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Abstract. The southeast Pacific Ocean is covered by theof these particles in the marine boundary layer along20
world’s largest stratocumulus cloud layer, which has a strongwvas anthropogenic pollution from central Chilean sources,
impact on ocean temperatures and climate in the region. Thevith copper smelters a relatively small contribution.
effect of anthropogenic sources of aerosol particles on the Cloud droplets were smaller in regions of enhanced par-
stratocumulus deck was investigated during the VOCALSticles near shore. However, physically thinner clouds, and
field experiment. Aerosol measurements below and abovaot just higher droplet number concentrations from pollu-
cloud were made with a ultra-high sensitivity aerosol spec-tion, both contributed to the smaller droplets. Satellite mea-
trometer and analytical electron microscopy. In addition tosurements were used to show that cloud albedo was high-
more standard in-cloud measurements, droplets were colest 500-1000 km offshore, and actually slightly lower closer
lected and evaporated using a counterflow virtual impactorto shore due to the generally thinner clouds and lower lig-
(CVI), and the non-volatile residual particles were analyzed.uid water paths there. Thus, larger scale forcings that impact
Many flights focused on the gradient in cloud properties cloud macrophysical properties, as well as enhanced aerosol
on an E-W track along 205 from near the Chilean coast to particles, are important in determining cloud droplet size and
remote areas offshore. Mean statistics, including their signifi-cloud albedo.
cance, from eight flights and many individual legs were com-  Differences in the size distribution of droplet residual par-
piled. Consistent with a continental source of cloud conden-icles and ambient aerosol particles were observed. By pro-
sation nuclei, below-cloud accumulation-mode aerosol andressively excluding small droplets from the CVI sample,
droplet number concentration generally decreased from neare were able to show that the larger drops, some of which
shore to offshore. Single particle analysis was used to remay initiate drizzle, contain the largest aerosol particles. Ge-
veal types and sources of the enhanced particle number thatmetric mean diameters of droplet residual particles were
influence droplet concentration. While a variety of particle larger than those of the below-cloud and above cloud dis-
types were found throughout the region, the dominant partitributions. However, a wide range of particle sizes can act
cles near shore were partially neutralized sulfates. Modelingas droplet nuclei in these stratocumulus clouds. A detailed
and chemical analysis indicated that the predominant sourceES microphysical model was used to show that this can

Published by Copernicus Publications on behalf of the European Geosciences Union.



2542 C. H. Twohy et al.: Stratocumulus clouds over the southeast Pacific Ocean

occur without invoking differences in chemical composition tion and persistence of pockets of open cells (POCs) within
of cloud-nucleating particles. stratocumulus (Stevens et al., 2005b; Wood et al., 2011a),
potentially influencing cloud fraction and albedo.

Huneeus et al. (2006) found a spatial correlation be-
tween sulfur emissions and decreased effective radii off the
1 Introduction Chilean coast measured by satellite remote sensors. Back-

trajectory analysis suggested that near the Chilean shore, ma-
Stratocumulus clouds play an important role in the Earth'srine boundary layer air along the 28 parallel is usually in-
radiation budget. Their ability to reflect incoming shortwave fluenced by continental sources, and indeed, research aircraft
radiation from the sun helps to cool the surface of the planetmeasured higher aerosol concentrations and droplet concen-
and offset warming by greenhouse gases (Hartmann et altrations near shore than farther offshore (Bretherton et al.,
1992). The albedo of stratocumulus clouds is dependent 02010; Allen et al., 2011). Kleinman et al. (2012) noted that
the liquid water path (LWP, vertically integrated liquid wa- the near shore region was enhanced in carbon monoxide and
ter content) and the effective droplet radits (Stephens, sulfate particles, which they attributed to South American
1978). Since aerosol particles act as cloud condensation nwoastal pollution sources.
clei (CCN), they influence both droplet number concentra-
tion and size. The first indirect effect of aerosols on clouds,
recognized by Twomey (1974), postulates that an increas@ Methods and objectives
in cloud condensation nuclei for clouds with constant lig-
uid water path will result in a decreaserig) and thus an in- A US National Science Foundation C-130 aircraft operated
creased albedo. While simple in theory, observations of thidy the National Center for Atmospheric Research collected
effect are confounded by variability in LWP over the short data on the SEP stratocumulus deck during October and
time and space scales accessible by aircraft measuremeniwvember of 2008. This was one component of the VA-
(Twohy et al., 2005; Stevens and Feingold, 2009). SatelliteMOS Ocean-Cloud-Atmosphere-Land Systems (VOCALS)
measurements, while able to measure over longer time angroject, with the overarching purpose of improving under-
space scales, may suffer biases especially near broken cloudtanding of SEP clouds and their simulation in global climate
(Marshak et al., 2008; Twohy et al., 2009; Quaas et al., 2010)models (Wood et al., 2011b). One of the specific VOCALS
which can atrtificially increase derived aerosol number con-goals was to determine how continental pollution from in-
centration near clouds. Additionally, aerosol particles them-dustrial activity affected droplet size (and presumably, cloud
selves may impact cloud macrophysical properties throughalbedo) in the stratocumulus layer offshore. In particular, the
radiative/microphysical interactions (Ackerman et al., 2000, first portion of the following VOCALS hypothesis (1c) is ex-
2003; Lee et al., 2009), and the sign of these responses caamined here:
be positive or negative (Ackerman et al., 2004; Wood, 2007; The small effective radii measured from space over the
Chen et al., 2012). Knowledge of the effects of atmosphericSEP are primarily controlled by anthropogenic, rather than
aerosols, particularly anthropogenic aerosols, on stratocumuaatural, aerosol production.
lus albedo is a prominent need for accurate climate change Related objectives of this work were to determine the sizes
assessments (Solomon et al., 2007). and types of particles that are present to act as cloud con-

The southeast Pacific Ocean (SEP) is an ideal environdensation nuclei near shore, and how much copper smelters
ment to study stratocumulus clouds because it has one gbrevalent in the region actually contribute to CCN. Impacts
the world’s most persistent and unexplored cloud decksof additional particles on droplet number, drizzle and cloud
(Huneeus et al., 2006; Wood et al., 2011b). Chile, whichalbedo near shore are also examined.
borders a large portion of the SEP, has an economy heav- While a variety of aircraft participated in the VOCALS
ily based in mining copper and other metals (@#r et al.,  experiment, this paper focuses on the data collected from the
2008). These sources and various other industrial and urba@-130 aircraft to address the above relationships. Data from
activity produce primary and secondary aerosol particles in-C-130 flights that transited from near the Chilean coast to off-
cluding sulfate, organic, and industrial types (8itdr et al.,  shore along the 2(5 latitude line were used to examine gra-
2008; Hawkins et al., 2010; Tsapakis et al., 2002). Underdients of cloud microphysical and aerosol properties relative
the predominately southeasterly flow regime, these particleso distance from the coast. Flights were based out of Arica,
have the potential to influence the SEP stratocumulus deckChile (70° W longitude), and extended as far as 8% about
through their potential action as CCN. Satellite datasets pre1600 km offshore. Level flight legs of ten minutes duration
dict high concentrations of cloud droplets in the near-coastafabout 70 km in horizontal extent) were made sequentially
regions of the SEP that would be sufficient to perturb the di-below, in, and above the stratocumulus cloud layer. Sub-
urnal mean reflected shortwave radiation by 10-20Wm cloud legs were at approximately 150 m altitude, while in-
in the absence of liquid water changes (George and Woodgloud legs were about 300 m above cloud base as measured
2010). Additionally, aerosol pollutants may alter the forma- by soundings through the layer. The above-cloud legs were

Atmos. Chem. Phys., 13, 25412562 2013 www.atmos-chem-phys.net/13/2541/2013/



C. H. Twohy et al.: Stratocumulus clouds over the southeast Pacific Ocean 2543

Table 1.Cloud and sub-cloud leg times (UTC) used in paper.

Cloud Leg StartTime EndTime Sub-CloudLeg StartTime End Time

1C-2 18:46:50 18:56:50 1SC-2 18:29:17 18:43:00
3c-1b 06:35:10 06:45:10 3schy 06:49:53 06:59:53

3C-3 08:14:50 08:24:50 3SC-3 08:30:00 08:41:00
3C-4 09:03:40 09:13:40 3SC-4 09:20:14 09:31:30
3C-5 10:28:00 10:38:00 3SC-5 10:44:43 10:56:02
3C-6 11:21:20 11:33:40 3SC-6 11:38:40 11:52:00
3C-8 13:13:20 13:26:20 3SC-8 13:30:00 13:40:00
4C-1 06:49:00 06:59:00 4SC-1 07:03:15 07:13:15
4C-2 07:31:00 07:41:00 4SC-2 07:45:20 07:55:20
4C-3 08:23:40 08:33:40 4SC-3 08:39:00 08:49:00
4C-4 09:10:00 09:20:00 4SC-4 09:26:30 09:36:30
4C-6 10:53:00 11:03:00 4SC-6 11:08:30 11:18:30
4C-7 11:48:20 11:58:20 4SC-7 12:09:00 12:14:00

4C-9 13:28:00 13:38:00 4SC-9 13:41:20 13:46:45
5C-1 07:07:10 07:17:10 5SC-1 07:20:56 07:30:56
5C-2 07:48:05 07:58:05 5SC-2 08:03:00 08:13:00
5C-3 08:45:30 08:55:30 5SC-3 09:00:50 09:10:50
5C-4 09:29:00 09:39:00 5SC-4 09:44:30 09:54:30
5C-5 10:11:50 10:21:50 5SC-5 10:28:15 10:32:40
5C-7 11:11:50 11:21:50 5SC-7 11:26:55 11:36:55
5C-8 11:57:05 12:07:05 5SC-8 12:12:40 12:22:40
5C-9 12:57:02 13:07:02 5SC-9 13:12:45 13:22:45
5C-10 13:41:57 13:51:57 5SC-10 13:57:14 14:07:14
5C-11 14:38:20 14:49:20 5SC-11 14:53:40 15:03:40
9C-3 12:26:25 12:36:25 9SC-2 12:40:30 12:50:30
9C-4 13:20:00 13:30:00 9SC-3 13:33:53 13:44:06
10C-2 07:48:55 07:58:55 10SC-2 08:02:43 08:12:43
10C-4 09:22:36 09:32:36 10SC-4 09:37:55 09:47:55
10C-5 10:16:30 10:26:30 10S¢-5 10:31:20 10:37:20

10C-6 10:59:20 11:09:20 10SC-6 11:14:10 11:24:10
10C-7 11:54:20 12:04:20 10SC-7 12:08:40 12:18:40
10C-8 12:36:10 12:46:10 10SC-8 12:50:25 13:00:30
10C-9 13:36:52 13:51:52 10SC-9 13:24:00 13:34:00
13C-1 13:37:29 13:47:29 13SC-1 13:50:40 14:00:40
13C-2 14:17:45 14:27:45 13SC-2 14:32:10 14:42:10
13C-3 15:12:15 15:22:15 13SC¢-3 15:26:15 15:35:20

14C-1 13:35:00 13:45:00 14SC-1 13:49:40 13:59:40
14C-2 14:16:50 14:28:30 14SC-2 14:33:30 14:44:40
14C-3 15:14:30 15:24:30 14SC-3 15:28:50 15:41:30

2 First number in leg code is the C-130 research flight number. Flt 1: 15 October 2008. Flt 3: 21 October 2008.
FlIt 4: 23 October 2008. Flt 5: 26 October 2008. Flt 9: 4 November 2008. Flt 10: 6 November 2008. FIt 13: 13
November 2008. Flt 14: 15 October 2008.

b PCASP data missing for flight 3.

€ Flight scientist’s sub-cloud leg times adjusted to avoid drizzle artifacts on aerosol probes.

about 300 m above cloud-top, in free tropospheric air. Forbased on matching within 20 min in time and also having data
the purpose of our analysis, each leg was considered a sanfrom key instruments available. Cloud legs (as humbered by
pling period, and 1 Hz data from the various probes were avthe C-130 flight scientist) and times used are given in Table 1.
eraged over the entire leg as long as in-cloud data were avaiFor cloud-leg averages, only data points when the cloud lig-
able. Data from about 40 sub-cloud and cloud legs on eightiid water content was 0.05 g nT3 were averaged, to avoid
flights were composited to statistically evaluate changes withincluding cloud gaps. This is similar to what other VOCALS
distance from shore (with actual number of samples vary-researchers (Bretherton et al., 2010; Allen et al., 2011) have
ing slightly depending on the parameter due to measuremenised. Maximum droplet concentration was calculated using
availability). These pairs of legs along 28 were chosen
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a 5-second pre-averaging technique for noise reduction as i(PIXE International, Streaker Air-Particulate Sampler) op-
Hegg et al. (2012). erated in discrete mode under computer control. For the
A wing-mounted Particle Measuring Systems (PMS) Pas-micro-impactor samples, particles impacted on the second
sive Cavity Aerosol Spectrometer Probe (PCASP-100) andstage € 0.5 to 1.0 um diameter) and third stage (smaller
a cabin mounted Ultra High Sensitivity Aerosol Spectrom- than~ 0.5um) were analyzed by transmission electron mi-
eter (UHSAS) counted and sized particles from 0.1-3.0 pmcroscope (TEM, JEOL Model 2010) and elemental X-ray
and 0.055-1.0 um dry diameter, respectively. Sizing for bothanalysis (by energy dispersive spectrometry, EDS) for a num-
instruments were based on calibrations with polystyrene laber of flights. Selected filter samples were analyzed by au-
tex spheres before and after the campaign. For smaller patomated scanning electron microscope (SEM, JEOL Model
ticles, a Thermo-Systems Inc. 3760A Condensation ParticlelSM-5800) controlled by a spectral imaging system (Ther-
Counter (CPC) was utilized to quantify total particle con- moElectron NORAN System 7) and with a large-window
centration larger than 0.01 um in diameter. Cloud dropletssilicon drift detector for EDS. The general approach of the
between 2 and 50 um in diameter were measured opticallautomated SEM techniques are described by Anderson et
using a Droplet Measurement Technologies Cloud Dropletal. (1996).
Probe (CDP). Note that the CDP may underestimate droplet Two types of numerical models were utilized in this work.
concentration and overestimate droplet size due to the occuiFirst, simulations using the WRF-Chem v3.3 model (Grell et
rence of coincident particles in the instrument sample vol-al., 2005; Skamarock et al., 2008) provided high-resolution
ume (Lance et al., 2010). This effect is expected to be smalmeteorology for trajectory analysis and were used to perform
for the offshore droplet concentrations, but may be as largesensitivity analysis on the impact of smelter emissions on
as 25 % for droplet concentrations near 300érthat were  particle concentrations in the VOCALS sampling region. The
sometimes measured near shore. Drizzle drops larger thaw/RF-Chem model was configured with 12 km horizontal
about 60 pm were measured using a modified PMS 2D-C opresolution and uses the CBMZ-MOSAIC (Zaveri et al., 2008;
tical array probe. Zaveri and Peters, 1999) framework for gases and aerosols.
Cloud droplets between about 7 and 50 um in diameterSmelter emissions were released as Shich is converted
were collected and evaporated with a counterflow virtual im-to sulfate through gaseous (Zaveri and Peters, 1999) and
pactor, CVI (Noone et al., 1988). The lower size limit was aqueous chemistry (Fahey and Pandis, 2001) and reacts to
sometimes increased by the operator to investigate changderm new particles, as well as condenses on existing par-
in properties with droplet size. The CVI inlet was heated ticles. The WRF-Chem simulations used in our study were
to about 55C in order to evaporate liquid water present run with chemical boundary conditions from the MOZART
in droplets (which also were impacted into dry nitrogen in- global model, so long-range sources (e.g., Allen et al., 2011)
side the CVI). At 55 C, some volatile organic species may were included in the analysis. The model considers both the
be evaporated, in addition to water. However, organic ma-direct (Fast et al., 2006) and indirect effects (Chapman et
terial comprised a relatively small fraction of submicron al., 2009) of aerosols. Details on this configuration and val-
aerosol mass in the VOCALS sampling region (Allen et al., idation against VOCALS measurements are thoroughly de-
2011). Because the CVI samples sub-isokinetically, it en-scribed in Saide et al. (2012a).
hances cloud particles and their residual particles by a factor In addition, a Lagrangian cloud model (LCM) utilizing
of about 25 for C-130 sampling conditions. Downstream ofa large eddy simulation (LES) numerical model with La-
the CVlinlet, the UHSAS measured size distributions of dry, grangian representation of microphysics (Andrejczuk et al.,
non-volatile residual particles between 0.055-1.0 um in di-2008, 2010) was used to simulate droplet activation and evo-
ameter. Uncertainty in the number of residual particles is redution in VOCALS stratocumulus for comparison with CVI
lated to uncertainty in the CVI enhancement factor of aboutdroplet residual size distributions. The microphysical scheme
8% (Twohy et al., 2003), and uncertainty in the optical coun-tracks millions of groups of particles and is coupled with Eu-
ters themselves, which is addressed in the figure captions. lerian dynamics and thermodynamics (Reisner et al., 2005).
Problems with the CDP and PCASP instruments were enDepending on environmental conditions supplied by the Eu-
countered on Flights 3 and 4 (21 and 23 October 2008, referian part of the model, water can condense/evaporate from
spectively). Leg-average data for the CDP droplet concentrathe surface of particles, and forces resulting from the phase
tion and mean sizes on these flights were filled in by regressehange, together with the drag forces, are returned to the Eu-
ing these parameters vs. the corresponding FSSP parametdesian part of the model. For each group of particles, a full
on the other six flights. Likewise, leg-average data for thecondensation model is included, meaning aerosol chemical
PCASP particle concentration on flight 3 & 4 were filled in properties are taken into account when solving the droplet
by regressing PCASP concentration vs. the UHSAS particlegrowth equation; however no subsequent chemical reactions
concentration on the other six flights. are included. The three-dimensional, horizontally periodic
Both ambient and CVI residual particles were collected model domain was 3.2km 3.2 km in horizontal extent and
with a three-stage micro-impactor (California Measure- 2 km vertically, resolved with 8& 80 x 200 grid points.
ments, Model MPS-3) and a single stage filter sampler
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Table 2. Significance of Fitted Relationships between Various Parameters.

Parametersy vs. X) r2a b n® tgbs tcem Reject’f> Regression Equation

Np (> 0.055um) vs. Dist 0.63 {0.79 39 794 168 Yes Y = 1317-373.5logX)
Np (> 0.1um) vs. Dist 0.67 +)0.82 39 8.67 1.68 Yes Y = 997.5-286.7logX)
Np (> 0.01 um) vs. Dist 0.03 )0.17 39 1.07 168 No

Ng vs. Dist 0.64 ¢)0.80 39 811 168 Yes Y = 628-174.1logX)

Ng Max vs. Dist 059 )0.77 39 7.30 1.68 Yes Y = 831.7-226.4logX)
Np (> 0.055 um) vsNy (log fit) 064 ()0.80 39 811 168 Yes Y = —382.14-220.8log()
Np (> 0.1um) vs Ny (log fit) 063 )0.79 39 7.94 168 Yes Y = —340.8+216.8log(X)
Np (> 0.1um) vs.Ny (linear fit) 057 )0.75 39 7.00 1.68 Yes Y =52.6+0.45%

Np (>0.1um) vs.Ng Max (linear fit) 053 ()0.73 39 6.46 1.68 Yes Y = 84+0.5942%

Mean drop diam vs. Dist 0.42 +)0.65 39 518 168 Yes Y = —10.4+8.883logf)
re vs. Dist 0.40 ()0.63 39 497 168 Yes Y = —4.8+4.584log()
Drizzle Conc vs. Dist 0.04 +4)0.20 36 119 1.69 No

Drizzle Diam vs. Dist 040 {)0.63 36 4.76 1.69 Yes Y = —90+62.33log{)
Drizzle LWC vs. Dist 0.10 4)0.32 36 194 1.69 Yes Y = —0.392+0.1654log{)
Cloud Thickness vs. Dist 0.27 +0.52 27 3.04 170 Yes Y = —136+162.3log)
LWP vs. Dist 0.22 )0.47 39 323 168 Yes Y = —237+115.9l0g()

Cloud albedo vs. Dist, Aircraft (log fit) 0.10 +0.32 21 145 1.73 No
Cloud albedo vs. Dist, Aircraft (log fit) 0.01 +0.09 18 0.36 1.75 No
Cloud Albedo vs. Dist MODIS (poly fit) 0.83 0.91 15 7.33 180 Yes Y=0.33940.00054622%
—5.200984 1077 X2+1.37799x 10~ 10x3

Parameter Description: Dist distance west from shore along®28, N = particle concentrationyy = droplet concentration from CDP probe, other droplet parameters are also
from the CDP probe, drizzle parameters from the 2D-C probe, cloud thickness, LWP and albedo as described in Sect. 3.4.
@ pearson coefficient of determination from the appropriate figure/regression.
b pearson coefficient of correlation. Also denotes sign of relationship (positive or negative) for linear or logarithmic fit.
¢ Number of samples.
d Opserved t-value- r((dfy/(1— r2))05 df = degrees of freedomu (— 2 except for MODIS albedo when it is— 4 due to 3rd order fit).
€ Critical t value atp = 0.05, from statistical tables.
If tops> tcrit, NUIl hypothesis may be rejected.

George and Wood (2010) used MODIS satellite data tomote region offshore. A corresponding increasavVipnwas
show that variability in cloud fraction is an important fac- observed on return flights within the boundary layer back
tor in the planetary albedo (including cloudy and clear areas}oward shore. The number concentration of accumulation-
of this region. Because we focus on aerosol effects on clougnode aerosol particles below cloud was also higher near
properties, clear-air regions are not included in flight-leg av-shore than offshore. Figure 1a shows the mean aerosol par-
erages presented here. Further analysis of MODIS-deriveticle number concentrationy,, measured below cloud vs.
cloud albedos are presented in this work, using the approactistance from shore (or longitude) using data from eight C-
described in Sect. 3.4. 130 flights. Both the PCASP (larger than 0.1 um) and UH-

Throughout the paper, correlations between variousSAS (larger than 0.055um) data are shown. The concentra-
aerosol and cloud properties and distance from shore arton minimum between the smaller Aitken mode and larger
presented. Statistical significance for each relationship is asaccumulation mode begins at approximately 0.08 um (Klein-
sessed in Table 2 using a simple one-tailed t-test at a probanan et al., 2012) in this region. Therefore, the PCASP mea-
bility level of 0.05. If the t value for the observationgys, is sures most, but not all, of the accumulation mode, while the
greater than the critical t-valueyit, the correlation may be UHSAS measures all the accumulation mode and the tail end
considered significant. Equations for significant relationshipsof the Aitken mode. This additional size range encompasses
are also included. more particles likely to act as CCN. Below-cloud drizzle

events were excluded from the aerosol data compiled.

Np (> 0.055 um) decreased from about 400 to 600¢m

3 Results near shore to 100 to 200 cm ~ 1500 km offshore. This

suggests, but doesn’t alone establish, that the continent is
3.1 Changes in aerosol and cloud characteristics with the dominant source of accumulation-mode particles near

distance from coast shore. Allen et al. (2011) and Kleinman et al. (2012) found

that both carbon monoxide (a continental tracer) and sulfate
Flights along the 20S latitude line typically showed a steady aerosol mass also were higher in the boundary layer near
and reproducible decrease in droplet number concentratiorshore than offshore. While sulfate aerosol can be produced
Ng, when the C-130 aircraft flew from near the coast to a re-
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Fig. 1. (a) Mean below-cloud aerosol number concentration vs. distance west from shore atdadp#i@ude line for legs on eight differ-

ent VOCALS C-130 flights. Top axis shows longitude. Green represents data from the UHSA®6 um diameter) and purple from the
PCASP ¢ 0.10 um). Median standard deviation along the flight legs was 29 for the UHSAS concentration, and its estimated uncertainty is
8 %. Median standard deviation along the flight legs was 18 for the PCASP concentration. Its estimated uncertainty from flow rate uncertain-
ties was 10 % for all but flights 3 and 4, when it was corrected based upon the corresponding UHSAS concentration due to a possible leak.
For those two flights we estimate 20 % uncertairy). Below-cloud number concentration from the CP£Q.01 um). Median standard
deviation along the flight legs was 30 for the CPC concentration, and its estimated uncertai@gagTwohy, 1991)(c) Cloud droplet

number concentration from the CDP as a function of distance from shore. Median standard deviation along the flight legs was 28 for the CDP
concentration, and its uncertainty is estimated to be a maximum of about 25 % (low bias) at a droplet concentration of gD@rce et

al., 2010).(d) Particle concentration in two different size ranges vs. droplet concentration.

from plankton-derived dimethylsulfide or DMS, Yang et 0.055and 0.1 um. Cloud and particle concentrations were not
al. (2011a) showed that DMS actually tended to be loweronly highly correlated with distance from shore but also with
near shore than offshore. These facts, together with the bacleach other (Fig. 1d). For the PCASP measurements, we have
trajectories presented by Bretherton et al. (2010), Allen etincluded a logarithmic as well as a linear fit to compare with
al. (2011), and below, substantiate the hypothesis that the erHegg et al. (2012), who presented sub-cloud PCASP con-
hanced accumulation-mode particles near shore are derivecentrations vs. droplet concentration from the Twin Otter air-
from continental and not marine sources. Model studies withcraft. The Hegg et al. (2012) study yielded a higher slope
interactive aerosols and cloud microphysics have also simuf0.72 vs. 0.47), but they used maximum measured droplet
lated enhanced aerosol loadings associated with coastal potoncentrations. Here we have presented mean droplet con-
lution outflow events (Saide et al., 2012a). centrations, as they are more representative of the variability
Smaller particles, down te-0.01 pm diameter as mea- of the entire cloud deck. In addition, the non-linear fitis more
sured by the CPC, were sometimes present in higher conphysical at low concentrations (e.g., with an intercept allow-
centrations offshore than near shore (Fig. 1b). This indicatesng particles to exist without droplets rather than droplets ex-
other sources of these ultrafine particles, such as entrainmeigting without particles). Utilizing a linear fit for PCASP con-
from above the boundary layer or photochemical productioncentration vs. maximum droplet concentration (not shown in
within clean regions, for example in pockets of open cellsfigure, but results included in Table 2) for our data set results
(Berner et al., 2011). While relationships betwegnlarger  in a slope of 0.59. A polynomial fit similar to that used in
than 0.1 and 0.055 um and distance from shore are both sigfwohy et al. (2005) for stratocumulus off the coast of Cali-
nificant, total particles larger than 0.01 um show no signifi- fornia was explored, but would not be suitable to use for the
cant trend. VOCALS data set due to rollover to lower droplet concen-
Figure 1c shows that both mean and maximum cloudtrations at PCASP particle concentrations higher than about
droplet number concentration also increased with proximity400 cnt 3,
to shore, in accordance with the trends in particles larger than
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Fig. 2. (a)Mean cloud droplet mean diameter and effective radius from the CDP vs. distance west from shore. Median standard deviation
along the flight legs was 2.2 for the mean diameter and 1.3 for effective radius. Sizing uncertainty varies with droplet size and concentration
but is estimated to be less than 15 % for most cases (Lance et al., 2010; King et al.,(BPD8jzzle drop mean size and number concen-

tration as a function of distance from shore. Mean sizes below the effective detection limit of the probe (60 um) are due to inclusion of zero
values when no drizzle was present in cloud. Median standard deviation along the flight legs was 28 for the drizzle mean diameter and 5.4
for concentration. Uncertainty of the 2D-C parameters is complex and depends on many factors, including droplet size; for more information
see Baumgardner and Korolev (1997) and Korolev (2007).

Table 2 shows that the relationship between measuregroperties (Sect. 3.4) and mesoscale features (Comstock et
Np > 0.1pum and droplet concentration is statistically signifi- al., 2007) can also impact droplet size.
cant. A similar strong relationship also applies between mea- In the next section, we explore the chemical composition
suredNp > 0.055 um and droplet concentration. Single parti- and sources of the below-cloud aerosol particles, which pro-
cle analysis (Sect. 3.2) showed that the number concentrationide CCN and influence cloud properties in the region.
of particles> 0.1 um near shore was dominated by particles
com_posed primgr_ily of sulfate. These rglatively Igrge, solubl_e3.2 Aerosol types and chemistry
particles are efficient cloud condensation nuclei and explain
the strong correlation between accumulation-mode aerosol )
concentration and droplet number concentration alogs20  3-2-1  Electron microscopy
which has also been observed in other stratocumulus regions
(Twohy et al., 2005; Hegg et al., 2012). Single-particle techniques are useful in investigating individ-
Both droplet mean diameter and the radiatively importantual particles likely to act as cloud condensation nuclei, since
droplet effective radiusrf) increased with distance from mass measurements may be dominated by only a few larger
shore (Fig. 2a) and decreased withy larger than 0.055 particles. Highlights of the extensive TEM and SEM analy-
or 0.1um in diameter. This is in accordance with the ex-ses of particles collected in the VOCALS region are given
pected Twomey effect, with increasing cloud condensationbelow.
nuclei producing smaller droplets. However, as discussed in During more pristine conditions, for example, those en-
Sect. 3.4, other factors also play a role. As observed by othersountered well offshore on flight 11 (9 November 2008),
(Bretherton et al., 2010), drizzle drops were generally largefTEM revealed that submicron clear-air particles and CVI
and often more prevalent offshore (Fig. 2b). However, drizzlecloud droplet residuals were dominated by sea-salt, with sea-
is highly variable with location. Table 2 shows that the trend salt particles as small as 0.05 um observed. In more polluted
for larger drizzle offshore is statistically significant, while a air masses near shore, ammonium sulfate was much more
trend for greater drizzle concentrations is not. Liquid water prevalent (see below). Potassium sulfate, black carbon and
content in the drizzle mode, which is related to both driz- non-volatile organic particles smaller than 0.5 um were ob-
zle number and size, does show a significant increase witlserved in both CVI and ambient samples (Fig. 3). Potassium
distance from shore (not shown in a figure, but regressiorsulfate and organic particles containing potassium and sulfate
results tabulated in Table 2). Stronger longwave cooling, enare generally good markers for biomass burning, e.g., Silva et
trainment and turbulence farther offshore (Bretherton et al.al. (1999). Sulfate was often internally mixed with sea-salt, in
2010) is expected to provide more condensate to the layeexcess of sea-water ratios. This internal mixing could occur
allowing some droplets to grow large enough to initiate col- through condensation of gas-phase sulfuric acid or aqueous-
lision/coalescence and move more water into the drizzle sizgghase oxidation of sulfur dioxide in sea-salt aerosol water
range. This process is likely inhibited near shore in the more(Sievering et al., 1999) or cloud water (Benedict et al., 2012).
polluted, smaller droplet clouds. Note that cloud macroscaldt could also occur through coalescence of large droplets,
more likely to form on sea-salt, with smaller droplets more
likely to form on sulfate, e.g., Twohy et al. (1989a). Sea-
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lected during VOCALS at various distances from shore and
pollution levels. For these samples, the SEM was configured
with sensitivity to measure particles down 400.1 um in
size. It is apparent that sulfate dominated in near-shore parti-
clesin the 0.1 to 0.2 pm diameter range, while offshore, vari-
ous forms of sea-salt dominated, even at smaller sizes. In the
larger particle size range, sulfate and sea-salt were present
in roughly equal numbers near shore, but offshore samples
were predominately unreacted sea-salt (sea-salt with chlo-
ride not replaced with other anions). Sulfate and sea-salt are
also expected to be internally mixed with some volatile or-
ganic material not detectable by this technique (Russell et al.,
2010). However, unlike some regions where organic compo-
nents may comprise a large fraction of the CCN (e.g. Leaitch
et al. (2010), submicron organic aerosol mass was typically
only about 10 % of total submicron aerosol mass within the
VOCALS region (Allen et al., 2011; Yang et al., 2011b). A
small percentage of potassium-containing particles, indica-
tive of biomass burning, were detected, particularly in the
offshore regions. Also present in small percentages by num-
ber were minor particle types (classified as “Other”), such
as soil-dust, organics, black carbon, and metallic elements
likely from industrial sources. Sources of these various par-
ticle types that can impact cloud properties are explored fur-
ther in the next section.

3.2.2 Measurements related to smelters as a source of
particles

Along the 20 S parallel, air in the marine boundary layer
Fig. 3. Examples of particle types found when sampling from the C- (MBL) east of ~76° W has typically traveled from central
130 during VOCALS (a) Ammonium sulfate(b) biomass burning ~ Chile (south of 28S), while air father west usually origi-
type, (c) soot carbon from combustion. nates over the open ocean (Bretherton et al., 2010; Allen et

al., 2011). Two to five days after emission, continentap SO

emissions are expected to be nearly completely converted to
salt was sometimes internally mixed with black carbon, mostsulfate (Saide et al., 2012a). These sulfate plumes and their

likely from urban pollution or shipping emissions. influence on clouds can be seen in NOAA ship observations
Samples were taken above the stratocumulus layer aand cloud satellite retrievals, as presented in a comparison
well. Trajectories reaching above cloud along 30origi- between models and measurements by Saide et al. (2012a).

nated from more diverse locations (northerly, southerly or The VOCA emission inventory identifies pollutant con-
westerly) than those reaching the boundary layer, whichtributions by source sector and locatidmttp://www.cgrer.
originated primarily from the south-southeast (Brethertonuiowa.edu/VOCAemis). Several large copper smelters in
et al., 2010). Above-cloud particles were comprised of soilnorthern Chile and Peru account for the majority of re-
dust, acidic sulfates, biomass burning and organics, reflectgional SQ emissions. The VOCALS experimental design
ing their diverse origins. Industrial particle types containing document hypothesized that “strong sulfur emissions from
aluminum, tin, iron and zinc were sometimes present bothChilean and Peruvian copper smelters lead to strongly pol-
in particles above cloud, as well as in the marine boundaryluted conditions near the coasts”. Emissions from smelters
layer. include primary aerosol particle emissions, as well as
The TEM provides detection of smaller particles and bet-gaseous Sethat can be rapidly converted to sulfate aerosol.
ter images than scanning electron microscopy (SEM), but theSince sulfate aerosol particles can be produced from many
latter technique has been automated so that large humbesources, other tracers are needed. While composition of par-
of particles can be analyzed via X-ray analysis. Thereforeticles generated by copper smelters have not been extensively
more quantitative statistics can be obtained with SEM. Fig-studied, Anderson et al. (1988) measured particle chemistry
ure 4 shows the percentage of particles by number in twaapproximately 80 km downwind of copper smelters in the
different SEM size ranges for six below-cloud samples col-western United States. They found that particles between
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Fig. 4. Particle types by number at 150 m altitude as determined by SEM/X-ray analysis for six different samples as a function of distance
west from shore(a) Composition of smaller particles approximately 0.1 to 0.2 um in diameter(tgrebmposition of particles 0.2 um to

1.1um in diameter. Between 819 to 1000 particles were analyzed for each sample set. “Reacted sea-salt” refers to sea-salt where chlorin
has been partially or completely replaced with sulfate, nitrate or organic material, and “other” category may include soil-dust, organics,
black carbon, or industrial material. Date and UTC times are, for 306 km: 21 October 2008 (06:49:50 to 06:59:45, for 312 km: 24 October
2008 (13:41:25-13:46:40), for 348 km: 13 November 2008 (13:50:50-14:01:50), for 792 km: 4 November 2008 (13:34:00-13:45:50), for
1289 km: 21 October 2008 (10:44:45-10:55:40), and for 1351 km: 21 October 2008 (09:20:20-09:30:45).

about 0.4 and 1.0 um in diameter were enhanced in lead (d€SEM samples, particles were analyzed down10.2 um in
tectable in about 10 % by number of particles measured) andliameter, a smaller size than analyzed in the Anderson et
copper (about 6% by number). Levels of particulate leadal. (1988) study. However, these results suggest that cop-
from the only smelter covered by the Anderson study still op-per smelters may not have been such a large influence along
erating today continue to be high (unpub. data, Arizona Dept20° S as was originally thought. Reasons for this result are
of Environmental Quality), despite significant improvements explored below through trajectory analysis and WRF-CHEM
in emission controls, so we assume lead is likely to be re-modeling.
leased by South American copper smelters as well.

Automated SEM results from over 70000 particles on3 > 3 Trajectories and modeling related to smelters as a
eight different C-130 flights from a variety of levels and lo- source of particles
cations in the VOCALS study region were examined for the

presence of copper and lead. The detection limit for COPPeIL) ExPART forward trajectories (Stohl et al., 2005; Fast and

\(')V';ht th(;a Jarg(.a—\;]vtmdow slllcotr:) /drn‘tIEtI_DS templl(oyed |stab(cj)ut dEaster, 2006) were driven by the Weather Research and Fore-
-2 10 0.4 weight percent (wt %) relative to a known standar casting model meteorology (Saide et al., 2012a) for major

. 2t i 0
?Ifteﬁticu\;%% (l)rz)fwanlte :h'lc kneLss. do'h4 wt /OI'COth)Iper:'WP?S l:jsid to smelters in the region. The largest, llo, is located to the north
ner the particies. L.ead nas a slightly higher detec- ¢ 4, study region with trajectories to the northwest, while

I imi 0, 0,

t'?n I'm':. tlhag cop%er .EO'S. WE%%). The_te_lpparegt ttotal wt% two others (Chuquicamata and Potrerillos) are at elevations
ot a parlicle depends Its size, composition and, 10 SOME EXy, 411644 1o eastward advection over the South American con-
tent, its morphology. Based on simple regression analysis an nent (Fig. 5). Trajectories from these sources may have a
excluding oxygen and carbon, the total wt % of an average

05 di h b icle is 4.2. A tvpi Pouthward meridional component (Toniazzo et al., 2011) that
- HM clameler non-carbonaceous particle 1S .. A yplea,, 4 take pollution from these sources to latitudes where
1.0 um diameter particle has an apparent total wt % of 8.0.

Of the 70000 VOCALS particles analyzed, only 0.1 % they can be transported to the study area, but the eastward
y . 0

. . component dominates. In episodic cases where the south-
contained detectable Pb and only about 0.1 % contained de{/'vard flux dominates, the plume would be diluted and mixed

tectable Cu. Particulate lead can come from a variety pfwith fresh emissions that, as discussed below, are also further

sources, and urban pollution aerosols can contain Cu-bearin iluted by the time the plume reaches the VOCALS study
particles from vehicular sources (such as brake pad wear) an rea. Even when plumes from northern sources do reach
non-vehicular sources, e.g., And_erson et a!. (200.6)' In CONthe Pacific, they advect northward with the mean meridional
trast, about 2 % of analyzed particles contained Si, a marke]rIOW (Spak et al., 2010). Thus, we may conclude these three
for soil dust from continental sources. For these VOCALS northern smelters rarely impacted VOCALS flights along
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Fig. 5. Forward trajectories starting at major smelters that could po-
tentially affect the VOCALS region. Trajectories are 5 days long ence for particle number concentration in the boundary layer
during the VOCALS intensive period, starting every 5 days. Mark- predicted with and without smelter emissions included for
ers are plotted every 6 h. Symbols represent different major smelteyyyRE-Chem model runs of 15 October 2008 to 15 November
locations, with cplors portrgying thelsulfur emissions of each (as-2008, the time period coinciding with the VOCALS C-130
sumed to be emitted as $0n Ggyr—. flight dates. The size range considered is the same as for the
PCASP instrument, 0.12 to 3.0 um diameter. Along 20
smelters are predicted to enhance particle number concen-
2(° S. There are, however, three copper smelters in centraration over the ocean by only 15 to 20 % at most (between
Chile: Caletones, Ventanas, and Chagres, with 8@®is-  about 72 W and 77 W). Interestingly, a slightly larger ef-
sions of 108, 10.6, and 3.2 Ggk, respectively. These rep- fect is seen both to the north and to the south of theS20
resent about 47 % of SGemissions from central Chile. The line where the intensive VOCALS measurements focused.
largest smelter in the region, Caletones, is located in the AnThe largest effect of smelter emissions is predicted to be near
des foothills south of Santiago at 1700 ma.s.l. The FLEX-shore around 1°7/S, downwind of the llo smelter, and over
PART trajectories show that air originating at Caletones ei-land near Chuquicamata, where trajectories tend to recircu-
ther crosses eastward into Argentina or may occasionally béate.

entrained into the southeast Pacific MBL east of \Rb(ap- Figure 7 shows the mean predicted values ir? 2i6re-
proximately half of the study days), depending on the loca-ments with and without smelter emissions in the boundary
tion of the subtropical Pacific high (Spak et al., 2010). layer along the 20S parallel. Particle number concentra-

FLEXPART back dispersion analysis was carried out with tion (0.12 to 3.0 um) is given in Fig. 7a and sulfate mass in
10000 trajectories (not shown) originating from times and Fig. 7b. The absolute change in particle number concentra-
locations where electron microscopy samples were taketion due to smelter emissions is at a maximum at 7@/5
from the C-130 aircraft. Results indicate that when the (near the shoreline), where smelters are predicted to typically
measurements are affected by inland sources, other coastebntribute about 68 cr? to the available particle population
sources have a higher impact than smelters in the Andesf about 320 cm® total (21 %). Sulfate mass at 728/, on
such as Caletones. These include area sources, coastal povibe other hand, is predicted to increase by 40 % with smelter
plants, steel mills and industrial boilers. Smelter emissionsemissions included, indicating that a substantial fraction of
present over the study region would have been highly dilutedsulfur may deposit on existing particles downwind of the
aged, and mixed with primary and secondary aerosols fronsmelters themselves. The mean change aloAgietween
other sources that have similar emissions rates, but are les®* W and 85 W where the C-130 aircraft measurements
diluted and aged upon arrival. were made was 13 % for particle number and 28 % for sul-

Results from the WRF-Chem model also suggest thatfate mass. The impact of smelter emissions is predicted to be
smelters were not the major source of enhanced particles ovesomewhat larger in the free troposphere (not shown) than in
the ocean along 2@. Figure 6 shows the mean % differ- the marine boundary layer, with number concentration being
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Longitude The particle critical supersaturatiofis, is the supersatura-
tion with respect to water that is necessary for a particle to
Fig. 7. (a) Comparison of aerosol number concentration betweengrow from a stable deliquesced particle into a larger cloud
0.12 and 3.0 um as observed from the C-130 (blue) vs. WRF'Chenaroplet. Given the same chemical compositiohler the-
model results with smelter emissions (red) and without smelterOry predicts that the largest particles, which have a lower crit-

emissions (black) for the 15 October 2008 to 15 November 2008.

time period. Data are gridded into 2.5 degree longitudinal zones be!Cal supersaturation, will be more active in forming droplets

tween 22 S and 18 S. The number of profiles is indicated at the top (Wallace and Hobbs, 1977). In addlthn, the.la?r_ger particles
of each longitude bir(b) Same but for measured (Allen etal., 2011) &ré expected to form larger droplets in the initial stages of
and modeled sulfate mass between 0.04 pm to 0.625 pm, with sanfloud formation (Twohy et al., 1989a). Subsequent in-cloud
pling time in minutes in each longitude bin indicated at the top. For processes, such as mixing of air parcels with different histo-
each zone, center solid (dashed) lines indicate the median (meandies and chemical reactions, may modify, but not completely
and boxes indicate upper and lower quartiles with upper and lowereradicate, this size dependence (Ogren and Charlson, 1992).
decile whiskers. To explore these processes in more detail, we chose periods
of relatively stable cloud properties (droplet number concen-
tration and liquid water content) to investigate the distribu-
impacted the most by 42 % at 72/ and by 34 %, on aver- tion of activated droplets in stratocumuli during VOCALS
age, between POV and 85 W. flights. Increasing the counterflow rate out tip of the CVI in-
The WRF-CHEM-predicted particle concentrations from let progressively increases the “cut size”, rejecting smaller
smelters, while not very large, are greater than the verydroplets, while retaining larger droplets. The cut size is de-
small fraction of particles containing copper or lead detectedfined as the size of droplet that is collected with 50 % effi-
via SEM. There are several probable reasons for this resultciency by the CVI, and is based on laboratory and theoretical
The larger, primary particles that serve as distinct tracerscalculations (Noone et al., 1988; Anderson et al., 1993).
for smelting are likely diminished after several days of dilu-  Figure 8 shows the droplet residual size distribution as
tion, cloud processing and wet deposition. On the other handa function of changing droplet cut size for two VOCALS
the secondary particles produced from;3® oxidation and  flights in the near-shore region. At the minimum droplet cut
condensation are smaller and may be produced farther dowrsize of about 7 um diameter, a broad range of particle sizes
wind, in addition to near the source. Thus, they would be notare present within droplets, down to the 0.055 pum lower limit
necessarily have been detected in the Anderson et al. (1988)f the optical particle counter. As smaller droplets are ex-
study, which measured particles larger than 0.4 um, relacluded, smaller residual particles are also excluded, and the
tively close to the smelter itself. Possible uncertainties inmean particle size increases. At the largest droplet sizes, only
model treatment include an overestimation of source emisthe large particles are primarily present, with mean sizes
sions (Saide et al., 2012b) and a shallower than observedf 0.276 um and 0.316 um for the two cases shown. These
near-shore marine boundary layer (Saide et al., 2012a); botlarger particles within larger droplets are consistent with
of which could cause higher particle number concentrationssimple droplet activation and growth theory, e.g., Twohy et
Given these factors, the percentages contributed by smeltei. (1989a). While these large droplets are relatively few in
given in Figs. 6 and 7 can be considered to be upper limitsnumber, they are important, as they are the ones that will
The electron microscopy and WRF-Chem results togetheinitiate drizzle. Additionally, they are expected to be dif-
indicate that different emissions, such as those from otheferent chemically due to differences in particle composition
central Chilean sources, were the major cause of the enwith size. For example, Twohy et al. (1989a) showed that
hanced accumulation-mode particle concentrations observeldrger droplets should preferentially form on sea-salt, rather
near shore along 2G5. Thus smelter emissions are a smaller than typically smaller sulfate. These alkaline droplets would
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Fig. 8. Size distributions of droplet residual nuclei from droplets limits represent the upper and lower quartiles, with the median as a
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residual particle size is shown at bottom of plots. Top plot is from Mmark the maximum and minimum values within the data set that
C-130 flight 3 (21 October 2008) and bottom is from flight 4 (21 are within the upper quartile- (1.5 x the interquartile distance)
October 2008). or less than the lower quartile — (1:6 the interquartile distance),
respectively. Outliers are marked with circles.

initially contain a large fraction of available S(IV) (aque- i

ous SQ, bisulfite and sulfite) in the cloud, which may be €ling (Kulkamiand Twohy, 2011) and measurements (Twohy
converted irreversibly to sulfate through aqueous-phase re€t al-, 2003) indicate that drops larger tharl00um are
actions (Hegg and Hobbs, 1979). Through this process, sed2fone to break up. Thu;, time periods with s_|gn|f|cant driz-
salt acts as a sink for SGand may limit the formation and _zle were .excluded from in-cloud samples, using two screen-
growth of smaller sulfate aerosols (Yang et al., 2012). VO-INg crlterlg that both needed to be met for sgmples to be ac-
CALS electron microscopy (Fig. 4) suggests that this pro_cepted. First, mean drop number concentration from the 2D-
cessing may occur in or out of cloud, with all sub-cloud sam-C Probe was required to be5 !—_l- The 2D-C probe mea-
ples showing evidence of some sea-salt particles being mocgUres the 60 um to 800 um diameter drop range where the

ified chemically from their expected seawater species ratiosdrizzle mode presides, and in VOCALS, low number con-
usually with excess sulfate. centrations were correlated with smaller drizzle drop sizes.

As a second safeguard against any drizzle artifacts poten-
3.3.2 Below cloud vs. droplet residual size distributions tially remaining, the ratio of mean CVI total residual num-

ber to the droplet number concentration was required to be
It is also of interest to compare the dry size distributionsless than or equal to 1.0. The CVI number concentration was
of below-cloud aerosol particles with those produced fromtaken from the CPC downstream of the CVI inlet, while the
evaporated droplets within the cloud, in order to evaluatedroplet concentration was measured by the CDP (or FSSP if
which particle sizes may act as CCN, and whether cloud pro-CDP was not operative). This screening resulted in 20 accept-
cessing modifies the aerosol size distribution. In-cloud peri-able pairs of samples. The ratios of total CVI numidéy, to
ods where electron microscopy samples were obtained wer€DP or FSSP droplet numbeYy, for these samples ranged
matched to the closest available below-cloud period wherdrom 0.38 to 0.96. Low ratios could occur because in polluted
UHSAS data were available. Samples used in this analysigases, droplets were sometimes smaller than the minimum
were primarily, but were not limited to, those taken during cut size of the CVI, and higher cut sizes were sometimes in-
flights along the 20S parallel. In-cloud samples were 3—7 tentionally used, as discussed in the previous section.
min in duration (about 20 to 47 km) while below-cloud sam-  Under a simplifying assumption of a lognormal distribu-
ples were 2—4 min in duration (about 14 to 27 km). The meartion, the geometric mean diametey, was calculated for
time between in-cloud and below cloud samples was 18.%each UHSAS distribution. Aggregate statistics for all sam-
min (about 125 km). ples are compared in Fig. 9. As expected, residual particles

Drizzle drops can break up within inlets and produce par-from droplets tended to be larger than below-cloud particles.

ticulate artifacts downstream (Clarke et al., 1997; Weber et50 % of the below-cloud samplés fell between 0.129 and
al., 1998; Hudson and Frisbie, 1991). For the CVl inlet, mod-0.143 um, with a median of 0.135 um, while 50 % of the in-
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Table 3. Ratio of in-cloud to below-cloud particle concentration for four size distributions shown in Fig. 10.

Diam (nm) 58 68 79 91 106 122 140 162 188 218 249 288 338 398 * 465

Date Time (UTC)

10/18/08 13:33:32 0.11 015 019 024 029 029 028 025 024 028 041 054 09 120 0.83
10/21/08 07:18:25 0.11 0.16 028 043 055 061 068 080 070 065 091 116 231 250 228
10/21/08 13:14:15 0.09 011 015 028 036 043 054 060 063 059 068 068 1.00 087 1.20
11/9/08 16:42:42 035 057 053 055 059 056 059 062 056 069 108 258 238 174 105
Average Ratios: 0.16 025 029 037 045 047 052 057 053 055 077 124 166 158 134

* Sizes larger than 500 nm not shown due to low counts and poor statistics.

~~ Below Cloud
== In-Cloud Droplets
1200 P | s L PR i 600 |
= a i b) |
= oo, @[ (b)
£ 800 - g 400 -
a s
[a)
2 600 - 3 300 L
4 3
2 400 - © 2004 -
P4 2
200 - © 1004 L
6 789" 2 3 4 5 6789 0 T A S S A
1000 6 7 8 9100 2 3 4 5 6 78 ‘?OOO
Optical Diameter, nm Optical Diameter, nm
PR | s s s PR 500 PR | N N N PR
500 -
[ d
- © [ o @ |
£ 400+ =
o
& 300 L ~ 300 F
_'8’ g 200 F
T 2007 o i'
P4 z
T 100 - T 1004 r
———7 . e e 0——r \ e
6 789 2 3 4 5 6 789 6 789 2 3 4 5 6 789
00 1000 100
Optical Diameter, nm Optical Diameter, nm

Fig. 10. UHSAS particle size distributions for four sets of paired below-cloud (blue) and in-cloud droplets (red) for CVI samples in clouds
with drizzle < 5L~ and ratio of CVI total number concentration to droplet number concentration between 0.72 and 0.94. C-130 flights and
in-cloud UTC times arda) flight 2 (18 October 2008): 13:33:32-13:36:%B) flight 3 (21 October 2008): 07:18:25-07:24:46) flight 3

(21 October 2008): 13:14:15-13:16:40, gudi flight 11 (9 November 2008): 16:42:42—-16:47:22. In-cloud distributions are less noisy than
below-cloud distributions due to the enhancement factor in the CVI inlet.

clouddgs were between 0.136 and 0.160 pm, with a median- particularly in “pockets of open cells” — could not be sam-
of 0.148 um. While none of the in-cloudys were smaller pled reliably due to the ubiquitous drizzle present.)

than 0.127 pum, below-cloudys were as small as 0.106 um.  Most of the non-drizzling cloud distributions show greater
Above cloud particles were even smaller than below-cloudinvolvement of larger particles in cloud formation, but there
particles, with a mediadg value of 0.102 um for samples is considerable variability from sample to sample. This is ex-

taken shortly before or after these cloud samples. pected based on different thermodynamic histories of each
To investigate further, below-cloud and in-cloud size dis- sample (see below). Additionally, the in-cloud distributions
tributions are plotted for four sample sets with7®< lack any clear cut-off diameter below which particles are not

N¢/Ng<0.94 (i.e., when the CVI was collecting most activated. Table 3 shows the ratio of in-cloud residual par-
droplets) in Fig. 10. Plots a—d are ordered from the highesticle concentration to below-cloud particle concentration as
to lowest droplet concentration, representing m&gmang-  a function of size. Particles down to the lower size limit of
ing from 292 cn3 in Fig. 10ato 86 cm?® for Fig. 10d. (Note  the UHSAS, 0.055 um, are involved in cloud formation, al-
that some of the extremely clean clouds sampled in VOCALSthough in smaller percentages relative to the available ambi-
ent aerosol than larger particles are. Also, the total residual
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numbers measured with the CPC indicate that some droplewvhere small droplets evaporate completely, or inhomoge-
residuals are even smaller than 0.055 um in size. This is imneous, which seems to be common (Twohy and Hudson,
portant, as it indicates at least some of the cloud nuclei arel995; Lu et al., 2011). In the extreme inhomogeneous case,
coming not from the accumulation mode but from smaller the parcel is essentially diluted, with a decrease in droplet
particles, which may have different sources and composi-concentration, but with no change in the percentage of large
tions. Analyses that assume only the larger, losygrarticles ~ and small droplets. This could result in a decrease in residual
influence CCN concentrations (and thereby droplet numberparticles across all sizes, while retaining the small ones, such
size, drizzle concentration and radiative properties) may beas is seen to some extent in Fig. 10. The net effect on the
incorrect. Table 3 also reveals some enhancement of particlegsidual size distribution is similar to that expected from the
larger than about 270 nm in two of the four in-cloud samplesmixing of particles with different histories that occurs during
relative to their corresponding below-cloud distribution. This sampling, as discussed above.
requires further study, but possible reasons are coalescence Entrainment of above-cloud air may not only evaporate ex-
or in-cloud chemical reactions, both of which can add soluteisting droplets, but may be a source of new CCN to the stra-
material to droplets. tocumulus cloud layer (Clarke and Kapustin, 2002). Since

The ability of small particles to form droplets has been particles above cloud tended to be smaller than below cloud
observed by others; for example (Ostrom et al., 2000) foundn the VOCALS region (Allen et al., 2011), this process could
many particles smaller than 0.1 um in diameter in stratocu-also be a source of additional small particles in the CVI resid-
mulus off the coast of California. This phenomenon may beuals (see also modeling results, Sect. 3.3.3).
due to a number of factors. First, droplets with a range of his- Other factors that could influence the shape of the CVI
tories are sampled within a single in-cloud sample consideredesidual size distribution include differences in CCN chem-
here, which comprises many horizontal km of cloud elementdstry, in-cloud chemical reactions (sulfate and organic aerosol
containing both updrafts and downdrafts. Probability plotsproduction), and coalescence. Sea-salt particles are expected
for measured 1 Hz in-cloud vertical velocities during the four to be better CCN than the same sized sulfate particles, and
non-drizzling time periods are shown in Fig. 11. Each sampleorganic material may influence droplet growth. However, the
is a mixture of cloudy air with a wide range of vertical ve- modeling discussed below shows that small particles can be
locity histories. Note that vertical velocity may be positive at present within droplets even without any variation in CCN
50 % probability (Nicholls, 1989). The probability plot for- properties. In-cloud chemical reactions (Hegg and Hobbs,
mat shows that for the four samples, about 10 to 40 % 0f1979) may be active in the VOCALS region (Benedict et al.,
the vertical velocities are 0.5m s and about 1-10% are  2012), but would be expected to enhance the large residual
>1mst At 1 ms!, supersaturationsSj of ~0.9% can  particle population at the expense of the small ones (Fein-
be achieved in a low-aerosol environment &hd 0.4% can  gold and Kreidenweis, 2002). Thus, varying CCN chemistry
be reached in a high-aerosol environment (Chuang, 2006)or in-cloud chemical reactions are unlikely to explain our re-
These values correspond to critical diameters as small asults. Coalescence, however, could create a relative enhance-
about 0.025 um to 0.045 um, respectively, for sodium chlo-ment of small residual particles by removing larger particles
ride particles and slightly larger sizes for ammonium sul- from the cloud, a process explored further through modeling,
fate (Hudson, 2007). The smaller size may be more likelyas described below.
to be activated in cleaner clouds offshore, where higher su-
persaturations are reached for two reasons: there are few&.3.3 Results of 3-D LCM/LES model with particle
available cloud condensation nuclei on which water can con- tracking
dense, and more variable and sometimes stronger updrafts
due to stronger dynamical forcing (Bretherton et al., 2010).For comparison with the in-cloud size distribution measure-
Higher updraft velocities are correlated with larger droplet ments, a Lagrangian cloud model was used to simulate par-
concentrations in stratocumulus (Leaitch et al., 1996; Snideticles involved in cloud nucleation, coalescence and precip-
and Brenguier, 2000), presumably due to the activation ofitation removal in the VOCALS stratocumulus regime. Ini-
CCN with higher critical supersaturations, which are usuallytial conditions for the Lagrangian cloud model were de-
smaller in size. rived from British BAE-146 measurements along thé 30

A second factor is that in downdrafts and regions of en-line during VOCALS on 13 November 2008 at 11:08:00—
training dryer air near cloud top, particles of various sizes11:28:00 and 11:47:00-12:02:00 UTC. These two periods
can be released from droplets through evaporation. This maghowed contrasting droplet concentrations in cloud and had
reduce the droplet number concentration; indeed, Leaitch eavailable information about the aerosol distribution below
al. (1996) found that the mean droplet concentration in ma-the cloud, as well as air temperature, humidity, velocity, and
rine stratus was only about half the maximum droplet con-radiative fluxes. The “HIGH” case at about°A® had a
centration for each in-cloud flight leg. The effect of mixing mean cloud droplet concentration of 250¢h while the
and subsequent evaporation on the residual size distributioh_OW” case at about 77W had a droplet concentration
will vary depending on whether the mixing is homogeneous,of 65 cnT 3. The initial aerosol distributions were assumed
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Fig. 12. Particles larger than 0.055 um for HIGd, b) and LOW

(c, d) Lagrangian cloud model cases after 2 h (top) and 8 h (bottom)
of run time. Analogous to Fig. 10, the blue line shows the aerosol
size distribution below the cloud, averaged between 100-350 m in
height, while the red line represents the particles only present within
droplets larger than 8 um in size. The green line shows all particles
within the cloud layer, including both interstitial and in-cloud parti-
cles. In-cloud was defined as points wih > 103 g kg L.
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Fig. 11.Probability plot of vertical velocity (1 Hz) measured along
the flight track for in-cloud sample&) through (d) shown in
Fig. 10.

to be bimodal and composed of ammonium sulfate. In ad-
dition to the below-cloud aerosol distribution, above cloud the periods shown in Fig. 10. Relative to the below-cloud
and the ocean surface were also potential sources of padistributions, however, the modeled in-cloud distributions are
ticles. 3-D simulations were run for this paper, with the similar in shape to the observed distributions. In both cases,
horizontal velocity specified ag:,v) = (—1,1ms™1) for while larger particles tend to be more active in cloud for-
HIGH and (-3,4ms1) for the LOW. Longwave radiative mation, no sharp activation is observed at a single particle
forcing was based on the Stevens et al. (2005a) represersize. This wide range of within-droplet particle sizes occurs
tation, with parameters fitted to better reproduce observedvithout invoking any difference in particle chemistry or hy-
radiative fluxes with the following tuning parametefg = groscopicity. Rather, it is likely due to the different thermo-
115Wnr2, F; =63Wm 2,k =91 nfkg 1 for HIGH and  dynamic histories of air parcels and the influence of coales-
Fo=81Wm?2 Fi=45Wm?2 «=73nmkg 1 for LOW. cence, as described below. Results for the HIGH (panels a
Eight hours of cloud evolution were simulated, with spin- and b) and LOW (panels ¢ and d) cloud droplet cases are
up in the model assumed to be complete after two hourssimilar. However, for the LOW case because of the fewer par-
The coalescence process is active from the beginning of thécles and higher in-cloud supersaturations, there is greater
third hour, and in subsequent hours, the processes that magvolvement of smaller particles in cloud droplet nucleation.
be important in real clouds can be examined. We note, how- Some of the in-cloud CVI data (Fig. 10) look like the two-
ever, that the large-scale subsidence and shortwave radiativeour model simulations (after spin-up is complete), while
forcing that can influence stratocumulus evolution are not in-others look more like the later simulations, with a broader,
cluded in these runs. flatter appearance. The greater horizontal extent and there-
For comparison with the in-situ measurements shown infore variable thermodynamic history for the CVI in-situ sam-
Fig. 10, the modeled size distributions of particles larger thanples is one explanation for this; for example, the model never
0.055 um are shown in Fig. 12 for the two model cases, afpredicted vertical velocities larger than 1 mfswhile these
ter two hours and eight hours of model simulation time. As were sometimes observed in the C-130 in-situ measurements
in Fig. 10, the aerosol distribution below the cloud is shown (Fig. 11). Additionally, an active collision/coalescence and
with the blue line and aerosol particles within droplets (di- drizzle process occurring prior to sampling the actual clouds
ameter> 8 um) is the red line. The complete aerosol distri- could produce this effect.
bution (interstitial plus within droplets) in the cloud layeris  Over time, the difference between the initial below-cloud
shown as the green line. The below-cloud aerosol distribu-aerosol distribution and the aerosol distribution inside the
tions used in the model, based on BAE-146 measurementgroplets increases for both model cases. This difference is
are slightly different from those observed on the C-130 for partially due to a change in the total particle distribution
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effective radius, determine cloud optical thicknegsrough

@) © the following approximation (George and Wood, 2010):
1 1
N N 1.8LWP
N 05 N 05 T~ —}"epw (1)
0 0 Cloud optical thickness, in turn, determines visible cloud
3?‘: |40° 5|00 600 700 1?2 | 15(: 200 albedo or reflectance. Thus, the enhanced droplet number
otal aerosol conc. fem 7] otal aerosol conc. fem 7] concentration and reduced droplet size observed in the VO-
©) L ) CALS near-shore region would be expected to produce more
1 1 reflective clouds if LWP stayed constant (or increased) rela-
N N tive to an unperturbed stratocumulus region. This is explored
N 05 N 05 further in the following sections.
3.4.1 Liquid water path and thickness

0 0
300 400 500 600 700 100 150 200

total aerosol conc. [cm ] total aerosol conc. [em ] LWP was derived for the 268 missions from the G-band

Vapor Radiometer (GVR) (Zuidema et al., 2012), supple-
droplets) predicted by the LCM after 2 h (top.andc) and 8 h mented by adiabatic LWP derived from the on-bc_)ard radar
(bottom,b andd), as a function of height, scaled to the top of the (Wang et aI.,. 2012) when GVR data were not available. The
cloud. HIGH aerosol case results are on the left and LOW aerosoppward'loc’k'ng radgr and lidar (Wang etal., 2012) vyere used
case results are on the right. to estimate cloud thickness during the sub-cloud flight legs.
While quite variable, both cloud thickness and the closely
related LWP were generally smaller near shore for the VO-

within the cloud as a result of aerosol processing by coa-CALS time period (Fig. 14a), with both being significantly
lescence. The coalescence process moves many particles iiorrelated with distance from shore (Table 2). This change
tially in the ~ 0.1 to 0.3 um size range to a few larger parti- in cloud physical properties is observed in satellite data also
cles, which eventually may be removed as drizzle. Figure 13Painemal and Zuidema, 2010) and is probably related to the
shows the vertical profiles of total aerosol (activated and unlarge scale meteorology; for example, the increased subsi-
activated) predicted at 8 h for the HIGH and LOW simula- dence and thinner boundary layer near shore (Wyant et al.,
tion. While initially the aerosol profiles are uniform through- 2010; George and Wood, 2010). Some modeling studies have
out the boundary |ayer, over time, the aerosol partic|es jusﬁhOWﬂ that hlgher aerosol concentrations may lead to smaller
below and in the cloud layer are depleted relative to the nearliquid water paths through enhanced entrainment of dry air
surface layer. This is due to coalescence and drizzle remowAckerman et al., 2004) or reduced drizzle-driven turbulence
ing particles from the cloud faster than they are replenishectnd smaller moisture flux from the ocean surface (Jiang et
from the surface or from above the cloud. aI., 2002) However, during a series of VOCALS measure-
We also investigated where the model predicted aerosoments at a fixed near-shore location{&) 72 W), Zheng et
particles within cloud droplets to originate for the two sim- al. (2011) found that LWP actually was positively correlated
ulations. The major source of the partide number ConcenWith aerosol concentration for a well-mixed bOUndary |ayer.
tration within cloud droplets at all times was particles origi- The response of LWP to aerosol particles may even depend
nating below the cloud. After 8 h of simulation, about 20 % ©n the cloud base height (Wood, 2007).
of the aerosol within droplets could be attributed to other Regardless of the still poorly understood cause, the gen-
sources: for the HIGH simulation, this was primarily parti- erally thinner characteristic of the near-shore cloud field is
cles entrained from above the cloud, while for the LOW sim- Very important in interpreting satellite measurements, which
ulation, it was primar"y partides generated from the OceanShOW small effective radii near shore. Due to condensational
surface. Thus particle entrainment from above and parti-growth, droplet size increases with depth throughout the
cle generation from below may be small, but non-negligible cloud layer. As a result, clouds with smaller thicknesses and

Fig. 13.Total aerosol concentration (ambient, interstitial and within

sources of CCN. liquid water paths will, for a given droplet concentration,
have smaller droplets. Returning to the VOCALS hypothe-
3.4 Cloud thickness, liquid water path and potential sis presented earlier, it seems that the small effective radius
radiative impact near shore is not only due to the presence of anthropogenic

pollutants increasing droplet number concentration, but also
In earlier sections, we have shown that the enhanced partidue to the large-scale forcing that causes clouds to be thinner
cles in the VOCALS near-shore region are related to highemear shore.
cloud droplet concentrations and smaller droplet effective The relative contributions of increasing droplet concentra-
radii. However, cloud liquid water path, as well as droplet tion and decreasing cloud thickness in modifying thef

Atmos. Chem. Phys., 13, 25412562 2013 www.atmos-chem-phys.net/13/2541/2013/



C. H. Twohy et al.: Stratocumulus clouds over the southeast Pacific Ocean 2557

Unperturbed Smaller reft Smaller LWP
— 85 80 W Longitude 75 70 region i dominates
700 1 T T T T T T
€ f——y=-136 + 162.3log(x) R’=0.27 (a): >
:—'_’ 600 F——y =237 + 1159log(x) R’=0.22 E ° 08
2 500 b —e—Cloud Thickness | ©
5 . —s—Liquid Water Path |{ 2
2 . ® e ] < 06
£ 400 ° P E °
H |2
@ 300 E 0 o4
£ 5
% 1
2 200 E Q
- 1 o
T 100 ] = 02 - 4 Calc. Albedo from Aircraft, Day ]
3 E ® Calc. Albedo from Aircraft, Night
© b AT . B DL - 0 | @ Albedo from MODIS, 10:30 Local |
1600 1400 1200 1000 800 600 400 200 0 1600 1400 1200 1000 800 600 400 200 0
Distance West from Shore (km) Distance West from Shore (km)

Fig. 14. (a)Cloud geometric thickness and liquid water path (LWP) as a function of distance west from shore 8l8ngRigkness is from

the in-situ radar and lidar, while LWP uses both GVR and radar data. Uncertainty is estimated to be 30 m for geometric thickness (D. Leon,
personal communication, 2012) and 20 g#for LWP (Zuidema et al., 2012b) Top of cloud albedo vs. distance from shore calculated as
described in the text (using 10:30 local values for solar zenith angle). Circles are values derived from onboard remote sensors during daytime
(purple) and night-time (blue) C-130 flight segments, while green squares are derived from the MODIS 10:30 local overpass averaged over
the entire VOCALS 31-day time period. Vertical bars represent one sigma variability in the MODIS data. Since in-cloud data only was used,
cloud albedos here are higher than net albedos in partly cloudy regions.

near-shore clouds can be estimated as follows. Since the VQite and in-situ albedo calculations. Typical levels of absorb-
CALS clouds tended to be quasi-adiabatic (Zuidema et al.jng black carbon 50 ng n73) measured from the C-130 in
2012), changes in: can be related to changes in the height VOCALS (Shank et al., 2012) should have a negligible effect
above cloud basei, and droplet number concentratidvy on cloud albedo (Twohy et al., 1989b).

through Eg. (11) of Brenguier et al. (2000): Figure 14b shows cloud albedos derived from the two
techniques (in-situ and remote sensing). For the in-situ data,
h\Y3 samples between 08:30 and 20:30 local time are plotted sep-

e & (ﬁ) 2) arately from 20:30 to 08:30 local time, since LWPs tend to

be lower during daytime hours due to solar insolation (Wood
Holding the near-shore cloud thickness constant at 200 net al., 2002). Albedo values were calculated during night-
(Fig. 14a) while changing/q from the unperturbed value of time hours for completeness, as most of the data far offshore
80 cnt3 to the polluted value of 250 cnt (Fig. 1c) yields a  were collected at night. Results for satellite and in-situ data
decrease ime of 32 %. Holding the near-shory constant  are similar in magnitude, particularly for near-shore clouds.
while changing the cloud thickness from 400 m to 200 m The far-offshore albedos from the in-situ data are larger than
yields anre decrease of 21%. Thus about 60 % of the netthose from MODIS at 10:30 local, a result of the large LWPs
decrease ime can be attributed to the change Ay (a mi-  that tend to occur during nighttime hours. Additionally, the
crophysical change due to enhanced pollution), while abouin-situ data points exhibit strong variability with a slight in-
40 % is due to the smaller cloud thickness near shore, morereasing trend offshore that is not statistically significant.

likely a macroscale effect. Albedos derived from the MODIS satellite data are more
. o statistically robust because the daily data are averaged over
3.4.2 Cloud albedo and factors influencing it the entire month-long intensive observation period, as well

as over one-degree increments in both latitude and longi-
tude, while the aircraft data represent single flight legs on
: > ! ) 8 one day, in one dimension. Using Fig. 14b and relying on the
ing the delta-Eddington approximation following Eq. (37) of gatellite data for a more representative data set, relative to
King and Harshvardhan (1986). Sincemeasured from the 55 rently unperturbed clouds 1000 km or farther offshore,
CDP during in-situ cloud legs is dependent on the samplingy\;opis cloud albedos (open squares) increase slightly be-
height and does not nec_:essarily r_efle_ct the near-cloud-toRyeen ahout 500 and 1000 km from shore. This corresponds
value measured by satellit, for the in-situ albedo calcula- (4 the region that Allen et al. (2011) named the “transitional”
tions was derived from the aircraft-measured droplet numbe%one, between about 78V and 80 W. Note in Fig. 1b and

concentration and LWP, as described in George and Wooq 4t groplet concentration is enhanced and droplet size is
(2010). MODIS cloud albedo was calculated using LWP andgecreased in this region relative to the unperturbed clouds

re derived from the 10:30 a.m. local satellite overpass for ygehqre. However, nearer shore, albedo decreases again sub-
one-degree increments along°Z)between 15 OcCtober 0 giantially. Since droplet size is definitely smaller near shore

15 November 2008, and averaged for these dates. The sOlggig 1¢), this decrease in near-shore albedo must be due not
zenith angle at 10:30 local time was used for both the satel-

Top-of-cloud albedoAToc, was calculated for both the in-
situ and MODIS satellite data as a functionzofEq. 1), us-
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to a droplet size effect, but to the decrease in cloud thick- Based on measurements from MODIS, the net effect of
ness and LWP which reduces the cloud optical thicknesshangesin LWP an} relative to unperturbed “clean” clouds
near shore (Eqg. 1). The net effect of these factors is thats that cloud albedo is actually lower withirr 300 km of
cloud albedo actually tends to be smaller near shore, with @hore. Albedo is slightly higher 500-1000 km offshore, in
slight enhancement offshore where aerosol particles impaca transition zone where droplet concentration is slightly en-
the droplet concentration, but clouds are still relatively thick. hanced and changestgapparently dominate over changes
The observation that an increase in albedo is not observeih liquid water path. Better knowledge of factors and feed-
near shore relative to offshore does not mean, however, thaiacks controlling liquid water path is critical to understand-
present day pollutants are not changing cloud properties relang and predicting aerosol indirect effects in stratocumulus
tive to pre-industrial values. If the pre-industrial droplet con- clouds.
centrations throughout the region were similar to those mea-
sured in unperturbed air offshore, a significantly smaller ef-
fective radius and lower cloud albedo would have existedAcknowledgementsNork by lead author CT was primarily
at that time, assuming liquid water paths were similar tosupported by the National Science Foundation under ATM-

the present day (George and Wood, 2010). Thus anthro?746685. Additionally, co-authors acknowledge the following
pogenic pollutants being produced today still may be pro_agencies/grants. MA: NERC grant NE/F018673/1; JA: NSF grant

ducing a significant cloud brightening effect. The complex ATM-0746671; PS and SS: NSF grant 0748012, NASA grants
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