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Abstract. The southeast Pacific Ocean is covered by the world’s largest stratocumulus 23	
  
cloud layer, which has a strong impact on ocean temperatures and climate in the region. 24	
  
The effect of anthropogenic sources of aerosol particles such as power plants, urban 25	
  
pollution and smelters on the stratocumulus deck was investigated during the VOCALS 26	
  
field experiment. Aerosol measurements below and above cloud were made with a 27	
  
ultra-high sensitivity aerosol spectrometer and analytical electron microscopy. In 28	
  
addition to more standard in-cloud measurements, droplets were collected and 29	
  
evaporated using a counterflow virtual impactor, and the non-volatile residual particles 30	
  
were analyzed.  31	
  
 32	
  
Many flights focused on the gradient in cloud properties on an E-W track along 20°S 33	
  
from near the Chilean coast to remote areas offshore. Mean statistics from seven flights 34	
  
and many individual legs were compiled. Consistent with a continental source of cloud 35	
  
condensation nuclei, below-cloud accumulation-mode aerosol and droplet number 36	
  
concentration generally decreased from near shore to offshore. Single particle analysis 37	
  
was used to reveal types and sources of the enhanced particle number. While a variety 38	
  
of particle types were found throughout the region, the dominant particles near shore 39	
  
were partially neutralized sulfates. Modeling and chemical analysis indicated that the 40	
  
predominant source of these particles in the marine boundary layer along 20°S was 41	
  
anthropogenic pollution from central Chilean sources, with copper smelters a relatively 42	
  
small contribution.  43	
  
 44	
  
Cloud droplets were more numerous and smaller near shore, and there was less 45	
  
drizzle. Higher droplet number concentration and physically thinner clouds both 46	
  
contribute to the smaller droplets near shore. Satellite measurements were used to 47	
  
show that cloud albedo was highest 500-1000 km offshore, and actually lower closer to 48	
  
shore due to the generally thinner clouds and lower liquid water paths there. 49	
  
 50	
  
Differences in the size distribution of droplet residual particles and ambient aerosol 51	
  
particles were observed, with particles extracted from droplets being slightly larger than 52	
  
below-cloud particles in the mean. By progressively excluding small droplets from the 53	
  
CVI sample, we were able to show that the larger drops, which initiate drizzle, contain 54	
  
the largest aerosol particles. Geometric mean diameters of droplet residual particles 55	
  
were larger than those of the below-cloud and above cloud distributions. However, a 56	
  
wide range of particle sizes can act as droplet nuclei in these stratocumulus clouds. A 57	
  
detailed LES microphysical model was used to show that this can occur without 58	
  
invoking differences in chemical composition of cloud-nucleating particles.   59	
  



1   Introduction 60	
  

Stratocumulus clouds play an important role in the Earth’s radiation budget. Their ability 61	
  
to reflect incoming shortwave radiation from the sun helps to cool the surface of the 62	
  
planet and offset warming by greenhouse gases (Hartmann et al., 1992). The albedo of 63	
  
stratocumulus clouds is dependent on the liquid water path (LWP, vertically integrated 64	
  
liquid water content) and the effective droplet radius re (Stephens, 1978). Since aerosol 65	
  
particles act as cloud condensation nuclei (CCN), they influence both droplet number 66	
  
concentration and size. The first indirect effect of aerosols on clouds, recognized by 67	
  
(Twomey, 1974), postulates that an increase in cloud condensation nuclei for clouds 68	
  
with constant liquid water path will result in a decrease in re, and thus an increased 69	
  
albedo. While simple in theory, observations of this effect are confounded by variability 70	
  
in LWP over the short time and space scales accessible by aircraft measurements 71	
  
(Twohy et al., 2005;Stevens and Feingold, 2009). Satellite measurements, while able to 72	
  
measure over longer time and space scales, may suffer biases especially near broken 73	
  
clouds (Marshak et al., 2008;Twohy et al., 2009), which can artificially increase derived 74	
  
aerosol number concentration near clouds. Additionally, aerosol particles themselves 75	
  
may impact cloud LWP through radiative/microphysical interactions (Ackerman et al., 76	
  
2000;Ackerman et al., 2003;Lee et al., 2009), and the sign of the LWP response can be 77	
  
positive or negative (Ackerman et al., 2004;Wood, 2007). Knowledge of the effects of 78	
  
atmospheric aerosols, particularly anthropogenic aerosols, on stratocumulus albedo is a 79	
  
prominent need for accurate climate change assessments (Solomon et al., 2007).  80	
  
 81	
  
The southeast Pacific Ocean (SEP) is an ideal environment to study stratocumulus 82	
  
clouds because it has one of the world’s most persistent and unexplored cloud decks 83	
  
(Huneeus et al., 2006;Wood et al., 2011b). Chile, which borders a large portion of the 84	
  
SEP, has an economy heavily based in mining copper and other metals (Schüller et al., 85	
  
2008). These sources and various other industrial and urban activity produce primary 86	
  
and secondary aerosol particles including sulfate, organic, and industrial types (Schüller 87	
  
et al., 2008;Hawkins et al., 2010;Tsapakis et al., 2002). Under the predominately 88	
  
southeasterly flow regime, these particles have the potential to influence the SEP 89	
  
stratocumulus deck through their potential action as CCN. Satellite datasets predict high 90	
  
concentrations of cloud droplets in the near-coastal regions of the SEP that would be 91	
  
sufficient to perturb the diurnal mean reflected shortwave radiation by 10-20 W m-2 in 92	
  
the absence of liquid water changes (George and Wood, 2010). Additionally, aerosol 93	
  
pollutants may alter the formation and persistence of pockets of open cells (POCs) 94	
  
within stratocumulus (Stevens et al., 2005b;Wood et al., 2011a), potentially influencing 95	
  
cloud fraction and albedo.  96	
  
 97	
  
Huneeus et al. (2006) found a spatial correlation between sulfur emissions and 98	
  
decreased effective radii off the Chilean coast measured by satellite remote sensors. 99	
  
Back-trajectory analysis suggested that near the Chilean shore, marine boundary layer 100	
  
air along the 20°S parallel is usually influenced by continental sources, and indeed, 101	
  
research aircraft measured higher aerosol concentrations and droplet concentrations 102	
  
near shore than farther offshore (Bretherton et al., 2010;Allen et al., 2011). Kleinman et 103	
  
al. (2011) noted that the near shore region was enhanced in carbon monoxide and 104	
  
sulfate particles, which they attributed to South American coastal pollution sources.  105	
  



 106	
  
2   Methods and Objectives 107	
  
 108	
  
A U.S. National Science Foundation C-130 aircraft operated by the National Center for 109	
  
Atmospheric Research collected data on the SEP stratocumulus deck during October 110	
  
and November of 2008. This was one component of the VAMOS Ocean-Cloud-111	
  
Atmosphere-Land Systems (VOCALS) project, with the overarching purpose of 112	
  
improving understanding of SEP clouds and their simulation in global climate models 113	
  
(Wood et al., 2011b). One of the specific VOCALS goals was to determine how the 114	
  
continental pollution from industrial activity affected droplet size (and presumably 115	
  
albedo) in the stratocumulus layer offshore. In particular, the first portion of the following 116	
  
VOCALS hypothesis (1c) is examined here:  117	
  
 118	
  
The small effective radii measured from space over the SEP are primarily controlled by 119	
  
anthropogenic, rather than natural, aerosol production, and that entrainment of polluted 120	
  
air from the lower free-troposphere is an important source of cloud condensation nuclei 121	
  
(CCN).   122	
  
 123	
  
Other objectives of this work were to determine what sizes and types of particles act as 124	
  
cloud condensation nuclei near shore and how they affect not only droplet size and 125	
  
number, but drizzle rate and cloud albedo.  126	
  
 127	
  
While a variety of aircraft participated in the VOCALS experiment, this paper focuses on 128	
  
the data collected from the C-130 aircraft to address this hypothesis. Data from C-130 129	
  
flights that transited from near the Chilean coast to offshore along the 20oS latitude line 130	
  
were used to examine gradients of cloud microphysical and aerosol properties relative 131	
  
to distance from the coast. Flights were based out of Arica, Chile (70oW longitude), and 132	
  
extended as far as 85oW, about 1600 km offshore. Level flight legs of ten minutes 133	
  
duration (about 70 km in horizontal extent) were made sequentially below, in, and above 134	
  
the stratocumulus cloud layer. Sub-cloud legs were at approximately 150 m altitude, 135	
  
while in-cloud legs were about 300 m above cloud base as measured by soundings 136	
  
through the layer. The above-cloud legs were about 300 m above cloud-top, in free 137	
  
tropospheric air. For the purpose of our analysis, each leg was considered a sampling 138	
  
period, and 1 Hz data from the various probes were averaged over the entire leg as 139	
  
long as in-cloud data were available. Data from about 50 sub-cloud and cloud legs were 140	
  
composited to statistically evaluate changes with distance from shore (with actual 141	
  
number of samples varying slightly depending on the parameter due to measurement 142	
  
availability). 143	
  

 144	
  
A wing-mounted Particle Measuring Systems (PMS) Passive Cavity Aerosol 145	
  
Spectrometer Probe (PCASP-100), and a cabin mounted Ultra High Sensitivity Aerosol 146	
  
Spectrometer (UHSAS) counted and sized particles from 0.1-3.0 µm and 0.055-1.0 µm 147	
  
dry diameter, respectively. For smaller particles, a Thermo-Systems Inc. 3760A 148	
  
Condensation Particle Counter (CPC) was utilized to quantify total particle concentration 149	
  
larger than 0.01 µm in diameter. Cloud droplets between 2 and 50 µm in diameter were 150	
  
measured optically using a Droplet Measurement Technologies Cloud Droplet Probe 151	
  



(CDP). Drizzle drops larger than about 60 µm were measured using a modified PMS 152	
  
2D-C optical array probe. Cloud droplets between about 7 and 50 µm in diameter were 153	
  
collected and evaporated with a counterflow virtual impactor, CVI (Twohy et al., 1997). 154	
  
The lower size limit was sometimes increased by the operator to investigate changes in 155	
  
properties with droplet size. The CVI inlet was heated to about 55°C in order to 156	
  
evaporate liquid water present in droplets (which also are impacted into dry air inside 157	
  
the CVI). At 55°C, some volatile organic species may be evaporated, in addition to 158	
  
water. However, organic material comprised a relatively small fraction of submicron 159	
  
aerosol mass in the VOCALS sampling region (Allen et al., 2011). The size distribution 160	
  
of non-volatile residual particles was measured with the pre-calibrated UHSAS.  161	
  
 162	
  
Both ambient and CVI residual particles were collected with a three-stage micro-163	
  
impactor (California Measurements, Model MPS-3) and a single stage filter sampler 164	
  
(PIXE International, Streaker Air-Particulate Sampler) operated in discrete mode under 165	
  
computer control. For the micro-impactor samples, particles impacted on the second 166	
  
stage (~0.5 to 1.0 µm diameter) and third stage (smaller than ~0.5 µm) were analyzed 167	
  
by transmission electron microscope (TEM, JEOL Model 2010) and elemental X-ray 168	
  
analysis (by energy dispersive spectrometer, EDS) on a number of flights.  Selected 169	
  
filter samples were analyzed by automated scanning electron microscope (SEM, JEOL 170	
  
Model JSM-5800) controlled by a spectral imaging system (ThermoElectron NORAN 171	
  
System 7) and with a large-window silicon drift detector for EDS. The general approach 172	
  
of the automated SEM techniques are described by Anderson et al. (1996).   173	
  
 174	
  
Two types of numerical models were utilized in this work. First, simulations using the 175	
  
WRF-Chem v3.3 model (Grell et al., 2005;Skamarock et al., 2008) provided high-176	
  
resolution meteorology for trajectory analysis and were used to perform sensitivity 177	
  
analysis on the impact of smelter emissions on particle concentrations in the VOCALS 178	
  
sampling region. The WRF-Chem model was configured with 12 km horizontal 179	
  
resolution and uses the CBMZ-MOSAIC (Zaveri et al., 2008;Zaveri and Peters, 1999) 180	
  
framework for gases and aerosols. Smelter emissions were released as SO2, which is 181	
  
converted to sulfate through gaseous (Zaveri and Peters, 1999) and aqueous chemistry 182	
  
(Fahey and Pandis, 2001) and reacts to form new particles, as well as condenses on 183	
  
existing particles. The model considers both the direct (Fast et al., 2006) and indirect 184	
  
effects (Chapman et al., 2009) of aerosols. Details on this configuration and validation 185	
  
against VOCALS measurements are thoroughly described in Saide et al. (2012). 186	
  
 187	
  
In addition, a Lagrangian cloud model (LCM) utilizing a large eddy simulation (LES) 188	
  
numerical model with Lagrangian representation of microphysics (Andrejczuk et al., 189	
  
2008) (Andrejczuk et al., 2010) was used to simulate droplet activation and evolution in 190	
  
VOCALS stratocumulus.  The microphysical scheme tracks millions of groups of 191	
  
particles and is coupled with Eulerian dynamics and thermodynamics (Reisner et al., 192	
  
2005). Depending on environmental conditions supplied by the Eulerian part of the 193	
  
model, water can condense/evaporate from the surface of particles, and forces resulting 194	
  
from the phase change, together with the drag forces, are returned to the Eulerian part 195	
  
of the model. For each group of particles, a full condensation model is included, 196	
  
meaning aerosol chemical properties are taken into account when solving the droplet 197	
  



growth equation; however no subsequent chemical reactions are included. The three-198	
  
dimensional, horizontally periodic model domain was 3.2 km x 3.2 km in horizontal 199	
  
extent and 2 km vertically, resolved with 80 x 80 x 200 grid points.  200	
  
 201	
  
George and Wood (2010) used MODIS satellite data to show that variability in cloud 202	
  
fraction is an important factor in the planetary albedo (including cloudy and clear areas) 203	
  
of this region. Because we focus on aerosol effects on cloud properties, clear-air 204	
  
regions are not included in flight-leg averages presented here. Further analysis of 205	
  
MODIS-derived cloud albedos are presented in this work using the approach described 206	
  
in Section 3.4. 207	
  
 208	
  
Throughout the paper, correlations between various aerosol and cloud properties and 209	
  
distance from shore are presented. Statistical significance for each relationship is 210	
  
assessed in Table 1 using a simple one-tailed t-test at a probability level of 0.05. If the t 211	
  
value for the observations, tobs, is greater than the critical t value, tcrit, the correlation 212	
  
may be considered significant. Equations for significant relationships are also included.  213	
  
 214	
  
 215	
  
3  Results 216	
  
 217	
  
3.1  Changes in aerosol and cloud characteristics with distance from coast 218	
  
 219	
  
Flights along the 20°S latitude line typically showed a steady and reproducible decrease 220	
  
in droplet number concentration, Nd, when the C-130 aircraft flew from near the coast to 221	
  
a remote region offshore. A corresponding increase in Nd was observed on return flights 222	
  
within the boundary layer back toward shore. The number concentration of 223	
  
accumulation-mode aerosol particles below cloud was also higher near shore than 224	
  
offshore. Fig. 1a shows the mean aerosol particle number concentration, Np, measured 225	
  
below cloud vs. distance from shore (or longitude) using data from eight C-130 flights. 226	
  
Both the PCASP (larger than 0.1 µm) and UHSAS (larger than 0.055 µm) data are 227	
  
shown. The concentration minimum between the smaller Aitken mode and larger 228	
  
accumulation mode begins at approximately 0.08 µm (Kleinman et al., 2011) in this 229	
  
region. Therefore, the PCASP measures most, but not all, of the accumulation mode, 230	
  
while the UHSAS measures all the accumulation mode and the tail end of the Aitken 231	
  
mode. Below-cloud drizzle events were excluded from the aerosol data compiled. 232	
  
 233	
  
Np (>0.055 µm) decreased from about 400 to 600 cm-3 near shore to 100 to 200 cm-3 234	
  
~1500 km offshore. This suggests, but doesn’t alone establish, that the continent is the 235	
  
dominant source of accumulation-mode particles near shore. Allen et al. (2011) and 236	
  
Kleinman et al. (2011) found that both carbon monoxide (a continental tracer) and 237	
  
sulfate aerosol mass also were higher in the boundary layer near shore than offshore. 238	
  
While sulfate aerosol can be produced from plankton-derived dimethylsulfide or DMS, 239	
  
Yang et al. (2011a) showed that DMS actually tended to be lower nearshore than 240	
  
offshore. These facts, together with the back-trajectories presented by Bretherton et al. 241	
  
(2010), Allen et al. (2011), and below, substantiate the hypothesis that the enhanced 242	
  
accumulation-mode particles near shore are derived from continental and not marine 243	
  



sources. Model studies with interactive aerosols and cloud microphysics have also 244	
  
simulated enhanced aerosol loadings associated with coastal pollution outflow events 245	
  
(Saide et al., 2012). 246	
  
 247	
  
Smaller particles, down to ~0.01 µm diameter as measured by the CPC, were 248	
  
sometimes present in higher concentrations offshore than nearshore (Fig 1b). This 249	
  
indicate other sources of these ultrafine particles, such as entrainment from above the 250	
  
boundary layer or photochemical production within clean regions, for example in 251	
  
pockets of open cells (Berner et al., 2011). While relationships between Np larger than 252	
  
0.1 and 0.055 µm and distance from shore are both significant, total particles larger than 253	
  
0.01 µm show no significant trend. 254	
  
 255	
  
Fig. 1c shows that cloud droplet number concentration also increased with proximity to 256	
  
shore, in accordance with the trend in larger particles. Cloud and particle concentrations 257	
  
were not only highly correlated with distance from shore but also with each other (Fig. 258	
  
1d). For the PCASP measurements, we have included a logarithmic as well as a linear 259	
  
fit to compare with Hegg et al. (2012), who presented sub-cloud PCASP concentrations 260	
  
vs. droplet concentration from the Twin Otter aircraft. The Hegg et al. (2012) study 261	
  
yielded a higher slope (0.72 vs. 0.44), but they used maximum measured droplet 262	
  
concentrations. Here we prefer to use mean droplet concentrations, as more 263	
  
representative of the variability of the entire cloud deck. In addition, the non-linear fit is 264	
  
more physical at low concentrations (e.g., with an intercept allowing particles to exist 265	
  
without droplets rather than droplets existing without particles). A polynomial fit is also 266	
  
included, as was used in Twohy et al. (2005) for stratocumulus off the coast of 267	
  
California. While the polynomial fit results in a slightly higher coefficient of determination 268	
  
(r2) value than the logarithmic or linear fit, it would not be suitable to use at higher 269	
  
particle concentrations due to rollover. The range of below-cloud aerosol particle and 270	
  
droplet concentrations in the VOCALS region was similar to that measured in the 271	
  
northeast Pacific. However, at low aerosol concentrations, VOCALS clouds had higher 272	
  
droplet concentrations.  273	
  
 274	
  
Table 1 shows that the relationship between measured Np > 0.1 µm and droplet 275	
  
concentration is statistically significant. A similar strong relationship also applies 276	
  
between measured Np > 0.055 µm and droplet concentration. Single particle analysis 277	
  
(Section 3.2) showed that the number concentration of accumulation-mode particles 278	
  
near shore was dominated by particles composed primarily of sulfate. These large, 279	
  
soluble particles are efficient cloud condensation nuclei and explain the strong 280	
  
correlation between accumulation-mode aerosol concentration and droplet number 281	
  
concentration along 20ºS, which has also been observed in other stratocumulus regions 282	
  
(Twohy et al., 2005;Hegg et al., 2012).  283	
  
 284	
  
Note that the CDP may underestimate droplet concentration and overestimate droplet 285	
  
size due to the occurrence of coincident particles in the instrument sample volume 286	
  
(Lance et al., 2010). However, this effect is expected to be relatively small for the 287	
  
droplet concentrations <250 cm-3 that were measured by the C-130.  288	
  
 289	
  



Both droplet mean diameter and the radiatively important droplet effective radius (re) 290	
  
increased with distance from shore (Fig. 2a) and decreased with Np larger than 0.055 or 291	
  
0.1 µm in diameter. This is in accordance with the expected Twomey effect, with 292	
  
increasing cloud condensation nuclei producing smaller droplets. However, as 293	
  
discussed in Sect. 3.4, other factors also play a role. As observed by others (Bretherton 294	
  
et al., 2010), drizzle drops were generally larger and often more prevalent offshore (Fig 295	
  
2b). A tendency offshore toward stronger longwave cooling, entrainment and turbulence 296	
  
(Bretherton et al., 2010) provides more condensate to the layer, and some droplets 297	
  
grow large enough to initiate collision/coalescence and eventually grow to drizzle sizes. 298	
  
This process is inhibited near shore in the more polluted, smaller droplet clouds. 299	
  
However, cloud macroscale properties (Section 3.4) and mesoscale features (Comstock 300	
  
et al., 2007) can also impact droplet size, and drizzle is quite variable in the offshore 301	
  
region. Relationships between distance from shore and droplet mean diameter, effective 302	
  
radius, and drizzle size were also significant. Drizzle concentration, however, was much 303	
  
more variable and was only weakly correlated with distance from shore, at least for this 304	
  
data set.  305	
  
 306	
  
 307	
  
3.2 Aerosol types and chemistry 308	
  
 309	
  
3.2.1. Electron microscopy 310	
  
 311	
  
Single-particle techniques are useful in investigating individual particles likely to act as 312	
  
cloud condensation nuclei, since mass measurements may be dominated by only a few 313	
  
larger particles. Highlights of the extensive TEM and SEM analyses of particles 314	
  
collected in the VOCALS region are given below. 315	
  
 316	
  
During more pristine conditions, for example, those encountered well offshore on flight 317	
  
11 (9 Nov 2008), TEM revealed that submicron clear-air particles and CVI cloud droplet 318	
  
residuals were dominated by sea-salt, with ammonium sulfate and bisulfate also present 319	
  
at sizes smaller than about ~0.2 µm.  Sea-salt particles as small as 0.05 µm were also 320	
  
present.  In apparently more polluted air masses, ammonium sulfate, potassium sulfate, 321	
  
black carbon and non-volatile organic particles smaller than 0.5 µm were observed in 322	
  
both CVI and ambient samples (Fig. 3). Potassium sulfate and organic particles 323	
  
containing potassium and sulfate are generally good markers for biomass burning, e.g., 324	
  
Silva et al. (1999). Sulfate was often internally mixed with sea-salt, in excess of sea-325	
  
water ratios. This internal mixing could occur either through aqueous-phase oxidation of 326	
  
sulfur dioxide under VOCALS conditions (Benedict et al., 2012) or through coalescence 327	
  
scavenging of large droplets, more likely to form on sea-salt, with smaller droplets more 328	
  
likely to form on sulfate, e.g, Twohy et al. (1989a). Sea-salt was sometimes internally 329	
  
mixed with black carbon, most likely from urban pollution or shipping emissions.  330	
  
 331	
  
Samples were taken above the stratocumulus layer as well. Trajectories reaching above 332	
  
cloud along 20ºS originated from more diverse locations (northerly, southerly or 333	
  
westerly) than those reaching in the boundary layer, which originated primarily from the 334	
  
south (Bretherton et al., 2010). Above-cloud particles were comprised of soil dust, acidic 335	
  



sulfates, biomass burning and organics, reflecting their diverse origins. Industrial 336	
  
particle types containing aluminum, tin, iron and zinc were sometimes present both in 337	
  
particles above cloud, as well as in the marine boundary layer. 338	
  
 339	
  
The TEM provides detection of smaller particles and better images than scanning 340	
  
electron microscopy (SEM), but the latter technique has been automated so that large 341	
  
numbers of particles can be analyzed via X-ray analysis. Therefore, more quantitative 342	
  
statistics can be obtained with SEM. Fig. 4 shows the percentage of particles by number 343	
  
in two different SEM size ranges for below-cloud samples collected near shore on C-344	
  
130 flights 3 and 4 (21 Oct and 23 Oct 2008). For these samples, the SEM was 345	
  
configured for higher sensitivity to measure particles down to ~0.1 µm in size. Small 346	
  
particles were usually comprised of sulfate, and larger ones of sulfate and/or sea-salt. 347	
  
On the more heavily polluted 23 Oct flight, sulfate dominated over sea-salt (by number) 348	
  
in the larger particle size range as well. Sulfate and sea-salt are also expected to be 349	
  
internally mixed with some volatile organic material not detectable by this technique; 350	
  
however, submicron organic aerosol mass was typically only about 10% of total 351	
  
submicron aerosol mass within the VOCALS region (Allen et al., 2011;Yang et al., 352	
  
2011b). 353	
  
 354	
  
3.2.2 Measurements and modeling related to smelter emissions 355	
  
 356	
  
Along the 20ºS parallel, air in the marine boundary layer (MBL) east of ~76ºW has 357	
  
typically traveled from central Chile (south of 28ºS), while air father west usually 358	
  
originates over the open ocean (Bretherton et al., 2010;Allen et al., 2011). Two to five 359	
  
days after emission, continental SO2 emissions are expected to be nearly completely 360	
  
converted to sulfate (Saide et al., 2012). These sulfate plumes and their influence on 361	
  
clouds can be seen in NOAA ship observations and cloud satellite retrievals, as 362	
  
presented in a comparison between models and measurements by Saide et al. (2012). 363	
  
 364	
  
The VOCALS experimental design document hypothesized that “strong sulfur emissions 365	
  
from Chilean and Peruvian copper smelters lead to strongly polluted conditions near the 366	
  
coasts.” Emissions from smelters include primary aerosol particle emissions, as well as 367	
  
gaseous SO2 that can be rapidly converted to sulfate aerosol. Anderson et al. (1988) 368	
  
showed that approximately 80 km downwind of copper smelters in the western United 369	
  
States, particles between about 0.4 and 1.0 µm in diameter were enhanced in lead 370	
  
(detectable in about 10% by number of particles measured) and copper (about 6% by 371	
  
number). Levels of particulate lead from the only smelter covered by the Anderson 372	
  
study still operating today continue to be high (unpub. data, Arizona Dept. of 373	
  
Environmental Quality), despite significant improvements in emission controls. 374	
  
 375	
  
Automated SEM results from over 70,000 particles on eight different C-130 flights from 376	
  
a variety of levels and locations in the VOCALS study region were examined for the 377	
  
presence of copper and lead. The detection limit for copper with the large-window 378	
  
silicon drift EDS employed is about 0.2 to 0.4 weight percent (wt%) relative to a known 379	
  
standard of effectively infinite thickness. 0.4 wt% copper was used to filter the 70,000+ 380	
  
particles. Lead had a slightly higher detection limit than copper (0.5 wt%). The apparent 381	
  



total wt% of a particle depends its size, composition and, to some extent, its 382	
  
morphology. Based on simple regression analysis and excluding oxygen and carbon, 383	
  
the total wt% of an average 0.5 µm diameter non-carbonaceous particle is 4.2.  A typical 384	
  
1.0 µm diameter particle has an apparent total wt% of 8.0.  385	
  
 386	
  
Of the 70,000 particles analyzed, only 0.1% contained detectable Pb and only about 387	
  
0.1% contained detectable Cu. Particulate lead can come from a variety of sources, and 388	
  
urban pollution aerosols can contain Cu-bearing particles from vehicular sources (such 389	
  
as brake pad wear) and non-vehicular sources, e.g., Anderson et al. (2006). In contrast, 390	
  
about 2% of analyzed particles contained Si, a marker for soil dust from continental 391	
  
sources. For these VOCALS SEM samples, particles were analyzed down to ~0.2 µm in 392	
  
diameter, a smaller size than analyzed in the (Anderson et al., 1988) study. However, 393	
  
these results suggest that copper smelters may not have been such a large influence in 394	
  
the VOCALS region as was originally thought. 395	
  
 396	
  
The VOCA emission inventory identifies pollutant contributions by source sector and 397	
  
location (http://www.cgrer.uiowa.edu/VOCA_emis/). Several large copper smelters in 398	
  
northern Chile and Peru account for the majority of regional SO2 emissions. FLEXPART 399	
  
forward trajectories (Stohl et al., 2005) (Fast and Easter, 2006) were driven by the 400	
  
Weather Research and Forecasting model meteorology (Saide et al., 2012) for major 401	
  
smelters in the region. The largest, Ilo, is located to the north of the study region with 402	
  
trajectories to the northwest, while the others (Chuquicamata and Potrerillos) are at 403	
  
elevations that lead to eastward advection over the South American continent (Fig. 5). 404	
  
Trajectories from these sources may have a southward meridional component 405	
  
(Toniazzo et al., 2011) that could take pollution from these sources to latitudes where 406	
  
they can be transported to the study area, but the eastward component dominates. In 407	
  
episodic cases where the southward flux dominates, the plume would be diluted and 408	
  
mixed with fresh emissions that, as discussed below, are also further diluted by the time 409	
  
the plume reaches the VOCALS study area. Even when plumes from northern sources 410	
  
do reach the Pacific, they advect northward with the mean meridional flow (Spak et al., 411	
  
2010). Thus, we may conclude these northern smelters rarely impacted VOCALS flights 412	
  
along 20°S. There are, however, three copper smelters in central Chile, Caletones, 413	
  
Ventanas, and Chagres, with SO2 emissions of 108, 10.6, and 3.2 Gg/yr, respectively. 414	
  
These represent about 47% of SO2 emissions from central Chile. The largest smelter in 415	
  
the region, Caletones, is located in the Andes foothills south of Santiago at 1700 m 416	
  
ASL. The FLEXPART trajectories show that air originating at Caletones either crosses 417	
  
eastward into Argentina or may occasionally be entrained into the southeast Pacific 418	
  
MBL east of 75ºW (approximately half of the study days), depending on the location of 419	
  
the subtropical Pacific high (Spak et al., 2010). 420	
  
 421	
  
To explore further, FLEXPART back dispersion analysis was carried out with 10,000 422	
  
trajectories (not shown) originating from times and locations where electron microscopy 423	
  
samples were taken from the C-130 aircraft. Results indicate that when the 424	
  
measurements are affected by inland sources, other coastal sources have a higher 425	
  
impact than smelters in the Andes such as Caletones. These include area sources, 426	
  
coastal power plants, steel mills and industrial boilers. Smelter emissions present over 427	
  



the study region would have been highly diluted, aged, and mixed with primary and 428	
  
secondary aerosols from other sources that have similar emissions rates but are less 429	
  
diluted and aged upon arrival. 430	
  
 431	
  
Results from WRF-Chem model also suggest that smelters were not the major source 432	
  
of enhanced particles over the ocean along 20°S. Fig. 6 shows the mean % difference 433	
  
for particle number concentration in the boundary layer predicted with and without 434	
  
smelter emissions included for WRF-Chem model runs of 15 Oct 2008 to 15 Nov 2008, 435	
  
the time period coinciding with the VOCALS C-130 flight dates. The size range 436	
  
considered is the same as for the PCASP instrument, 0.12 to 3.0 µm diameter. Along 437	
  
20°S, smelters are predicted to enhance number concentration over the ocean by only 438	
  
15 to 20% at most (between about 71°W and 77°W). Interestingly, a slightly larger effect 439	
  
is seen both to the north and to the south of the 20°S line where the intensive VOCALS 440	
  
measurements focused. The largest effect of smelter emissions is predicted to be near 441	
  
shore around 17°S, downwind of the Ilo smelter, and over land near Chuquicamata, 442	
  
where trajectories tend to recirculate. 443	
  
 444	
  
Fig. 7 shows the mean predicted values in 2.5° increments with and without smelter 445	
  
emissions in the boundary layer along the 20°S parallel. Particle number concentration 446	
  
(0.12 to 3.0 µm) is given in Fig. 7a and sulfate mass in Fig. 7b. The absolute change in 447	
  
particle number concentration due to smelter emissions is at a maximum at 72.5°W 448	
  
(near the shoreline), where smelters are predicted to typically contribute about 68 cm-3 449	
  
to the available particle population of about 320 cm-3 total (21%). Sulfate mass at 450	
  
72.5°W, on the other hand, is predicted to increase by 40% with smelter emissions 451	
  
included, indicating that a substantial fraction of sulfur may deposit on existing particles 452	
  
downwind of the smelters themselves. The mean change along 20°S between 70°W 453	
  
and 85°W where the C-130 aircraft measurements were made was 13% for particle 454	
  
number and 28% for sulfate mass. The impact of smelter emissions (not shown) is 455	
  
predicted to be somewhat larger in the free troposphere than in the marine boundary 456	
  
layer, with number concentration being impacted the most by 42% at 72.5°W and by 457	
  
34%, on average, between 70°W and 85°W.  458	
  
 459	
  
The WRF-CHEM-predicted particle concentrations from smelters, while not very large, 460	
  
are greater than the very small fraction of particles containing copper or lead detected 461	
  
via SEM. There are several probable reasons for this result. The larger, primary 462	
  
particles that serve as distinct tracers for smelting are likely diminished after several 463	
  
days of dilution, cloud processing and wet deposition. On the other hand, the secondary 464	
  
particles produced from SO2 by oxidation and condensation are smaller and may be 465	
  
produced farther downwind, in addition to near the source. Thus, they would be not 466	
  
necessarily have been detected in the Anderson et al. (1988) study, which measured 467	
  
particles larger than 0.4 µm, relatively close to the smelter itself. Possible uncertainties 468	
  
in model treatment include an overestimation of source emissions (Saide et al., in 469	
  
press) and a shallower than observed near-shore marine boundary layer (Saide et al., 470	
  
2012); both of which could cause higher particle number concentrations. Given these 471	
  
factors, the percentages contributed by smelters given in Figs. 6 and 7 can be 472	
  
considered to be upper limits. The electron microscopy and WRF-Chem results together 473	
  



indicate that different emissions, such as those coming from other central Chilean 474	
  
sources, were the major cause of the enhanced accumulation-mode particle 475	
  
concentrations observed nearshore along 20°S.  476	
  
 477	
  
 478	
  
3.3  Aerosol size distributions 479	
  
 480	
  
3.3.1  Dependence of residual particle size on droplet size 481	
  
 482	
  
The particle critical supersaturation, Sc, is the supersaturation with respect to water that 483	
  
is necessary for a particle to grow from a stable deliquesced particle into a larger cloud 484	
  
droplet. Given the same chemical composition, Köhler theory predicts that the largest 485	
  
particles, which have a lower critical supersaturation, will be more active in forming 486	
  
droplets (Wallace and Hobbs, 1977). In addition, the larger particles are expected to 487	
  
form larger droplets in the initial stages of cloud formation (Twohy et al., 1989a). 488	
  
Subsequent in-cloud processes, such as mixing of air parcels with different histories 489	
  
and chemical reactions may modify, but not completely eradicate, this size dependence 490	
  
(Ogren and Charlson, 1992). To explore these processes in more detail, we chose 491	
  
periods of relatively stable cloud properties (droplet number concentration and liquid 492	
  
water content) to investigate the distribution of activated droplets in stratocumuli during 493	
  
VOCALS flights. Increasing the counterflow rate out tip of the CVU inlet progressively 494	
  
increases the “cut size”, rejecting smaller droplets, while retaining larger droplets. The 495	
  
cut size is defined as the size of droplet that is collected with 50% efficiency by the CVI, 496	
  
and is based on laboratory and theoretical calculations (Noone et al., 1988;Anderson et 497	
  
al., 1993). 498	
  
 499	
  
Fig. 8 shows the droplet residual size distribution as a function of changing droplet cut 500	
  
size for two VOCALS flights in the near-shore region. At the minimum droplet cut size of 501	
  
about 7 µm diameter, a broad range of particle sizes are present within droplets, down 502	
  
to the 0.055 µm lower limit of the optical particle counter. As smaller droplets are 503	
  
excluded, smaller residual particles are also excluded, and the mean particle size 504	
  
increases. At the largest droplet sizes, only the large particles are primarily present, with 505	
  
mean sizes of 0.276 µm and 0.316 µm for the two cases shown. These larger particles 506	
  
within larger droplets are consistent with simple droplet activation and growth theory, 507	
  
e.g., Twohy et al. (1989a). While these large droplets are relatively few in number, they 508	
  
are important, as they are the ones that will initiate drizzle. Additionally, they are 509	
  
expected to be different chemically due to differences in particle composition with size. 510	
  
For example, Twohy et al. (1989a) showed that larger droplets should preferentially 511	
  
form on sea-salt, rather than typically smaller sulfate. These alkaline droplets would 512	
  
initially contain a large fraction of available S(IV) (aqueous SO2, bisulfite and sulfite) in 513	
  
the cloud, which may be converted irreversibly to sulfate through aqueous-phase 514	
  
reactions (Hegg and Hobbs, 1979). As shown in Fig. 4, VOCALS samples near shore 515	
  
showed evidence of this occurring, with chloride in many particles being at least partially 516	
  
replaced by sulfate. Through this process, sea-salt acts as a sink for SO2 and may limit 517	
  
the formation and growth of smaller sulfate aerosols (Yang et al., 2012). 518	
  
  519	
  



3.3.2  Below cloud vs droplet residual size distributions 520	
  
 521	
  
It is also of interest to compare the dry size distributions of below-cloud aerosol particles 522	
  
with those produced from evaporated droplets within the cloud. In-cloud periods where 523	
  
electron microscopy samples were obtained were matched to the closest available 524	
  
below-cloud period where UHSAS data were available. Samples used in this analysis 525	
  
were primarily, but were not limited to, those taken during flights along the 20°S parallel. 526	
  
In-cloud samples were 3-7 minutes in duration (about 20 to 47 km) while below-cloud 527	
  
samples were 2-4 minutes in duration (about 14 to 27 km). The mean time between in-528	
  
cloud and below cloud samples was 18.5 min (about 125 km).  529	
  
 530	
  
Drizzle drops can break up within inlets and produce particulate artifacts downstream 531	
  
(Clarke et al., 1997;Weber et al., 1998;Hudson and Frisbie, 1991). For the CVI inlet, 532	
  
modeling (Kulkarni and Twohy, 2011) and measurements (Twohy et al., 2003) indicate 533	
  
that drops larger than ~100 µm are prone to break up. Thus, time periods with 534	
  
significant drizzle were excluded from in-cloud samples, using two screening criteria 535	
  
that both needed to be met for samples to be accepted. First, mean drop number 536	
  
concentration from the 2D-C probe was required to be < 5 lit-1. The 2D-C probe 537	
  
measures the 60 µm to 800 µm diameter drop range where the drizzle mode presides, 538	
  
and in VOCALS, low number concentrations were correlated with smaller drop sizes. As 539	
  
a second safeguard against any drizzle artifacts potentially remaining, the ratio of mean 540	
  
CVI total residual number to the droplet number concentration was required to be less 541	
  
than or equal to 1.0. The CVI number concentration was taken from the CPC 542	
  
downstream of the CVI inlet, while the droplet concentration was measured by the CDP 543	
  
(or FSSP if CDP was not operative). This screening resulted in 20 acceptable pairs of 544	
  
samples. The ratios of total CVI number, Nc, to CDP or FSSP droplet number, Nd, for 545	
  
these samples ranged from 0.38 to 0.96. Low ratios could occur because in polluted 546	
  
cases, droplets were sometimes smaller than the minimum cut size of the CVI, and 547	
  
higher cut sizes were sometimes intentionally used as discussed in the previous 548	
  
section. 549	
  
 550	
  
Under a simplifying assumption of a lognormal distribution, the geometric mean 551	
  
diameter, dg, was calculated for each UHSAS distribution. Aggregate statistics for all 552	
  
samples are compared in Fig. 9. As expected, residual particles from droplets tended to 553	
  
be larger than below-cloud particles. 50% of the below-cloud sample dgs fell between 554	
  
0.129 and 0.143 µm, with a median or 0.135 µm, while 50% of the in-cloud dgs were 555	
  
between 0.136 and 0.160 µm, with a median of 0.148 µm. While none of the in-cloud 556	
  
dgs were smaller than 0.127 µm, below-cloud dgs were as small as 0.106 µm. Above 557	
  
cloud particles were even smaller than below-cloud particles, with a median dg value of 558	
  
0.102 µm for samples taken shortly before or after these cloud samples.  559	
  
 560	
  
To investigate further, below-cloud and in-cloud size distributions are plotted for four 561	
  
sample sets with 0.72≤ Nc/Nd < 0.94 (i.e., when the CVI was collecting most droplets) in 562	
  
Fig 10. Plots a-d are ordered from the highest to lowest droplet concentration, 563	
  
representing mean Nd ranging from 292 cm-3 in Fig. 10a to 86 cm-3 for Fig. 10d. (Note 564	
  



that some of the extremely clean clouds sampled in VOCALS—particularly in “pockets 565	
  
of open cells”--could not be sampled reliably due to the ubiquitous drizzle present.)  566	
  
 567	
  
Most of the non-drizzling cloud distributions show greater involvement of larger 568	
  
particles in cloud formation, but there is considerable variability from sample to sample. 569	
  
Additionally, the in-cloud distributions lack any clear cut-off diameter below which 570	
  
particles are not activated. Particles down to the lower size limit of the UHSAS, 0.055 571	
  
µm, appear to be involved in cloud formation, although in smaller percentages relative 572	
  
to the available ambient aerosol than larger particles are. Even samples with extremely 573	
  
low 2D-C concentrations, on order ~1 lit-1, exhibit involvement of some small particles 574	
  
in cloud formation. Also, the total residual numbers measured with the CPC indicate 575	
  
that some droplet residuals are even smaller than 0.055 µm in size. This is important, 576	
  
as it indicates at least some of the cloud nuclei are coming not from the accumulation 577	
  
mode but from smaller particles, which may have different sources and compositions. 578	
  
Analyses that assume only the larger, lower Sc particles influence CCN concentrations 579	
  
(and thereby droplet number, size, drizzle concentration and radiative properties) may 580	
  
be incorrect.  581	
  
 582	
  
This ability of small particles to form droplets has been observed by others; for example 583	
  
(Ostrom et al., 2000) found many particles smaller than 0.1 µm in diameter in 584	
  
stratocumulus off the coast of California. This phenomenon may be due to a number of 585	
  
factors. First, droplets with a range of histories are sampled within a single in-cloud 586	
  
sample considered here, which comprises many horizontal km of cloud elements 587	
  
containing both updrafts and downdrafts. Probability plots for measured 1 Hz in-cloud 588	
  
vertical velocities during the four non-drizzling time periods are shown in Fig. 11. Each 589	
  
sample is a mixture of cloudy air with a wide range of vertical velocity histories, each 590	
  
with many updrafts and downdrafts. The probability plot format shows that for the four 591	
  
samples, about 10 to 40% of the vertical velocities are >0.5 m s-1 and about 1-10% are 592	
  
>1 m s-1. At 1 m/s, supersaturations (S) of ~0.9% can be achieved in a low-aerosol 593	
  
environment and S~0.4% in a high-aerosol environment (Chuang, 2006). These values 594	
  
correspond to critical diameters as small as about 0.025 µm to 0.045 µm, respectively, 595	
  
for sodium chloride particles and slightly larger sizes for ammonium sulfate (Hudson, 596	
  
2007). The smaller size may be more likely to be activated in cleaner clouds offshore, 597	
  
where higher supersaturations are reached for two reasons: there are fewer available 598	
  
cloud condensation nuclei on which water can condense, and more variable and 599	
  
sometimes stronger updrafts due to stronger dynamical forcing (Bretherton et al., 2010). 600	
  
Higher updraft velocities are correlated with higher droplet concentrations in 601	
  
stratocumulus (Leaitch et al., 1996;Snider and Brenguier, 2000), presumably due to the 602	
  
activation of CCN with higher critical supersaturations, which are usually smaller in size.  603	
  
 604	
  
A second factor is that in downdrafts and regions of entraining dryer air near cloud top, 605	
  
particles of various sizes can be released from droplets through evaporation. This may 606	
  
reduce the droplet number concentration; indeed, Leaitch et al. (1996) found that the 607	
  
mean droplet concentration in marine stratus was only about half the maximum droplet 608	
  
concentration for each in-cloud flight leg. The effect of mixing and subsequent 609	
  
evaporation on the residual size distribution will vary depending on whether the mixing 610	
  



is homogeneous, where small droplets evaporate completely, or inhomogeneous, which 611	
  
seems to be common (Twohy and Hudson, 1995;Lu et al., 2011). In the extreme 612	
  
inhomogeneous case, the parcel is essentially diluted, with a decrease in droplet 613	
  
concentration, but no change in the percentage of large and small droplets. This could 614	
  
result in a decrease in residual particles across all sizes, while retaining the small ones, 615	
  
such as is seen to some extent in Figs. 10.  The net effect on the residual size 616	
  
distribution is similar to that expected from the mixing of particles with different histories 617	
  
that occurs during sampling, as discussed above.  618	
  
 619	
  
Entrainment of above-cloud air may not only evaporate existing droplets, but may be a 620	
  
source of new CCN to the stratocumulus cloud layer (Clarke and Kapustin, 2002). Since 621	
  
particles above cloud tended to be smaller than below cloud in the VOCALS region 622	
  
(Allen et al., 2011), this process could also be a source of additional small particles in 623	
  
the CVI residuals (see also modeling results, Sect 3.3.3). 624	
  
 625	
  
Other factors that could influence the shape of the CVI residual size distribution include 626	
  
differences in CCN chemistry, in-cloud chemical reactions (sulfate and organic aerosol 627	
  
production), and coalescence. Larger sea-salt particles are expected to be better CCN 628	
  
than smaller sea-salt particles; additionally, modeling shows small particles can be 629	
  
present within droplets even without any variation in CCN properties. In-cloud chemical 630	
  
reactions (Hegg and Hobbs, 1979) may be active in the VOCALS region (Benedict et 631	
  
al., 2012), but would be expected to enhance the large residual particle population at 632	
  
the expense of the small ones (Feingold and Kreidenweis, 2002). Thus, varying CCN 633	
  
chemistry or in-cloud chemical reactions are unlikely to explain our results. 634	
  
Coalescence, however, could create a relative enhancement of small residual particles 635	
  
by removing larger particles from the cloud, a process explored further through 636	
  
modeling, as described below.  637	
  
 638	
  
3.3.3  Results of 3-D LCM/LES model with particle tracking 639	
  
	
  640	
  
Initial conditions for the Lagrangian cloud model were derived from British BAE-146 641	
  
measurements along the 20°S line during VOCALS on 13 Nov 2008 at 11:08:00-642	
  
11:28:00 and 11:47:00-12:02:00 UTC. These two periods showed contrasting droplet 643	
  
concentrations in cloud and provided information about the aerosol distribution below 644	
  
the cloud, as well as air temperature, humidity, velocity, and radiative fluxes. The 645	
  
“HIGH” case at about 73°W had a mean cloud droplet concentration of 250 cm-3, while 646	
  
the “LOW” case at about 77°W had a droplet concentration of 65 cm-3. The initial 647	
  
aerosol distributions were assumed to be bimodal and composed of ammonium sulfate. 648	
  
In addition to the below-cloud aerosol distribution, above cloud and the ocean surface 649	
  
were also potential sources of particles. 3-D simulations were run for this paper, with 650	
  
the horizontal velocity specified as (u,v) = (-1,1 m s-1) for HIGH and (-3,4 m s-1) for the 651	
  
LOW.  Longwave radiative forcing was based on the Stevens et al. (2005a) 652	
  
representation, with parameters fitted to better reproduce observed radiative fluxes with 653	
  
the following tuning parameters:  F0= 115 W m-2, F1=63 W m-2, κ = 91 m2 kg-1 for HIGH 654	
  
and F0=81 W m-2, F1=45 W m-2, κ = 73 m2 kg-1 for LOW.  Eight hours of cloud evolution 655	
  
were simulated, with spin-up in the model assumed to be complete after two hours. The 656	
  



coalescence process is active from the beginning of the third hour, and in subsequent 657	
  
hours, the processes that may be important in real clouds can be examined.  We note, 658	
  
however, that the large-scale subsidence and shortwave radiative forcing that can 659	
  
influence stratocumulus evolution are not included in these runs. 660	
  
 661	
  
For comparison with the in-situ measurements shown in Fig. 10, the modeled size 662	
  
distributions of particles larger than 0.055 µm are shown in Fig. 12 for the two model 663	
  
cases, after two hours and eight hours of model simulation time. As in Fig. 10, the 664	
  
aerosol distribution below the cloud in shown with the blue line and aerosol particles 665	
  
within droplets (diameter > 8 µm) is the red line. The complete aerosol distribution 666	
  
(interstitial plus within droplets) in the cloud layer is shown as the green line. The 667	
  
below-cloud aerosol distributions used in the model, based on BAE-146 668	
  
measurements, are slightly different from those observed on the C-130 for the periods 669	
  
shown in Fig. 10. Relative to the below-cloud distributions, however, the modeled in-670	
  
cloud distributions are similar in shape to the observed distributions. In both cases, 671	
  
while larger particles tend to be more active in cloud formation, no sharp activation is 672	
  
observed at a single particle size. This wide range of within-droplet particle sizes 673	
  
occurs without invoking any difference in particle chemistry or hygroscopicity. Rather, it 674	
  
is likely due to the different thermodynamic histories of air parcels and the influence of 675	
  
coalescence, as described below. Results for the HIGH (panels a and b) and LOW 676	
  
(panels c and d) cloud droplet cases are similar. However, for the LOW case because 677	
  
of the fewer particles and higher in-cloud supersaturations, there is greater involvement 678	
  
of smaller particles in cloud droplet nucleation.   679	
  
 680	
  
Some of the in-cloud CVI data (Fig. 10) look like the two-hour model simulations (after 681	
  
spin-up is complete), while others look more like the later simulations, with a broader, 682	
  
flatter appearance. The greater horizontal extent and therefore variable thermodynamic 683	
  
history for the CVI in-situ samples is one explanation for this; for example, the model 684	
  
never predicted vertical velocities larger than 1 m s-1, while these were sometimes 685	
  
observed in the C-130 in-situ measurements (Fig. 11). Additionally, an active 686	
  
collision/coalescence and drizzle process occurring prior to sampling the actual clouds 687	
  
could produce this effect, as discussed below.  688	
  
 689	
  
Over time, the difference between the initial below-cloud aerosol distribution and the 690	
  
aerosol distribution inside the droplets increases for both model cases. This difference 691	
  
is partially due to a change in the total particle distribution within the cloud as a result of 692	
  
aerosol processing by coalescence. The coalescence process moves many particles 693	
  
initially in the ~0.1 to 0.3 µm size range to a few larger particles, which eventually may 694	
  
be removed as drizzle. Fig. 13 shows the vertical profiles of total aerosol (activated and 695	
  
unactivated) predicted at 8 hours for the HIGH and LOW simulation. While initially the 696	
  
aerosol profiles are uniform throughout the boundary layer, over time, the aerosol 697	
  
particles just below and in the cloud layer are depleted relative to the near-surface layer. 698	
  
This is due to coalescence and drizzle removing particles from the cloud faster than 699	
  
they are replenished from the surface or from above the cloud.  700	
  
 701	
  
We also investigated where the model predicted aerosol particles within cloud droplets 702	
  
to originate for the two simulations. The major source of the particle number 703	
  



concentration within cloud droplets at all times was particles originating below the cloud. 704	
  
After 8 hours of simulation, about 20% of the aerosol within droplets could be attributed 705	
  
to other sources: for the HIGH simulation, this was primarily particles entrained from 706	
  
above the cloud, while for the LOW simulation, it was primarily particles generated from 707	
  
the ocean surface. Thus particle entrainment from above and particle generation from 708	
  
below may be small, but non-negligible sources of CCN. 709	
  
 710	
  
 711	
  
3.4   Cloud thickness, liquid water path and potential radiative impact 712	
  
 713	
  
Liquid water path, as well as cloud droplet effective radius, determine cloud optical 714	
  
thickness τ through the following approximation (George and Wood, 2010):  715	
  
 716	
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(1) 

Cloud optical thickness, in turn, determines visible cloud albedo or reflectance. The 717	
  
enhanced droplet number concentration and reduced droplet size observed in the 718	
  
VOCALS near-shore region would be expected to produce more reflective clouds if 719	
  
LWP stayed constant (or increased) relative to an unperturbed stratocumulus region. 720	
  
Typical levels of absorbing black carbon (<50 ng m-3) measured from the C-130 in 721	
  
VOCALS (Shank et al., 2012) should have a negligible effect on cloud albedo (Twohy et 722	
  
al., 1989b). 723	
  
 724	
  
LWP was derived for the 20°S missions from the G-band Vapor Radiometer (GVR) 725	
  
(Zuidema et al., 2012), supplemented by adiabatic LWP derived from the on-board 726	
  
radar (Wang et al., 2012) when GVR data were not available. The upward-looking radar 727	
  
and lidar (Wang et al., 2012) were used to estimate cloud thickness during the sub-728	
  
cloud flight legs. While quite variable, generally both cloud thickness and the closely 729	
  
related LWP were smaller near shore for the VOCALS time period (Fig. 14a), with both 730	
  
being significantly correlated with distance from shore (Table 1).  This change in cloud 731	
  
physical properties is observed in satellite data also (Painemal and Zuidema, 2010) and 732	
  
is probably related to the large scale meteorology; for example, the increased 733	
  
subsidence and thinner boundary layer near shore (Wyant et al., 2010;George and 734	
  
Wood, 2010). Some modeling studies have shown that higher aerosol concentrations 735	
  
may lead to smaller liquid water paths through enhanced entrainment of dry air 736	
  
(Ackerman et al., 2004) or reduced drizzle-driven turbulence and smaller moisture flux 737	
  
from the ocean surface (Jiang et al., 2002). However, during a series of VOCALS 738	
  
measurements at a fixed near-shore location (20°S, 72°W), (Zheng et al., 2011) found 739	
  
that LWP actually was positively correlated with aerosol concentration for a well-mixed 740	
  
boundary layer. The response of LWP to aerosol particles may even depend on the 741	
  
cloud base height (Wood, 2007).  742	
  
 743	
  
Regardless of the still poorly understood cause, the generally thinner characteristic of 744	
  
the near-shore cloud field is very important in interpreting satellite measurements, which 745	
  
show small effective radii near shore. Due to condensational growth, droplet size 746	
  



increases with depth throughout the cloud layer. As a result, clouds with smaller 747	
  
thicknesses and liquid water paths will, for a given droplet concentration, have smaller 748	
  
droplets. Returning to the VOCALS hypothesis presented earlier, it seems that the small 749	
  
effective radius near shore is not only due to the presence of anthropogenic pollutants 750	
  
increasing droplet number concentration, but also due to the large-scale forcing that 751	
  
causes clouds to be thinner near shore. 752	
  
 753	
  
The relative contributions of increasing droplet concentration and decreasing cloud 754	
  
thickness in modifying the re of nearshore clouds can be estimated as follows. Since the 755	
  
VOCALS clouds tended to be quasi-adiabatic (Zuidema et al., 2012), changes in re can 756	
  
be related to changes in the height above cloud base, h, and droplet number 757	
  
concentration Nd through Eq. (11) of Brenguier et al. (2000): 758	
  
 759	
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ℎ
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 760	
  
Holding the nearshore cloud thickness constant at 200 m (Fig. 14a) while changing Nd 761	
  
from the unperturbed value of 80 cm-3 to the polluted value of 250 cm-3 (Fig. 1c) yields a 762	
  
decrease in re of 32%. Holding the nearshore Nd constant while changing the cloud 763	
  
thickness from 400 m to 200 m yields an re decrease of 21%. Thus about 60% of the net 764	
  
decrease in re can be attributed to the change in Nd (a microphysical change due to 765	
  
enhanced pollution), while about 40% is due to the smaller cloud thickness near shore, 766	
  
more likely a macroscale effect.   767	
  
 768	
  
Top-of-cloud albedo, ATOC, was calculated for both the in-situ and MODIS satellite data 769	
  
as a function of τ (Eq. 1), using the delta-Eddington approximation following Eq. 37 of 770	
  
King and Harshvardhan (1986). Since re measured from the CDP during in-situ cloud 771	
  
legs is dependent on the sampling height and does not necessarily reflect the near-772	
  
cloud-top value measured by satellite, re for the in-situ albedo calculations was derived 773	
  
from the aircraft-measured droplet number concentration and LWP, as described in 774	
  
George and Wood (2010). MODIS cloud albedo was also calculated, using LWP and re 775	
  
derived from the 10:30 AM local satellite overpass for one-degree increments along 776	
  
20°S between 15 Oct to 15 Nov 2008. For comparison, the solar zenith angle at 10:30 777	
  
local was used for both the satellite and in-situ albedo calculations. 778	
  
 779	
  
Fig. 14b shows cloud albedos derived from the two techniques (in-situ and remote 780	
  
sensing). For the in-situ data, samples between 8:30 and 20:30 local time are plotted 781	
  
separately from 20:30 to 8:30 local time, since LWPs tend to be lower during daytime 782	
  
hours due to solar insolation (Wood et al., 2002). Albedo values were calculated during 783	
  
nighttime hours for completeness, as most of the data far offshore were collected at 784	
  
night. Results for satellite and in-situ data are similar in magnitude, particularly for near-785	
  
shore clouds. The far-offshore albedos from the in-situ data are larger than those from 786	
  
MODIS at 10:30 local, a result of the large LWPs that tend to occur during nighttime 787	
  
hours. Additionally, the in-situ data points exhibit strong variability with a slight 788	
  
increasing trend offshore that is not statistically significant. 789	
  
 790	
  



Using Fig. 14b and relying on the satellite data for a more statistically robust data set, 791	
  
relative to apparently unperturbed clouds 1000 km or farther offshore, MODIS cloud 792	
  
albedos (open squares) increase slightly between about 500 and 1000 km from shore. 793	
  
This corresponds to the region that Allen et al. (2011) named the “transitional” zone, 794	
  
between about 75ºW and 80ºW. Note in Fig 1b and 1c that droplet concentration is 795	
  
enhanced and droplet size is decreased in this region relative to the unperturbed clouds 796	
  
offshore. However, nearer shore, albedo decreases again substantially. Since droplet 797	
  
size is definitely smaller near shore (Fig 1c), this decrease in near-shore albedo must 798	
  
be due not to a droplet size effect, but to the decrease in cloud thickness and LWP 799	
  
which reduces the cloud optical thickness near shore (Eq. 1). The net effect of these 800	
  
factors is that cloud albedo actually tends to be smaller near shore, with a slight 801	
  
enhancement offshore where aerosol particles impact the droplet concentration, but 802	
  
clouds are still relatively thick. 803	
  
 804	
  
The observation that an increase in albedo is not observed near shore relative to 805	
  
offshore does not mean, however, that present day pollutants are not changing cloud 806	
  
properties relative to pre-industrial values. If the pre-industrial droplet concentrations 807	
  
throughout the region were similar to those measured in unperturbed air offshore, a 808	
  
significantly smaller effective radius and lower cloud albedo would have existed at that 809	
  
time, if liquid water paths were similar to the present day (George and Wood, 2010). 810	
  
Thus, anthropogenic pollutants being produced today still may be producing a 811	
  
significant cloud brightening effect. The complex factors influencing cloud liquid water 812	
  
path (mesoscale variability, proximity to land, and even aerosol concentration), 813	
  
however, make this theory difficult to validate.  814	
  
 815	
  
 816	
  
4   Summary and Conclusions 817	
  
 818	
  
Particle number concentrations were observed to increase near the Chilean shoreline in 819	
  
the southeast Pacific due to pollution from continental sources. The effect extends ~800 820	
  
to 1000 km offshore. The additional particles are mainly sulfates from anthropogenic 821	
  
sources, but various other particle types are present in small percentages. Sulfate 822	
  
internally mixed with sea-salt also occurs in and out of cloud. Smelters are apparently a 823	
  
smaller particle source to the VOCALS study region than previously supposed, at least 824	
  
along 20°S.   825	
  
 826	
  
A variety of particle sizes down to at least 0.055 µm in diameter can act as cloud nuclei 827	
  
in stratocumulus clouds, not just the largest ones. The smaller nuclei are often 828	
  
associated with smaller droplets. This is likely due to the high supersaturations 829	
  
experienced by some cloud parcels, and to mixing occurring in the atmosphere and 830	
  
during sampling. Increased pollutants result in higher droplet number concentrations 831	
  
and contribute to the smaller droplet effective radii near shore.  Here we return to the 832	
  
VOCALS hypothesis presented in the Introduction: “The small effective radii measured 833	
  
from space over the SEP are primarily controlled by anthropogenic, rather than natural, 834	
  
aerosol production.“ In fact, droplet effective radii are smaller near shore, but this is a 835	
  
combined effect of anthropogenic aerosol increasing droplet number concentration 836	
  



(~60% impact on re) and the physically thinner clouds present near shore (~40% impact 837	
  
on re). Thus, smaller droplets cannot be attributed solely to anthropogenic effects.  838	
  
 839	
  
Based on measurements from MODIS, the net effect relative to unperturbed “clean” 840	
  
clouds is that cloud albedo is actually lower within ~300 km of shore. Albedo is slightly 841	
  
higher 500-1000 km offshore, in a transition zone where droplet concentration is slightly 842	
  
enhanced and changes in re apparently dominate over changes in liquid water path. 843	
  
Better knowledge of factors and feedbacks controlling liquid water path is critical to 844	
  
understanding and predicting aerosol indirect effects in stratocumulus clouds.  845	
  
 846	
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  null	
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  rejected.	
  1166	
  



Figure Captions 1167	
  
 1168	
  
Fig. 1. a. Below-cloud aerosol number concentration vs. distance west from shore along 1169	
  
20°S latitude line for legs on eight different VOCALS C-130 flights. Top axis shows 1170	
  
longitude. Green represents data from the UHSAS (>0.055 µm diameter) and purple 1171	
  
from the PCASP (>0.10 µm)  b. Below-cloud number concentration from the CVI CPC 1172	
  
(>0.01 µm) c. Cloud droplet number concentration from the CDP as a function of 1173	
  
distance from shore. d. Particle concentration in two different size ranges vs droplet 1174	
  
concentration.  1175	
  
 1176	
  
Fig. 2 a. Cloud droplet mean diameter and effective radius vs. distance west from 1177	
  
shore. b. Drizzle drop mean size and number concentration as a function of distance 1178	
  
from shore. Mean sizes below the effective detection limit of the probe (60 µm) are due 1179	
  
to inclusion of zero values when no drizzle was present in cloud. 1180	
  
 1181	
  
Fig. 3. Examples of particle types found when sampling from the C-130 during 1182	
  
VOCALS. a) ammonium sulfate, b) biomass burning type, c) soot carbon from 1183	
  
combustion. 1184	
  
 1185	
  
Fig. 4. Particle types by number as determined by SEM/X-ray analysis for near-shore 1186	
  
samples on 21 Oct 2008 (06:49:50 to 06:59:45 UTC)--plots a) and b), and on 24 Oct 1187	
  
2008 (13:41:25-13:46:40 UTC)--plots c) and d). Pie charts on left are for smaller 1188	
  
particles approximately 0.1 to 0.2 µm in diameter, and on right, for particles larger than 1189	
  
0.2 µm. 1000 particles were analyzed for each sample. “Reacted sea-salt” refers to sea-1190	
  
salt where chlorine has been partially or completely replaced with sulfate, while “other” 1191	
  
category may include soil-dust, organics, black carbon, or industrial material.  1192	
  
 1193	
  
Fig. 5. Forward trajectories starting at major smelters that could potentially affect the 1194	
  
VOCALS region. Trajectories are 5 days long during the VOCALS intensive period, 1195	
  
starting every 5 days. Markers are plotted every 6 hours. Smelter locations are color 1196	
  
coded by sulfur emissions in Gg/yr.  1197	
  
 1198	
  
Fig. 6. % change in particle number concentration predicted by WRF-Chem with and 1199	
  
without smelter emissions included. Particle size range was matched to the PCASP 1200	
  
probe, 0.12 to 3.0 µm in diameter.  Major smelters are shown as circles with A: 1201	
  
Chuquicamata, B: Ilo, C: Caletones and D: Potrerillos. 1202	
  
 1203	
  
 Fig. 7. a) Comparison of aerosol number concentration between 0.12 and 3.0 µm as 1204	
  
observed from the C-130 (blue) vs. WRF-Chem model results with smelter emissions 1205	
  
(red) and without smelter emissions (black) for the 15 Oct 2008 to 24 Oct 2008 time 1206	
  
period. Data are gridded into 2.5 degree longitudinal zones between 22°S and 18°S. 1207	
  
The number of profiles is indicated at the top of each longitude bin. b) Same but for 1208	
  
measured (Allen et al., 2011) and modeled sulfate mass between 0.04 µm to 0.625 µm, 1209	
  
with sampling time in minutes in each longitude bin indicated at the top. For each zone, 1210	
  
center solid (dashed) lines indicate the median (mean), and boxes indicate upper and 1211	
  
lower quartiles with upper and lower decile whiskers.  1212	
  



Fig. 8. Size distributions of droplet residual nuclei from droplets larger than different 1213	
  
diameters as noted on the top of plots. Mean residual particle size is shown at bottom of 1214	
  
plots. Top plot is from C-130 flight 3 (21 Oct 2008) and bottom is from flight 4 (21 Oct 1215	
  
2008).  1216	
  
 1217	
  
Fig. 9. Statistics of UHSAS geometric mean diameter for 20 pairs of below-cloud 1218	
  
aerosol particles (blue) and CVI droplet residual nuclei (red) in VOCALS clouds with 1219	
  
drizzle < 5 lit-1 and ratio of CVI total number concentration to droplet number 1220	
  
concentration <1. Seventeen above-cloud samples are also shown in grey. The box 1221	
  
limits represent the upper and lower quartiles, with the median as a horizontal line. The 1222	
  
lines extending from the top and bottom of each box mark the maximum and minimum 1223	
  
values within the data set that are within the upper quartile + (1.5 x the interquartile 1224	
  
distance) or less than the lower quartile - (1.5 x the interquartile distance), respectively.  1225	
  
Outliers are marked with circles. 1226	
  
 1227	
  
Fig 10. UHSAS particle size distributions for four sets of paired below-cloud (blue) and 1228	
  
in-cloud droplets (red) CVl samples in clouds with drizzle < 5 lit-1 and ratio of CVI total 1229	
  
number concentration to droplet number concentration between 0.72 and 0.94. C-130 1230	
  
flights and in-cloud UTC times are a) flight 2: 13:33:32-13:36:58, b) flight 3: 7:18:25-1231	
  
7:24:40, c) flight 3: 13:14:15-13:16:40, and d) flight 11: 16:42:42-16:47:22. In-cloud 1232	
  
distributions are less noisy than below-cloud distributions due to the enhancement 1233	
  
factor in the CVI inlet. 1234	
  
 1235	
  
Fig. 11: Probability plot of vertical velocity (1 Hz) measured along the flight track for in-1236	
  
cloud samples a) through d) shown in Fig. 10. 1237	
  
 1238	
  
Fig. 12. Particles larger than 0.055 µm for HIGH (a,b) and LOW (c,d) Lagrangian cloud 1239	
  
model cases after 2 hours (top) and 8 hours (bottom) of run time. Analogous to Fig. 10, 1240	
  
the blue line shows the aerosol size distribution below the cloud, averaged between 1241	
  
100-350 m in height, while the red line represents the particles only present within 1242	
  
droplets larger than 8 µm in size. The green line shows all particles within the cloud 1243	
  
layer, including both interstitial and in-cloud particles. In-cloud was defined as points 1244	
  
with qc > 10-6 g kg-1. 1245	
  
 1246	
  
Fig. 13. Total aerosol concentration (ambient, interstitial and within droplets) predicted 1247	
  
by the LCM after 2 hours (top, plots a and c) and 8 hours (bottom, plots b and d), as a 1248	
  
function of height, scaled to the top of the cloud. HIGH aerosol case results are on the 1249	
  
left and LOW aerosol case results are on the right. 1250	
  
 1251	
  
Fig 14. a. Cloud geometric thickness and liquid water path (LWP) as a function of 1252	
  
distance west from shore along 20°S. Thickness is from the in-situ radar and lidar, while 1253	
  
LWP uses both GVR and radar data. b. Top of cloud albedo vs. distance from shore 1254	
  
calculated as described in the text (using 10:30 local values for solar zenith angle). 1255	
  
Circles are values derived from onboard remote sensors during daytime (purple) and 1256	
  
night-time (blue) C-130 flight segments, while red squares are derived from the MODIS 1257	
  



10:30 local overpass averaged over the entire VOCALS 31-day time period. Vertical 1258	
  
bars represent one sigma variability in the MODIS data.   1259	
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 1261	
  
Fig. 1. a. Below-cloud aerosol number concentration vs. distance west from shore along 1262	
  
20°S latitude line for legs on eight different VOCALS C-130 flights. Top axis shows 1263	
  
longitude. Green represents data from the UHSAS (>0.055 µm diameter) and purple 1264	
  
from the PCASP (>0.10 µm)  b. Below-cloud number concentration from the CVI CPC 1265	
  
(>0.01 µm) c. Cloud droplet number concentration from the CDP as a function of 1266	
  
distance from shore. d. Particle concentration in two different size ranges vs droplet 1267	
  
concentration.   1268	
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 1270	
  
 1271	
  
 1272	
  
Fig. 2 a. Cloud droplet mean diameter and effective radius vs. distance west from 1273	
  
shore. b. Drizzle drop mean size and number concentration as a function of distance 1274	
  
from shore. Mean sizes below the effective detection limit of the probe (60 µm) are due 1275	
  
to inclusion of zero values when no drizzle was present in cloud. 1276	
  

1277	
  



 1278	
  
 1279	
  
Fig. 3. Examples of particle types found when sampling from the C-130 during 1280	
  
VOCALS. a) ammonium sulfate, b) biomass burning type, c) soot carbon from 1281	
  
combustion. 1282	
  

1283	
  



 1284	
  
 1285	
  
Fig. 4. Particle types by number as determined by SEM/X-ray analysis for near-shore 1286	
  
samples on 21 Oct 2008 (06:49:50 to 06:59:45 UTC)--plots a) and b), and on 24 Oct 1287	
  
2008 (13:41:25-13:46:40 UTC)--plots c) and d). Pie charts on left are for smaller 1288	
  
particles approximately 0.1 to 0.2 µm in diameter, and on right, for particles larger than 1289	
  
0.2 µm. 1000 particles were analyzed for each sample. “Reacted sea-salt” refers to sea-1290	
  
salt where chlorine has been partially or completely replaced with sulfate, while “other” 1291	
  
category may include soil-dust, organics, black carbon, or industrial material.  1292	
  



 1293	
  
 1294	
  

 1295	
  
Fig. 5. Forward trajectories starting at major smelters that could potentially affect the 1296	
  
VOCALS region. Trajectories are 5 days long during the VOCALS intensive period, 1297	
  
starting every 5 days. Markers are plotted every 6 hours. Smelter locations are color 1298	
  
coded by sulfur emissions in Gg/yr.  1299	
  



 1300	
  
 1301	
  
Fig. 6. % change in particle number concentration predicted by WRF-Chem with and 1302	
  
without smelter emissions included. Particle size range was matched to the PCASP 1303	
  
probe, 0.12 to 3.0 µm in diameter.  Major smelters are shown as circles with A: 1304	
  
Chuquicamata, B: Ilo, C: Caletones and D: Potrerillos.  1305	
  



 1306	
  
Fig. 7. a) Comparison of aerosol number concentration between 0.12 and 3.0 µm as 1307	
  
observed from the C-130 (blue) vs. WRF-Chem model results with smelter emissions 1308	
  
(red) and without smelter emissions (black) for the 15 Oct 2008 to 24 Oct 2008 time 1309	
  
period. Data are gridded into 2.5 degree longitudinal zones between 22°S and 18°S. 1310	
  
The number of profiles is indicated at the top of each longitude bin. b) Same but for 1311	
  
measured (Allen et al., 2011) and modeled sulfate mass between 0.04 µm to 0.625 µm, 1312	
  
with sampling time in minutes in each longitude bin indicated at the top. For each zone, 1313	
  
center solid (dashed) lines indicate the median (mean), and boxes indicate upper and 1314	
  
lower quartiles with upper and lower decile whiskers.   1315	
  

(a) 

(b) 
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 1318	
  
 1319	
  
Fig. 8. Size distributions of droplet residual nuclei from droplets larger than different 1320	
  
diameters as noted on the top of plots. Mean residual particle size is shown at bottom of 1321	
  
plots. Top plot is from C-130 flight 3 (21 Oct 2008) and bottom is from flight 4 (21 Oct 1322	
  
2008).  1323	
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 1326	
  
Fig. 9. Statistics of UHSAS geometric mean diameter for 20 pairs of below-cloud 1327	
  
aerosol particles (blue) and CVI droplet residual nuclei (red) in VOCALS clouds with 1328	
  
drizzle < 5 lit-1 and ratio of CVI total number concentration to droplet number 1329	
  
concentration <1. Seventeen above-cloud samples are also shown in grey. The box 1330	
  
limits represent the upper and lower quartiles, with the median as a horizontal line. The 1331	
  
lines extending from the top and bottom of each box mark the maximum and minimum 1332	
  
values within the data set that are within the upper quartile + (1.5 x the interquartile 1333	
  
distance) or less than the lower quartile - (1.5 x the interquartile distance), respectively.  1334	
  
Outliers are marked with circles.   1335	
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 1338	
  
 1339	
  
Fig 10. UHSAS particle size distributions for four sets of paired below-cloud (blue) and 1340	
  
in-cloud droplets (red) CVl samples in clouds with drizzle < 5 lit-1 and ratio of CVI total 1341	
  
number concentration to droplet number concentration between 0.72 and 0.94. C-130 1342	
  
flights and in-cloud UTC times are a) flight 2: 13:33:32-13:36:58, b) flight 3: 7:18:25-1343	
  
7:24:40, c) flight 3: 13:14:15-13:16:40, and d) flight 11: 16:42:42-16:47:22. In-cloud 1344	
  
distributions are less noisy than below-cloud distributions due to the enhancement 1345	
  
factor in the CVI inlet. 1346	
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 1347	
  
Fig. 11: Probability plot of vertical velocity (1 Hz) measured along the flight track for in-1348	
  
cloud samples a) through d) shown in Fig. 10.1349	
  



 1350	
  
 1351	
  
Fig. 12. Particles larger than 0.055 µm for HIGH (a,b) and LOW (c,d) Lagrangian 1352	
  
cloud model cases after 2 hours (top) and 8 hours (bottom) of run time. Analogous to 1353	
  
Fig. 10, the blue line shows the aerosol size distribution below the cloud, averaged 1354	
  
between 100-350 m in height, while the red line represents the particles only present 1355	
  
within droplets larger than 8 µm in size. The green line shows all particles within the 1356	
  
cloud layer, including both interstitial and in-cloud particles. In-cloud was defined as 1357	
  
points with qc > 10-6 g kg-1.  1358	
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Fig. 13. Total aerosol concentration (ambient, interstitial and within droplets) 1387	
  
predicted by the LCM after 2 hours (top, plots a and c) and 8 hours (bottom, plots b 1388	
  
and d), as a function of height, scaled to the top of the cloud. HIGH aerosol case 1389	
  
results are on the left and LOW aerosol case results are on the right.  1390	
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 1392	
  
 1393	
  
Fig 14. a. Cloud geometric thickness and liquid water path (LWP) as a function of 1394	
  
distance west from shore along 20°S. Thickness is from the in-situ radar and lidar, while 1395	
  
LWP uses both GVR and radar data. b. Top of cloud albedo vs. distance from shore 1396	
  
calculated as described in the text (using 10:30 local values for solar zenith angle). 1397	
  
Circles are values derived from onboard remote sensors during daytime (purple) and 1398	
  
night-time (blue) C-130 flight segments, while red squares are derived from the MODIS 1399	
  
10:30 local overpass averaged over the entire VOCALS 31-day time period. Vertical 1400	
  
bars represent one sigma variability in the MODIS data. Since in-cloud data only was 1401	
  
used, cloud albedos here are higher than net albedos in partly cloudy regions.  1402	
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