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Abstract

Aircraft measurements are presented from the 27/28th October 208&taty of the VO-
CALS Regional Experiment (REXx) over the remote southeast Pacific @B8). Data from
two aircraft that took measurements approximately twelve hours apart the same advected
airmass are used to document a remarkably sharp spatial transition in mauimgaly layer
(MBL), cloud, and aerosol structure across the boundary betwe#mixed, overcast closed
mesoscale cellular marine stratocumulus and a pocket of open cells (POQigvitficantly
lower cloud cover. Long~ 190-250 km) straight and level flight legs at three levels in the ma-
rine boundary layer and one level in the lower free troposphere peamipling of the closed
cells, the POC, and a 20-30 km wide transition zone between the two airnvagsesstinctly
different structure from that on either side. The POC region consistdéenittent active and
strongly precipitating cumulus clouds rising and detraining into patches dflidigzbut quies-
cent stratiform cloud which is optically thin especially toward its edges.

Mean cloud-base precipitation rates inside the POC are several mm,day rates in the
closed cell region are not greatly lower than this, which suggests thaipjpation is not a
sufficient condition for POC formation from overcast stratocumulus. pesimilar cloud-
base precipitation rates in the POC and overcast region, much of thei@gaip(> 90%)
evaporates below cloud in the overcast region, while there is significafsice precipitation
inside the POC. Inthe POC and transition region clouds, although the majaitity obndensate
is in the form of drizzle, the clouds appear to be remarkably adiabatic.

The transition zone between the POC and the closed cells often consistskdbtbhumdary
cell” clouds producing mean surface precipitation rates of 10-20 mm'daydivergent quasi-
permanent cold/moist pool below cloud, a convergent inflow region atenigls 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 sofd€3@0 m
thick. Aerosol concentrations\,) measured by a PCASP in the diameter range 0.124311.2
in the center of the ultra-clean layer are as low as 0.1-1%rnThis suggests that coalescence
scavenging and sedimentation is extremely efficient, sici the subcloud layer, and droplet
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concentrationV, in the active cumuli are typically 20-60 cm. The droplet concentrations in
the quiescent stratiform clouds are extremely low (typically 1-16-tmand most of their lig-
uid water is in the form of drizzle, which mainly evaporates before readhiagurface. The
cloud droplet concentration in the overcast region decreases strasdhe transition region
is approached, as do subcloud accumulation mode aerosol concestratiggesting that co-
alescence scavenging is impacting regions in the overcast region asswedlide the POC.
Both flights show lower accumulation mode aerosol concentration in the sublelger of the
POC (V, ~30 cnT?) compared with the overcast regiol/{~100 cnt3), but elevated (and
mostly non-refractory) total aerosol concentrations are observed IR@C at all levels around
20-50 km from the transition zone, perhaps associated with some pri@atioa event.

Despite the large differences in cloud and MBL structure across the ®@@ast boundary,
the MBL depth is almost the same in the two regions, and increases in coneethe 12 hour
period between the flights. Since turbulent intensity, and presumably engmainate, in the
overcast cloud layer is much stronger than in the POC, this implies diffesencibsidence
rate at the top of the MBL that are likely caused by compensating circulatioveahe top of
the MBL.



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 Fendeishe 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 warmddgado the subtropics and
tropics. Mason (1952) showed theoretically that clouds thinner than laknp@duce drizzle
that can reach the surface especially if the cloud is turbulent. The aiobrsérvations of Mason
and Howorth (1952) and Singleton (1960) demonstrated unequivocatlwdrm 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
reducing the propensity for precipitation formation in low cloud. Very little witwén followed
until interest in stratocumulus clouds grew and a significant number ofafticase studies
of marine stratocumulus showed drizzle to be a common feature (Brost €9&2; Nicholls,
1984; Nicholls and Leighton, 1986; Austin et al., 1995; Bretherton et@®5)1and, 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 stnutieire 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 canchiylstrong,
particularly where cumulus clouds are growing and detraining into a maratestimulus layer
above.

Together, these aircraft and radar studies engendered the ide#rdb@tisnulus precipita-
tion might exert an influence on the stability of the boundary layer, and tlousl dlynamics
and structure. This notion fuelled various modeling studies of varying cotitypl@.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 clowérc thickness, and
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MBL structure to drizzle. Many of these modeling studies suggest that@rizarticularly if it
is strong (cloud base precipitation rates on the order of 1 mm'Jakas a tendency to decrease
cloud cover because drizzle acts to stabilize the MBL suppressing moisansptrt into the
cloud and promoting decoupling. Recent radar and satellite observativasédvealed a strik-
ing connection between the mesoscale morphology of marine stratocumultiseashelree 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¢haenable to suppose
that drizzle plays a significant role in setting the climatological cloud covemeder, since
there have been only very limited aircraft missions contrasting precipitatibnland structure
transitions between open and closed cells (Van Zanten and StevensSk@05n 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 (Squires, 1958a,b) asseatiorctkrased cloud
droplet concentration could limit precipitation and opened a pathway thrwbgth increasing
atmospheric aerosols might alter cloud cover regionally (Liou and Ou,; Bgecht, 1989).
Studies collating many aircraft and remote sensing measurements haveedrtfie hypothe-
sis that stratocumulus drizzle rates are sensitive to cloud droplet coawemifPawlowska and
Brenguier, 2003; Comstock et al., 2004; Van Zanten et al., 2005; \\aiith; Geoffroy et al.,
2008). Without adequate controls, it has proven difficult to establisergagonally whether
microphysically-suppressed precipitation is able to increase stratocunhulgsoover or thick-
ness. Cloud resolving model studies suggest that increased clouensatidon nucleus (CCN)
concentrations can induce non-monotonic responses in cloud coveef&l, 2008) and cloud
thickness (Ackerman et al., 2004). These responses are the resothpéting effects with in-
creased CCN suppressing precipitation formation but, as a consequareasing the lateral
and cloud-top entrainment that tends to reduce cloud volume (Wood, XQ@7et 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 (POCsedddd in overcast
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marine stratocumulus (Sharon et al., 2006; Van Zanten and Stevens V2008 et al., 2008).
Spaceborne remote sensing measurements of cloud droplet effediive ase consistent with
such microphysical contrasts (Stevens et al., 2005; Rosenfeld et @6, 2®od et al., 2008),
and there is a tendency for regions of open cells to be embedded withitasvetoud regions
with low cloud droplet concentrations (Wood et al., 2008). This, togettiibr thve 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 tGGIN
concentrations since low CCN would drive stronger precipitation all elsegberjual. Cloud
resolving model simulations do indeed show that spatial CCN gradients azseipdecipitation
gradients that lead to closed/open cell cloud morphology gradients (Wahigeangold, 2009).
The conclusion that CCN differentials are the primary trigger of POCs ir@gtowever, may
be difficult to establish since we also know from simple calculations that meagipgation
rates within POC regions<(1 mm day ') are sufficient to drive significant rates of depletion
of CCN through coalescence scavenging (Wood, 2006). For a 1 kem lbeundary layer the
timescale for CCN removal through coalescence scavenging is only 1s5atag cloud base
precipitation rate of 1 mm day (Wood, 2006). Therefore, we would expect precipitation
differentials to drive CCN differentials. The tight coupling between micyspts and dynamics
within POCs, and perhaps within drizzling stratocumulus boundary layeesiergl is therefore
an intriguing area where improved measurements may shed important light@foR@ation
mechanisms.

Here, we present aircraft measurements from two aircraft flights sagniplensame broad
region of transition between overcast stratocumulus and a pocket ofagtls, taken over an
18 hour period (27/28 October 2008) during the VOCALS Regional Exmnt (REx}. A

1The VOCALS Variability of the American Monsoon Systems Qué&loud-Atmosphere-Land
Study) Regional Experiment (VOCALS-REX) is an internaéibfield program designed to make ob-
servations of poorly understood but critical componentshef coupled climate system of the south-
east Pacific, a region dominated by strong coastal upwelértensive cold SSTs, and home to the
largest subtropical stratocumulus deck on Earth. Furtletaild of the program can be found at
http://www.eol.ucar.edu/projects/vocals/




major focus of VOCALS-REX is an improved understanding aerosol-eppadipitation in-
teractions within drizzling stratocumulus clouds and the role that these interagilay in
driving mesoscale cloud variability. As such, the aircraft missions doctededrere are the
first dedicated specifically to documenting the transitions between an stveegéon of closed
mesoscale cells and a pocket of open cells embedded within it.

This paper describes observations from an aircraft case studyastingy the structure and
dynamics of the spatial transition from overcast marine stratocumulus tckatpafopen cells.
The organization of the paper is as follows. Section 2 describes the sapiptitrgmentation,
and data. Section 3 describes the mesoscale structure and the rationaieakatown into
different regions, while section 4 describes the large scale context.nmEa@ structure and
the cloud/aerosol microphysics are presented in Sections 5 and 6 tieslgecSection 7 is
a discussion and introduces a conceptual model of the transition froroaste¢o open cells.
Conclusions are drawn in Section 8.

2 Data and methodology
2.1 Flight and leg details

Data from two research flights are used in this study. Table 1 details thel8ghfrom the
Facility for Airborne Atmospheric Measurements BAe-146 flight B409 orCZTober 2008,
and the NSF C-130 flight RFO6 on 28 October 2008.

Figure 1 shows visible satellite imagery of the sampled POC and environsxapptely
three hours after the end of the C-130 measurements. As seen in the GlESdisk image
(Fig. 1), an extensive sheet of stratocumulus is present over theesstifRacific in the Arica
Bight area off the coast of northern Chile/southern Peru, and it istpated by a large region
of open cells which extends westwards of W9 The sampled POC is an eastward extension
of this broader region of open cells. Figure 2 shows an GOES infragaesice for a 44 hour
period encompassing the two flights. The evolution of a narrow, quaskIP@& feature into
a broad expanse of open cells is clearly shown.
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Flight B409 was conducted during the late afternoon hours of 27 Octaitiescience sam-
pling from 2140 to 2250 UTC (1640-1750 h local). The flight consistethode straight and
level legs.

Trajectories estimated using NCEP GFS analysis and short-range tdielcisswvere used to
position the C-130 in the same airmass as that sampled by the BAe-146 dufifg@sghly
12 hours earlier. Flight RFO6 was conducted during the early morningshafu28 October
with the science sampling taking place from 0800 to 1330 UTC (0300-083@dl)loThe
flight consisted of a series of six straight and level legs 190-250 km igthewhich were
designed to sample the transition between a POC and the surroundingstwdosad cellular
stratocumulus. In addition, a sawtooth run with the aircraft climbing and ddgug from
100 m above the inversion to approximately 100 m below stratocumulus cleediees carried
out, and profiles were taken well into the POC and overcast regions.uAdl and profiles
are oriented NNE-SSW with headings of 30/21@hich resulted in approximately Lagrangian
airmass sampling over 5.5 hours. At the end of the legs; 88s of opposite handedness (left
then right then left, etc.) were used, which led to a slight upstream latéftaditthe legs with
respect to the mean flow-0 km over the 5.5 hours). This ensured that the sampling of the
boundary, which as Fig. 1 shows is quite heterogeneous ox1106 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 trackdadd on near-
coincident GOES IR and (when sufficient sunlight permits) visible imag#rging missions
B409 and RFO06 respectively. Patches of thin high cloud are evidentthrflights, particularly
in the IR, and preclude good spaceborne visualization of the boundpegially in the hours
before sunrise (1042 UTC) on RF06. Both flights sample the boundaweba a pocket of
open cells to the SW and overcast stratocumulus to the NE, although the cjendsienight
and level run in B409 appears to skim the eastward edge of the POCefe@tnrboth flights,
the boundary between the open and closed cells is rather uneven amtsoncellular cloud
features with horizontal scales of 20-40 km.



2.2 Instrumentation

Full details of the instrumentation flown on the C-130 and BAe-146 during MCEcREX are
given in Wood and coauthors (2010).

We present data from numerous instruments including atmospheric statdesaad winds
(standard C-130 or BAe-146 instruments), cloud liquid water contemti¢faVolume Moni-
tor, PVM on the C-130 and Johnson-Williams/Nevzorov on the BAe-14®)zle liquid water
content and drop size distribution £ 30 um, 2D-C optical array probe), and cloud droplet
concentrationVy and size distribution (& r < 23.5um, Droplet Measurement Technologies
Cloud Droplet Probe, CDP). The 2D-C probe flown on the C-130 in VO@SEvas modified by
doubling the number of diodes from 32 on the conventional probe to 64 .edttronics were
updated which reduces the number of small particles lost due to slow sanplig. Counts
from the first two size bins were excluded since the sample volume for thesaes is difficult
to determine. The 2D-C thus sampled drops with radii larger than approxingteim.

Size distributions of dry particles measured on the C-130 are reportédisatesolution by
merging cabin-sampled size distributions from the following instruments: armousidd 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 counte€(@iameters
150-1000 nm) and a TSI model 3321 aerodynamic particle sizer (APS, @ient78-10m).
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 aerosolam@rationsNoy are
measured with TSI 3025 and 3010 CN counter8 (im and>10 nm respectively). Aerosol
size distributions on the BAe-146 are measured using an SMPS system withoiatantra-
tions from a TSI CN counter. On the C-130 one of the inlets to the 3010 Chterlis heated
to ~350°C which is sufficient to volatilize sulfuric acid and ammonium/sulfate salts and pro-
vide the concentratioV¢ v 1o: Of refractory CN (these measurements are described in Clarke
et al., 2007). From this we estimate the non-refractory (volitilizable) fracfign_,.; of total
particles larger than 10 nm.

The C-130 flew a substantial remote sensing suite during VOCALS. Measmnts used
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in this study are upwelling and downwelling broadband fluxes (from saldriR& 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 zenitiinigg Wyoming
Cloud Lidar (WCL), and microwave radiances from a wing-mounted zenéing 183 GHz
G-band microwave radiometer (GVR).

2.3 Derived data products

Several derived data products are used in this study. The WCR on 113 & used to de-
rive (a) cloud top height;,, for those clouds with significant radar echoes; (b) column maxi-
mum radar reflectivityZ,,..; () near-surface reflectivity, ;.. Precipitation rates are estimated
from Z,,... andZ . using Z-R relationships appropriate for drizzling stratocumulus (Comstock
et al., 2004). From the maximum reflectivity we derive the column maximum ptetgn rate
Rinae = (Zmaz/25)% 7" and from the near-surface (250 m) reflectivifyso we derive a 250 m
precipitation rateRosg = (Z250/57)%L.

The C-130 WCL lidar backscatter profile is used to determine the cloud hidsdeusing a
maximum gradient method. Cloud cover is also determined from subclouddegsthe 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 estaratady available for
the two subcloud legs (Table 1).

2.4 Distinguishing cloudy, clear, and drizzling samples

Each 1 Hz data sample is classified as being either cloudy, clear, or cogtdiEnle (but not
cloudy) using a combination of sensors. To be classified as cloudy, dikdé?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 2D-C probe musttendidrizzle drop
concentration of at least 11L. All samples not classified as cloudy or drizzle-containing are
deemed to be clear.
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In this paper, we refer to the PVM-measured liquid water astbed liquid water mixing-
ratio ¢;, since the PVM instrument is relatively insensitive to droplets with radii grethtar
approximately 25:m (Wendisch et al., 2002). Since the 2D-C counts drops with radii larger
than 30um, there is little overlap between the PVM and the 2D-C, and so we refer to & 2D
measured liquid water as tldeizzleliquid 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 sdivtegs in RF06 as a
function of distance along the run. A zone of strong echoes was fndguyaresent in the
transition zone between the overcast stratocumulus and the more brokdrasknciated with
the POC. This region of strong precipitation represents the transition zinedn overcast
and POC, and we term the mesoscale cloud structure associated with thisutiaary cell
The POC-ward extent of the boundary cell we term ldaling edgeand the location where
the overcast stratocumulus clouds begin we refer to adlok edge The leading edge was
diagnosed subijectively based upon the WCR imagery. The images in Figabigared so that
the leading edge is defined as being zero distance. The location of a dgekseharder to
define since for four of the runs the boundary cell is not all that clesapyarated from the
echoes associated with the overcast stratocumulus (e.g. runs SC1SCBI1C2). For other
legs (AC, Cland S), there is a clear gap between the strongly precipitatingad the overcast
stratocumulus. Figure 5 denotes the location of the back edge by a veatsteddiline. We refer
to the region between the leading and back edge agdhsition regionseparating the POC
from the overcast stratocumulus. The width of the transition region rainges16 to 43 km
(see also Table 1). The location of the transition region moved roughlystensy with the
mean wind in the MBL on RFO06, and the edge observed with the satellite althaxayitkusive
assessment of this is not possible with the flight strategy used.

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

3.2 Overcast region

Since the column maximum reflectivitg,, ... is typically found near the cloud base (Comstock
et al., 2004),7Z,.... is a good indicator of the precipitation rate near cloud hagg. Almost

all of the overcast region can be characterized by columns with maximuettreity ~,,,..
greater than-20 dBZ (Fig. 5). Remarkably, 92% of columns in the overcast region sampled
by the WCR haveZ,,,.. > —15 dBZ (Fig. 6), which is the threshold commonly assumed for
the presence of significant drizzle (-15 dBZ corresponds to roughlynén day ! precipitation
rate according to Comstock et al. (2004)). For roughly a quarter obalhens in the overcast
regionZ,,., > 0 dBZ, corresponding to cloud base precipitation rates; of ~ 2 mm day !
(see upper axis in Fig. 6), and 2% of the columns h&yg, as high as 10 dBZ. It is clear,
therefore, that the overcast stratocumulus clouds surrounding theR(Q@oducing substantial
drizzle.

Figure 5 also shows that the precipitation within the overcast region is rifatrnnbut is
organized into cellular structures containing core regions with HAigh, 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 dominaurhal scale
of some 30-40 km, a typical value for stratocumulus over the southeasicR&¢od and
Hartmann, 2006).

3.3 POC region

The POC region is characterized by lower cloud cover and the POC cloadwganized into
open cells (e.g. Fig. 1). Only 55-60% of the POC columns sampled contagttiefies
exceeding -30 dBZ (Fig. 6), while the more sensitive WCL detected cloQés & the time
from subcloud runs in the POC. As in the overcast region, roughly aeauaf the POC has
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Zmaz >0 dBZ (Rcp > 2 mm day!) but the occurrence of heavy drizzl&,{,, > 10 dBZ)
is three times more likely inside the POC than in the surrounding overcast segibere are
also relatively fewer incidences of weak precipitation (<2@,,,,, < -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,gf,, and locally stronger
precipitation.

3.4 Transition region

The distribution ofZ,,,, within the transition region is shifted to highef,,,, values than

in the POC and overcast regions (Fig. 6). Around 65% of the transitigionéhasz,,,,,. >

0 dBZ, 30% hasZ,,., > 10 dBZ (Rcp > 10 mm day '), and roughly 5% hag,,. > 20 dBZ
(Rcp > 70 mm day 1), which emphasizes that the drizzle in the transition region can be locally
very heavy indeed. The distribution &, is not as broad as in the POC region, being closer
to the distribution in the overcast region except shifted to higher reflectivitispection of Fig.

5 confirms that the strongest precipitation in most flight legs is associated aitidary 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 lagale variables,
some of which are estimated separately for the POC and overcast regioas constitute the
meteorological forcings on the MBL. During the earlier flight B409 the MBaswadvecting
in approximately SSE flow which becomes more southwesterly by the time of RFQ6.
wind speed increases slightly from 7.5 m'g¢o 9 m s! between the flights. The sea-surface
temperature (SST) is slightly warmer than the air temperature. The neacsaif temperature
inside the POC is cooler than in the overcast region (by 0.3 K on B409 aiddnRF06), and
some of this difference can be explained by cooler SSTs in the POC (b 4lla Surface
sensible heat fluxes (SHF) are very smatl 15 W m~2) throughout. The latent heat flux
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(LHF), however, is large (115-130 W ™ on B409 increasing to 122 W ™ in the POC
and 160 W m2 in the overcast on RF06).

The primary driver of turbulence in the MBL is the longwave radiative fliverjence 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 g kg~! on both B409 and RF06). Despite the visual impression
of a lack of cloud in the POC region (e.g. Fig. 1), the actual cloud cover6i8% (Section
3.3 above) on RF06 leading to 72 Whof radiative flux divergence across the MBL in the
POC region. However, much of the extensive cloud in the POC consisificagily lower lig-
uid water path (see Section 5.3 below), and contains very large dropletsefdre the optical
thickness and emissivity of the extensive POC clouds will be lower than thaeiovercast
region, so that longwave radiative flux divergence will be distributesr avthicker layer and
may therefore be less effective at driving buoyant circulations in th€.Pdis behavior has
been found in large-eddy simulation studies for clouds with similar charaaterte those in
the POC studied here (Ackerman et al., 1993).

The most marked difference between the two flights is the MBL depth whickases from
1280 m on B409 to 1375 m on RF06. The MBL is capped with a very stroregsion through-
out. The difference in potential temperature between 200 m above thsimvend the inver-
sion base isv12-13 K in the POC ané-15 K in the overcast regions (Tables 4 and 3). Visually,
the cloud top in the overcast region was quite flat. From the various inmecsassings, no sig-
nificant difference in MBL depth was detected between the overcas®@@lregions on either
flight. In both regions the mean cloud top height is located very close to thesionebase.

The MBL is under the influence of large scale divergence, at least idaig mean (Table
4). It is interesting that this is the case despite negatively (the strongly positivelu/dz 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 corapt
along the direction of the POC boundary and a convergent flow towatabilvedary.
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5 Mean structure
5.1 Conserved variables

Profiles of liquid potential temperaturé;) and total water contenty, the sum of the vapor
(dewpoint hygrometer), cloud liquid (PVM/CDP), and drizzle liquid (2DC&Dvater mixing
ratios) from both leg-mean data and representative individual profiéeshown in Fig. 7. On
both flights the overcast region is remarkably well-mixed given the signifitdrzle that the
clouds are producing. The remarkably strong inversiohS K inversion jump irg;) is clearly
evident. The inversion jump in the POC region is closertt2 K, in the mean, although
the RF06 POC profile happens to be through a cumulus cell and so is wammahthmean
conditions.

In the mean, on RF06 the POC region is more strongly stratified than the sveegion
(Fig. 7), both ing; and ing;, and the transition region even more so, with strong cold/moist
pooling of air near the surface. Liquid potential temperature in the uppdr MBhe POC
exceeds that in the overcast region by 1.5 K, but is colder by roughlgaime amount near the
surface. The mean total water content in the upper MBL is greater in threasteegion by
some 0.3-0.6 g kg', but near the surface, the POC is moister than the overcast region by clos
to 1 gkg!. The POC region sampled on B409 is actually slightly drier than the overgistr
(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 andg,
slightly higher inside the POC than outside. This would be consistent with weak&inment
inside the POC than outside, although differences in radiative heatingfacsuluxes over
the airmass history preclude definitive attribution. Data taken on flight B20d%olirs prior to
the RF06 measurements show a very similar structure with a well-mixed boulagaryand
very similar mean values df; andg; (Table 3 and Fig. 7), but with an inversion base that is
approximately 100 m lower than that observed during RF06. The latter indinonsistent
with entrainment deepening of the MBL over the period between the two fligaes$ection 7
below).

Tracers with higher concentrations in the free-troposphere than in tHe 34Bh as carbon
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monoxide (CO) and ozone are also less abundant in the POC MBL than indhzast MBL.
For example, on RFO6 the CO concentration is 0.5-2 ppb lower inside the &@Ghe ozone
concentration 2-4 ppb lower. Similar overcast/POC differences in CO (fhBand ozone (1.6
ppb) are found for the subcloud layer leg on flight B409, implying longewitthe horizontal
gradients and structure across the POC-overcast boundary. Séndeyttieposition 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 eiteehithiory of the air
entrained into the MBL prior to RF06, or the concentrations in the MBL bdfued¢>OC 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 (2D-C @ldarrestimated),
relative humidity, drizzle drop size and number are shown in Fig. 9. In theddayer of
the overcast regiony;, significantly exceedsp, q;, increases upward, ang, downwards in
the cloud. This is typical behavior for overcast drizzling stratocumuluso®y2005). By
300-400 m below cloud base, little drizzle water remains in the overcastnre@mce the
cloudbase precipitation rates (Fig. 9(a)) in the overcast region astssutal at 2-4 mm day',
this indicates strong evaporation in the layer immediately below cloud base.

In the POC and transition regiongy > ¢, (Fig. 8) indicating that the majority of the con-
densate is present as precipitation rather than cloud water. Averagethevtwo cloud layer
legs, the ratiayp/q;, is approximately 3 in the POC region and 4 in the transition region (in
contrast with the overcast region where it is only 0.25). Therefore, rkadaransition from
cloud to drizzle condensate appears to be a signature of the transitioclyeed to open cel-
lular convection. The mean total condensate mixing ratio in the cloud layer &f@t&region
is significantly lower than that in the overcast region when weighted by futidn of samples
that are cloudy (35% of POC samples from the two cloud legs are cloudyninast to 92% of
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those in the overcast region), but the in-cloud means are approximated, eq

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 mnTHagnd about three
quarters of that in the POC (4-5 mm day. Thus, the thinking that POCs delineate regions
in marine stratocumulus with locally enhanced precipitation (Stevens et al.) 2i)bneed
to be revised. Examination of MODIS-retrieved liquid water path (Fig. 16nfd hours
after RF06 shows that the POC feature sampled is itself embedded in atbsoadie of thick
overcast stratocumulus with peak values of liquid water path at the centbe ohesoscale
cells exceeding 400 g nt and a mean LWP of 150-200 gTh Our observations from RF06
are indicating that this surrounding cloud contains significant cloud b@sepgation. Since
elevated LWP is known to be associated with enhanced precipitation in madtecsimulus
(Comstock et al., 2004; Wood, 2005; Kubar et al., 2009, and see aitiol$.4 below) it seems
reasonable to conclude that the high LWP swath, rather than simply the PQQGjelireate
regions of locally enhanced precipitation and that this broad region ofpitation supports
the formation of the POC. This is consistent with existing satellite analysis oveotitheast
Pacific (Wood et al., 2008) showing that open cellular convection is pelitcorrelated with
elevated LWP in overcast clouds surrounding the open cells.

The transition region observed on RF06 contains the heaviest precipitgaiiprd(a)), where
mean values are 10-20 mm ddyat all levels. In this region there is also a substantial quantity
of drizzle liquid water present close to the surface (Fig. 8(b)), with sdmagvess in the POC
and almost none in the the overcast region. This largely reflects the ltovet lbase and high
relative humidity (Fig. 9(b)) both of which hinder drizzle evaporation. deséingly, the drizzle
drop volume radius, p is largely independent of region but is a strong function of height (Fig.
9(c)), so that the mean size of the drizzle drops leaving cloud base $esréam the overcast
(~ 80 zm) to POC ¢ 100 um) to transition & 140 um) region. The strong height scaling of
rv,p iNdependent of region suggests that the mean size of drizzle dropsely/larfunction of
the depth of cloud that produces them rather than other factors. Osequence of this is that
since the depth of the layer that a drizzle drop can fall before evapgretaies strongly with
ry,p (Comstock et al., 2004), it is not surprising that the fraction of the closelipaecipitation
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rate reaching the surface increases strongly from the overca88f reaching surface) to the
POC ( 25% reaching surface), and is higher still in the transition region wheré ofidse
drizzle reaches the surface (Fig. 9(a)).

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 domgentrationVy, (Fig.
9(d)). This is consistent with previous aircraft observations (e.g.Aéarten et al., 2005) and
with observed exponents relatively close to unity in the relationship betwafattivity and
rain rate (Comstock et al., 2004).

5.3 Cloud vertical structure on RF06

Figure 11(a) indicates striking differences in the cloud LWP distributionsaiP®C, overcast,
and transition regions. The cloud LWP distribution in the overcast regicarisw with a mode
at 200 g n72, a slight positive skewness, a mean of 240 t?irand only a few instances where
LWP exceeds 500 g n¥. The POC LWP distribution has a mode at close to zero, a mean of
210 g nT2, and is broader and more positively skewed, with some 15% of POC cloitials w
LWP exceeding 500 g nt. The transition region has the largest mean LWP (5107¢)rwith
a broad distribution and little skewness.
Cloud top height;,,, is well-sampled with the cloud radar and is shown in Fig. 11(b). Narrow
distributions characterize the overcast and the transition regions, Wieestandard deviation
of z,, is approximately 40 m. In the POC the distribution is somewhat broader (standar
deviation closer to 50 m) and there is evidence of bimodality. Interestingly, tlasnef the
distributions in each of the three regions are within 15 m of each other (13$5%he POC to
1360 m in the overcast), but the highest and lowest cloud tops are fouhd POC. Further
investigation shows that the highest cloud tops in the POC are those with thetlaedues of
the column maximum reflectivity,,,.., 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 afgoale variations
of overcast stratocumulus (Wood and Taylor, 2001). The narrogiststbution is in the over-
cast region. In the POC region there is a bimodal distribution gf with the lowest bases
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corresponding to cumuli which grow from the top of the surface mixed Jarat the highest
bases consistent with stratiform regions aloft. The cloud base height tratisgtion 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 bdakscatter 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 baseg, (delineated by strong lidar backscatter in regions with moderate or
no drizzle) and the height of the maximum radar reflectivity,.... The coincidence of the,
andzzqq. IS to be expected because drizzle drops grow by collection monotonicallyvaans
in the cloud but begin to evaporate as soon as they fall into the subsattegien below cloud
base (Comstock et al., 2004; Wood, 2005), but the agreement is strikirvegheless. 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 thikiagnadifficult to
objectively determine a cloud base (for example, throughout much of thsitica region in
Fig. 12).

Fig. 12 further exemplifies the narrow distribution of LWP in the overcagibre 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, thedslappear to be well-
modeled with an adiabatic assumption. This is true whether the model uses thaelitad
or, in strong drizzle, the maximum radar reflectivity-derived cloud basght. That even very
strongly drizzling clouds, in which much of the condensate is in the formiaklgr (Fig. 8),
retain an adiabatic liquid water path presumably indicates that the replenistimefior liquid
water path through cloud updrafts is sufficiently strong to overcome theofdgpiid water to
precipitation (see e.g. the simple adiabaticity model in Wood, 2005). In addikiervertical
motions may also prevent loss to drizzle by keeping drizzle drops loftedhthdering fallout.
However, since there are substantial lateral mesoscale motions, redibigh diquid water
content could be advected into regions with elevated
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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 measurésnedicating that
LWP/cloud thickness is a strong driver of precipitation in marine stratocunis&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 thar 400 g nT2. This indicates that fof,,,, greater
than 5 dBZ (equivalent to a cloud base precipitation rate of a few mm'dathe precipita-
tion rate appears to be explained primarily by LWP. There is little evidence thaighificant
differences inN, (see Section 6) between POC and overcast regions have any beating o
ability of the thicker clouds (400 g n? adiabatic LWP is equivalent to a 600 m thick cloud)
to precipitate. On the other hand, lighter precipitation rates typical of thiloeds cannot be
explained by variability in LWP alone, which leaves open a role for the laWgvalues in the
POC to play a role in enhancing the precipitation efficiency compared with #reast clouds.
These results are broadly consistent with satellite observations, largeaedcheuristic drizzle
models (Feingold and Siebert, 2009; Kubar et al., 2009; Wood et al. b2@f#ooshian 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
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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 concentratiaN,; 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 hours earlier, implying that the migsigdl gradients
can be maintained over significant periods of time. This is a remarkable sprana results in
strong differences in the cloud effective radii If drizzle drops are included in the estimates
(Table 5) the differences are even more striking. While drizzle dropsaainibute significantly
tor. (Wood, 2000), the magnitude of the contribution in the POC and the transigmneeis a
doubling ofr. (Table 5). Figure 14 shows the MODIS-derivechear cloud top, showing values
of 12-25um in the overcast region to the north of the POC where the aircraft samydedast
clouds roughly four hours earlier. These values are somewhat ldrgerthose measured on
the cloud legs in the overcast region, but it must be borne in mind that thd tdgs were
quite close to the base of the cloud and that in well-mixed overcast stratocuoialds, the
effective radius increases with height (e.g. Martin et al., 1994). Gikrercloud 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 shoulduigihp30-40% greater
than that for the cloud droplets at the height of the cloud legs, i.e. 13:iM.6r so. This is
somewhat lower than the mean MODIS-derived value in the overcastr€gigem), consistent
with previous comparisons (e.g. Nakajima et al., 1991). In the POC regioDIEB@etrievals
are not performed in most cases and so comparison with in-situ data is noihigfeia

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. sAkdistributions
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from B409 and RFO06 in the subcloud region of the POC and overcaisingegre shown in
Fig. 16 and indicate dramatic differences in the aerosol properties betivedwo regions.
We describe particular characteristics of the two primary submicron modeg ifoltbwing
subsections.

6.2.1 Accumulation mode particles

In the subcloud layer, the concentratidy of particles with diameters 0.12-3.12n (measured
with the PCASP during RFO06) is three times higher in the overcast regign-(90 cnt3)
than in the POC region\, ~ 30 cn13), where the concentrations are among the lowest values
measured anywhere in the clean MBL (Table 5). The size distributionsreotitfis strong
reduction in accumulation mode aerosol in the subcloud layer of the POC {(Bd,e). A
remarkably similar contrast between the accumulation mode of the aerosiiudisty in the
POC and the overcast regions is also observed on flight B409 appitekmiZ hours earlier
(Fig. ??). There is good evidence from the heated and unheated aerosoistiggitions (not
shown) that the accumulation mode in the subcloud region of the POC consiaty ofsea-
salt aerosol which are presumably the only significant source of C@hhl€t concentrations in
the more active cumulus clouds in the POC are in the range 20-30 @®e Section 6.4 below),
which is consistent with the subcloud PCASP concentrations. Likewise, the Mgevalues in
the overcast region are similar to the mean subcldydhere. Low values ofV, in the POC
are consistent with measurements made during the passage of a rift afediseancountered in
a ship cruise to the same region (Tomlinson et al., 2007; Wood et al., 2008 subcloud POC
N, is somewhat consistent with the aerosol distribution found in the DYCOMS2REKDC
study (Ackerman et al., 2009) which had an accumulation mode peakif@dt2;.:m (so only
half of it would be measured by a PCASP) and a modal concentration oh65.c

It is interesting that although there are considerably lower accumulation e®ydsol con-
centrations in the POC subcloud layer, the lidar returns from these éersosignificantly
stronger (by a factor of 2 or 3) than those in the overcast region {ge@%a). This may reflect
the higher relative humidity there (Figs. 9b and 23c), but may also retheetges in the con-
centration of supermicron sized particles. Given that near-surfackspiged inside and outside
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the POC are almost identical (Table 4), the surface source would beterpe be quite similar.
However, the decoupled nature of the POC region may mean that theesprzuced (mainly
supermicron) particles are mixed over a shallower depth than in the oyerzas well-mixed
region. This issue warrants further exploration in future studies.

It is interesting that despite considerable coalescence scavengingdhkt be expected
from the drizzle rates observed in the overcast region, the concentraifaerosols and the
size distribution measured in the overcast region subcloud layer on B¥D®EO6 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 expetdsmmmce scavenging to
remove~50 cnm3 CCN over a 12 hour period. That we do not see decreases of this nagnitu
indicates that CCN must be being replenished, either through a suriawe £v by entrainment
from the free-troposphere. Our estimates of entrainment rate (seerSebttow) together with
the concentrations of potential CCN in the FT (which are substantially low®&4@9 than on
RF06, not shown), indicate that entrainment is probably provides afficient supply, and
that a significant surface CCN source may be necessary.

Above the subcloud layer, whil&/, stays roughly constant in the overcast region (i.e. de-
termined on the CB leg below cloud) consistent with the well-mixed nature of the ti&re,

N, drops dramatically with height in the POC, reaching minimum values roughly2¥85m
below the inversion base (roughly 1100-1250 m altitude) of less than® ¢hable 5 and Fig.
15c). Data from seven separate profiles within the POC region all show minidva in the
range 0.1-1 cm3. 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 2 t(Table 5). Figure
17 shows aerosol concentrations for different size classes fraprasentative profile in the
POC region, which highlights the ultra-clean layer that exists within and neatoth of the
cumulus-coupled layer. Within the ultra-clean layer there has been aoeglete removal of
the accumulation mode. Since concentrations in the lower free-tropospteeseibstantially
higher than those anywhere in the POC MBL, entrainment cannot actarutite low N, in
the ultra-clean layer, and so it is reasonable to conclude that the aettteolgould have been
transported from the subcloud layer and detrained into this layer by cumalesbeen almost
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completely scavenged and removed by precipitation. Indeed, the low WMgiarthe ultra-clean
layer implies that entrainment is a particularly inefficient process in the POLiftering MBL
aerosols with FT aerosols. In the overcast region, however, the MBlore well-mixed, with
N, in the FT lower than that in the MBL. However, the total aerosol concentraiiothe free-
troposphere exceed those in the MBL, and the size distributions (Fig.) Esb,eonsistent with
a free-tropospheric source of new particles that then grow by agustase processing.

6.2.2 Small aerosol particles

Total aerosol concentrationS¢oy (Table 5) in the subcloud layer of the POC in RF06 are
marginally greater §¥-x=150 cn1T3) than those in the overcast regioW{y=140 cn13),
which implies that the concentration of Aitken mode particles inside the ROT20 cn13) is
almost three times the concentration of such particles outside the POC. Thiarlg sfeown as
a mode at~20 nm diameter in the size distributions (Fig. 15d,e). This suggests eitheraesou
of new particles inside the POC that is not present in the overcast, or afsémkall particles
in the overcast region that is not occurring in the POC. That there is adistiode and not
a monotonically increasing concentration with decreasing size indicatesihaew particle
formation is not taking place at the time of either the B409 or RFO6 measureraedtspay
have occurred some time earlier. Concentrations in the 20 nm mode werecsigihjfinigher
in the POC 12 hours earlier (compare BAe-146 and C-130 spectra ineFlg)y but the mode
shapes are very similar. This is consistent with the removal of the 20 nm nveddime by
Brownian coagulation on cloud droplets, perhaps following a daytime nimfeavent prior to
B409. Figure 15a,b) shows that it is unlikely, although not impossible, thdtele-troposphere
could be a significant source of the small particles, since the concensr#iere are typically
smaller than those in the subcloud layer in the POC. Data from the B409 flighteweloncen-
trations of aerosols in the FT were particularly low (not shown), alsoesigdat 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 existimticies 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
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the population of particles smaller than the PCASP range largely remainsvategtilt is thus
likely that coalescence scavenging is a relatively unimportant sink oP€LWSP sized parti-
cles in either region. Brownian diffusion losses on the larger overdtisaiarea in the overcast
region depends extremely strongly upon the size of the small particless@emith radii of
20 nm and greater have Brownian scavenging efficiencies that are lmweh than those of
freshly nucleated aerosol (Seinfeld and Pandis, 1996), but it isassilgle to entirely rule out
Brownian scavenging by cloud droplets as a cause for removal of tHemamticles. Brownian
scavenging would certainly be a stronger sink in the overcast regiorevithe total available
cloud droplet surface area is significantly greater than that in the POC.

Additional evidence regarding the reasons for the larger CN condemntriaside the POC
can be found in the non-refractory (volatilizable) fraction of total CNinested asf,,on—ref =
(Nen — Nenhot)/Nen (Table 5). Values off,,on,—rc in the POC are 0.5-0.7, much greater
than the 0.25-0.3 found in the overcast. Since the CN concentrations in #rs lzglow cloud
in the POC and overcast are similar, this means that there is a substantialgr gngaber of
non-refractory particles in the POC than outside the POC. It seems to lmldif6 account
for these differences as a result of either particle losses or entrainamehso we hypothesize
that the enhanced CN in the POC are a result of new particle formation in tke 8ice
the ultrafine (3-10 nm) concentrations in the POC were not strongly elevidisdsuggested
that the particles formed during the previous day, with precursor buildeupaps requiring
photochemically-produced oxidants which may have been subsequepligyeteby deposition
onto the new particles. Elevated CN concentrations were found duringCgpR€sage measured
during a ship cruise to the same region (Wood et al., 2008), suggestinthihaiase is not
unique, and evidence of new particle formation and size growth from tine gmssage was
also presented in Tomlinson et al. (2007).

It is puzzling why the mode at 20 nm diameter is more dominant in the subcloutiaiann
the cloud layer (Fig. 15), since one would expect stronger nucleaticav®dccurred in the ul-
traclean layer where aerosol surface area is very low. Howeveesétparticles were nucleated
hours earlier, a stronger sink from coagulation onto cloud droplets maydepleted concen-
trations there. There is also considerable variability in the concentrationa@&20 nm in the
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subcloud layer (Fig. 15d), so uncertainties associated with sampling a Higtdyogeneous
field must be borne in mind. We note that locally high CN concentratier8Q cnt3) are
actually observed in the POC on the C1 leg even though the mean value in thi§Tialyke 5)
is considerably lower. Since precipitation events are highly intermittent, tiversgiag would
also be expected to be patchy.

6.3 \Variability of cloud and aerosol microphysics

Figure 18 shows time series of PCASP aerosol concentralign ¢lear samples) and cloud
droplet concentration4, cloudy samples) plotted as a function of the distance from the lead-
ing edge of the transition region on flight RFO6. This highlights the remarkedoiability
in the POC, particularly above the subcloud layer, and contrasts with thehmoregeneous
overcast region. These series are consistent with the variability in theasize distributions
(Figs. 15 and 16). In the POQ/, ranges from 0.1 cm? to approximately 50 cm?, with the
highest values in active cumulus updrafts, and (although to a lesset)érttdre compensating
downdrafts of the cumuli (Fig. 19), and the lowest values in air with nees-zertical motion.
The cumuli are often quite broad (few km) in horizontal extent and esfgrd@nstitute the
brightest clouds that form the open cell boundaries evident in the visibigem4Figs. 1 and
14). Droplet concentrations in the most active cumuli of the POC greatlyeskthe PCASP
concentrations in the clear regions of the upper MBL in the POC, but are stmttzesubcloud
layer PCASP aerosol concentrations (Fig. 18 and Table 5). This resulrecentihat the sub-
cloud layer represents the source of the air in the cumuli in the POC. Thadbdayer PCASP
concentrations are much more homogeneous in space than those in théngptierds of the
MBL (>500 m), which indicates that the upper MBL air that is strongly depleted asaéy
mixes down to the subcloud layer very slowly. This seems consistent withtrierge eddy
simulations (Jonker et al., 2008) which show that most of the compensatvigrdod motion
in cumulus fields is not in the form of slow subsidence in the clear regionsskeatalouds, but
is confined primarily to relatively strong but localized downdrafts close tatimeuli. Since we
observe relatively highvV, values in the strong compensating cumulus downdrafts (Fig. 19),
this suggests that the extremely low mean value&/pfand N,) in the ultra-clean layer may
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be less closely linked to the active cumuli than one might suppose given dimg stssociation
of much of the POC precipitation with the active cumuli (Fig. 19b). Perhape feeanother
loss mechanism involving the more widespread and quiescent cloudssdesalescence scav-
enging in the strongly-precipitating cumuli. This might be a slow and steady igspywead
sedimentation of large cloud and small drizzle drops in the quiescent cloatdetults in the
formation of the ultra-clean layer near the top of the MBL in the POC.

Another interesting feature seen in Fig. 18 is the dramatic declim€;imvhich begins in
earnest approximately 20-30 km from the transition region. At the bagk eflthe transition
region Ny is only a few drops cm? even though the subcloud layaf, in this region does not
fall below about 30 cm? (althoughN, does show a decrease towards the transition region).
The low N; may indicate signficant coalescence scavenging by drizzle in this regiois. Th
region of decreasingy, is also one in which CO concentrations drop from values typical of the
overcast region to values typical of the POC (not shown). This stggjest, in the overcast
region, as the transition is approached, more and more air from the PO&enpat the cloud
level. One hypothesis is that this region comprises air detrained from ttmelagucell, 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 tbésyand the scope
of this study.

Figure??a shows remarkable variability in the lidar backscatter due to aerosols in tGe PO
with very little scattering above the subcloud layer, and considerable ildyiatithin it, with
curiously strong returns in the POC region immediately adjacent (e.g. -20 o fddin the
leading edge) to the boundary cell, and very weak returns on the eteida (e.g. 25-35 km
from the leading edge). On SC1 at ledst, is actually higher here than on overcast side of the
boundary cell (Fig. 18), consistent with the aerosol scattering diftergbeing driven not only
by relative humidity differences but by significant changes in aerasuientrations.
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7 Turbulence and entrainment rate estimates combining the two fligts

Using the 12 hour time difference between B409 and the middle of the samplifRi-06,
we estimate the mean entrainment rate using three different budgets: (a)imasergy; (c)
moisture. The basic approach for this is outlined in Caldwell et al. (20Qf)hd&re we apply
it to the budgets between the two flights. Since a Lagrangian sampling stradsgysed, we
assume that the advective terms are zero. Preliminary large-eddy simukedigdts (Andew
Berner, personal communication) show that there is considerable letefsinge between the
overcast and POC regions, and so we choose to estimate a single enttaimeéor the POC
and overcast regions together. The mass budget uses the obsemeabénin MBL depth
between B409 and RF06, together with the subsidence rate (Table 3}inatesthe rate at
which the MBL must have entrained over the 12 hour period between theightstl The MBL
depth was found to increase from 1285 m to 1375 m over this period, aergltisidence rate
over this period is estimated to be 0.1-0.2 cm ¢note that the value given in Table 3 is a
diurnal mean), resulting in an entrainment ratexpf0.3-0.5 cm s'. The chief source of error
is in the subsidence rate which has a significant diurnal cycle in the Sk bt is still not
fully understood (Wood et al., 2009a).

The energy budget requires assessment of the infrared radiatweiflergence over the
MBL, the surface precipitation rate, and the surface sensible heatféluxhich we use the
measurements in RF06 since there was more extensive sampling. From Tabl&W flux
divergence is-78 W m~2 and the sensible heat flux is 12 W We estimate that the mean
surface precipitation rate is approximately 1 mm dgyor 28 W n12 in energy terms. The
storage term is estimated to be slightly negative (-5 W?)n The jump in liquid potential
temperature across the inversion is approximately 12 K. The largestesoluecror is likely to
be the surface precipitation rate estimate, and the storage term, which comiageadsult in
an uncertainty in the entrainment rate of a factor of twoui:g0.2-0.4 cm s'.

The water budget requires estimates of the surface precipitation ratefgheHaat flux at
the surface. As with the energy budget the moisture storage term wastimbe close to zero.
From Table 3 the latent heat flux is some 140 W?mand the jump in total water across the
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inversion approximately 7.5 g kg, from which we estimatev,=0.45-0.7 cm s', with the
largest source of uncertainty being the storage term (0.57¢ kgcertainty in the MBL mean
temperature change between flights leads to a 40% change in the defived

Given the three estimates and their uncertainties, our best estimate of the mreameent
rate for the POC, overcast and transition regions between the two fligh#5is-®.1 cm s
This is consistent with mean nighttime entrainment rates of 0.4-0.6 ¢restimated from the
EPIC Stratocumulus Cruise in 2001 (Caldwell et al., 2005), and suggestaehPOC-overcast
boundary region is actively entraining despite the strong cloudbasdedretes. These es-
timates should prove useful for testing model simulations of the POC/ovdyoaatlary. 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) findsdtiztie does not
have a marked effect on entrainment.

Since there are no significant differences in the MBL depth between tid2dP@ overcast
regions on either of the flights, this implies either that the entrainment in the POE sauthe
as that in the overcast region, or that there is a different subsidateénrthe POC and the
overcast regions. The vertical velocity variance measured in theastesioud layer is almost
double that in the POC (0.607%s1 2 in the overcast vs 0.32 7872 in the POC on RF06),
while the mean inversion strength is only 10-20% greater in the overcashre§ince cloud
top entrainment rates in stratocumulus scale with the ratio of the two, we woutdtetkiat the
stronger turbulence in the overcast region would lead to substantiallgstrentrainment there.
That this does not result in a more rapidly growing MBL in the overcasbreguggests that
the subsidence rate is weaker in the POC region than in the overcast. rd@tisns unlikely
to be caused by the large scale divergence which would be expectedytontg weakly in
space, and so it suggests that there may be a compensating circulatioarbdtevevercast and
POC regions which effectively 'holds-up’ the MBL in the POC despite veeantrainment.
Model simulations of this case (Berner and Bretherton, 2010) do indemas differences in
entrainment rate across the boundary and yet an inversion that rissscert
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8 Discussion and conceptual model

A conceptual diagram of the POC-transition-overcast boundary laygrown in Fig. 20. In-
situ and radar doppler wind data (Fig. 22) indicate significant mid-levelvinfte2 m s!)
into the boundary cells in the transition region, consistent with the typicahMimhabserved
in strongly precipitating stratocumulus cells in the southeast Pacific (Comstaitk 2007).
Outflow is observed in radar winds at the cloud level which then detrainmgaithe surrounding
POC and overcast regions. Evaporation of strong precipitation with 0&te8-20 mm day!
below cloudbase appears to lead to the strong cold/moist pool below theldrgucell (see
Fig. 23(c) and is also evident in the doppler winds in Fig. 22), which drouflow from the
transition region at low levels (see Fig. 23(e)), although we note that signifvariability was
found from leg SC1 to SC2. The cold pool in SC1 is 20 km in extent withK temperature
depression, but that in SC2 consists of two weaker (0.5 K temperaturessém) cold pools
with more limited horizontal extent. There also appear to be sections of thelliguwhere
a strongly-precipitating boundary cell is not present near to the stratdas edge. When the
cold/moist pool is evident, the air in it has elevated equivalent potential teuped. (Fig.
23(d)) since the humidity increase dominates over the suppression in teamper&imilarly
elevated). was found under strongly drizzling open cells in the northeastern Padific{anten
et al., 2005), and a similar inferences can be made from drizzling datatfr@rsoutheastern
Pacific (Comstock et al., 2005), although Paluch and Lenschow (188 & case of drizzling
stratocumulus in which fluctuations associated with evaporating precipitaticemeist and
cool by an amount that almost canceledlin Smaller and weaker cold pools are also evident
in the POC region and the overcast region in this study (Fig. 23(d)), &se too have elevated
0.

Clouds in the POC consist of both broad active (turbulent) cumulus cloatsioing one
or more updraft cores, together with more quiescent cells that may be ¢hgidg remnants
of earlier active cells. Figure 21 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 inspeafd-ig. 5
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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 eflésting 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 vieesion of cloud
to drizzle via coalescence, and may also be responsible for much of thmalation mode
aerosol depletion in the ultra-clean layer. However, it should be notédhbdargest drizzle
drops (volume radii in excess of 1(#n) of all in the cells shown in Figure 21 are actually 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 ceaseseas 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 they stéliodarge amounts
of condensate. The total condensate in the quiescent cell in Figure @ircxanately the same
as that in the active cell, although much of it is in the form of drizzle drop® [tuid water
path is estimated from adiabatic considerations (Section 5.3) 039 g nT2 for this cell,
while the precipitation rate measured from leg C1 (Figure 21d) is approxin@@etym day*,
which would lead to a rainout timescale of 20-30 minutes, consistent with estifmate£om-
stock et al. (2005). Thus, without significant updraft activity to rejglerthe cell, it seems
reasonable to interpret the quiescent cell as a decaying remnant aflar active cell. It
is possible that the ultra-clean layer is partly the result of hydrometeors idetteying cells
slowly sedimenting in quiescent air.

Another possibility for the quiescent cells is that they represent a marurediaoy layer cloud
analogue to the trailing stratiform regions found in deep mesoscale care/egtitems (MCSSs).
Since the stratiform areas in MCSs form partly as a result of weakenithgramging active
convective cells (Houze Jr., 2004), this interpretation may not be at witisthe decaying
remnant idea above. However, stratiform regions in MCSs are alsmdedpby mesoscale
ascent, and there is evidence for that in the quiescent cell in the lowefnegusmoothed)
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vertical wind in Fig. 21f, which shows a 3-4 km wide region where the meatical wind is 10-
30 cm s'!, which is sufficient to loft 5Qum drizzle particles, similar to the mean volume radius
of such drops in the drizzle cell (Fig. 21c). This supports an earlieinfinftom (Van Zanten
and Stevens, 2005) that the drizzling regions in a POC are associated withveréical ascent.
These mesoscale updrafts may thus prolong the timescale over which darzleroain in
cloud, and potentially the cloud lifetime itself. Cloud resolving modeling will be wisief
determining the importance of broad scale ascent in this context.

To what extent are the precipitating cells inside the POC different from anadary 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 10-20vide) in contrast
to those in the POC which have a typical scale~df km. That said, the boundary cells in
some cases appear to be two distinct cells that are sufficiently close thairém@pitating cores
overlap (e.g. CBrunin Fig. 5). As Figure 8 shows, there do not appdsr marked differences
in either cloud or drizzle condensate amounts in the transition cells and the IBQ{3,cand
drizzle drop sizes and concentrations (Fig. 9(c,d)) are similar. So iappleat precipitating
cells in the POC and the boundary cell differ largely in their horizontal éxed are otherwise
quite similar in nature.

9 Conclusions

Aircraft flight legs~200 km long, from two flights approximately 12 hours apart, crossing a
spatial transition between a pocket of open cells and the surroundiregiated stratocumulus,
are used in conjunction with satellite data to document aspects of the struttine aoud,
precipitation and aerosol macrostructure and microphysics in the marimelégulayer over
the southeast Pacific approximately 1000 km from the Chilean/Peruviah dd#e long flight
legs allowed good sampling of both the open and closed cell region, aneé tfifsition be-
tween them. This case study was one of several POC studies with a similar sastdiegy

by aircraft during VOCALS-REX, and analysis of these cases will igminsight into whether
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the features observed in this case are ubiquitous POC features or paxthia specific case.

Remarkable contrasts in both the macrostructure and the microphysicdlstrace ob-
served between the open and closed cell regions on both flights. Tabklwes 40 describe
the key conclusions regarding similarities and differences in the MBL, cloatipitation, and
aerosol structure between the two regions. In general, these findingstemse of the few exist-
ing studies that have sampled POC-overcast transitions (Van Zantetemeth§ 2005; Sharon
et al., 2006; Comstock et al., 2007), but the comprehensive instrumentsad here is able to
quantify these differences with more certainty than before. Becauseid loase precipitation
rate of 1 mm day' is equivalent te~30 W m~2 of cloud layer warming, a particularly pertinent
finding here is that persistent drizzle with a magnitug& (mm day ') comparable to the long-
wave driving (70-90 W m? of flux divergence) is present in the overcast region surrounding
the POC. Since satellite imagery several hours after the flight shows tratrtieeinding clouds
remained overcast, this suggests that drizzleoisa sufficient condition for POC formation.
These results make determining the critical factors responsible for P@@fion all the more
challenging, but this case is ripe for testing cloud resolving models and tiengto explore
controls on POC formation.

There is significant evidence that coalescence scavenging by précipiiarmation in the
POC is responsible for the extremely low concentrations of cloud dropldtaenmvsols found
in the upper MBL there. Given that mean precipitation rates do not diffengly between the
overcast and POC regions and that coalescence scavening is dlysemizolled by the mean
rate (Wood, 2006), it seems quite surprising that commensurate depletioh @bserved in
the overcast region. Cloud resolving models with interactive aerosols eljiltb establish the
reasons for this behavior.
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Table 1. Overview of C-130 flight legs, and the earlier BAe-146 flighg$. SC: subcloud leg; CB: leg
around cumulus cloud base level; C: leg near the center ofttlatocumulus 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 altitueés given. Directions are given as from POC to overcast(®

or vice-versa. Times are in UTC (LT + 3 h). Run lengthsn the three different regions are given in
kilometers.

Leg 4 times direction L (POC) L (Overcast) L (Transition)
[m] [UTC]
C-130 legs, RF06, October 28th 2008

SC1 145 09:09:03-09:39:00 PO 92 85 23
SC2 146 11:41:00-12:15:41 PO 137 74 22

CB 623 09:42:10-10:12:10 P 88 79 25

C1 1157 10:15:16-10:45:40 PO 75 109 28

C2 1084 12:19:50-12:50:55 OP 97 83 19

S 1040-1640 10:56:40-11:33:40 —€P 107 104 43
AC 1584 08:33:15-09:03:02 P 109 86 16

BAe-146 legs, B409, October 27th 2608
B-SC 314 22:06:50-22:40:00 -©P—0O 69 102
B-C 1172 22:46:40-23:04:40 ©OP—O - -
B-AC 1490 21:42:00-22:02:24 PO - -

aBoundaries between POC and overcast could only be cleafityediefor the subcloud layer SC leg. In addition, it was
impossible to clearly define a transition region on this fligh
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Table 2. Key characteristics of the MBL, cloud, precipitation, artasol structure in the POC and the

overcast region

Characteristic

POC region Overcast region

MBL structure

Cloud macrostructure

Cloud cover
Liquid water

Precipitation occurrence

Precipitation, nature

Cloud microphysics

Aerosols

Weakly stratified layer above a well-mixedNVell-mixed MBL, little evidence of cold
surface layer up te~600 m. Temperature pools.

and humidity more variable, particularly as-

sociated with precipitation near surface in

cold/moist pools.

Highly variable (and bimodal) clowaksd Typical of stratocumulus with well-
and thickness. Cumulus clouds growingleveloped mesoscale cells. Narrow
from top of subcloud layer and spreading fodistribution of cloud base and thickness.
form stratocumulus, some very thin.
~ 60% Almost 100%

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

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

Almost all clouds drizzling, heavyized Almost all clouds drizzling, most drizzle
zle common and significant fraction-falf) moderate and does not reach surface.
reaching surface.

Very low and highly variable cloud dmipl Typical of clean marine stratocumulus and
concentrations §; from 0.1-40 cnt®), relatively uniform (V; from 50-100 cnt?3)
highest values in intermittent active cumuludut decreasing consistently and sharply
cells. within 30 km of the transition region.

Low concentrations in the accumulatiovertically 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 particles.

MBL. More Aitken mode patrticles 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 10 m C 17.0 17.2 -
0o BAe-146 surface K 288.4 288.7 -
qo BAe-146 10m gkg! 7.8 8.1 -
RH, BAe-146 10m % 65 66 -
OpT BAe-146 &;+200 m) K 303.2 305.0 -
0(z) BAe-146 inversion base K - - 289.5
qrT BAe-146 @;+200 m) gkg! - - 0.35
Winds, pressure
u,v winds BAe-146 315m ms  [-3.1,9.6] [-3.6,8.8] -
wind speed{/;, BAe-146 10 m ms! 7.7 7.2 -
u,v winds Quikscét 10 m ms! [-3.2,6.7]
Surface pressure BAe-146 surface hPa 1020.2 1020.0 -
u,v winds BAe-146 mean over MBL s - - [-4.2,8.5]
Surface fluxes
LHF BAe-146, bulk surface W nt2 131 116 -
SHF BAe-146, bulk surface W it 10 8 -
MBL depth
Inversion base heighy; BAe-146 Profile m - - 1280

aDaily mean value from Reynolds and Smith (1994), data aviEliom NOAA ESRL.
bMean air temperature at 10 m altitude estimated using SC ssuiidng a dry adiabat.
€Assumed to be equal to mean vapor mixing tatio on SC

dEstimated using log-wind profile with surfagg roughnes$%.80~4 m.

€Daily mean value for Oct 27th 2008 from Remote Sensing System

fEstimated using COARE bulk formula with transfer coeffitief(1.1+0.017,0) x 1073,
9Estimated from all BAe-146 temperature profiles.



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-136 SC1/sC2 C 17.5 18.0 17.7
SST AMSPR 79-81 W, 16-20 S C - - 17.5
SST Reynolds 79-81 W, 16-20 S C - - 17.4
Air temperature and humidity
To C-13¢ 10m C 16.4 17.3 -
0o C-130 surface K 288.1 289.0 -
q C-13¢ 10m gkg! 8.5 7.6 -
RH, C-130 10m % 73 60 -
Orr C-130 €;+200 m) K 304.1 305.5 -
0 () C-130 inversion base K 292.3 291.0 -
qrT C-130 €;+200 m) gkg! 0.5 0.3 -
Infrared Radiation
Fl/Ft/Fl—-F1% C-130 AC (;+200 m) Wnr?  225/371/-146 233/354/-120  230/363/-133
Fl/Ft/Fl-F1 C-130 SC1/SC24=145m) Wnr2 302/376/-74  350/379/-29 322/377/-55
AF C-130 @;+200 m) - (145m) W m? -72 -91 -78
Winds, pressure
u,v winds C-130 145 m ms! [-6.8,8.9] [-7.3,8.3] -
wind speed{/; C-130 10 m mst 9.0 8.8 -
u,v winds Quikscet 10m ms! [-6.3,6.7]
Surface pressure C-130 surface hPa 1018.2 1017.6 -
u,v winds C-130 mean over MBL nrs - - [-7.4,8.3]
Surface fluxes
LHF C-130, bulk surface W nr?2 122 160 -
SHF C-130, bulk surface W nt 15 9 -
SHF C-130, eddy cotr. 43 surface W nm2 12 4 -

du/dz, dv/dy
Dy =du/dz+dv/dy
Wgs50
wg50
Inversion base height;
Cloud top height

Large scale surface divergence, subsidence, and MBL depth

Quikscat 78-82W,15-21S s! - -
Quikscat 78-82W,15-21S s! - -
Quikscaf 78-82W,15-2°S  cms! - -
NCEP reanalysls  78-82W,15-2°S cms! - -
C-130 Profile® m 1375 1375
C-130 WCR m 1347 1363

[3.3,-1.6}10°°
1.67x10°¢
-0.25
-0.20

aA correction of -1.0 C has been added to the nadir IR radionm@iehe C-130 based on multi-flight comparison with

Reynolds SST.

bAdvanced Microwave Scanning Radiometer on the NASA Aquellitat data taken at 0130 h local.
®Daily mean value from Reynolds and Smith (1994), data aviltom NOAA ESRL.

dMean air temperature at 10 m altitude estimated using SCB&adand assuming a dry adiabat.
€Assumed to be equal to mean vapor mixing ratio on SC1/SC2

fEstimated using log-wind profile with surface roughnes$%.80-* m.

9Daily mean value for Oct 28th 2008 from Remote Sensing System

hEstimated using COARE bulk formula with transfer coeffitieh(1.1+0.017;0) x 1073,

'Eddy correlation not available for LHF because the higle-ratgrometer was not functional.
iDaily mean value for Oct 28th 2008.

KAssuming constant divergence from the surface to 850 hPa.

'Daily mean value for Oct 28th 2008.

MEstimated 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, overeamst, transition regions during
RF06. Aerosol concentrations are mean values for drizele-Elear-air samples, screened using the
criteria described in Section 2.4. The non-refractorytfac;, ., —r. s is estimated from the leg means
as(Nen — Newonot)/Nen. Cloud droplet and effective radius concentrations arecfoudy samples
only. A minimum of 20 samples (1 Hz) is required to include aam@ 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<23.5 um, CDP) cnt?  Cloud base (623 m, CB) 21 23 +
Cloud level (1120 m, C1/C2) 7 18 70
re (1 <1 <23.5 um, CDP cnt3  Cloud base (623 m, CB) 8.9[22.5] 10.2[50.5] T
and [..]1 <r <800 um, CDP/2D-C) Cloud level (1120 m, C1/C2) 17.6[38.8] 16.2/7 10.2[13.4]
Aerosol properties (clear air)
N, (0.12< D <3.12 um, PCASP) cm?®  Subcloud (145 m, 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 47
Ngon (D> 10 nm, TSI 3760) cm?3  Subcloud (145 m, 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 hot (D> 10 nm, TSI 3010) cm?  Subcloud (145 m, 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
frnon—res (D >10 Nm) cnT3  Subcloud (145 m, SC1/SC2) 0.69 q 0.28
45 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

9 No clear-air data
1 No cloud data



Fig. 1. Visible satellite images on October 28th 2008 showing bampdetween region of closed and
open cells that was sampled by the aircraft during RF06. chatkwise from bottom left: GOES-10
visible image from 1500 UTC; MODIS visible imagery from 1580°C; blow-up of MODIS visible
imagery from 1550 UTC. The oval in the upper panel repregbestkcation of the C-130 measurements,
advected using the mean MBL winds as described in the text.
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Oct 27 04:28 UTC -18 hr  Oct 27 10:28 UTC _-12 hr Oct 27 22:28 UTC hr

T

Fig. 2. Sequence of thermal infrared satellite images from GOE®f@ 44 hour period from 0426
UTC on October 27th (18 before flight B409) to 0028 UTC on OetakOth 2008 (12 hours after the
end of the sampling on flight RF06). The blue stars (or redhgfiies for times of missions) show the
location of the advected airmass over the period determisend) forward/backward Hysplit trajectories
initialized at 0 UTC October 28.
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Fig. 3. GOES visible imagery (upper row) and infrared imagery (Iotveo rows) between 2145 UTC
and 2315 UTC 27 Oct with near-coincident hour-long sectifyedlow) of the BAe-146 flight track
during B409, centered on the image time overlaid. The yetimves shows the location of the aircraft at
the time of the image, with the image time shown at top lefhefpanels. The aircraft leg closest to the
image time is given in blue text at top right of panel. The redssrepresent the approximate location of

the aircraft during two profiles. 48
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Fig. 4. GOES IR imagery (upper two rows) and visible imagery (loweo tows) between 0845 UTC
and 1245 UTC 28 Oct with near-coincident hour-long sectigeiow) of the C-130 flight track during
RFO06, centered on the image time overlaid. The yellow crbssvs the location of the aircraft at the
time of the image, with the image time shown at top left of thagis. The aircraft track before and after
the image time is advected using the mean low level flow detedfrom the aircraft data to account for
cloud motion. The red triangle and circle show locationshefleading and back edges of the transition
region respectively (see text), and are plotted on the rust iosely coincident with the satellite data
(run given in blue text at top right of panel, with times shogiivhen the leading/back edge was crossed.
The red stars represent the approximate location of theaftirduring the two representative profiles
used to characterize the vertical structure in the POC aarctast regions.
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Fig. 5. Radar cross sections from the WCR for all legs in RF06. Rungrasented in time order (earliest
at top). Gray regions denote periods when WCR was not furation
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Fig. 6. Cumulative probability of column maximum radar reflecivit,, ., greater than the abscissal

value, for the overcast (solid), POC (dashed), and trams{tlotted) regions. All available WCR data

from all flight legs were used to construct the plot. The tofs aenotes the approximate cloudbase
precipitation rate corresponding ,,,,, constructed using th& — R relationship discussed in Section

2.3.
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Fig. 7. Profiles from RF06 of mean values of (a,c) liquid potentiahperature and (b,d) total water
content, from straight and levels runs (symbols) in the P@@rcast, and transition regions. Data from
both flight B409 (a,b) and flight RF06 (c,d) are shown. For B4B@ two available profiles are shown.
For RF06 representative example profiles are also showhdd?©C (red, 120 km from boundary, 1255-
1305 UTC) and overcast (blue, 160 km from boundary, 105 105C) regions. Profile locations are
shown in Figs. 3 and 4.
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Fig. 8. Profiles from RF06 of mean values of cloud (a,c) and drizz|d)(bquid water content from
straight and levels runs (symbols) in the POC, overcasttramsition regions. The upper panels (a,b)
give values averaged over both cloudy and clear portionseofegs, while the lower panels (c,d) show
values averaged over cloudy samples only. Note that thditiesdifference between the cloud+clear
and in-cloud values for the overcast region since the rume wi¢her almost entirely in cloud or entirely
out of cloud.
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Fig. 9. Profiles from RF06 of mean values of (a) precipitation raaelér estimated values are shown for
the height of maximum reflectivity and at 250 m by symbols withs and horizontal bars show leg-leg
variability), (b) relative humidity, (c) volume radius ofidzle drops, and (d) drizzle drop concentration
in samples where the drizzle concentration exceeds'l Bymbolia are the same as for Fig. 7.
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Fig. 10. MODIS-estimated cloud liquid water path (LWP) for the samerpass (1550 UTC, 28 October
2008) as shown in Fig. 1.
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Fig. 11. Probability distribution functions from RF06 for (a) ligliwater path; (b) cloud top height;
(c) cloud base height, for overcast, POC, and transitioionsg LWP data are from the microwave
radiometer data on the two subcloud legs. Cloud top heightata from the cloud radar on the subcloud,
above-cloud, and cloud-base legs. Cloud-level legs weragedl to prevent the chance of the cloud top
occurring in the radar dead-zone. Cloud base data are fremwth subcloud legs. In heavy drizzle
the lidar algorithm is unable to detect a clear cloud basd,ianthese cases we use the height of the
maximum radar reflectivity as a proxy for the cloud base. Fer POC and transition regions this
substitution accounts for roughly 50% of all data pointsijle/for the overcast radar data are used only
5% of the time. 56
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Fig. 12. Time series, from leg SC2 of RF06, of (a) WCR radar reflecti\iy WCL lidar backscatter,
with WCR cloud top (1 Hz) and the height of the maximum WCR reiligt(smoothed with 7 second
triangular filter and plotted every fifth point for clarityyerlaid; (c) liquid water path from the microwave
radiometer (red circles) and estimated using two adialpatidels. Both models use the WCR observed
cloud top height, but one uses the lidar-derived cloud basghhwhere available (open circles), and
the other uses the height of the maximum WCR radar reflectasty proxy for the cloud base height
(crosses) where strong drizzle precludes accurate WCL dlaesd height estimates.
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Fig. 13. Median column maximum reflectivity,, ... for all samples on which the WCL detected clouds
above, binned as a function of LWP in the overcast (solid e&);IPOC (open circles), and transition
(open triangle) regions. All data from the two RF06 subcléegs SC1 and SC2 are used. The right
axis denotes the approximate cloudbase precipitatiorcratesponding t&7,, ... constructed using the
Z — R relationship discussed in Section 2.3.
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Fig. 14. MODIS-estimated cloud top effective radius (colors) from the 2.1um near-IR channel,
overlaid on MODIS 250 m visible imagery which is revealed vehe. retrievals are not performed
because 1 km pixels used for the retrieval are determined fmbitially 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 RF06 for clear-air sampiesasured with the University of
Hawaii in-cabin sampling system, at different levels in BX@C region (a,c,d for the free-troposphere,
cloud level, and subcloud layer respectively) and for thercast region (b and e for the free-troposphere
and subcloud layers respectively). We show both individyaictra (typically taken over 10 s samples)
and the mean spectrum for each level/region, to emphasizbildy. No data are available from the
cloud level in the overcast region since almost the entgenlas cloudy.
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Fig. 16. Aerosol size distributions from the BAe-146 in B409 (grean)l from the C-130 in RF06 (red)
for clear-air samples in the subcloud layer of (a) the POC(ahdhe overcast region. Both individual
spectra (typically taken over 10 s samples) and the meatrapetor each level/region are shown as per
Fig. 15.
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Fig. 17. Representative profile (Profile 3d from RF06) within the PCiGerosol concentratioiV,,
measured with the PCASP (solid circles), the CN counter) @ad with the CN counter after heating to

250 C (short-dash) in the POC region approximately 100 ki ftioe leading edge.
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POCKET OF OPEN CELLS TRANSITION
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100

Fig. 18. Cloud droplet concentration from RF06 from the COYR (colored crosses, samples in cloud) or
PCASP aerosol concentratidv, (black or gray triangles, clear air samples) for (a) cloyetdegs C1
and C2; (b) cloud-base level leg CB; (c) subcloud legs SC1S®2. The data are plotted each second
as a function of the distance from the leading edge of thesitian region (positive towards the overcast
region). Each 1 Hz data point is classified as either cloudyear using the criteria described in Section
2.4. Drizzle-containing points are excluded from the asialgince the aerosol measurement is prone to
shattering artifacts.
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Fig. 19. (a) Median droplet concentratioN,; for RFO6 cloudy samples (see Section 2.4) binned as
a function of the sample’s vertical wind magnitude in the overcast (solid circles) and POC (open
circles) regions. Error bars show the approximate 95% cenéd interval for the medians with degrees
of freedom estimated using the approximately exponenéahy of the autocorrelation function. Panel
(b): rain rate from the 2D-C probe for cloudy samples binnga@ dunction ofw as in (a). Panel (c):
cumulative distribution function of the vertical wind fratime cloud data in the overcast and POC regions.
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Fig. 20. Conceptual diagram of the POC-transition-overcast MBLlzeoved during RF06. Two real-

izations are shown: one in which a strong boundary cell isqare and one where no clear boundary cell
is evident.
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Fig. 21. Time series for 6.5 minutes(40 km) from leg C2 of RF06 at an altitude of 1084 m contrasting
two cells producing strong drizzle. The panels show: (a)deémsed water content for cloud water (both
from the PVM and the CDP) and drizzle (2D-C); (b) cloud dropled drizzle droplet concentration;
(c) mean volume radius for cloud (CDP) and drizzle (2D-C)enthat value for drizzle is divided by
10 to facilitate use of same ordinate; (d) precipitatior fabm the 2D-C; (e) column maximum radar
reflectivity Z,,,... from the WCR, and in-situ derived radar reflectivity from tHe-; (f) vertical wind
component (solid, 25 Hz) and "mesoscale” vertical wing.s; smoothed with a 10 second boxcar filter
(dotted) and magnified by a factor of 10; (g) radar reflegticitoss section from the WCR. The gray
regions indicate the approximate locations of two celldl £és extremely active with a strong updraft
and compensating downdrafts, while Cell B is quiescent andains a much higher ratio of drizzle
water to cloud water. 66



(a) radar reflectivity

1.5

Altitude (km msl)

Altitude (km msl)

N
o
w

0

Distance (km)

Fig. 22. (a) Radar reflectivity and (b) along-track horizontal wirairgponent fluctuations derived from
the WCR downward and slant-downward doppler (with the fligé#raged mean wind subtracted) for
the AC1 leg during RFO6.
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POCKET OF OPEN CELLS TRANSITION OVERCAST
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Fig. 23. (a) Radar and lidar aerosol reflectivity (lidar backscatti#h estimated molecular backscatter
subtracted and shown only where radar reflectivity belowd28); (b) microwave liquid water path; (c)
temperature and relative humidity; (d) equivelent potrtBmperature and aircraft-level precipitation
detection &1 mm day ! from the 2DC); (e) along-track (boundary-normal) wind spéar subcloud
leg SC1 on RF06 showing a strong cold/moist pool with low lexgflow associated with a precipitating
boundary cell.
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