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Abstract. Five pockets of open cells (POCs) are studied us-(65 to 324 cnt3), the accumulation-mode aerosol concentra-
ing aircraft flights from the VOCALS Regional Experiment tions observed in the subcloud layer of all five POCs exhibit
(VOCALS-REX), conducted in October and November 2008a much narrower range (24 to 40ch), and cloud droplet
over the southeast Pacific Ocean. Satellite imagery from theoncentrations within the cumulus updrafts originating in
geostationary satellite GOES-10 is used to distinguish POQhis layer reflect this limited variability. Above the POC sub-
areas, and measurements from the aircraft flights are usedoud layer exists an ultraclean layer with accumulation-
to compare aerosol, cloud, precipitation, and boundary layemode aerosol concentratiors5 cm3, demonstrating that
conditions inside and outside of POCs. Conditions observedn-cloud collision—coalescence processes efficiently remove
across individual POC cases are also compared. aerosols. The existence of the ultraclean layer also suggests

POCs are observed in boundary layers with a wide rangehat the major source of accumulation-mode aerosols, and
of inversion heights (1250 to 1600 m) and surface windhence of cloud condensation nuclei in POCs, is the ocean
speeds (5 to 11 n7$) and show no remarkable difference surface, while entrainment of free-tropospheric aerosols is
from the observed surface and free-tropospheric conditionsveak. The measurements also suggest that at approximately
during the two months of the field campaign. In all cases,30cnt2 a balance of surface source and coalescence scav-
compared to the surrounding overcast region the POC boundenging sinks of accumulation-mode aerosols maintain the
ary layer is more decoupled, supporting both thin stratiformnarrow range of observed subcloud aerosol concentrations.
and deeper cumulus clouds. Although cloud-base precipita-
tion rates are higher in the POC than the overcast region in
each case, a threshold precipitation rate that differentiates
POC precipitation from overcast precipitation does not ex-1 Introduction
ist. Mean cloud-base precipitation rates in POCs can range
from 1.7 to 5.8 mmd* across different POC cases. The oc- During most of the year, a large stratocumulus cloud deck
currence of heavy drizzle(0 dBZ) lower in the boundary covers the southeast Pacific Ocean, extending westward from
layer better differentiates POC precipitation from overcastthe South American continent. Due to a strong albedo and
precipitation, likely leading to the more active cold pool for- weak greenhouse effect, the stratocumulus exerts a strong
mation in POCs. Cloud droplet number concentration is atcooling effect on the ocean and the atmospheric boundary
least a factor of 8 smaller in the POC clouds, and the ratio oflayer (de Szoeke et al2012). The extensive stratocumu-
drizzle water to cloud water in POC clouds is over an orderlus cloud deck is occasionally interrupted by cloud breaks
of magnitude larger than that in overcast clouds, indicatingin the form of pockets of open cells, where the lower cloud
an enhancement of collision—coalescence processes in PO@Ver exposes the darker sea surface, effectively lowering the
clouds. albedo of the area where these features form.

Despite large variations in the accumulation-mode aerosol Pockets of open cells (POCs) have previously been defined
concentrations observed in the surrounding overcast regiods regions of open-cell convection completely or largely

embedded within a larger region of closed-cell convection
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(Stevens et al2005 Wood et al, 2008. In regions of open-  Berner et al.2013. Several of these studies initialize a re-
cell convection, patches of descending clear air are ringedjion of the model domain with lower cloud droplet num-
by ascending cloudy air, giving it a honeycomb-like pattern ber concentration to initiate POC formation (e\yang and
when viewed from above. On the other hand, closed-cell conFeingold 20093 b; Berner et al. 2011). The simulations
vection are characterized by patches of cloudy ascending ajpoint to the importance of cold pools in transforming closed-
that are ringed by clearer descending air, leading to highecell circulation to open-cell circulationNang et al, 2010,
albedos Atkinson and Zhang1996 Wood and Hartmann  and indicate horizontal coupling of inversion heights that al-
2006. Subsequent studies have found, however, that POCkws for the coexistence of closed-cell and open-cell clouds
also support thin and extensive stratiform clouds in addi-within a region of hundreds of kilometer8érner et al.
tion to the honeycomb-like patterns or isolated clusters of2011). Kazil et al.(2011) implemented a more sophisticated
deeper cumulus cloud®Mpod et al, 20113 and that hor-  model of the sulfur cycle and aerosol processing within an
izontal gradients in cloud microphysical properties exist atLES and was able to reproduce the observed structure of
the transition from closed to open cellular convection, with the aerosol-depleted “ultraclean layer” (as detailed in ob-
often dramatic decreases in cloud droplet number concentraservations byVood et al, 20113 and its potential for sup-
tions inside the POCsSfevens et al.2005 Sharon et aJ.  porting spontaneous nucleation of ultrafine aerosol. More
2006 Wood et al, 2008 20113. In this paper, POCs are de- recently, Berner et al.(2013 showed that a large-domain
fined as regions of broken cumuliform convection, possibly cloud-resolving simulation with interactive aerosols can de-
overlaid by thin patchy stratocumulus, that (a) are embeddedelop long-lived, mutually supporting regions of open and
within regions of closed-cell stratocumulus clouds and (b)closed cells existing side by side, suggesting that, under some
that also show cloud microphysical changes at the transitionlarge-scale meteorological and aerosol conditions, the POC—
evident in daytime satellite images as an increase in cloudvercast system is a self-maintaining form of mesoscale
effective radius at the POC edges. This stricter definition ofcloud organization. POC modeling studies have been initial-
POCs excludes instances of cloud break-up that accompaniged based on one DYCOMS-II cas#/dng and Feingold
cloud thinning due to increased subsidence and evaporatior2009a b) and one VOCALS case (RF08jMang et al.201Q
and also many cloud breaks at the western edge of stratocuiBerner et al.2011 Kazil et al, 2011). The boundary layer
mulus cloud decks. heights of the two cases range from 800var{ Zanten and
POCs have been observed in satellite imagébar@gy  Stevens2005 to 1600 m Wood et al, 20113, suggesting
et al, 2009 and in various field experiment8ietherton  diverse environments in which POCs exist. More observa-
et al, 2004 Stevens et 812005 Sharon et a).2006 Wood  tional analyses of POCs are therefore necessary to identify
et al, 20113 Cui et al, 2014. Because the cloud cover is the boundary layer properties that are common across differ-
relatively low in POCs, their formation can influence the ent POC cases and those properties that are more variable.
amount of incident solar radiation that is absorbed at the Early observations of POCs were fortuitous because their
Earth’s surface. Up to 10-15% of the southeast Pacific reformation cannot be easily forecast and because they form
gion can be covered by POCs during October and Novemever remote oceans. The VAMOS Ocean Cloud Atmosphere
ber, which are months of extensive cloud cow&ofd et al, Land Study Regional Experiment (VOCALS-REX), con-
2008. Although regional models have started to simulate ducted over the southeast Pacific Ocean during October and
episodic changes in cloud cover and albedo due to synopNovember of 2008, was the first concerted field campaign
tic forcing (Abel et al, 2010 and transport of aerosol plumes for which POCs developing in a larger region were system-
from coastal pollution source¥4ng et al,2011; Saide etal.  atically targeted for observational sampling/dod et al,
2012 George et a) 2013, models still do not clearly demon- 2011k Mechoso et a).2014). Wood et al.(20113 provides
strate the formation of reduced cloud cover in the form of a detailed analysis of one VOCALS case (RF06) using data
POCs Abel et al, 201Q Toniazzo et al.2011). An excep-  from two aircraft.Cui et al. (2014 describe measurements
tion exists forMechem and Kogatf2003, who employed from another VOCALS POC case sampled by the UK BAe-
a nested 2 km resolution mesoscale model within a larger re146 aircraft before the NSF/NCAR C-130 sampled it during
gional model to form drizzle-induced cloud break-up in over- RF13. The current study investigates the commonalities and
cast stratocumulus. The low aerosol concentrations observedariations across five different VOCALS POC cases, includ-
within POCs Petters et al2006 Sharon et a].2006 Wood ing RFO6 and RF13. We assess our current conceptual model
et al, 2008 20113 strongly suggest a mechanism by which of POC structure and the conditions necessary to form and
aerosols affect clouds, and also suggest the need to incorpenaintain them. Sectiof gives an overview of the measure-
rate aerosol—cloud interactions occurring on scales of a fewnents available from the C-130 and describes how POCs
kilometers and smaller to simulate POC formation in models.are differentiated from the surrounding overcast region us-
Various aspects of the POCs have been convincingly siming satellite infrared imagery. The following five sections
ulated by large-eddy simulations (LES) and high-resolution,present our results, including the large-scale context in which
cloud-resolving simulationd/Nang and Feingold2009a b; the POCs were observed (Segt.and comparisons of their
Wang et al. 201Q Berner et al. 2011 Kazil et al, 2011 boundary layer (Sec#), cloud and precipitation (Sech),
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and aerosol (Sec®B) characteristics with the surrounding  Concentrations of aerosols of sizéd.1 um in clear air are
overcast regions and two POC-like cases (SéctA dis- obtained from the passive cavity aerosol spectrometer probe
cussion and a summary of the results are given in 8ect. (PCASP) which measures the size distribution of aerosols
with diameter between 0.1 and 3 um. This size range en-
compasses most of the accumulation-mode aerosols and is
representative of concentrations of cloud condensation nu-
clei (CCN) at supersaturations typical of those in marine
stratocumulusNlartin et al, 1994 Terai et al, 2012. Total

During VOCALS-REX, six research flights flown by the aerosol co_ncentrations (CN) for particle diameters0 nm
NSF/NCAR C-130 sampled the atmospheric conditionsVere obtained by the 3010 CN count@igrke et al, 2007).

across transitions from closed to open cellular clouds acAerosol data are all filtered for possible splashing and shat-

companied by clear corresponding changes in cloud micro!€"ng events from drizzle drops by removing aerosol data if
physics Wood et al, 2011B. Five of those six research &Y of the fgllowmg conditions are met: liquid water content
flights are used in this analysis, because the diurnal break-ug 9-:049 1T~ (as measured bylthe Gerber PV-100 probe);
of the closed-cell stratocumulus made it difficult to distin- drizZle drop concentration 1L~ (as measured by the 2DC
guish the closed-cell from the open-cell regions during RF14Pr0be); ora10s forward—Lagge%, 11 s moving-window-mean
(15 November). The five remaining research flights exam-drizzle water content 10~ gm (as measured by the 2DC

ined here are RFO6 (28 October), RF07 (31 October), RFOOPe)- .

(2 November), RF09 (4 November), and RF13 (13 Novem- Measurements of cloud_ droplet concentratioivg)(and
ber). During VOCALS-REX, if a suspected POC was presentTiXing ratios ) are obtained from a cloud droplet probe
within aircraft range when flight plans were made for a given (CPP), which measures drops with radii between 1 and
day, the C-130 was directed to sample the POC. The fligh12,3'5 pm. S|m|larly,_measgrements of drlz_zle drop concentra-
strategy consists of sawtooth profile legs from above the inioNS (Vb) and mixing ratios4p) are obtained from a 2DC
version to below cloud base, profile legs through the depth ofPPtical array probe for drops with radii larger than 30 um
the atmospheric boundary layer, and level flight legs flown(Wood et al, 20118. Unless otherwise stated, all measure-
~150m above the surface in the subcloud layer, at cloud™€Nts are analyzed at 1 Hz time resolution, corresponding to
base € 700m), at cloud level4 1000 m), and above cloud a spatial res_ol_unon of~ 100 m. Clqudy air is d|st|ngws.he(_j
(~ 1500 m). Level flight legs ranged in length from 120 to from cleg( air |n.the clouq-level flight legs when the liquid
240 km. Figurel shows a typical flight strategy of POC sam- Water mixing ratio from either the Gerber PV-100 probe or
pling, followed by most flights, except for RF06 and RF13, in e CDP+2DC exceeded 0.03 gkg

which an additional subcloud and cloud-level flight leg was ' order to locate the POC boundaries regardless of the
flown. time of day, infrared brightness temperature imagery from

For all flight legs, a suite of instruments measured thermo-channel 4 (centered on 11 pm) of the Geostationary Opera-

dynamic quantities (temperature, water mixing ratio, Iores_tional Environmental Satellite imager (GOES-10), obtained

sure, etc., described Wood et al, 20118 to help character- rpughly every 15 min, is used to locate the flight legs in rela-
ize the structure of the boundary layer and lower free tropo-lion to the POC boundary.

sphere. Because the humidity measurements were found to ] o ]

be biased high in previous analys&sdtherton et a).2010), 2.2 Differentiating between POC and overcast regions

the humidity measurements from the Lyman-alpha hygrom- o . . .
eter are corrected accordingBoetherton et al(2010. The We divide each relevant flight leg into POC, transition,
Wyoming Cloud Radar (WCR), also aboard the C-130 pro_and overcast (OVC) subsections by visual inspection of the
vided radar reflectivity from cloud and precipitation hydrom- GOES-10 infrared (IR) imagery. This allows us to compare
eteors above and below the aircraft. The column-maximuni'€ various boundary layer properties in the POC with those
reflectivity from the WCR is used to estimate precipitation I the overcast region. This approach is similar but not iden-

rates at cloud base inside and outside the POCs using tHic@! to Wood et al.(20113 andBerner et al(2013), who
Z—R relationship fromComstock et al(2004. From the instead used radar reflectivity to distinguish the regions. Fig-

subcloud flight legs, the cloud fraction, cloud-base height,Ur€2 shows subcloud flight legs from each of the five POC
and cloud liquid water path are estimated using the upward-cases overlaid on GOES-10 IR images taken closest to the leg
pointing Wyoming Cloud Lidar (WCL) and a G-band va- time. The transition region is identified to ensure that POC
por radiometer (GVR)Zuidema et al.2012, respectively. and over_cast sections of th_e fli'ght Igg solely sampled the cor-
Sea surface temperatures (SSTs) are remotely sensed B§SPonding cloud types, with its width determined from the

downward-viewing Heimann radiometric sensors and cor-Sharpness in the transition from overcast to broken clouds
rected by 1K to correct a warm bias found Byetherton along the leg. In the following analysis, we compare the ther-
etal.(2010. modynamic, macrophysical, and microphysical characteris-

tics in the POC region and the overcast region.

2 Data and methods

2.1 Data
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Figure 1. Typical flight strategy taken by the NSF/NCAR C-130 during POC sampling (adapted from Figv@oof et al, 20113.

3 Large-scale context Table 1. Time and location of POC flights. The local standard time
is UTC — 5.3 h at 80W. Location denotes the center of all flight

3.1 Geographical and diurnal context legs flown for POC sampling.

Four of the POC flights in this study were located at B0 Flight Date Time sampled  Location

and just to the north and south of28. The RF13 POC was -uTC sampled

g e oo o s g FFOS 20200 pze 1320 0w
e . . RFO7 310ct2008 08:32-11:37 225,80 W
by a combination of aircraft and shipboard measurements pr-os 2 Nov 2008 09:07—12:24 295 80 W
made during VOCALS-RExRretherton et a).201Q Allen RFO9 4 Nov 2008  08:39-11:32 28, 80 W
et al, 2011 and shipboard measurements from seven re- RE13 13 Nov2008 16:03-20:11 198, 78 W
search cruises conducted from 2001 to 2a8%zoeke et al.
2012, for which the values are summarized in Tabked.

During October and November, the region was character- )
ized by a median inversion height of 1240 m (25th—75th optic waves directly cause the POC features to form or that

percentile range of 1220-1330 Bretherton et a).2010, they help maintz_iin POC fez_alture_s, because midlafcituo_le storms
a diurnal-mean cloud thickness of 250 m, corresponding igrave the potentlal of affecting air masses advectlng into VO-
a mean liquid water path of 81gTh (de Szoeke et al. CALS region George and Wogd010, we cannot discount

2019, and a mean cloud fraction of 90 %€ Szoeke et al. & possible influence from midlatitude synoptic activity on the

2019). Surface mixed-layer accumulation-mode aerosol con-formation of POCs.

centrations in the region average approximately 140%m

but with large variations such that the 25th—75th percentile3-3 Free troposphere

range is 70—220 cr? (Allen et al, 2011). Because stratocu- ] - )

mulus cloud cover and drizzle rates tend to maximize in the-OWer tropospheric stability (LTS) over the subtropical stra-
early morning hours/ood et al, 2008 Leon et al, 2008 de tocumulus regions is positively correlated with low cloud
Szoeke et a.2012, and because a goal of VOCALS-REx Ccover Klein and Hartmannl993 Leon et al, 200§. In Ta-

was to observe the precipitation characteristics in POCs, fouP!€ 2 We compare the LTS, calculated as the potential tem-
of the five POC-sampling research flights were conductedPerature difference between the 70.0 hPa level and }he sur-
in the early morning hours (Tabl®. Large differences in f_ace, oyer_the_ POCs and surrounding overcast region. We
cloud properties between the one POC sampled during midfind no indication that the VOCALS POCs formed under re-
day (RF13) and the four POCs sampled during early mommdﬁarkably high or Iow LTS conditions. Because the aircraft
are apparent in the precipitation rate and in-cloud turbulencélid not fly many profiles up to 700 hPa (3100 m), the same

(Table3 and Sect5.3). 700 hPa potential temperatures are used to calculate LTS in
POCs and overcast regions in Tat@eThe surface poten-
3.2 Synoptic setting tial temperatures are the mean potential temperature from the

subcloud legs in each region. Because surface potential tem-
The C-130 VOCALS sampling period of 15 October to 15 peratures did not vary by much between separate POC cases
November 2008 was characterized as a quiescent period, i(287—289 K), variations in LTS between cases are largely due
which little synoptic activity propagated from the midlati- to differences in the 700 hPa temperatures.

tudes into the VOCALS regiorilpniazzo et al.2011). Dur- Stevens et al(2005 observed a moister free troposphere
ing this quiescent period, however, POCs contributed sub{FT) above a northeast Pacific POC, which led to the hypoth-
stantially to cloud cover variabilityToniazzo et al.2011). esis that POCs formed under regions with moisterwdod

Although no evidence has been found to show that the synet al. (2008, however, found no evidence in the southeast
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Figure 2. C-130 flight tracks overlaid on GOES-10 satellite imagery, in situ PCASP concentrations, and Wyoming Cloud Radar (WCR)
reflectivity cross sections from subcloud legs of the five POC cases analyzed in this study. For each POC case, the left panel shows the locatiol
of the flight legs in relation to the overall POC structure. The flight track is colored with regard to distinction between POC (blue), overcast
(red), and transition (green). The top panel for each case shows the aerosol concentration as measured by the PCASP (9.3 jum),

where concentrations are filtered for drizzle events. The dotted line indicatingSDisrhighlighted in orange to remind the reader of the
changing scale along the ordinate. The panel below the PCASP concentrations shows the WCR column reflectivities (dBZ) with the cloud-
base height from Wyoming Cloud Lidar traced in gray. All radar cross sections and aerosol concentration time series are aligned along the
middle of the north transition region.
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Table 2.Boundary layer and free-tropospheric conditions in the POC and overcast (OVC) regions of the five observed POC cases. In addition
to the five VOCALS cases examined in this study, the mean conditions°a/8Quring the VOCALS field campaign and measurements
reported in previous studies are listed for comparison. Mean and standard deviations are recprgted, aghereas 25th—75th percentile

ranges are shown as a rangg—x7sth. FoOr conditions that vary with height level, the variables are preceded by SC (subcloud), CL (cloud),

and AC (above cloud) to indicate the height level at which the measurements were taken. The inversion basg hgjgit €stimated from

the profile legs as the height of the coldest temperature in the lower troposphere. The inversionzf)egéstimated from the profile legs

as the height of the maximum of the 5 s running meardgiid. The lower-tropospheric stability (LTS), defined as the potential temperature
difference between 700 hPa and the surface, was calculated from taking the difference between the mean SC leg potential temperature and tt
mean potential temperatures calculated by the C-130 between 699 and 701 hPa antt2vEhlatitude and longitude of the POC location

in Tablel.

Case Region Zi, base Zj LTS AC gv SST Tp—SST Sley
(m) (m) (K) (kg™ (°C) (K) (ms1)
RF06 POC 126274 1411422 27 05340.21 17.3 -1.0 113+09
ovC 1338+49  1393+18 26 021+0.03 17.7 -05 111409
RFO7 POC 158215 1658+ 25 22 02740.03 17.3 -16 80+14
ovC 1613+41  1654+23 21 023+0.07 17.7 -1.0 97+11
RF08 POC 1599-92 1642+ 113 23  031+0.05 17.5 -06 77+11
ovC 1656+34  1672+24 23  024+0.06 17.6 -0.0 82+07
RF09 POC 1426-58 1543+ 129 24 026+0.12 17.5 ~15 72+11
ovC 15214107 1539101 23  06840.10 17.8 -0.8 &7+07
RF13 POC 134331  1365+16 30 07840.12 17.9 ~1.7  49+12
ovC 1298+15 1307+ 19 29 033+0.09 17.5 -03 50+12
Mean
20° S, 80 W 1220-1338 24.7+2.4b 17.84+0.42 8.041.9°
DYCOMS I
VSO5® POC 794
ovC 794
Pod POC 794
DECS
soe POC 740-800
ovC 710+ 75

2 Inferred fromBretherton et al(2010).

b Estimated from flight-mean C-130 data taken between 77.5 and B2dcross 11 research flights.
€ Van zZanten and Stevel(2005.

d petters et al(2008.

€ Sharon et al(2006.

Pacific that POCs formed preferentially in regions with a (Table2). However, the apparent SST decrease in the POC is
moister FT. Likewise, if we compare the water vapor mix- likely a sampling artifact. First, the approximately 1K de-
ing ratio gv) from the above-cloud flight legs flown over the crease in the subcloud temperature and 1tfkgcrease in
POC and overcast region, then we find thats not consis-  the water vapor mixing ratio in the POC can lead to a low bias
tently higher above the VOCALS POCs (Talde in the SST retrieved over the POC. Second, the decrease in
cloud cover in the POC can decrease the amount of reflected
infrared radiation, also leading to a low bias in SST retrieved

4 Boundary layer structure over the POC$mith et al, 1996. Indeed, when the retrieved
SST and downward infrared irradiance are compared within
4.1 Air—sea temperature difference the POC segments of the flight legs, they somewhat corre-

_ _ _ _late with each other. Despite this potential low bias of the
Air—sea temperature differences and wind speeds determineQOC SSTs, the estimated air—sea temperature difference in-

the temperature flux at the surface. Except for RF13, theside the POC is larger than in the overcast region (Taple
SSTs are slightly lower in the POC than in the overcast region

Atmos. Chem. Phys., 14, 80786088 2014 www.atmos-chem-phys.net/14/8071/2014/
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Table 3. Similar to Table2 but for boundary layer thermodynamic and cloud macrophysical properties. The lifting condensation levels
(LCL) from the SC legs are reported here. Cloud fraction (CF) is based on the WCL cloud detection from the subcloud legs. The decoupling
parameter\z is the mean height difference between the cloud-base height and the LCL.

Case Region Az LCL CLw? CF  SCLWP  ZmaxR
(m) (m) (M s72) ®)  (@m?) (mmd?
RF06 POC 343 480 0.17 56 251238 43
ovc 89 829 0.69 100 17386 2.6
RFO7 POC 781 605 0.05 75 3725 5.8
ovc 255 950 0.52 100 16679 2.1
RF08 POC 545 619 0.09 80 1381 5.0
ovc 299 968 0.67 100 13%107 0.6
RF09 POC 429 532 0.08 73 1a7194 1.7
ovc - 845 0.37 - 13%62 1.3
RF13 POC 372 419 0.03 83 215206 2.8
ovc 517 569 0.12 100 59 39 0.3
Mean
20° S, 80 W 3094+ 1472 840+£60P 053+0.14% 90+4P 81+10° 0.3-2.3
DYCOMS I
VSO5° POC 0424 0.03
ovc 0.32+0.03

2 Estimated from flight-mean C-130 data taken between 77.5 and ®2deross 11 research flights.
P Inferred fromde Szoeke et a(2012.
€ Van zZanten and Stevel(2005.

The cooler surface air temperatures in the POC, likely a re4in deeper boundary layers. If we compare the POC with the
sult of cold pool formation, increase the air—sea temperaturesurrounding overcast region, the inversion base height is 25
difference in the POC. to 100 m lower in the POC than in the overcast region in
Relative changes in wind speed across the POC—overca®F06, RF07, RF08, and RF09, but 50 m higher for RF13,
transition are small (Tabl®). Therefore, any systematic the one POC sampled during the daytime. Inadequate sam-
changes in the surface sensible and latent heat fluxes amding precludes attributing this difference to the diurnal cy-
likely due to air—sea temperature and moisture difference<le. Thez; paseObserved in the VOCALS POCs is substan-
in the POC. Across different POCs, a large range in surfacetially deeper than the 700-800 m inversion base heights of
level horizontal wind speeds was measured (T2hlevhich POCs observed previously over the northeast Pacific (see Ta-
indicates that the maintenance of POCs does not requirble 2; Van Zanten and Steveng005 Sharon et a).20089.

stronger or weaker winds. We conclude that POCs can be produced in boundary layers
with a range of inversion heights.
4.2 Inversion height and structure The strength of the inversion determines how easily free-

tropospheric air can be entrained into the MBL. We compare
the inversion structure over the POC and overcast region in
Fig. 3. A mean profile for the overcast and POC region is
constructed for each case from averaging the potential tem-
perature from the profiles in 25 m height bins. To compare
results from different POC cases, the mean inversion height
(zi) from each POC and overcast case found in Table
subtracted from each profile. Rather than usingase for

A critical parameter in marine boundary layer (MBL) evolu-
tion is the inversion height, which determines the cloud-top
height and affects the likelihood of boundary layer decou-
pling (Jones et a).2011). The inversion base height; (pasd

is estimated from the profile legs as the height of the low-
est temperature in the lower tropospheter(es et a]. 2011
e e b iy urpoe (ich woud aln he boton of e raier
which is on the higher end of the range Bfpase Observed regions in the profiles), we define thein each flight pro-

at 80 W during all the VOCALS-REX flights Bretherton f|Ifedt90 gorrezpont;jt to :htﬁ maxmun; tohf theth_ rrl]Jtnnflng mear;]
et al, 2010, but there is no indication that POCs only form of df/dz and subtract the mean of those heights from eac
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Table 4. Similar to Table2 but for cloud microphysical and aerosol properties. Aerosol concentrations are filtered for possible drizzle
shattering events.

Case Region Ny CL gc CL¢p SCNa CL Na SCCN CLCN
(em™3)  (@kg )  (gkg™h (cm™3) em3)  (@em3¥) (cm™d)
RFO06 POC 16-13 0.06 0.11 3218 17447 137 80
ovC 94421 0.31 0.03 10325 - 145 -
RFO7 POC 43 0.03 0.08 29-9 11+18 140 80
ovC 67429 0.34 0.04 74-20 - 195 -
RFO8 POC 1312 0.06 0.09 4813 2204114 383 261
ovC 208+ 75 0.27 0.00 324 166 - 636 -
RF09 POC 611 0.02 0.05 2412 614122 307 214
ovC 524 20 0.14 0.02 639 - 207 -
RF13 POC 88 0.04 0.06 3711 42439 177 316
ovC 94+ 62 0.26 0.02 o9& 13 - 247 -
Mean
20°S, 80 W 133+57% 0.09-0.28 0.00-0.02 70-228% - 300-488 -
DYCOMS I
VSO5° POC 55+ 16
ovC 70+17
pod! POC 30+ 15 40
DECS
soe POC 20 ~10
ovC 40-60 ~50
wogf POC ~ 20-50
ovC ~ 100-300

2 Estimated from leg-mean C-130 data taken between 77.5 antl\B2a&ross 11 research flights.
P Inferred fromAllen et al.(2011).

€ Van Zanten and Steveri28005.

d petters et al(2006.

€ Sharon et al(2006.

f Wood et al(2008.

averaged profile. Tabl2 gives this mean; for the POC and 4.3 Decoupling
overcast (OVC) regions of each flight; for the four noctur-
nal flights, the meap; is quite similar in the POC and OVC The degree to which the boundary layer is decoupled can be
regions, even though paseis lower in the POC. Figur8 quantified by taking the differenceé\¢) between the cloud-
shows that the inversion is typically sharper in the OVC re-base height and the lifting condensation level (LCL) from the
gion than in the POC. This is expected given how radiativesubcloud flight legsJones et a]2011). Defined this way, the
cooling from thick overcast clouds helps to sharpen the in-decoupling gives an indication of the relative timescales be-
version. However, the inversion structure also differs fromtween boundary layer mixing and processes that act to stabi-
case to case. For example, the inversion in the overcast prdize the boundary layer. From Tab& we see for all cases
file from RFO9 is especially hard to identify. This is partly a that the POC has a significantly (150-350 m) lower LCL.
result of averaging four different overcast profiles into one, In the nocturnal cases, thez is larger (indicating stronger
but visual inspection shows that the inversions in individual decoupling) in the POC than the surrounding OVC region.
profiles from the overcast region of RF09 are also less sharpn the one daytime flight (RF13), the OVC is more decou-
than in other cases. pled, consistent with observational and LES studies that find
that solar insolation strongly decouples the daytime overcast
boundary layerTurton and Nicholls1987 Bretherton et aJ.
2004 Caldwell and Brethertqr2009. AlthoughWood et al.
(20113 noted that the OVC region surrounding the RF06
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fal POC Tl ovc both POC and OVC regions in the RF13 case sampled dur-
200 20 ing midday are probably due to absorption of solar radiation,
150 150 which reduces the net cloud-layer radiative cooling that helps
100 0 drive turbulence. It is illuminating to see local variations in

w’2 over the course of a flight leg, which we calculate based

§ 50 % 50 on a 21s € 2km) moving window, which acts as a crude
§ o § 0 — high-pass filter to isolate turbulent motions from mesoscale
2 2 fluctuations. In Fig4, measurements from the cloud-level
?IS -0 — RF06[10] T; -0 — RF06 [4] flight leg of the RFO8 POC are shown to illustrate the ob-
N 100 o | 00 s served changes in cloud, drizzle, and vertical wind speed
150 - Ei?g de 150 - Ei?g S} across the POC-to-OVC transition. Figuite shows thaty'2
is intermittent in the POC. Long stretches of very lav¢ are
20 295 300 305 310 20290 295 300 305 310 interrupted by short bursts of elevated®, which are asso-

0w 0w ciated with cumulus clouds. Although there are fluctuations

Figure 3. Potential temperatur@) structure in POCs (left) and in in w'2 in the overcast region, the values are generally high.
overcast regions (right). Profiles are mean profiles based on dat&€loud-levelw’2 also gives an indication of how much turbu-
from profiles binned every 25m. The number of individual profiles |ence is available to entrain air from the FET. The much lower
that are used to calculate the mean profiles is indicated in bracketgs|es of cloud-layem within POC regions compared to
Jemperatun Inars3s8 s subtractd flom each profe to examine (g "0UNCing GVercast regions with similar inversion temper.
structures relative to the inversion height. Instead of the inversiongture jur‘rr:ps Stilgg(-:;t th.atttr:]e emramrg.ent rates Ovter the POCs
base height, the mean height of the maximum vertical gradient in'® muc. smaller than in theé surrounding overcast regions, as
potential temperature is chosen for the reference height so that thfPund with LES Berner et al.2011).

temperature changes in each area are better aligned.

. , , 5 Clouds and precipitation
POC was well mixed £z =86 m), we find that this feature

is not shared across the other POC cases.

The stronger decoupling in POCs is likely a manifesta-
tion of strong drizzle evaporation in the subcloud layer that o gefining difference between the POC and overcast re-
leads to the stabilization and decoupling of the lower bound-yions in a satellite image is the difference in cloud frac-
ary layer. This traps surface fluxes in the lower levels ofion For cloud fraction estimates we use the upward-pointing
the boundary layer and leads to lower LCL. LES studieS\yoming Cloud Lidar to detect overlying cloud during the
have shown that the increased stability from subcloud drizzlec 1 30 subcloud flight legs. Cloud fraction in overcast regions
evaporation enhances the transition from closed to open celyye nearly 100 %, while the POC regions have, on average, a
lular convection $avic-Jovcic and Steven2008 and that  more variable cloud fraction between 56 and 83 % (Taple
cold pools help to organize cumulus cloud convectdag  The all-sky mean LWP can be higher or lower in the POC
etal, 201Q Berner et al.2011). It should, however, be noted ' han, in the OVC region, but the relative standard deviation of
that cold pools are not exclusive to POCs but are also oby\yp (the ratio of the standard deviation of LWP to its mean,
served under non-POC-forming overcast stratocumulus, angloth given in Tabled) tends to be larger in the POC. This,
hence do not serve as a sufficient condition for POC formazggether with enhanced decoupling, is an indicator of more
tion (Terai and Woo(l2013. cumulus-like convection within the POGdnes et a2011).

These differences in cloud structures also manifest them-
selves in the precipitation rates. The mean precipitation rates

Counteracting the stabilization of the boundary layer, the rare higher in the POCs than in the surrounding OVC regions

diative cooling at cloud top drives turbulence and enhanceémble 3). POC radar reflectivities are also more broadly

- . distributed. The column-maximum radar reflectivit¥{ay)
the mixing between the cloud layer and underlying surface. . . . -

) .is plotted against the fraction of columns with reflectivity
mixed layer. The strength of the turbulence can be quanti-

. ) ) o L greater than the value in Figa. The broader distribution
fied by the vertical velocity variance(*) measured within -, 1o pOC is evident from the shallower slope of the POC

cloud-layer legs. The cloud-layer leg? is calculated by tak-  cymulative distribution compared to the OVC. In particular,
ing the variance of the vertical velocity in each of the POC there is a much larger fractional coverage of strong driz-

and overcast segments of the cloud-layer flight leg. Corrobje ~ 10dBZ for all POC cases. This contrast is consis-
oratingWood et al(20113, we find thatw’ is lower in the  tent with statistics of the distribution of reflectivities within
POC across all cases (Tal8k The very loww’2 values in  open- and closed-cell stratocumulus observed previously

5.1 Cloud macrophysics

4.4 Vertical wind variance (ﬁ)
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Figure 4. Cloud-level measurements from cloud-level flight leg showajg-loud (¢ — orange) and drizzleyb — green) water mixing ratio;

(b) 21 s running vertical wind varianc@); (c) 1 Hz vertical wind speedu{ — gray) and 21 s mean (black); (d) cloud (orange -Ng) and
drizzle (green -Np) drop number concentration; ael) precipitation rateR, based on 10 s averaged drizzle drop size distributions. In the
POC segment of the flight leg, active clouds, defined as cloudy and drizzling datmigho.l n? s 2, are shaded in dark gray. Quiescent
clouds, defined as cloudy and drizzling data Wit < 0.1 n?s 2, are shaded in white. The clear regions in the POC, where liquid water
mixing ratios measured by the CDP or by the Gerber PV-100 Probe did not exceed 0:08 gigyleft unshaded.

over the southeast Pacific with shipboard cloud ra@anf-  flectivities at 250 m are likely influenced by the amount of

stock et al.2007) and over the global oceans with CloudSat subcloud evaporation between the cloud base and 250 m.

(Muhlbauer et al.2014. Therefore, the higher occurrence=6f0 dBZ precipitation at
Terai and Wood2013 found that precipitation at lower el- 250 m in the POC may reflect lower cloud-base heights in the

evations is a better indicator of cold pool formation than the POCs rather than a difference in the drizzle drop size distri-

occurrence of precipitation at cloud base (where the columnbutions.

maximum reflectivity is observed). Similarly, by examining  The macrophysical signatures of the cloud and precipita-

the reflectivity at 250 mZ,s0) in Fig. 5b, instead of the col-  tion properties in POCs all point to more cumuliform convec-

umn maximum ¥may), we find that reflectivities greater than tion and correspondingly patchier and heavier precipitation

0dBZ occur on average 10 % of the time in POCs comparedvithin the POC than the surrounding overcast region.

to only ~ 1.5 % of the time in the OVC region. Among the

different precipitation characteristics, this best differentiates

the POC precipitation from the OVC precipitation. The re-
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(a) 207 cnm 3, further showing that POCs can persist when sur-
v N ‘ ‘ ‘ rounded by a wide range of microphysical environments. In
09F = POC 1 the surrounding OVC, the case-to-case variationdjrare
osl 5 :;’;’(‘fgca-"t | highly correlated £ =0.98) with the variations in subcloud
& o RFO7 | PCASP aerosol concentration¥g). In the POCs, the rel-
07 E % RFO8 ative changes inVg are much more spatially variable than
0.6

& —A—RF09 1 in OVC clouds, andVy is at least a factor of 3 lower than
¢ —v—RF13 the subcloudNV,. As we discuss below (Sec.d), this is
due to dramatically lowely in “quiescent” stratocumulus
clouds than in the “active” cumulus clouds that bring up the
subcloud-layer aerosol. Despite this, the mean subchud
is correlated withVg in the POCs« = 0.76).

The horizontal-mean cloud water mixing ratig) drops
drastically inside the POCs (Tab#, due in part to a lower

N
~
T

cumulative probability
o =}
w [9,]

o
)

0.1

TR T T MAAAL 12000t v-asaaune cloud fraction. In contrast, the horizontal-mean drizzle water
z__ (dB2) mixing ratio gp) at least doubles inside the POCs, such that,
in all five POC cases, the mass of water in the drizzle mode
(b) is larger than that in the cloud mode; remarkably, 4bé;c
035 ‘ ‘ ‘ ‘ ‘ ‘ ratio is at least 20-fold larger in the five POCs than in the
= POC OVC regions. The increase in the estimated precipitation rate
031 = overcast | from the surrounding OVC region to the POC is not as large
—— RF06 as that ingp.
% 0.25 Wﬂﬂm\w j gig; ] _ This apparent discrepan(?y is explaingd by the distinct size
g 0 B A RF09 | dIStI’IbutIOI’l'Of cloud and drlzzle.drops in thg POF: (F@Qj
g ' ’ ——RF13 If we examine the cloud and drizzle drop size distributions
T measured by the CDP and 2DC in F&.we note a large
B increase in the drizzle drop concentrations in the POCs. Be-
g o1 cause the increase mainly occurs in the size range of smaller
3 . drops, the larger concentrations in the POC do not contribute
0.05 to large differences in the precipitation rate. The increase in
o the number of large cloud and small drizzle drops is curious

and may be related to the very loWy and different cloud

_30 220 10 0 T e .
Z__ (dBZ) types in POCs.

Figure 5. (2) The cumulative probability of column-maximum -3 Active vs. quiescent clouds
radar reflectivityZmax greater than the abscissal value for overcast
(red) and POC (blue) regions. The mean distribution are shown aé\ closer examination of the clouds found in POCs reveals
bold lines, while individual flight legs are shown as thinner lines two general types of clouds: thinner, stratiform, quiescent
with markers. Radar reflectivities from all level flight legs are used clouds and cumulus-like active cloud&/god et al, 20113.
to make the distributior(b) Same aga) but for radar reflectivity at  \We use aw’2 threshold of 0.1 rAs 2 as a means of distin-
250m guishing between the quiescent and active clouds inside the
: POC, except for the daytime case RF13, where the overall
cloud-level vertical wind variance is low and hence where a
threshold of 0.03 hs™2 is used. Here we calculate the?
5.2 Cloud microphysics as the 21 s running mean?. In the RF08 example (Figt),
one can see loweWy, lower vertical velocities, and consis-
We now consider the cloud microphysical properties intently elevated drizzle drop number concentratioNs)(in
the POCs. Consistent with previous POC observationghe quiescent clouds than in the active clouds. Talojeanti-
(Petters et al2006 Sharon et a).2006 Van Zanten and fies and summarizes differences between the active and qui-
Stevens2005 Wood et al, 20113, all five of the POC cases escent clouds in the POC regions, averaged for each of the
examined here show that cloud droplet number concentrafive cases. Note that, unlike Tabde all of the listed vari-
tions (Nq) decrease by more than a factor of 8 from the OVC ables are only averaged over cloudy portions of the flight
region (Tabled). Whereas the mean cloud-lay®y inside  leg. Although there are uncertainties in taking area estimates
the POCs has a range between 4 and 13%atross cases, from one or two cloud-level flight legs, we find that, across
the Ny in the surrounding OVC region range from 52 to all POC cases, the quiescent clouds make up most of the
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10 ‘ ‘ ‘ attributable to the low accumulation-mode aerosol concen-
trations (Va) in POCs. The POC subcloud-layak, of ~
POCmean 30 cn 3 (Table4), as measured by the PCASP, is much lower
1 than the typical 25-75th percentile range of 70-220%m
gx::::sstt1"k‘;agv (Allen et al, 2011) in the 80 W region during the VOCALS-
’ REx time period. N, in the surrounding overcast regions
range between 64 and 330 chacross the five cases, similar
to the REx-mean distribution near®/, and are well corre-
lated with Ny (Table4). The cases (e.g., RF08) with higher
Nj in the overcast region are related to hook features asso-
ciated with localized offshore aerosol transport in the free-
troposphere and boundary layer, described3@prge et al.
(2013. The subcloudV; in the POC is uncorrelated with
10° ‘ ‘ ‘ Na in the surrounding overcast and shows remarkable small
10° 10 10° 10’ variation (24—40 cm?®) across the five POC cases. If we ex-
r(um) tend the comparison to other previously observed POC cases
Figure 6. Droplet size distribution from the CDP and 2DC dur- (Shafor.‘ et.aJ._ZOOG Petters et_a,I.ZOOG Wood et al, 20.08’
ing a cloud-level flight leg from RF08. The cyan lines indicate (€ Similarity in subcloudVa still holds (Table4). Spatially,
distributions estimated from 1 km averages in the POC, while the@Cr0ss the overcast-to-POC transition, subcladgradu-
thicker blue line indicates the mean of those distributions. The ma-2lly decreases over tens of kilometers across the transition
genta lines indicate distributions estimated from 1km averages in(Fig. 2), whose gradients across the transition vary from case
the overcast region, while the thicker red line indicates the mean oo case. Even within the POC, Fig.and Tabled4 show that
those distributions. subcloudN, can spatially vary by more than 25 %.
Whereas we have mostly examined data collected during
. the level flight legs to examine horizontal gradientshNig
observed _C|OUdS, n the_ POCs. The cl'ou.d dropIeF numbe(Ne use botg the grofiles and level flight Iegg to examine the
concentrationVy is consistently lower within the quiescent vertical distribution ofN, (Fig. 7). In the RFO6 casaNood
clouds than in the active clou_ds, the latter having r_nyan et al. (20113 noted a layer of ultraclean air in the POC re-
on the order of 15 ci. RFO7 is an apparent exception, but gion where mean PCASP aerosol concentrations are consid-
active clouds were rarely sampled on this flight, with only erably lower than 10 cfm8. We find that an ultraclean layer
2km of the flight_leg sampling active CIOUd,S' The ratio .be- exists in all of the other POC cases examined during VO-
tweenge anq% d.|ffers between the two regions, much I!ke CALS. The ultraclean layers typically extend from roughly
t_he change in ratio between overcast and POC_cIouc_JIs; N aGhe stratocumulus cloud-base height to the inversion base,
tive clouds.gc andgp are comparable, whereas in quiescent it 4 broad range of thicknesses (from 200 m for RF06 to
clouds,¢p i_s far grea’;er. Nonetheless, itis important to not.e 700 m for RFQ7). The concentrations in the ultraclean layer
that thegp in both active and quiescent clouds of the POC is o vary from case to case, ranging from the very clean RFO9

far.greater than in the pvercast clouds. The hjghis Ilkely case, where a 400 m layer with concentratienscm 3 was
to increase the accretion and self-collection rates in POCs

Table5 sh h hat. | h POC hi observed, to the more polluted RF08 case, where concen-
abie s Shows, however, that, in eac case, _|@f@er trations mostly hovered around 5 cfhand those concentra-
in quiescent clouds does not always translate to higher pr

L hich ; df he in si ZDCeﬂons< 1 cm3 were rarely observed. Concerning the struc-
cipitation rates, which are estimated from the in situ “ture of the ultraclean layer, with the exception of RF08, the

measured drizzle size distribution averaged over the aPPIOGartical gradient in aerosol concentration is sharper at the in-

grlate cloud type. Ak? in the POCEOerrrc]:asJ ?Orlnpar'sona,?'%/ersion compared to the more gradual change from relatively
Iscrepancy exists because much of the drizzle mass differy o _mived subcloud layer to the ultraclean layer.

ence resides at the smaller sizes, which have a smaller influ-
ence on precipitation rate.

-3

dN/dlogr (m

6.2 Aitken-mode aerosol

WhereagV, is much lower in the POC at all heights, the same
is not true for concentrations of smaller aerosol particles. Past
6.1 Accumulation-mode aerosol shipboard measurementsédllias et al, 2004 Petters et a).
2006 Tomlinson et al.2007 Wood et al, 2008 reported an
Some of the macrophysical difference between the overincrease in the number of Aitken-mode aerosols in the very
cast and POC cloud characteristics are attributable to difclean regions of the POCs, suggesting that the low aerosol
ferences in inversion structure and LCL height. Many of concentrations in the POC allow for the nucleation of Aitken-
the microphysical differences, such as differenceNdnare = mode aerosols. Their growth to accumulation-mode sizes

6 Aerosol
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Table 5. In situ measurements of cloud and drizzle properties of active and quiescent clouds observed across the five PO@€ases. A
threshold of 0.1 s 2 is used to categorize cloud measurements as either active or quiescent, except for the daytime flight RF13, where
a threshold of 0.03 2 is used. All active and quiescent values are averaged over in-cloud measurements, defined as measurements for
which the combined liquid water mixing ratio from CDP and 2DC is greater than O.O‘SJgdxgthe liquid water mixing ratio as measured

by the Gerber PV-100 Probe is greater than 0.0?glkg

Case Cloud Length  Fraction w2 Ny Np qc 4D Rin situ

(km) @) @Ps?) @m3) L (@kgH (gkgh) (mmdl
RF06 Active 32.5 14.6 0.70 21 280 0.29 0.22 24.0
Quiescent 78.2 35.1 0.03 5 272 0.05 0.22 15.1
RFO7 Active 2.0 3.3 0.17 5 233 0.07 0.09 3.5
Quiescent 24.4 40.6 0.04 5 323 0.06 0.19 9.3
RFO8 Active 14.6 22.5 0.18 19 213 0.12 0.15 11.5
Quiescent 23.6 36.3 0.05 9 274 0.08 0.16 7.9
RF09 Active 5.2 4.3 0.55 26 49 0.15 0.02 2.1
Quiescent 37.4 31.2 0.03 3 188 0.03 0.15 8.6
RF13 Active 32.0 15.1 0.06 15 214 0.16 0.11 5.9
Quiescent 52.5 24.8 0.01 4 307 0.06 0.16 9.9

may potentially provide a source of cloud condensation nu-ing given that the observations are strongly suggestive of a
clei (CCN) in the POCKazil et al, 2011). The Aitken-mode  surface source of aerosols and that mean surface wind speeds
aerosol concentration is estimated from our C-130 observavary between 5 and 11 m$ between cases. Surface aerosol
tions as the difference between total aerosol concentrationfuxes from sea-salt flux parameterizations are strong func-
for particles with diameter 10 nm (CN) and those from the tions of wind speed (e.gde Leeuw et a).2011).

PCASP & 100 nm). From our observations of the five POC  If we assume that the primary source of aerosols in the
cases, ho clear picture of enhanced or depleted Aitken-modPOC is indeed the ocean surface, then a steady-state CCN
aerosols emerges. Subcloud Aitken-mode aerosol concentrgoncentration in the POC subcloud lay&isf can be esti-
tions in the POC only increase for three of the five casesmated with the equation

(RFO6, RF08, and RF09; Tabiy, and their concentrations

do not correlate with subcloutl;. We also find that, except Ns= N; + , Q)

for the daytime RF13 flight, the concentration of Aitken- Mcy

mode aerosols decreases in the ultraclean layer, where wahereN, is the CCN concentration just above the subcloud
expect the highest nucleation rates due to low aerosol surfad@yer; F is the surface source of CCN-sized aerosols; and
concentrations. It must be noted that four of the POCs wereMcy is the entrained mass flux into the subcloud layer from
sampled during the night, when photochemical production ofabove, which keeps the surface layer partially coupled to the
nucleation mode precursor gases is absent. Whereas the protoud layer in the POC. This must equal the cumulus mass
cesses that determine the sources and sinks of accumulatiofftux out of the subcloud layer. In other words, the surface
mode aerosols appear to have a clear vertical structure, thidux of CCN is balanced by the mixing of CCN-depleted air
Aitken-mode aerosols appear to be modulated by a varietynto the top of the subcloud layer.

of processes that are not as well constrained across different We may obtain estimates a¥, F, and Mcy to verify

POC cases. whether this balance equation applies to the observed POC
casesN, is estimated as the mean PCASP aerosol concen-
6.3 Accumulation-mode aerosol budget in POCs tration from the below cloud flight leg#: is estimated using

the sea-salt flux parameterization frabharke et al.(2006
Although the relatively small variation between cases inintegrated over the same size range as that sampled by the
POC subcloudv, could be coincidental, it certainly war- PCASP. The 10m mean wind speed) that is needed
rants attention. The similarity across different POCs indi- for the calculation is estimated from the mean wind speed
cates that the source and sink balance of accumulation-modmeasured in the subcloud legs and assuming a log-wind pro-
aerosols somehow gives rise to relatively constant concenfile with a surface roughness of 1.8610~* m (Wood et al,
trations. Such a stable equilibrium at low aerosol concen-20118. Because the parameterized aerosol flux has a depen-
trations is suggested by the modeling studyBatker and  dence oh%‘l, an order of magnitude difference in fluxes ex-
Charlson(1990. The small spread between cases is surpris4ists between the low and high wind conditions (see Téhle

www.atmos-chem-phys.net/14/8071/2014/ Atmos. Chem. Phys., 14, 8@0BY 2014



8084 C. R. Terai et al.: Aircraft observations of POCs in the southeast Pacific

RF06 RFO7 RF08
2200

RF13
2200

2000 - —— POC
1800 - = overcast

- 2000 -
- 1800 -
1600 -

1400 - - 1400 -

- 1200~

- 1000;..

Height (m)

800~
600" "

400 - mean 400 -
200 - mid-50%

mid-30% 200-

200 -

0 : 0 - 0 - 0 0
100" 10° 10" 10> 10’ 107 10° 10 10 10° 107 10° 10 10° 10 10" 1® 10 10° 10* 10" 1w 10" 10° 10
PCASP (cm™>) PCASP (cm™) PCASP (cm ™) PCASP (cm™) PCASP (cm™)

3

Figure 7. Profiles of PCASP aerosol concentration from the POC (blue) and overcast (red) region. Cyan (POC) and magenta (overcast) dots
indicate individual data points from profiles flown in the two regions. Concentrationid cni 2 are set at 0.1 ¢ to allow for easier

plotting on the log-scale abscissa. The thicker profile line indicates the median taken from the profile data. PCASP data from level flight
legs are also included in the form of box-and-whisker plots. For reference, cloud-mean cloud droplet number concentrations from the CDP
are shown as open triangles, mean inversion base heights calculated from profile measurements are shown as dashed lines, and mean lifti
condensation levels calculated from subcloud flight legs are shown as dotted lines.

The cumulus mass flux{c,) can be estimated from ex- 7 Non-POC cases
amining the water balance at the top of the subcloud layer.
If we assume that the upward moisture flux in the cumulusTwo cases of cloud breaks which may appear as contenders
clouds is balanced by precipitation rates, thég, can be  for POCs, but which are excluded from our definition of

estimated as POCs, are examined here. The first case of cloud break-up
Rs00 sampled during RF02 (18 October) and shown in Bggwas
Mcuy= A—qp, (2 sampled to the south of a hook-like cloud feature of enhanced

Ny from the transport and entrainment from the free tropo-
whereRs0p is the precipitation rate at 500 myg is the mois-  sphere of anthropogenic aerosaBeprge et a).2013. De-
ture difference between cloudy and clear parcels at the top o$pite the break in the cloud to the south of the hook feature,
the subcloud layer; andis the air density, which we assume we do not identify this feature as a POC, because it lacks
to be 1 kg nr3. The precipitation rate at 500 m is chosen be- the microphysical change (a substantial increase in effective
cause this is the approximate height of the LCL (TaBle radius at its edges) that we associate with POCs. In situ ob-
which typically coincides with the height of the top of the servations show that, instead of a decrease in accumulation-
subcloud layer. The estimated cumulus mass fluxes, reportechode aerosols, there is a subsequent increase in sub€lpud
in Table6, range between 1.0 and 2.8 cit's from ~ 200 to ~ 300 cnT3 to the south. Likewise, thé/y

Except in RF09, the estimatell/ Mc, is much smaller increases from- 100 to~ 200 cnT 3 (not shown). From the

than the observeds — N, inconsistent with the balance C-130 observation alone, however, we cannot determine the
(Eg.1). In addition to the simplicity of the budget in Ed.)( reason for the cloud break-up to the south. We do find that the
there are several possible reasons for this discrepancy. Firstiversion at approximately 1000 m around®88 is anoma-
determining an appropriat¥,. is made difficult by the ver-  lously low, and the decrease in cloud cell size to the south
tical gradient inN, at the top of the subcloud layer, as ev- in the satellite visible imagery hints at a lowering of the in-
ident in Fig.7. Rather than decreasing abruptly at the top version height to the south that might mean a lowering of
of the subcloud layerN, gradually decreases upward into cloud-top heights to the south.
the cloud layer. Second, we have neglected any other sources The second case (Fif§b) corresponds to western edge of
of CCN-sized aerosols, such as the growth of Aitken-modethe stratocumulus cloud deck observed during RF04 (23 Oc-
aerosols to accumulation-mode sized particles. Third, othetober), where large drizzle rates were observed. High radar
budget terms such as losses from precipitation scavenging akflectivities & 10dBZ), representing heavy drizzle, cold
aerosols in the subcloud layer could be significant. What wepool formation, and an increase in cloud effective radius to-
can say from the values in Tabéis that F/Mc, can eas- wards the edge of the cloud deck were observed in daytime
ily vary by more than a factor of 4, and their variations do satellite retrievals of this case, but no open cellular convec-
not correlate withVs or Ns — N.. We are therefore left with-  tion was observed beyond the edge of the overcast clouds, ex-
out an explanation to why the subclong in POC varies so  cluding this case from our definition of POCs. We also do not
weakly across different POC cases. observe a decreasei, to the west of the break-up, although
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Table 6. Aerosol budget values. Values relevant to the aerosol budget ofifFgre listed. Measured values include PCASP-sized aerosols
from subcloud {s) and below cloud ¥ ) flight legs as well as\g, which is the mean difference in water (vapor + cloud) mixing ratio
between cloudy and clear conditions measured in below cloud legs. The surface aerogo) 6IRCASP-sized aerosols is estimated from
the subcloud leg-mean wind speed (see Tablesing the parameterization fro@larke et al(2006§. POC-mean precipitation rat®£go)

at 500 m is estimated from the radar reflectivity at 500 m usingZh® relationship proposed bgomstock et al(2004 (R (mm d‘l)
=2.017977). The cumulus mass fluMcy, is estimated using the relationship in E8).(

Case Ns N4 Ns— N4 F Rs00 Aq Mcy F/Mcy
(em3) (@em3) (m3 (x18m?s?) (mmd1l) (@kgl) (cmsl) (cm3I)
RF06 32 16 16 230 2.2 0.9 2.8 8.1
RFO7 29 18 11 70 2.8 1.2 2.7 2.6
RFO8 40 23 17 62 2.7 1.1 2.8 2.2
RFO09 24 20 4 49 0.8 0.9 1.0 4.8
RF13 37 12 15 13 1.5 0.8 2.2 0.6

a decrease in aerosols in the clear region is not part of the defive clouds; or are formed in situ. Snapshots of POC cloud
inition of POCs in this study. This suggests that higher pre-fields from LES studies oBerner et al.(2011) and Kazil
cipitation rates at the edges of overcast clouds do not alwayst al. (2011) suggest that quiescent clouds are spatial exten-
indicate that the strong aerosol—-cloud—precipitation interacsions of active cumulus clouds, but a closer examination of
tions that we observe in POCs are the cause for the break-ughe time evolution of quiescent clouds will be necessary to
in the clouds. resolve this issue.
The efficiency of the in-cloud coalescence scavenging in
cleaning out accumulation-mode aerosols in POCs is most
8 Discussion and conclusions evident in the apparently omnipresent ultraclean layer ob-
served across all five POCs. The presence of the ultraclean
Five pockets of open cells (POCs) sampled during VOCALS-|ayer, combined with the low values of vertical velocity vari-
REx by the NSF/NCAR C-130 are comprehensively ance in the cloud layer within the POC and increased aerosol
compared with their surrounding overcast regions. Freeconcentrations at lower altitudes, also strongly suggests that
tropospheric water vapor and temperature, sea surface tenthe surface source of accumulation-mode aerosols, and hence
peratures, inversion height, and near-surface winds were najf cloud condensation nuclei, is more important than a free-
found to differ appreciably in the POCs compared with the tropospheric source. In addition, we find that the spread of
surrounding overcast stratocumulus areas, and are not vemiyiean subcloud-layer accumulation-mode aerosol concentra-
different from the REx-mean conditions in the sampled re-tion (V) in the POCs is remarkably narrow, with a mean
gions. This latter fact indicates that POCs can be maintainedalue ¢ 30 cnt3) that is close to values found in previously
under typical large-scale meteorological conditions foundstudied cases from other locations and tim@saron et aJ.
over the southeast Pacific. 2006 Petters et al.2006 Wood et al, 2008. This mean
A consistent feature of POCs is the presence of heavyalue appears to be insensitiveNgin the surrounding over-
drizzle rates ¥ 10dBZ) and associated cold pools, which cast region, suggesting that the factors controlling the aerosol
are largely absent in the surrounding overcast regions. Allbudget in the POC are independent of those in the surround-
five of the observed POCs also contain both active — cuding overcast.
muliform and quiescent — stratiform clouds. Active clouds The factors that determine tié, budget in the POC sub-
associated with cumulus-like convection make up a smalleicloud layer in the simple aerosol budget of Eb). gre quan-
proportion of the cloud cover (CE 25 %) in the POC and tified in Table6. We find that our simple budget calculation
have larger cloud droplet number concentratioNg)(and  does not shed light on explaining the narrow range of ob-
larger cloud water mixing ratiosz{). Although collision—  served subcloud/, in POCs. Instead, it leaves us with a puz-
coalescence rates are expected to be high in the active cloudgle as to how the narrow range &, exists when the surface
their comparatively highVg (20 cn3) suggests that active  source of aerosols can differ by more than an order of mag-
clouds loft relatively aerosol-rich subcloud-layer air to the nitude. Because high-resolution cloud-resolving model stud-
cloud layer and detrain some of this aerosol into surround-es with interactive aerosols also show similar accumulation-
ing quiescent clouds, which cover more of the POCs andnode aerosol concentrations in the subcloud layeazil
are characterized by very log (< 10 cn3) and high driz- et al, 2011 Berner et al. 2013, further modeling studies
zle water mixing ratiodp). We cannot determine from these with variable surface source functions may help shed light on
observations whether quiescent clouds are spatial extensionghether there is indeed a physical explanation for the simi-
of active cells, as in the trailing stratiform region of larger [arity.
mesoscale convective systems; are remnants of decaying ac-
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Figure 8. (a) C-130 subcloud flight track from RF02 (18 October 2008 16:50 UTC) is overlaid on GOES-10 infrared satellite imagery taken
at the same time. As in Fi@, the top right panel shows the in situ PCASP aerosol concentrationd a0 m. The bottom right panel shows

the WCR reflectivity with the flight altitude indicated in bold black and the WCR/WCL-derived cloud-top height and cloud-base height
indicated in gray(b) Same aga) but for a subcloud flight track from RF04 (23 October 2008 10:20 UTC).

Finally, it is important to state that while this study informs ~ We thank the two anonymous reviewers for the constructive
of the mechanisms involved in POC maintenance, it does notomments to help improve the paper.
inform of the mechanisms by which POCs form. Previous
modeling studies have looked at the transition from closed-Edited by: R. Krejci
cell to open-cell convection mediated by cold pool forma-
tion (Wang et al. 2010, cloud—aerosol interactionKézil
et al, 2017, or high liquid water path\Wang et al. 201Q
Berner et al. 2013. Observational studies have noted the ppe|. s. J., Walters, D. N., and Allen, G.: Evaluation of stra-
possible role of gravity wavesi(len et al, 2013 or larger tocumulus cloud prediction in the Met Office forecast model
cloud droplet sizesWood et al, 2008 in POC formation, during VOCALS-REX, Atmos. Chem. Phys., 10, 10541-10559,
but widespread observational data are still lacking, largely doi:10.5194/acp-10-10541-2012010.
because POCs preferentially form overnigiiopd et al, Allen, G., Coe, H., Clarke, A., Bretherton, C., Wood, R., Abel, S. J.,
2008. A concerted effort to combine satellite retrievals and  Barrett, P, Brown, P., George, R., Freitag, S., McNaughton, C.,
regional models will likely be necessary to pin down the key ~Howell, S., Shank, L., Kapustin, V., Brekhovskikh, V., Klein-
factors that contribute to POC formation; in a future paper, Ma L., Lee, Y-N., Springston, S., Toniazzo, T., Krejci, R,
we will present a satellite-based study of the evolution of the Fochesatto, J., Shaw, G,, Krecl, P., Brooks, B., McMeeking, G.,

. - L . Bower, K. N., Williams, P. I., Crosier, J., Crawford, 1., Con-
five VOCALS-REx POC cases prior to the in situ aircraft ob- nolly, P., Allan, J. D., Covert, D., Bandy, A. R., Russell, L. M.,

servations. Trembath, J., Bart, M., McQuaid, J. B., Wang, J., and Chand, D.:
South East Pacific atmospheric composition and variability sam-
pled along 20 S during VOCALS-REX, Atmos. Chem. Phys.,
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