduced from a one-dimensional perspective.

5.4 Factors controlling precipitation

The clouds with the strongest radar echoes correspond to those withetitesy liquid water
path (Fig. 12), emphasizing the key role that the liquid water path plays imgnprecipitation
formation in these clouds.

Figure 13 builds on this by showing the relationship between cloud liquid watbr(hWP)
and the median column-maximum radar reflectivity., for clouds in the POC, overcast, and
transition regions. In general, the strongest precipitation is associatedhsittlouds with
the highest LWP, which the analysis of the previous section indicates athitikest clouds.
This result is not particularly surprising in the light of previous measurésneadicating that
LWP/cloud thickness is a strong driver of precipitation in marine stratocungs&esreview by
Brenguier and Wood, 2009). What is interesting is that in the POC andtioanegions the
relationship between LWP ard,,,, diverges from that in the overcast, but that the divergence
only occurs for LWP values lower thand00 g 2. This indicates that foZ,,,. greater than
5dBZ (equivalent to a cloud base precipitation rate of a few mmh),cthe precipitation rate ap-
pears to be explained primarily by LWP. There is little evidence that the sigmtifiifierences
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in Nq (see Sect. 6) between POC and overcast regions have any beating alnility of the
thicker clouds (400 g ¥ adiabatic LWP is equivalent to a 600 m thick cloud) to precipitate.
On the other hand, lighter precipitation rates typical of thinner clouds ¢dreexplained by
variability in LWP alone, which leaves open a role for the low&r values in the POC to play

a role in enhancing the precipitation efficiency compared with the overtasis These re-
sults are broadly consistent with satellite observations, large eddy, andtieedrizzle models
(Feingold and Siebert, 2009; Kubar et al., 2009; Wood et al., 2009pShian et al., 2009).

6 Cloud microphysics and aerosols

There are striking cloud microphysical and aerosol differences leeithe POC and the over-
cast regions that are as dramatic as those in the cloud and precipitatiorstnadtoe. Table 5
provides cloud droplet concentrations, cloud droplet effective radd, mean clear-air aerosol
for selected levels in the POC, the transition region, and the overcash r@gitight RF06.

6.1 Cloud droplet concentration and effective radius

Mean cloud droplet concentratiaNy for clouds in the cloud layer of the overcast region is
approximately 70 cm?, while in the POC it is an order of magnitude lower. Similar gradients
were observed on the B409 flight 12 h earlier, implying that the microphygreaients can
be maintained over significant periods of time. This is a remarkable contrakteaults in
strong differences in the cloud effective raxdii If drizzle drops are included in the estimates
(Table 5) the differences are even more striking. While drizzle dropsaainibute significantly

to r. (Wood, 2000), the magnitude of the contribution in the POC and the transitjooneeis

a doubling ofr, (Table 5). Figure 14 shows the MODIS-derivednear cloud top, showing
values of 12—25 um in the overcast region to the north of the POC whemartmaft sampled
overcast clouds roughly 4 h earlier. These values are somewhat fhegethose measured on
the cloud legs in the overcast region, but it must be borne in mind that thd &gs were
quite close to the base of the cloud and that in well-mixed overcast stratocuoialds, the
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effective radius increases with height (e.g., Martin et al., 1994). Givercloud top and base
heights in the overcast region, and since the impact of drizzle near clpusl telatively small
(Wood, 2005), we estimate that the cloud top effective radius shouldigélp30-40% greater
than that for the cloud droplets at the height of the cloud legs, i.e. 13— dr|s0. This is
somewhat lower than the mean MODIS-derived value in the overcashréiqum), consistent
with previous comparisons (e.g., Nakajima et al., 1991). In the POC regioDIBI@etrievals
are not performed in most cases and so comparison with in-situ data is nithigfea

6.2 Aerosol size distributions and concentrations

Aerosol size distributions for different heights in the POC and oveneggons from RF06
using the in-cabin University of Hawaii system are shown in Fig. 15. Batlvidual and mean
spectra are shown to give a sense of the variability of the distribution.sakdéstributions from
B409 and RF06 in the subcloud region of the POC and overcast regmak@vn in Fig. 16 and
indicate dramatic differences in the aerosol properties between the tiemsegVe describe
particular characteristics of the two primary submicron modes in the followibgesions.

6.2.1 Accumulation mode particles

In the subcloud layer, the concentratidi of particles with diameters 0.12—-3.12 um (measured
with the PCASP during RF06) is three times higher in the overcast regipr90 cnt3) than

in the POC region{,~30 cn13), where the concentrations are among the lowest values mea-
sured anywhere in the clean MBL (Table 5). The size distributions cottfiilgsrstrong reduction

in accumulation mode aerosol in the subcloud layer of the POC (Fig. 15d,e¢mArkably
similar contrast between the accumulation mode of the aerosol distribution iDiieaRd the
overcast regions is also observed on flight B409 approximately 13iere@ig. 16). Droplet
concentrations in the more active cumuli in the POC are in the range 20=30(see Sect. 6.4
below), which is consistent with the subcloud PCASP concentrations. iskethe meariV4
values in the overcast region are similar to the mean subcluthere. Low values ofV,

in the POC are consistent with measurements made during the passage of apién cells
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encountered in a ship cruise to the same region (Tomlinson et al., 2007; &/a@bd 2008).
The subcloud POQV, is somewhat consistent with the aerosol distribution found in the DY-
COMS RF02 POC study (Ackerman et al., 2009) which had an accumulatioe peaking at
d=0.12 um (so only half of it would be measured by a PCASP) and a modagéntaton of

65 cn 3,

It is interesting that although there are considerably lower accumulation eydsol con-
centrations in the POC subcloud layer, the lidar returns from these &emrsosignificantly
stronger (by a factor of 2 or 3) than those in the overcast region {(ge2@®a). This may reflect
the higher relative humidity there (Figs. 9b and 20c), but may also rethectges in the con-
centration of supermicron sized particles. Given that near-surfackspiged inside and outside
the POC are almost identical (Table 4), the surface source would betege be quite similar.
However, the decoupled nature of the POC region may mean that theesprizduced (mainly
supermicron) particles are mixed over a shallower depth than in the oyjerzae well-mixed
region. This issue warrants further exploration in future studies.

It is interesting that despite considerable coalescence scavengingdhlat be expected
from the drizzle rates observed in the overcast region, the concensatfaaerosols and the
size distribution measured in the overcast region subcloud layer on B#DRREO6 are very
similar, indicating little time change in CCN between flights. Based on the analysi®ofl W
(2006), and drizzle rates observed on the flights, we would expetdsmemce scavenging to
remove~50cnT3 CCN over a 12 h period. That we do not see decreases of this magnitude
indicates that CCN must be being replenished, either through a suriaoe $w by entrainment
from the free-troposphere. Our estimates of entrainment rate (see/ 3mdbw) together with
the concentrations of potential CCN in the FT (which are substantially lowdB489 than
on RF06, not shown), indicate that entrainment likely provides an ingiftisupply, and that
a significant surface CCN source may be necessary.

Above the subcloud layer, whil&, stays roughly constant in the overcast region (i.e. deter-
mined on the CB leg below cloud) consistent with the well-mixed nature of the MBitetV,
drops dramatically with height in the POC, reaching minimum values roughly27Zm below
the inversion base (roughly 1100-1250 m altitude) of less than 2 ¢fable 5 and Fig. 15c).
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Data from seven separate profiles within the POC region all show minimg im the range
0.1-1cnv3. Leg mean values from the C1/C2 legs (at altitudes of 1157 and 1084 m, slightly
below the minima inV,) in the POC have mean values of 2ctt(Table 5). Figure 17 shows
aerosol concentrations for different size classes from a regegseprofile in the POC region,
which highlights the ultra-clean layer that exists within and near the top of thelas-coupled
layer. Within the ultra-clean layer there has been a near-complete renidkelaccumulation
mode. Since concentrations in the lower free-troposphere are suhitdnitiaer than those
anywhere in the POC MBL, entrainment cannot account for theNgun the ultra-clean layer,
and so it is reasonable to conclude that the aerosols that would havééesported from the
subcloud layer and detrained into this layer by cumulus have been almodeteinpcavenged
and removed by precipitation. Indeed, the low mé&&nin the ultra-clean layer implies that en-
trainment is a particularly inefficient process in the POC for buffering Migkosols with FT
aerosols. Inthe overcast region, however, the MBL is more well-mixgd, M, in the FT lower
than that in the MBL. However, the total aerosol concentrations in thetfop@sphere exceed
those in the MBL, and the size distributions (Fig. 15b,e) are consistent widearopospheric
source of new particles that then grow by aqueous phase processing.

6.2.2 Small aerosol particles

Total aerosol concentrationScy (Table 5) in the subcloud layer of the POC in RF06 are
marginally greater ¥cny=150cnT3) than those in the overcast regioWNd¢n=140cn13),
which implies that the concentration of Aitken mode particles inside the PQR{cn13)

is almost three times the concentration of such particles outside the POC. Tle&rlg shown

as a mode at-20 nm diameter in the size distributions (Fig. 15d,e). The dominant contribution
of the Aitken mode to the total aerosol concentration in the POC was noted iYilG®M S-11
RFO02 study (Petters et al., 2006), in which the suggestion was made treatthgibe a source
of new particles inside the POC that is not present in the overcast. Alteglyathere may be

a sink of small particles in the overcast region that is not occurring in the. A@at there is

a distinct mode and not a monotonically increasing concentration with déwyesise indicates
that any new particle formation is not taking place at the time of either the B4ABF@6 mea-
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surements, and may have occurred some time earlier. Concentrations innimen2de were
significantly higher in the POC 12 h earlier (compare B409 and RF06 spadtig. 16), but
the mode shapes are very similar. This is consistent with the removal of thra Btixle over
time by Brownian coagulation on cloud droplets, perhaps following a daytirokeation event
prior to B409. Figure 15a,b shows that it is unlikely, although not impossibét,the free-
troposphere could be a significant source of the small particles, sinceticentrations there
are typically smaller than those in the subcloud layer in the POC. Data from tb@ fBght,
where concentrations of aerosols in the FT were particularly low (natish@lso suggest that
the FT is an unlikely source for the 20 nm mode particles in the POC.

The dominant sinks of small particles are Brownian diffusion onto existimtictes or co-
alescence scavenging (Wood, 2006). Because there is a good Hatibetween the droplet
concentration in updrafts and the subcloud PCASP concentration (on}lit appears that
the population of particles smaller than the PCASP range largely remainsvaedtilt is thus
likely that coalescence scavenging is a relatively unimportant sink oPSIASP sized parti-
cles in either region. Brownian diffusion losses on the larger overdtseiarea in the overcast
region depends extremely strongly upon the size of the small particless@smith radii of
20nm and greater have Brownian scavenging efficiencies that are lowehthan those of
freshly nucleated aerosol (Seinfeld and Pandis, 1996), but it isgssile to entirely rule out
Brownian scavenging by cloud droplets as a cause for removal of thHeparticles. Brownian
scavenging would certainly be a stronger sink in the overcast regiorevthe total available
cloud droplet surface area is significantly greater than that in the POC.

Additional evidence regarding the reasons for the larger CN contiemntiaside the POC
can be found in the volatile fraction of total CN, estimatedgsy.-ref=(Nen—NeN hot ) /Nen
(Table 5). Values off,on-refin the POC are 0.5-0.7, much greater than the 0.25-0.3 found in
the overcast. Since the CN concentrations in the layers below cloud in theaR@©Gvercast
are similar, this means that there is a substantially greater number of volatildgzaitiche
POC than outside the POC. It seems to be difficult to account for theseedities as a result of
either particle losses or entrainment, and so we hypothesize that the edlaNdn the POC
are a result of new particle formation in the POC. Since the ultrafine (3—1@oamncentrations
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in the POC were not strongly elevated, it is suggested that the particlesdatorang the
previous day, with precursor build up perhaps requiring photochemipediguced oxidants
which may have been subsequently depleted by deposition onto the newepaiievated CN
concentrations were found during a POC passage measured duriffg @awske to the same
region (Wood et al., 2008), suggesting that this case is not uniqueyatahee of new particle
formation and size growth from the same passage was also presented instonetiral. (2007).

It is puzzling why the mode at 20 nm diameter is more dominant in the subclouthann
in the cloud layer (Fig. 15), since one would expect stronger nucleatitvave occurred in
the ultraclean layer where aerosol surface area is very low. Howié\tbese particles were
nucleated hours earlier, a stronger sink from coagulation onto cloydietsanay have depleted
concentrations there. There is also considerable variability in the coatiens around 20 nm
in the subcloud layer (Fig. 15d), so uncertainties associated with sampliiggnlst heteroge-
neous field must be borne in mind. We note that locally high CN concentratieg8@0(cnt 3)
are actually observed in the POC on the C1 leg even though the mean valuelayéhniéTa-
ble 5) is considerably lower. Since precipitation events are highly intermittengdéivenging
would also be expected to be patchy.

6.3 \Variability of cloud and aerosol microphysics

Figure 18 shows time series of PCASP aerosol concentrabign ¢lear samples) and cloud
droplet concentrationy, cloudy samples) plotted as a function of the distance from the lead-
ing edge of the transition region on flight RF06. This highlights the remarkaiiability in the
POC, particularly above the subcloud layer, and contrasts with the moregem®ous overcast
region. These series are consistent with the variability in the aerosolistaéutions (Figs. 15
and 16). In the POQY, ranges from 0.1 cm? to approximately 50 cm?, with the highest val-
ues in active cumulus updrafts, and (although to a lesser extent) in the osatipg downdrafts
of the cumuli (Fig. 19), and the lowest values in air with near-zero venticalon. Note that
in the upper MBL in the POC, there is strong variability even outside the agbigeafts which
is consistent with oscillations in the vertical extent of the ultra-clean layesilplgsdriven by
gravity waves (see also Fig. 17.
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The active cumuli in the POC are often quite broad (few km) in horizontahesied essen-
tially constitute the brightest clouds that form the open cell boundariesravidéhe visible
imagery (Figs. 1 and 14). Droplet concentrations in the most active cufnihied®OC greatly
exceed the PCASP concentrations in the clear regions of the upper MBE iRQIC, but are
similar to thesubcloud layer PCASP aerosol concentrations (Fig. 18 and Table 5). This result
confirms that the subcloud layer represents the source of the air in thdi qutie POC. The
subcloud layer PCASP concentrations are much more homogeneous éntlspathose in the
upper two-thirds of the MBL ¥500 m), which indicates that the upper MBL air that is strongly
depleted of aerosols mixes down to the subcloud layer very slowly. Thigsseensistent with
recent large eddy simulations (Jonker et al., 2008) which show that rhtst compensating
downward motion in cumulus fields is not in the form of slow subsidence in tlze obgions
between clouds, but is confined primarily to relatively strong but localizeehdrafts close to
the cumuli. Since we observe relatively higfy values in the strong compensating cumulus
downdrafts (Fig. 19), this suggests that the extremely low mean valu®'s dnd NVy) in the
ultra-clean layer may be less closely linked to the active cumuli than one migpbse given
the strong association of much of the POC precipitation with the active cumuliXgim. Per-
haps there is another loss mechanism involving the widespread and aquielscels, including
the thin stratus, that does not depend upon coalescence scavengiagtiotigly-precipitating
cumuli. This might be a slow and steady but widespread sedimentation of latgkand small
drizzle drops in the quiescent clouds that results in the formation of theal#taa- layer near
the top of the MBL in the POC.

Another interesting feature seen in Fig. 18 is the dramatic declimgsinvhich begins in
earnest approximately 20-30 km from the transition region. At the bag& efithe transition
region Ny is only a few drops cm? even though the subcloud layat, in this region does not
fall below about 30 cm? (althoughN, does show a decrease towards the transition region).
The low Nq may indicate signficant coalescence scavenging by drizzle in this regiois. Th
region of decreasingyy is also one in which CO concentrations drop from values typical of the
overcast region to values typical of the POC (not shown). This stgjdfest, in the overcast
region, as the transition is approached, more and more air from the PO&senpat the cloud
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level. One hypothesis is that this region comprises air detrained from thelagucell, which
is itself a mixture of subcloud air from the POC and the overcast regionsleMamulations
should shed considerably more light on the mesoscale dynamics, but teéssand the scope
of this study.

Figure 20a shows remarkable variability in the lidar backscatter due tocddeighe POC,
with very little scattering above the subcloud layer, and considerable ildyiatthin it, with
curiously strong returns in the POC region immediately adjacent {e26.to 0 km from the
leading edge) to the boundary cell, and very weak returns on the ataide (e.g. 25—-35km
from the leading edge). On SCL1 at leasy, is actually higher here than on overcast side of the
boundary cell (Fig. 18), consistent with the aerosol scattering diftere being driven not only
by relative humidity differences but by significant changes in aerasutentrations.

7 Turbulence and entrainment rate estimates combining the two fligts

Using the 12 h time difference between B409 and the middle of the sampling o8, R0
estimate the mean entrainment rate using three different budgets: (a) masse(gy; (c)
moisture. The basic approach for this is outlined in Caldwell et al. (20Q&)hére we apply
it to the budgets between the two flights. We choose to estimate a single entramatediol
the POC and overcast regions together. The mass budget uses theedliserease in MBL
depth between B409 and RFO06, together with the subsidence rate (Talitee$timate the
rate at which the MBL must have entrained over the 12 h period between thi¢éights. The
MBL depth was found to increase from 1285 m to 1375 m over this periwiftze subsidence
rate over this period is estimated to be 0.1-0.2 cin(®iote that the value given in Table 4 is
a diurnal mean), resulting in an entrainment ratevgt=0.3—-0.5cms!. The chief source of
error is in the subsidence rate which has a significant diurnal cycle inBRe&yion that is still
not fully understood (Wood et al., 2009a).

The energy budget requires assessment of the infrared radiatveiflergence over the
MBL, the surface precipitation rate, and the surface sensible heatfélushich we use the
measurements in RF06 since there was more extensive sampling. From Tabl&W flux

28



divergence is-78 Wm~2 and the sensible heat flux is 12 W We estimate that the mean
surface precipitation rate is approximately 1 mm gor 28 W n12 in energy terms. The storage
term is estimated to be slightly negative3 W m~2). The jump in liquid potential temperature
across the inversion is approximately 12 K. The largest source ofieflikely to be the surface
precipitation rate estimate, and the storage term, which combined may result mcenainty
in the entrainment rate of a factor of two, i12,=0.2—0.4cm3s!.

The water budget requires estimates of the surface precipitation rateteheHaat flux at
the surface. As with the energy budget the moisture storage term wad fole close to
zero. From Table 4 the latent heat flux is some 140 W nand the jump in total water across
the inversion approximately 7.5 g kg, from which we estimate,.=0.45-0.7 cms!, with the
largest source of uncertainty being the storage term (0.5 ¢ kgcertainty in the MBL mean
temperature change between flights leads to a 40% change in the degived

Given the three estimates and their uncertainties, our best estimate of the mraammeent
rate for the POC, overcast and transition regions between the two fligh#5s@1cms!.
This is consistent with mean nighttime entrainment rates of 0.4-0.6 tstimated from the
EPIC Stratocumulus Cruise in 2001 (Caldwell et al., 2005), and suggesthehPOC-overcast
boundary region is actively entraining despite the strong cloudbasdeadretes. These es-
timates should prove useful for testing model simulations of the POC/ovdyoastlary. In
general, modeling studies give conflicting information on the degree to whichgsdrizzle
suppresses entrainment in stratocumulus, with Stevens et al. (199&ssngg marked im-
pact, consistent with theoretical ideas for mixed layers (Wood, 2007)e wie more recent
intercomparison of large eddy models by Ackerman et al. (2009) findsdtirtle does not
have a marked effect on entrainment.

Since there are no significant differences in the MBL depth between ti@2dM@ overcast
regions on either of the flights, this implies either that the entrainment in the PO€sartte as
that in the overcast region, or that there is a different subsidenciethiE2ePOC and the overcast
regions. The vertical wind variance measured in the overcast cloudsglenost double that in
the POC (0.60 52 in the overcast vs. 0.32%8 2 in the POC on RF06), although sampling
limitations in the highly variable POC region must place significant error on thasance
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estimates. The mean inversion strength is only 10-20% greater in the dwvegias. To the

extent that the vertical wind variance difference are real, since clquérntainment rates in
stratocumulus scale with the ratio of the the wind variance and the inversiogitreve would

expect that the stronger turbulence in the overcast region would leatbstastially stronger
entrainment there. That this does not result in a more rapidly growing MBherovercast
region suggests that the subsidence rate is weaker in the POC region ttheiowercast region.
This is unlikely to be caused by the large scale divergence which woulkpleetd to vary only
weakly in space, and so it suggests that there may be a compensatingticincoéween the
overcast and POC regions which effectively “holds-up” the MBL in tii@CPdespite weaker
entrainment. Model simulations of this case (Bretherton et al., 2010; BanmtkBretherton,
2010) do indeed show differences in entrainment rate across the doguanatl yet an inversion
that rises in concert.

8 Discussion and conceptual model

A conceptual diagram of the POC-transition-overcast boundaryigghown in Fig. 21. In-situ
and radar doppler wind data (Fig. 23) indicate significant mid-level infle®rf s7!) into the
boundary cells in the transition region, consistent with the typical behalgereed in strongly
precipitating stratocumulus cells in the southeast Pacific (Comstock et al)). 200low is
observed in radar winds at the cloud level which then detrains air into theusuling POC and
overcast regions. Evaporation of strong precipitation with rates of@w&d-! below cloud-
base appears to lead to the strong cold/moist pool below the boundargezelFig. 20c and is
also evident in the doppler winds in Fig. 23), which drives outflow fromttaesition region at
low levels (see Fig. 20e), although we note that significant variability wasddrom leg SC1
to SC2. The cold pool in SC1 is 20 km in extent witti K temperature depression, but that in
SC2 consists of two weaker (0.5 K temperature depression) cold pools withlimited hori-
zontal extent. There also appear to be sections of the boundary whmngly-precipitating
boundary cell is not present near to the stratocumulus edge. Whenlthimaist pool is evi-
dent, the air in it has elevated equivalent potential temperaétufieig. 20d) since the humidity
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increase dominates over the suppression in temperature. Similarly eléyatad found under
strongly drizzling open cells in the northeastern Pacific (Van Zanten et0fl5)2and a simi-

lar inferences can be made from drizzling data from the southeasteifit P@omstock et al.,
2005), although Paluch and Lenschow (1991) show a case of drizthaigcumulus in which
fluctuations associated with evaporating precipitation were moist and ccar laynount that
almost canceled ifi.. Smaller and weaker cold pools are also evident in the POC region and
the overcast region in this study (Fig. 20d), and these too have eléated

Thick clouds in the POC consist of both broad active (turbulent) cumulusisloontaining
one or more updraft cores, together with more quiescent cells that mag Bedhying remnants
of earlier active cells. Figure 22 shows examples of these two types of betls of which
contain significant drizzle. The strongest echoes appear to be fouhd more active cells,
although quantifying this is difficult given the limited sample size (visual inspecifd-ig. 5
demonstrates how few of the cells are sampled in total). Despite the strohgessén the active
cells, the precipitation rates appear to be equally high in the quiescent edlésting higher
drizzle water masses in these cells. Cloud water content and dropletnt@icss are very
low in the quiescent cells, so this may represent a more mature stage of vieeston of cloud
to drizzle via coalescence, and may also be responsible for much of tamaledion mode
aerosol depletion in the ultra-clean layer. However, it should be notédhdargest drizzle
drops (volume radii in excess of 100 um) of all in the cells shown in Figusr@2ctually found
in the updraft core of the active cell. Here, drizzle drops may be gropamticularly large by
being suspended in the upward moving cloud water and growing rapidlypsgiagscence. Such
drops would be expected to fall quite rapidly once the updraft ceasteseas the drizzle drops
in the quiescent cell are smaller and would take longer to reach the ground.

An earlier study of stratocumulus drizzle cells in the same region (Comstodk 2085)
found that typical lifetimes of large precipitating cells are around two howfsat seems re-
markable, if the quiescent cells are indeed decaying cells, is that theytitaostain large
amounts of condensate. The total condensate in the quiescent cell ia BERjisrapproximately
the same as that in the active cell, although much of it is in the form of drizzfgsdfbhe lig-
uid water path is estimated from adiabatic considerations (Sect. 5.3)t&0@g n1 2 for this

31



cell, while the precipitation rate measured from leg C1 (Fig. 22d) is approxXiyr@@enm d-!,
which would lead to a rainout timescale of 20—30 min, consistent with estimatasfoonstock
et al. (2005). Thus, without significant updraft activity to replenishailk it seems reasonable
to interpret the quiescent cell as a decaying remnant of an earlier aetlvét is possible that
the ultra-clean layer is partly the result of hydrometeors in the decayingst@ldy sediment-
ing in quiescent air. The optically-thin stratus in the POC may be remnants oftlcallsake
some time to be completely removed by sedimentation. This is consistent with thedact th
most of these optically-thin clouds had radar reflectivities larger thanBZ8(see Section 3.3
above).

Another possibility for the quiescent cells is that they represent a marinedaoy layer
cloud analogue to the trailing stratiform regions found in deep mesoscaleate systems
(MCSs). Since the stratiform areas in MCSs form partly as a result diem@ag and merging
active convective cells (Houze Jr., 2004), this interpretation may nat deds with the decay-
ing remnant idea above. However, stratiform regions in MCSs are gigmsied by mesoscale
ascent, and there is evidence for that in the quiescent cell in the lowefnegusmoothed)
vertical wind in Fig. 22f, which shows a 3-4 km wide region where the mesatical wind
is 10-30cms!, which is sufficient to loft 50 um drizzle particles, similar to the mean vol-
ume radius of such drops in the drizzle cell (Fig. 22c). This supportsadieefinding from
(Van Zanten and Stevens, 2005) that the drizzling regions in a POC sueia®d with mean
vertical ascent. These mesoscale updrafts may thus prolong the timesealehieh drizzle
can remain in cloud, and potentially the cloud lifetime itself. Cloud resolving modelithiye
useful in determining the importance of broad scale ascent in this context.

To what extent are the precipitating cells inside the POC different from anedary cells
in the transition zone? Figure 5 demonstrates that peak radar reflectivities ROC cells can
be as high as those in the boundary cells. The primary difference, iaegpe the horizontal
extent of the precipitation features in the boundary cells (typically 10—-2&kin) in contrast
to those in the POC which have a typical scale~dfkm. That said, the boundary cells in
some cases appear to be two distinct cells that are sufficiently close thadrdwpitating cores
overlap (e.g. CB run in Fig. 5). As Figure 8 shows, there do not appdsr marked differences
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in either cloud or drizzle condensate amounts in the transition cells and the lIBQd3,cand

drizzle drop sizes and concentrations (Fig. 9c,d) are similar. So it appfeair precipitating
cells in the POC and the boundary cell differ largely in their horizontal éxted are otherwise
quite similar in nature.

9 Conclusions

Aircraft flight legs~200 km long, from two flights approximately 12 h apart, crossing a spatial
transition between a pocket of open cells and the surrounding closetraédicumulus, are used
in conjunction with satellite data to document aspects of the structure of the plaaipitation
and aerosol macrostructure and microphysics in the marine boundaryolasrethe southeast
Pacific approximately 1000 km from the Chilean/Peruvian coast. The lorg fégs allowed
good sampling of both the open and closed cell region, and of the transgiareén them.
This case study was one of several POC studies with a similar sampling sthgtexscraft
during VOCALS-REX, and analysis of these cases will provide insightittether the features
observed in this case are ubiquitous POC features or peculiar to this cpasi.

Remarkable contrasts in both the macrostructure and the microphysicalistraie observed
between the open and closed cell regions on both flights. Table 2 serdesdnbe the key
conclusions regarding similarities and differences in the MBL, cloud ijpitaton, and aerosol
structure between the two regions. In general, these findings echodhdse few existing
studies that have sampled POC-overcast transitions (Van Zanten amh$te005; Petters
et al., 2006; Sharon et al., 2006; Comstock et al., 2007), but the coenmigb instrument
suite used here is able to quantify these differences with more certainty ¢fiare bBecause
a cloud base precipitation rate of 1 mm'ds equivalent te~30 W m—2 of cloud layer warming,
a particularly pertinent finding here is that persistent drizzle with a magnig8enm d-!)
comparable to the longwave driving (70-90 W frof flux divergence) is present in the overcast
region surrounding the POC. Since satellite imagery several hours aftifigtit shows that the
surrounding clouds remained overcast, this suggests that drizat# & sufficient condition
for POC formation. These results make determining the critical factors medpe for POC

33



formation all the more challenging, but this case is ripe for testing cloud riegatrodels and
using them to explore controls on POC formation.

There are remarkable contrasts, broadly consistent on both flights, eetbsol physical
properties between the overcast and open cell regions. Accumulatios @eodsol concentra-
tions in the subcloud layer are roughly a factor of three higher in the astregion than in
the POC, and the cloud droplet concentrations reflect these strongu&tsniith much lower
values in the POC than in the overcast region. In the POC, the aerosdés avere vertically
stratifed than in the overcast region, with extremely low accumulation modentrations in
an ultra-clean layer towards the top of the MBL. There is only a very smati@atration of par-
ticles in the Aitken mode in the overcast region (in contrast to the POC), stiggehat these
particles are being activated and removed (perhaps grown to largetbsizgueous phase pro-
cessing). There is significant evidence that coalescence scavdmgprgcipitation formation
in the POC is responsible for the extremely low concentrations of cloud dsogrhel aerosols
found in the ultra-clean layer. Given that mean precipitation rates do rfet difongly be-
tween the overcast and POC regions and that coalescence scaveedsgnsially controlled
by the mean rate (Wood, 2006), it seems quite surprising that commensapi¢tiah is not
observed in the overcast region. Cloud resolving models with interaciasals will help to
establish the reasons for this behavior.

We did not observe the actual formation of the POC in this case, so it is ssigi® to
provide a concrete explanation for its formation. It is very interesting ttatPt@C formed
within a swath of clouds with mean LWP on the order of 200-250 © raccording to the
MODIS data in Fig. 10. These are roughly twice the climatological mean vatredduds
in this region (e.g. Wood et al., 2008; Toniazzo et al., 2011), and areeatighest end of
values observed during VOCALS-REX (Bretherton et al., 2010b) tratccumulus, since the
coalescence scavenging rate approximately scales with cloud thickness fioutth power
(see Eg. 18 in Wood, 2006), or alternatively with the square of the LW&jrtiplies a very
strong increase in CCN loss rate as the LWP increases. We can use ¥@0i] {o estimate
that the CCN loss rates are 100-160 chday !, for the observed LWP values, in contrast
to climatological mean values roughly four times lower than this. The supply faCdl
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from the free-troposphere cannot exceedVpr/z;, wherew, is the entrainment rateyVyr
is the free-tropospheric potential CCN concentration, ant the MBL depth. Using our
estimatedw, value of 0.45 cms!, we would needVpr to exceed 350-600 cni to provide
a supply sufficient to replenish the MBL CCN concentration against costheg losses. The
the total aerosol concentration in the FT observed on RF06 was significantly linaarthis
(Table 5), implying that it is unlikely that the FT source was indeed not $erffico prevent
near-complete CCN loss. This result suggests that stratocumulus cloudsighithWWP may
be fundamentally unstable to coalescence scavenging, and may hint atibeygnechanism
for POC formation, namely the build up of LWP under favorable meteorolbgmaditions.
Further work, including examination of other VOCALS POC cases, and ricahenodeling
work, is required to establish POC formation mechanisms.

However, we can propose a POC formation hypothesis to be tested. hesume that the
FT provides the only significant source of CCN replenishment, and th&tealtropospheric
aerosols (i.e. the CN concentration) can ultimately serve as CCN (eithetlyirpon entrain-
ment into the MBL, or by growing through aqueous phase processingafti&ation in an
anomalously strong updraft). In the VOCALS region, the CN concentrasianostly lower
than 300 cm?, but on occasion reached values of 1000-¢hin elevated pollution plumes.
We will also assume that the entrainment rates of 0.4-8rare fairly typical for the southeast-
ern Pacific (Wood and Bretherton, 2004). Given these values, waseawood (2006) and the
adiabatic assumption to estimate the LWP values that are required to prodlescenmce loss
rates that exceed the free-tropospheric replenishment rates. Tieeb80sand 300 g r? for
Nr7=300 and 1000 cr? respectively. Therefore, we hypothesize that long-lived stratocumu-
lus clouds with areal mean LWP values of greater than 300 ¢ cannot be sustained against
coalescence losses under any conditions found during VOCALS-REX.
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Table 1. Overview of C-130 flight legs, and the earlier BAe-146 flighgy$. SC: subcloud leg; CB: leg
around cumulus cloud base level; C: leg near the center o$ttiagocumulus cloud layer; AC: above
cloud leg in the free-troposphere above the marine inveysto sawtooth run from above inversion to
base of cloud. The mean run altitudés given. Directions are given as from POC to overcast(®

or vice-versa. Times are in UTC (I3 h). Run lengthd. in the three different regions are given in
kilometers.

Leg z times direction L (POC) L (Overcast) L (Transition)
[m] [UTC] [km] [km] [km]

BAe-146 legs, B409, 27 Oct 2008
B-AC 1490 21:42:00-22:02:24 PO - - -

B-SC 314 22:06:50-22:40:00 -©P—0O 69 102 -
B-C 1172 22:46:40-23:04:40 -©P—0O — - -
C-130 legs, RF06, 28 Oct 2008

AC 1584 08:33:15-09:03:02 OoP 109 86 16
SC1 145 09:09:03-09:39:00 —+O 92 85 23
CB 623 09:42:10-10:12:10 OP 88 79 25
C1 1157 10:15:16-10:45:40 HO 75 109 28
S 1040-1640 10:56:40-11:33:40 P 107 104 43
SC2 146 11:41:00-12:15:41 +#O 137 74 22
C2 1084 12:19:50-12:50:55 -©P 97 83 19

2 Boundaries between POC and overcast could only be clearlyetefor the subcloud layer SC leg. In addition, it was impaissio clearly define a transition region on
this flight.
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Table 2. Key characteristics of the MBL, cloud, precipitation, ara@sol structure in the POC and the
overcast region

Characteristic POC region Overcast region

MBL structure Weakly stratified layer above-®00 m deep Well-mixed MBL, little evidence of cold
well-mixed surface layer . Temperaturepools.
and humidity more variable, particularly as-
sociated with precipitation near surface in
cold/moist pools.

Cloud macrostructure Highly variable (and bimodal) clouwasd Typical of stratocumulus with well-
and thickness. Cumulus clouds growingleveloped mesoscale cells. Narrow
from top of subcloud layer and spreading talistribution of cloud base and thickness.
form stratus, some very thin.

Cloud cover ~60% Almost 100%

Liquid water LWP strongly skewed with tail of high val-LWP has narrow distribution, similar means
ues and numerous low values. High fractioffior clouds in overcast and POC. Most liquid
of liquid water is in the form of drizzle drops. water in cloud droplets.

Precipitation occurrence 45%, 25% and 7% fdf,..>—15 95%, 25% and 2% for Z,..>—15,
0,10dBZ, respectively. 0,10dBZ, respectively.

Precipitation, nature Almost all clouds drizzling, heavyizd Almost all clouds drizzling, most drizzle
zle common and significant fractior-balf) moderate and does not reach surface.
reaching surface.

Cloud microphysics Very low and highly variable cloud dreipl Typical of clean marine stratocumulus and
concentrations g from 0.1-40cnt3), relatively uniform (V4 from 50-100 crm3)
highest values in intermittent active cumuludut decreasing consistently and sharply
cells. within 30 km of the transition region.

Aerosols Low concentrations in the accumulatioWertically uniform, values fairly typical for
mode. Strong vertical stratification, with al-clean marine conditions. Low concentration
most no accumulation mode in the uppeof Aitken mode patrticles.

MBL. More Aitken mode particles than in
the overcast region at all levels in the MBL.
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Table 3. Various large scale conditions during BAe-146 Flight B4AG&r some variables, values are
given separately for POC and overcast, while for some onlgvanage over a broader region is permis-
sible.

Variable Platform Run/Area Units POC Overcast  Both regions
Surface temperature, SST
SST BAe-146 SC C 17.9 18.0 18.0
SST Reynolds 77-79 W, 20-22 S C - - 17.2
Air temperature and humidity
To BAe-146 10m C 17.0 17.2 -
0o BAe-146 surface K 288.4 288.7 -
Qo BAe-146° 10m gkgt 7.8 8.1 -
RHy BAe-146 10m % 65 66 -
OrT BAe-146 (;+200 m) K 303.2 305.0 -
0 () BAe-146 inversion base K - - 289.5
qFT BAe-146 (;+200 m) gkg! - - 0.35
Winds, pressure
u,v winds BAe-146 315m mst  [-3.1,9.6] [-3.6,8.8] -
wind speed{/ BAe-146! 10m ms! 7.7 7.2 -
u,v winds Quikscat 10m ms! [-3.2,6.7]
Surface pressure BAe-146 surface hPa 1020.2 1020.0 -
u,v winds BAe-146 mean over MBL nrs - - [-4.2,8.5]
Surface fluxes
LHF BAe-146, bulk surface W nr?2 131 116 -
SHF BAe-146, bulk surface wnt 10 8 -
MBL depth
Inversion base height BAe-146 Profiles m - - 1280

2 Daily mean value from Reynolds and Smith (1994), data avaititbm NOAA ESRL.

b Mean air temperature at 10 m altitude estimated using SC ssuha@ing a dry adiabat.

¢ Assumed to be equal to mean vapor mixing ratio on SC.

d Estimated using log-wind profile with surface roughness .86~ 4 m.

© Daily mean value for 27 Oct 2008 from Remote Sensing Systems.

f Estimated using COARE bulk formula with transfer coefficientlol+0.01071 ) x 1073,
& Estimated from all BAe-146 temperature profiles.
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Table 4. Large scale and forcing conditions during C-130 Flight RFG®r some variables, values
are given separately for POC and overcast, while for somg amlaverage over a broader region is
permissible.

Variable Platform Run/Area Units POC Overcast Both regions
Surface temperature, SST
SST C-130 ScC1/sc2 C 175 18.0 17.7
SST AMSR 79-8F W, 16-20 S C - - 175
SST Reynolds 79-8F W, 16-20 S C - - 17.4
Air temperature and humidity
To C-130' 10m [} 16.4 17.3 -
) C-130 surface K 288.1 289.0 -
% C-130 10m gkg! 8.5 7.6 -
RH, C-130 10m % 73 60 -
Opr C-130 (4200 m) K 304.1 305.5 -
0 () C-130 inversion base K 292.3 291.0 -
gF C-130 ;-+200m) gkg! 0.5 03 -
Infrared Radiation
F|l/Ft/Fl-F%t C-130 AC ;+200m) wnr?  225/371+146 233/354/120  230/363+133
F|l/Ft/F|l-F1t C-130 SC1/SC24=145m) Wnr2  302/376/-74  350/3794-29 322/377+55
AF C-130 €+200m)— (145m) Wm? —72 —91 -78
Winds, pressure
w0 winds C-130 145m mrst [-6.8,8.9] [7.38.3] -
wind speed{/;o C-130 10m mst 9.0 8.8 -
v winds Quikscat 0m mst [-6.3,6.7]
Surface pressure C-130 surface hPa 1018.2 1017.6 -
u,v winds C-130 mean over MBL g - - [-7.4,8.3]
Surface fluxes
LHF C-130, bulk surface wWnr? 122 160 -
SHF C-130, bulk surface wnt 15 9 =
SHF C-130, eddy cotr. surface w2 12 4 -
Large scale surface divergence, subsidence, and MBL depth
du/dz, dv/dy Quikscat 78-82 W,15-2F' S st - - [3.3-1.6]x107¢
Do=du/dx+dv/dy Quikscat 78-82W,15-2F S st - - 1.67x10°¢
Wsso Quikscat 78-82W,15-2FfS  cms’! - - —0.25
was0 NCEP reanalysls 78-82 W,15-2fS  cms’! - - —0.20
Inversion base height C-130 Profile® m 1375 1375 -
Cloud top height C-130 WCR m 1347 1363 -

“ A correction of—1.0 C has been added to the nadir IR radiometer on the C-130 basedlti-flight comparison with Reynolds SST.
b Advanced Microwave Scanning Radiometer on the NASA Aqudlgatelata taken at 0130 LT.
© Daily mean value from Reynolds and Smith (1994), data aviifsbm NOAA ESRL.

< Mean air temperature at 10 m altitude estimated using SC1@achd assuming a dry adiabat.
© Assumed to be equal to mean vapor mixing ratio on SC1/SC2.

f Estimated using log-wind profile with surface roughness .86~ m.

& Daily mean value for 28 Oct 2008 from Remote Sensing Systems.

™ Estimated using COARE bulk formula with transfer coefficientiol+0.010/1 ) x 10~ 2.

¥ Eddy correlation not available for LHF because the higk-hyigrometer was not functional

J Daily mean value for 28 Oct 2008.

k Assuming constant divergence from the surface to 850 hPa.

! Daily mean value for 28 Oct 2008.

™ Estimated from all C-130 temperature profiles.

™ Median values of cloud top from SC1, SC2, AC and CB legs.
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Table 5. Mean cloud microphysical parameters for the POC, overcasd, transition regions dur-
ing RF06. Aerosol concentrations are mean values for driftele clear-air samples, screened using
the criteria described in Sect. 2.4. The volatile fractiQpatije IS estimated from the leg means as
(Nen—Nennot)/Nen.  Cloud droplet and concentratiod$y and effective radiir, are for cloudy
samples only. A minimum of 20 samples (1 Hz) is required tduide a mean in the table; data for
regions/levels with fewer than 20 samples are not presented

Variable (size, instruments) Units  Level (height, legs) @O Transition  Overcast
Cloud microphysical properties (in-cloud)

Ny (1<r<23.5um, CDP) ¢ Cloud base (623 m, CB) 21 23 t
Cloud level (1120 m, C1/C2) 7 18 70

re (1<r<23.5um, CDP pm Cloud base (623 m, CB) 8.9[22.5] 10.2[50.5] +t

and [...]1<r<800 pm, CDP/2-D-C) Cloud level (1120 m, C1/C2) 17.6[38.8] 182f] 10.2[13.4]
Aerosol properties (clear air)

N, (0.12<D<3.12um, PCASP) cm®  Subcloud (145m, SC1/SC2) 31 q 95
Cloud base (623 m, CB) 17 q 84
Cloud level (1120 m, C1/C2) 2 2 q
Free-troposphere (1584 m, AC) 49 31 a7

Nen (D>10nm, TSI 3760) cm?®  Subcloud (145m, SC1/SC2) 151 q 140
Cloud base (623 m, CB) 235 q 145
Cloud level (1120 m, C1/C2) 75 200 q
Free-troposphere (1584 m, AC) 292 306 274

NeN ot (D>10nm, TSI 3010) cm?®  Subcloud (145m, SC1/SC2) 47 q 101
Cloud base (623 m, CB) 109 q 108
Cloud level (1120 m, C1/C2) 25 34 q
Free-troposphere (1584 m, AC) 124 92 141

Fvolatile (P>10nm) cm®  Subcloud (145m, SC1/SC2) 0.69 9 0.28
Cloud base (623 m, CB) 0.54 q 0.25
Cloud level (1120 m, C1/C2) 0.67 0.83 q
Free-troposphere (1584 m, AC) 0.58 0.70 0.49

4 No clear-air data
+ No cloud data
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Fig. 1. Visible satellite images on 28 October 2008 showing boundary between region of closed and open cells
that was sampled by the aircraft during RF06. Anticlockwise from bottom right: GOES-10 visible image from
15:00 UTC; MODIS visible imagery from 15:50 UTC; blow-up of MODIS visible imagery from 15:50 UTC.

The oval in the upper panel represents an oval containing the location of the C-130 measurements, advected

using the mean MBL winds as described in the text.
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Fig. 2. Sequence of thermal infrared satellite images from GOES-10 for a 44 h period from 04:26 UTC on 27
October (18 h before flight B409) to 00:28 UTC on 29 October 2008 (12 h after the end of the sampling on flight
RF06). The blue stars (or red triangles for times of missions) show the location of the advected airmass over
the period determined using forward/backward Hysplit trajectories initialized at 00:00 UTC 28 October. White
contours show sea level pressure contours, while yellow dashed line delineates region of open cells. Although
not discussed further in this manuscript, the yellow boat indicates the location of the NOAA R/V Ronald H
Brown which sampled the same pocket of open cells but at a more westward location t®a82@uring the

first half of 27 October.
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AC 21:58

Fig. 3. GOES visible imagery (upper row) and infrared imagery (lower two rows) between 21:45UTC and
23:15UTC 27 October with near-coincident hour-long sections (yellow) of the BAe-146 flight track during
B409, centered on the image time overlaid. The yellow cross shows the location of the aircraft at the time of
the image, with the image time shown at top left of the panels. The aircraft leg closest to the image time is

given in blue text at top right of panel. The red stars represent the approximate location of the aircraft during

two profiles.
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Leg #: Leading/back
Image time _edge sample time]  08:45 UTC _AC: 08:47/08:45 _ 09:15
]

¢
©
=| 1 hourflight track segment
location of a/c.

atimage time Y

leading edge

Fig. 4. GOES IR imagery (upper two rows) and visible imagery (lower two rows) between 08:45 UTC and
12:45 UTC 28 October with near-coincident hour-long sections (yellow) of the C-130 flight track during RF06,
centered on the image time overlaid. The yellow cross shows the location of the aircraft at the time of the
image, with the image time shown at top left of the panels. The aircraft track before and after the image time is
advected using the mean low level flow determined from the aircraft data to account for cloud motion. The red
triangle and circle show locations of the leading and back edges of the transition region, respectively (see text),
and are plotted on the run most closely coincident with the satellite data (run given in blue text at top right of
panel, with times showing when the leading/back edge was crossed. The red stars represent the approximate
location of the aircraft during the two representative profiles used to characterize the vertical structure in the
POC and overcast regions. The gray dashed line in the 08:45 and 12:28 panels shows the track of the leading
edge sampled at 08:45 if it were advected with the mean MBL winds for the approximately 3.75 hours between
these two times.
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Fig. 5. Radar cross sections from the WCR for all legs in RFO6. Runs are presented in time order (earliest at
top). Gray regions denote periods when WCR was not functional.
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Fig. 6. Cumulative probability of column maximum radar reflectivifynax greater than the abscissal value, for

the overcast (solid), POC (dashed), and transition (dotted) regions. All available WCR data from all flight legs
were used to construct the plot. The top axis denotes the approximate cloudbase precipitation rate corresponding
to Zmax constructed using thB—R relationship discussed in Sect. 2.3.
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Fig. 7. Profiles from RF06 of mean values @&,c) liquid potential temperature ar(®,d) total water content,

from straight and levels runs (symbols) in the POC, overcast, and transition regions. Data from both flight
B409 (a,b) and flight RF0§(c,d) are shown. For B409, the two available profiles are shown. For RF06 repre-
sentative example profiles are also shown for the POC (red, 120 km from leading edge, 12:55-13:05 UTC) and
overcast (blue, 160 km from leading edge, 10:50-10:56 UTC) regions. Mean lifting condensation levels (LCLS)
determined from the subcloud runs are shown for RF06 case. Profile locations are shown3raRiys.
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Fig. 8. Profiles from RF06 of mean values of clo(ajc)and drizzle(b,d) liquid water content from straight and
levels runs (symbols) in the POC, overcast, and transition regions. The upper (sangiive values averaged
over both cloudy and clear portions of the legs, while the lower pgngl}show values averaged over cloudy
samples only. Note that there is little difference between the eloighr and in-cloud values for the overcast

region since the runs were either almost entirely in cloud or entirely out of cloud.
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Fig. 9. Profiles from RF06 of mean values (&) precipitation rate (radar estimated values are shown for the
height of maximum reflectivity and at 250 m by symbols with dots and horizontal bars show leg-leg variability),
(b) relative humidity,(c) volume radius of drizzle drops, arfd) drizzle drop concentration in samples where

the drizzle concentration exceeds 14 Symbolia are the same as for Fify.
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Fig. 10. MODIS-estimated cloud liquid water path (LWP) for the same overpass (15:50 UTC, 28 October 2008)
as shown in Figl.
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Fig. 11. Probability distribution functions from RF06 fda) liquid water pathib) cloud top height{(c) cloud

base height, for overcast, POC, and transition regions. Cloud base height data are from the WCL. LWP data
are from the microwave radiometer data on the two subcloud legs. Cloud top height data are from the WCR
on the subcloud, above-cloud, and cloud-base legs. Cloud-level legs were not used to prevent the chance of the
cloud top occurring in the radar dead-zone. Cloud base data are from the two subcloud legs. In heavy drizzle
the lidar algorithm is unable to detect a clear cloud base, and in these cases we use the height of the maximum
radar reflectivity as a proxy for the cloud base. For the POC and transition regions this substitution accounts for
roughly 50% of all data points, while for the overcast radar data are used only 5% of the time.
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Fig. 12. Time series, from leg SC2 of RF06, (d) WCR radar reflectivity(b) WCL lidar backscatter, with
WCR cloud top (1 Hz) and the height of the maximum WCR reflectivity (ovals, smoothed with 7 s triangular
filter and plotted every fifth point for clarity) overlai€;) liquid water path from the microwave radiometer (red

circles) and estimated using two adiabatic models. Both models use the WCR observed cloud top height, but

one uses the lidar-derived cloud base height where available (open circles), and the other uses the height of the

maximum WCR radar reflectivity as a proxy for the cloud base height (crosses) where strong drizzle precludes

accurate WCL cloud base height estimates.
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Fig. 13. Median column maximum reflectivitfmax for all samples on which the WCL detected clouds above,
binned as a function of LWP in the overcast (solid circles), POC (open circles), and transition (open triangle)
regions. All data from the two RF06 subcloud legs SC1 and SC2 are used. The right axis denotes the approx-
imate cloudbase precipitation rate corresponding iy constructed using the—R relationship discussed in

Sect. 2.3. Error bars show approximate 95% confidence limits on plotted means.
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Fig. 14. MODIS-estimated cloud top effective radius(colors) from the 2.1 pm near-IR channel, overlaid on
MODIS 250 m visible imagery which is revealed wheteretrievals are not performed because 1km pixels
used for the retrieval are determined to be partially filled, too optically thin, or are cloud edge pixels.
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POCKET OF OPEN CELLS OVERCAST
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Fig. 15. Aerosol size distributions from RFO6 for clear-air samples measured with the University of Hawaii
in-cabin sampling system, at different levels in the POC regagmd for the free-troposphere, cloud level, and
subcloud layer, respectively) and for the overcast regioande for the free-troposphere and subcloud layers,
respectively). We show both individual spectra (typically taken over 10 s samples) and the mean spectrum for
each level/region, to emphasize variability. No data are available from the cloud level in the overcast region
since almost the entire leg was cloudy.
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C-130 BAe-146
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Fig. 16. Aerosol size distributions from the BAe-146 in B409 (green) and from the C-130 in RF06 (red) for
clear-air samples in the subcloud layer(ej the POC andb) the overcast region. Both individual spectra
(typically taken over 10 s samples) and the mean spectrum for each level/region are shown aslper Fig.
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Fig. 17. Representative profile (Profile 3d from RF06) within the POC of aerosol concentiéiomeasured

with the PCASP (solid circles), the CN counter (red) and with the CN counter after heating to 250 C (short-dash)

in the POC region approximately 100 km from the leading edge.
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POCKET OF OPEN CELLS TRANSITION OVERCAST
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Fig. 18. Cloud droplet concentration from RF06 from the CDg (colored crosses, samples in cloud) or
PCASP aerosol concentratiar, (black or gray triangles, clear air samples) fay cloud layer legs C1 and C2;

(b) cloud-base level leg CHg) subcloud legs SC1 and SC2. The data are plotted each second as a function
of the distance from the leading edge of the transition region (positive towards the overcast region). Each 1 Hz
data point is classified as either cloudy or clear using the criteria described in Sect. 2.4. Drizzle-containing
points are excluded from the analysis since the aerosol measurement is prone to shattering artifacts.
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Fig. 19. (a)Median droplet concentratioNy for RFO6 cloudy samples (see Sect. 2.4) binned as a function of
the sample’s vertical windb magnitude in the overcast (solid circles) and POC (open circles) regions. Error
bars show the approximate 95% confidence interval for the medians with degrees of freedom estimated using
the approximately exponential decay of the autocorrelation function. F@nehin rate from the 2-D-C probe

for cloudy samples binned as a functionuwfs in (a). Pandk): cumulative distribution function of the vertical

wind from the cloud data in the overcast and POC regions.
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POCKET OF OPEN CELLS TRANSITION OVERCAST
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Fig. 20. (a)Radar and lidar aerosol reflectivity (lidar backscatter with estimated molecular backscatter sub-
tracted and shown only where radar reflectivity bele®0 dBZ); (b) microwave liquid water path(c) tem-
perature and relative humidityd) equivalent potential temperature and aircraft-level precipitation detection
(>1mm d1 from the 2DC);(e) along-track (boundary-normal) wind speed for subcloud leg SC1 on RF06
showing a strong cold/moist pool with low level outflow associated with a precipitating boundary cell.
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POCKET of OPEN CELLS CLOSED-CELL STRATOCUMULUS
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Fig. 21. Conceptual diagram of the POC-transition-overcast MBL as observed during RF06. Two realizations

are shown: one in which a strong boundary cell is present, and one where no clear boundary cell is evident.
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Fig. 22. Time series for 6.5 min40 km) from leg C2 of RF06 at an altitude of 1084 m contrasting two cells producing strong drizzle. The
panels show(a) Condensed water content for cloud water (both from the PVM and the CDP) and drizzle (240)-€yud droplet and drizzle
droplet concentratior(c) mean volume radius for cloud (CDP) and drizzle (2-D-C), note that value for drizzle is divided by 10 to facilitate use
of same ordinate(d) precipitation rate from the 2-D-Ge) column maximum radar reflectivit¢max from the WCR, and in-situ derived radar
reflectivity from the 2-D-Cf{f) vertical wind component (solid, 25 Hz) and “mesoscale” vertical wingks smoothed with a 10 s boxcar filter

(dotted) and magnified by a factor of 1@ radar reflectivity cross section from the WCR. The gray regions indicate the approximate locations
of an active (left) and a quiescent (right) cell (see text).
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Fig. 23. (a)Radar reflectivity andb) along-track horizontal wind component fluctuations derived from the
WCR downward and slant-downward doppler (with the flight-averaged mean wind subtracted) for the AC leg

during RFO06.
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