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ABSTRACT 

Airborne aerosols are crucial atmospheric constituents that are involved in global climate change 

and human life qualities. Understanding the nature and magnitude of aerosol-cloud-precipitation 

interactions is critical in model predictions for atmospheric radiation budget and the water cycle. 

The interactions depend on a variety of factors including aerosol physicochemical complexity, 

cloud types, meteorological and thermodynamic regimes and data processing techniques. This 

PhD work is an effort to quantify the relationships among aerosol, clouds, and precipitation on 

both global and regional scales by using satellite retrievals and aircraft measurements. The first 

study examines spatial distributions of conversion rate of cloud water to rainwater in warm 

maritime clouds over the globe by using NASA A-Train satellite data. This study compares the 

time scale of the onset of precipitation with different aerosol categories defined by values of 

aerosol optical depth, fine mode fraction, and Ångstrom Exponent. The results indicate that 

conversion time scales are actually quite sensitive to lower tropospheric static stability (LTSS) 

and cloud liquid water path (LWP), in addition to aerosol type. Analysis shows that tropical 

Pacific Ocean is dominated by the highest average conversion rate while subtropical warm cloud 

regions (far northeastern Pacific Ocean, far southeastern Pacific Ocean, Western Africa coastal 

area) exhibit the opposite result. Conversion times are mostly shorter for lower LTSS regimes. 

When LTSS condition is fixed, higher conversion rates coincide with higher LWP and lower 

aerosol index categories. After a general global view of physical property quantifications, the 

rest of the presented PhD studies is focused on regional airborne observations, especially bulk 

cloud water chemistry and aerosol aqueous-phase reactions during the summertime off the 

California coast. Local air mass origins are categorized into three distinct types (ocean, ships, 

and land) with their influences on cloud water composition examined and implications of wet 

deposition discussed. Chemical analysis of cloud water samples indicates a wide pH range 

between 2.92 and 7.58, with an average as 4.46. The highest pH values were observed north of 

San Francisco, coincident with the strongest land mass influence (e.g. Si, B, and Cs). 

Conversely, the lowest pH values were observed south of San Francisco where there is heavy 

ship traffic, resulting in the highest concentrations of sulfate, nitrate, V, Fe, Al, P, Cd, Ti, Sb, P, 

and Mn. The acidic cloud environment with influences from various air mass types can affect the 

California coastal aquatic ecosystem since it can promote the conversion of micronutrients to 
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more soluble forms. Beyond characterization of how regional air mass sources affect cloud water 

composition, aircraft cloud water collection provides precious information on tracking cloud 

processing with specific species such as oxalic acid, which is the most abundant dicarboxylic 

acid in tropospheric aerosols. Particular attention is given to explore relationship between 

detected metals with oxalate aqueous-phase production mechanisms. A number of case flights 

show that oxalate concentrations drop by nearly an order of magnitude relative to samples in the 

same vicinity with similar environmental and cloud physical conditions. Such a unique feature 

was consistent with an inverse relationship between oxalate and Fe. In order to examine the 

hypothesis that oxalate decreasing is potentially related to existing of Fe, chemistry box model 

simulations were conducted. The prediction results show that the loss of oxalate due to the 

photolysis of iron oxalato complexes is likely a significant oxalate sink in the study region due to 

the ubiquity of oxalate precursors, clouds, and metal emissions from ships, the ocean, and 

continental sources. 
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CHAPTER 1: Introduction 

1.1 Atmospheric aerosol 

Atmospheric aerosols refer to two-phase systems comprised of a suspension of solid or liquid 

particles suspended in gas [Hinds, 1998]. Their sources include both natural sources, like ocean 

spray, dust transportation, forest fire and biological emissions, and anthropogenic sources, such 

as fuel combustion and industrial pollutants. The most general usage of an aerosol is to refer to 

the particulate part [Seinfeld and Pandis, 2006]. Among different sources, particles directly 

emitted into atmosphere are considered as primary aerosols while the ones formed through gas-

to-particle conversions are determined as secondary aerosols. Since particles cover a large size 

scale from nanometer to micrometer, they are also mainly categorized into two size modes as 

“fine” (aerodynamic diameter less than 2.5 µm) and “coarse” (aerodynamic diameter greater than 

2.5 µm), with three sub-modes in fine mode as nucleation mode ( <10 nm), aitken mode (10~100 

nm) and accumulation mode (0.1~2.5 µm). Particles in the lower atmosphere significantly vary 

in size, concentration and chemical composition. Their residence times in the atmosphere are 

relatively short (e.g. days to weeks) and are finally removed through dry deposition (settling) and 

wet deposition (rain out). 

1.2 Aerosol effects 

The importance of atmospheric aerosol research is raised in many aspects from local air quality 

and public health to global radiation budget and climate change [Harrison et al. 2000; Pöschl et 

al. 2005]. As a direct effect, aerosols can reflect or absorb sunlight depending on their 

composition. For instance, particle types such as sulfates and nitrates mainly reflect radiation 

back into space and have a net cooling effect, while in contrast, darker particle types such as 

black carbon lead to warming effect due to light absorption. Atmospheric aerosols also serve as 

cloud condensation nuclei (CCN), which is required for cloud drop formation. Droplets are 

produced via the nucleation of CCN and act as a reservoir for soluble vapors; therefore, their 

properties, such as size distribution, number concentration and chemical composition, depend 

strongly on aerosol properties. The well-known Twomey Effect describes an ideal microphysical 

concept in warm clouds where an increase in aerosol concentration leads to a reduction in drop 

size with all else fixed [Twomey, 1977], which can suppress precipitation production owing to 
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less efficient collision-coalescence [Warner, 1968]. Due to such impacts on cloud microphysical 

properties, aerosols have indirect effects on cloud lifetime, amounts and radiation balance and 

hydrological cycle. In addition, there is an aerosol semi-direct effect describing how clouds can 

evaporate due to the heating owing to the absorption of solar radiation by absorbing particles 

[Johnson et al., 2004]. 

1.3 Aerosol-cloud-precipitation interactions for marine stratocumulus regime 

1.3.1 Challenges and motivations in quantifying aerosol impacts 

It is deemed sufficient that both aerosols and cloud droplets play pivotal roles in the marine 

atmosphere due to their radiative effects over the globe. Stratocumulus clouds are especially 

influenced by aerosols [Wood, 2012], which still are characterized by large uncertainties in 

model predictions of climate forcing. Accurate quantification of the aerosol impacts are 

challenging. The major difficulty is that the nature and magnitude of aerosol-cloud-precipitation 

interactions have confounding relationships with numerous factors like meteorology, cloud 

thermodynamics, aerosol properties and data collection/analysis techniques and limitations [e.g., 

Rosenfeld et al., 2014; Fan et al., 2016; Seinfeld et al., 2016]. In addition, distinguishing aerosol 

impacts from the other interferences such as meteorology is important. Previous study from 

Wood [2007] shows that change in the sign of the aerosol indirect effects in marine 

stratocumulus clouds arise due to dissimilar response times for cloud base and cloud top heights. 

Huang et al. [2009] uses long-term remote sensing observations to demonstrate clear influences 

from African aerosol sources to large-scale perturbation of precipitation over tropical Atlantic 

region during certain periods of a year, while climate and meteorological factors are excluded as 

dominant triggers, such as ocean oscillations, sea skin temperature and column water vapor. 

Stevens and Feingold [2009] proposed that influences of aerosol on clouds and precipitation in a 

buffered system are cloud-regime dependent. Ideas such as these are motivations to use new 

datasets to seek the extent of both aerosol and macrophysical influences on clouds. 

 1.3.2 Stratocumulus clouds 

Stratocumulus (Sc) as one of the ten basic cloud types defined by World Meteorological 

Organization [International Cloud Atlas, 1957] is a combination of two major clouds that Stratus 

(clouds in flat layers) and Cumulus (puffy clouds with vertical development). Sc usually occurs 
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in the boundary layer and so it belongs to low-level cloud system (below two kilometers), of 

which albedo can be up to 90%. Sc covers about twenty percent global area [Warren et al., 1986, 

1988] and dominates marine warm cloud regime, therefore its effects on the radiation balance are 

significant.  

Formation and maintenance of Sc clouds is sensitive to the energy balance between cloud top 

longwave cooling and warming from surface and cloud top entrainment, in addition to the 

moisture balance between surface moisture fluctuation and drying introduced by the entrainment. 

If precipitation exists, then it can modify both energy and moisture budgets in complicated ways, 

which will strongly affect Sc properties. Sc cloud formation is also controlled upon large-scale 

meteorological conditions such as lower tropospheric static stability (LTSS), which is the 

potential temperature difference between 700 and 1000 hPa [Klein and Hartmann, 1993]. Since 

high LTSS promotes Sc cloud formation, marine Sc is dense in mid-latitude oceans and cold 

areas of subtropical and tropical oceans. 

1.3.3 Cloud microphysics and initiation of precipitation  

Cloud droplet formation requires CCN in addition to pure water vapor since the real atmospheric 

relative humidity cannot satisfy pure water vapor to overcome its thermodynamic potential 

barrier for phase transformation. Aerosols as CCN providers explicitly have impacts on cloud 

microphysics properties, such as cloud effective radius (re) and droplet number concentration 

(Nd). 

Cloud as a unit of small droplets normally has mean radius around 10 μm and Nd at about 

hundred (or less) per cubic centimeter. In a cloud, droplets usually stay strongly stable without 

attracting together or size changes unless such changes happen to the entire assembly. 

Precipitation will develop only if the stable structure begins to collapse. The rain formation in Sc 

hence is relied on the extent of cloud column condensation and on the availability of large 

droplets that are possible to produce rain embryos. When some droplets grow up to a radius of 

about 20 μm through condensation process, the rate of droplet collision increases. The drop 

growth process can be categorized into three types based on drop sizes: auto-conversion refers to 

collisions amongst small droplets, normally less than 20 μm in radius; accretion is considered as 

collisions between those small cloud droplets and ones of radii over 20 μm; the third kind of 
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collision occurs among larger droplets. Once droplet size reaches around 30 μm, coalescence 

takes charge of the main growth mechanism and finally rain droplets can be formed. Onset of 

rain does not always strictly follow the classic droplet growth mechanism but can be sensitive to 

factors like cloud top entrainment and existence of giant CCN (GCCN). For example, Cooper et 

al. [2013] has shown sensitivity studies of precipitation formation in warm cumulus clouds to 

cloud top entrainment and mixing. Above top, thermodynamic and dynamic changes not only 

lead to dryness and lower water content but also help with spreading droplet size distribution and 

so a promotion of collision-coalescence process for rain production. Regarding influences of 

turbulent environment to cloud microphysical properties, Grabowski and Wang [2013] suggest 

that small-scale turbulence by itself may enhance collision-coalescence of droplets and therefore 

speed up warm rain onset. GCCN has high potential to develop large drops early at the lower 

part of clouds and prompts the coalescence between droplets. The earlier numerical study of 

convective clouds from Yin et al. [2000] of GCCN effect has shown that efficiencies of such 

promotion depend on environmental conditions: there is more influence from GCCN on clouds 

over the land with more numerous smaller CCN background than marine clouds with fewer and 

larger CCN concentrations. Recently, a model study from Dagan et al. [2015] shows GCCN only 

accelerate warm rain initiation significantly when aerosol number concentration is over optimal 

condition for maximum rain productions. As a brief conclusion, emphasizing the importance of 

exploring aerosol-cloud-precipitation interactions under different regimes (e.g. spatial 

distribution, cloud types, environmental stability condition) is necessary.  

1.4. Regional chemical characteristics of cloud-aerosol interactions 

1.4.1 Cloud water sampling and local air mass quantification 

Understanding the sources and sinks of CCN is a cornerstone of the assessments of their direct 

and indirect effects on climate. Enhancing model prediction accuracy especially in fine-scale 

simulations relies on real time regional observations as crucial references for model inputs of 

numerical schemes and examinations of theoretical simulation outputs. Aircraft based cloud 

water sampling can contribute such robust information of CCN and cloud properties. The acidity 

and composition of cloud water are able to characterize regional air mass impacts, aerosol-cloud 

chemical interactions, cloud top dynamics induced cloud microphysical-chemical changes, and 

the effects of wet deposition [Waldman et al., 1985; Hoffmann et al., 1986; Collett et al. 1990;  
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Walcek  et al., 1994; Deutsch et al., 2001; Ghauri et al., 2001; Gioda et al., 2009]. Airborne bulk 

cloud water chemical analysis is included in the second part of this PhD work with particular 

attention to western Pacific Ocean coastal area, which is strongly influenced by natural and man-

made sources and enriched with marine stratocumulus during boreal summer time. Ship 

emissions impact coastal air quality and the marine ecosystem due to the products of fossil fuel 

combustion (e.g. sulfur continents, metal pollution) [Smith et al., 2011; Becagli et al., 2012; 

Oeder et al., 2015; Streibel et al., 2016].  

1.4.2 Cloud-produced secondary organic aerosols 

Beyond regional air mass characterization, the last part of this work focuses on cloud water 

chemistry for looking into cloud processing. As previously mentioned, aerosols with physical-

chemical properties and complicated producing paths result in large biases in remote sensing 

retrievals and chemistry model schemes. One class of aerosol species that is perhaps most poorly 

understand is the organic fraction. They contribute around 20% ~ 90% of fine aerosol mass 

concentration depending on the area [Turpin et al.2000, Kanakidou et al., 2005, Docherty et al., 

2008, Carlton et al., 2009]. Both biogenic sources and human pollutants contribute to primary 

and secondary organic aerosols [De Gouw et al., 2009; Meskhidze et al. 2011; Lu et al., 2015; 

Suarez-Bertoa et al., 2015]. Secondary organic aerosols (SOAs) are the ones produced in the 

atmosphere from gas-to-particle conversion of volatile organic compounds (VOCs). The 

oxidation processes usually involve complex atmospheric photochemical reactions by hydroxyl 

radical, ozone and nitrate radical [Kroll et al., 2008].  

In the atmosphere, a considerable part of SOA is from mass transport of reactive organic gases 

through aqueous-phase oxidation during cloud (and fog) processing. Cloud droplets modulate 

CCN involved in chemical processes leading to more oxygenated species that remain in the 

aerosol phase upon drop evaporation. Cloud produced SOA species include carboxylic acids (e.g. 

dicarboxylic acids as formic acid, oxalic acid; keto acids as pyruvic acid), organosulfates and 

amines [Blando et al. 1999, Carlton et al. 2006, Galloway et al. 2014].  

Oxalic acid, the most abundant dicarboxylic acid in tropospheric aerosol particles, is a tracer for 

aqueous phase chemistry and has been shown to be especially abundant in the vicinity of clouds 

due to the secondary formation [Sorooshian et al., 2006; Gong et al., 2011; Rinaldi et al., 2011].  

Nevertheless, it has been noticed that measured oxalate concentrations in marine boundary layer 
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clouds are an order of magnitude less than predictions, which motivates more research. The main 

model mechanism of oxalate degradation is producing carbon dioxide, an important greenhouse 

gas. Based on theoretical lab experiments and field observations, several metals (e.g. Fe, Mg and 

Ca) can act as a critical sink of carbocyclic acids (e.g. oxalic acid) [Zuo et al., 1992; Okochi et al., 

2002]. With this motivation, field observations are used to understand the relationship between 

oxalic acid with certain metals in this work.  

1.5 Data sets and methodology  

1.5.1 Remote sensing retrievals  

Precipitation, meteorological condition and aerosol parameters used in this dissertation are from 

several remote sensors and model reanalysis data. It is shown that among different sensors, 

spatial resolutions are hard to be strictly consistent. Therefore, it is necessary to clarify that the 

analysis here is without considering the resolution differences.  

Precipitation products are from CloudSat, which includes a 94 GHz Profiling Radar (CPR) as 

part of the NASA A-train [Stephens et al., 2002]. CPR yields high frequency and sufficient 

sensitivity for detecting the initiation of precipitation [Stephen and Haynes 2007, Haynes et al. 

2009].  Data from it are used to isolate single-layer warm-rain clouds over oceans and for values 

of mean cloud-layer reflectivity ( Z ) and precipitation rate (R) [2C-PRECIP-COLUMN product; 

Haynes et al., 2009]. First part of this dissertation is focused on conversion rates from cloud 

water to rain by different Z  thresholds between -15 and 0 dBZ corresponding to the possible 

rain occurrence [Haynes et al.2009]. In order to be strict with initial rain state, upper rain limit is 

chosen as 0.01 mm h -1 when Z  ≥ 0 dBZ.   

Data for low-level wind speeds are derived from the Advanced Microwave Scanning Radiometer 

(AMSR-E). LTSS data are derived from the European Center for Medium Range Weather 

Forecast-AUXiliary (ECMWF-AUX) products that are available at the CloudSat data processing 

center. The native ECMWF data resolution is 0.5°, and these data are linearly interpolated to the 

CloudSat footprint in space and time [Partain, 2007].  

Both aerosol and cloud microphysical properties are retrieved from Moderate Resolution 

Imaging Spectroradiometer (MODIS) with 36 bands launched aboard NASA’s Aqua, a polar-
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orbiting satellite also belong to A-Train. In this work, cloud properties including the drop 

effective radius (re) and cloud optical depth (τc) are from Level 2 MODIS products at 1km 

resolution [Platnick et al., 2003]. The 3.7 μm channel is used for re as it has been shown to be 

more representative of cloud top radius as compared to the 2.1 or 1.6 μm channels [Lebsock et 

al., 2011]. Cloud liquid water path (LWP) is estimated by the adiabatic formula as LWP = 5/9 × 

ρw × τc × re [e.g., Wood and Hartmann, 2006].  

Remote sensing measurements have previously been used to identify aerosol types based on 

binning aerosol data sets by aerosol optical depth (AOD), fine mode fraction (FMF), and 

Ångstrom exponent (Å) [e.g., Eck et al., 1999; Dubovik et al., 2002; Kaufman et al., 2002; 

Barnaba and Gobbi, 2004]. AOD is a measure of total aerosol extinction (scattering + absorption) 

over the vertical column through the atmosphere. Å as a proxy of the averaged particle size is an 

exponent calculated from AOD at two different wavelengths, which is sensitive to the particle 

size distribution and inversely related to the average size of the particles. FMF is defined as the 

fraction of fine mode AOD to total AOD. The use of aerosol data over a much larger spatial 

scale (1° × 1°) as compared to cloud data (~ 1–2 km) is intended to reduce issues associated with 

aerosol swelling near cloud boundaries [e.g., Haywood et al., 1997; Lebsock et al., 2008; Chand 

et al., 2012].  

1.5.2 Airborne data 

1.5.2.1 Aerosol measurements 

During the Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE, July –August 2011), 

the Center for Interdisciplinary Remotely Piloted Aircraft Studies (CIRPAS) Twin Otter 

conducted 30 flights consisting of level legs at the following positions relative to the 

stratocumulus cloud deck: (i) below cloud; (ii) in cloud at usually three different altitudes (above 

bases, midcloud, and below tops); and (iii) above cloud tops. The Twin Otter was equipped with 

two inlets for sampling in or out of clouds. A subisokinetic total aerosol inlet was used out of 

cloud for clear-air aerosol characterization. A new counter- flow virtual impactor inlet (CVI) was 

deployed for in-cloud sampling of cloud drop residual particle samples with a Dp,50 of 11 μm for 

the CVI flow-rate conditions and aircraft speed (∼50 m s−1) during E-PEACE [Shingler et al., 

2012]. An Aerodyne compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) sampled 
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downstream of these two inlets and quantified submicrometer mass concentrations of 

nonrefractory aerosol components (organics, sulfate, nitrate, chloride, and ammonium). The C-

ToF-AMS data used in this work include mass concentrations of total organics and one specific 

mass spectral marker representative of acid-like oxygenated organics (m/z 44; COO+). 

Cloud water species concentrations were converted to air-equivalent concentrations by 

multiplication with the average liquid water content (LWC) measured during the collection of 

individual cloud water samples, which excludes out-of-cloud periods. To ensure the aircraft was 

in cloud, a threshold LWC value of 0.02 g m−3 was used. Liquid water content was measured 

with a PVM-100 probe. Cloud drop size distributions were obtained using a cloud and aerosol 

spectrometer (CAS; Dp ∼ 1−55 μm; Droplet Measurement Technologies, Inc.). Sub- and above-

cloud particle number concentrations were obtained with a condensation particle counter (CPC 

3010; TSI Inc.) and a passive cavity aerosol spectrometer probe (PCASP; PMS Inc./DMT Inc.). 

The CPC and PCASP particle diameter size ranges are >10 nm and 0.1 − 2.6 μm, respectively. 

The upper size limit of the CPC is governed by the aircraft inlet, which has a roll-off in its 

collection efficiency starting at 3.5 μm and stabilizing at 5.5 μm at a value in excess of 60% 

[Hegg et al., 2005]. An estimate of the subcloud aerosol not measured successfully by the C-

ToF-AMS is obtained by comparing the PCASP volume concentration below 1 μm to the total 

volume concentration; the cumulative average (±standard deviation) sub-cloud ratio 

corresponding to areas where cloud water samples were obtained was 41% ± 28%.  

1.5.2.2 Bulk cloud water collection and chemical analysis  

Airborne bulk cloud water samples from E-PEACE are collected using Mohnen modified slotted 

rod cloud water collector loaded on the top of research aircraft. The collector consists of three 

cylindrical Delrin rods with narrow slot at each one’s forward stagnation point. Cloud droplets 

impact on the slots when the plane is in cloud with airflows surrounded and then flow down to 

high-density polyethylene bottle attached at the bottom of collector due to gravity. The storage 

bottles need to be replaced manually during flight. Between one to six cloud water samples of 

approximately 10−30 min duration were collected each flight, which typically lasted ∼4−4.5 h. 

Sensitive studies of the collector has been done by Kim and Boatman (et al. 1988), which 

showed that the efficiency depends on cloud water mixing ratio, aircraft absolute flight speed 

and cloud drop size. Collection efficiency increases as aircraft speed decreases. It also has weak 
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dependence of drop-size when drop diameter is up to a mass mean diameter of approximately 35 

μm.  

Cloud water samples were tested for pH immediately after collection, treated with chloroform to 

minimize biological processing of the samples, and then stored at a nominal 5 °C until laboratory 

analysis after the field campaign. Measurements of pH were conducted using an Oakton Model 

110 pH meter calibrated with pH 4.01 and pH 7.00 buffer solutions.  

A total of 81 cloud water samples were divided into separate fractions to allow for both 

elemental and ionic composition analysis. A 500 μL fraction of each sample was analyzed with 

ion chromatography (IC; Thermo Scientific Dionex ICS-5000 anion system with an AS11-HC 2 

mm column) and for major inorganic and organic acid anions. Specific organic acids examined 

include three dicarboxylic acids (DCAs: oxalate, malonate, maleate), seven monocarboxylic 

acids (MCAs: acetate, formate, pyruvate, lactate, propionate, butyrate, glyoxylate), and 

methanesulfonate (MSA). IC analysis was conducted using a 38 min multistep gradient program 

with sodium hydroxide eluent (1 mM from 0 to 8 min, 1 mM to 30 mM from 8 to 28 min, 30 

mM to 60 mM from 28 to 38 min). Background IC concentrations of blank cloud water samples 

were subtracted from the measured sample concentrations. Background concentrations of species 

such as formic and acetic acids may represent an upper limit owing to soluble gases partitioning 

into the blank water samples. Species detection limits, calculated as three times the standard 

deviation of blanks, were less than 0.01 ppm for the IC species with errors less than 7%. 

Concentrations of glyoxylate are not reported owing to peak interference with a dominant 

chloride peak. As a result, only its presence in samples is reported.  

Another fraction of each sample was analyzed with inductively coupled plasma mass 

spectrometry (ICP-MS). Forty μL of concentrated OPTIMA grade nitric acid was added to 1960 

μL water sample fractions devoted to ICP-MS analysis. Twenty μL of a mixture containing 5 

ppm aqueous Sc, Ge, In, and Bi internal standards (ICP-MS grade) were then added to each 

sample and the contents vortexted vigorously. Fifty-element semi-quantitative measurements 

were then conducted on an Agilent 7700 Series ICP-MS in helium collision gas mode. As 

acidification of samples was not conducted immediately after collection, concentrations of 

specific constituents may be biased low in this work including iron and manganese.  
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1.6 Dissertation format  

This dissertation contains three parts: chapter 1: introduction, which explains main concepts and 

methodologies for research topics; chapters 2 – 4 are for published work in which the author had 

outstanding contributions; Chapter 5 provides major conclusions of research results during the 

PhD program. The last part of this dissertation is the appendix listing selected publications in 

which the author put considerable efforts.  

General descriptions for the chapters and the author’s contributions are provided here: 

Chapter 2: A satellite perspective on cloud water to rain water conversion rates and 

relationships with environmental conditions 

This study uses two-year NASA A-Train satellite data to examine the spatial distribution of 

marine warm cloud conversion rates and characteristic time scales over the globe. It emphasizes 

relationships among LTSS, the presence of four different aerosol types, and AI with conversion 

rates of cloud water to rain water in eight sub-regions. The tropical Pacific Ocean is 

characterized by the highest average conversion rate while sub-tropical stratocumulus cloud 

regions (far northeastern Pacific Ocean, far southeastern Pacific Ocean, Western Africa coastal 

region) exhibit the lowest rates. Conversion rates are generally higher at reduced values of lower 

LTSS. When examining data in two selected ranges for LTSS, higher conversion rates are 

coincident with higher LWP and factors co-varying or rooted in the presence of aerosol types 

exhibiting lower AI.  

The author of this dissertation performed the data organization and calculation; cooperated with 

first author on data analysis. 

Chapter 3: Impact of emissions from shipping, land, and the ocean on stratocumulus cloud water 

elemental composition during the 2011 E-PEACE Field Campaign 

This study reports on cloud water chemical and pH measurements off the California coast during 

the July-August 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE). Cloud 

water pH ranged between 2.92 and 7.58, with an average of 4.46. Peak pH values were observed 

north of San Francisco, simultaneous with the highest concentrations of Si, B, and Cs, and air 

masses originating over land. The lowest pH values were observed in south of San Francisco due 

to ship emissions, which is result in the highest concentrations of sulfate, nitrate, V, Fe, Al, P, 
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Cd, Ti, Sb, P, and Mn. Acidic cloud water conditions and ubiquity of important organic agents 

such as oxalic acid are measured in cloud water samples. It suggests that acidic cloud conditions 

in the California coastal zone region can promote the conversion of micronutrients to more 

soluble forms through cloud processing. 

The author of the dissertation performed the sampling preparation, data collection and 

organization, chemical analysis, and led the writing for the publication. 

Chapter 4: Observations of sharp oxalate reductions in stratocumulus clouds at variable 

altitudes: organic acid and metal measurements during the 2011 E-PEACE campaign 

This work focuses on exploring the chemical relationships between organic acids and metals 

using cloud water samples collected from E-PEACE. Monocarboxylic and dicarboxylic acids 

exhibited contrasting spatial profiles reflecting their different sources and degree of processing. 

Case flights show that oxalate concentrations drop by nearly an order of magnitude relative to 

samples in the same vicinity. A consistent feature in these cases was an inverse relationship 

between oxalate and several metals (Fe, Mn, K, Na, Mg, Ca), especially Fe. Cloud box model 

simulations show that the loss of oxalate due to the photolysis of the iron-oxalato is likely a 

significant oxalate sink in the study region due to the ubiquity of oxalate precursors, clouds, and 

metal emissions from ships, the ocean, and continental sources.  

The author of the dissertation performed the sampling preparation, data collection and 

organization, chemical analysis and contributed on data interpretations. 

Appendix A: Evidence of Aqueous Secondary Organic Aerosol Formation from Biogenic 

Emissions in the North American Sonoran Desert  

This study examines the role of aqueous SOA formation in the North American Sonoran Desert 

as a result of intense solar radiation, enhanced moisture, and biogenic volatile organic 

compounds (BVOCs). The ratio of water-soluble organic carbon (WSOC) to organic carbon 

(OC) nearly doubles during the monsoon season (between July and September) relative to other 

seasons of the year. When normalized by mixing height, the WSOC enhancement during 

monsoon months relative to preceding dry months (May - June) exceeds that of sulfate by nearly 

a factor of ten. WSOC:OC and WSOC are most sensitive to moisture parameters, temperature, 
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and concentrations of O3 and BVOCs. No positive relationship was identified between WSOC or 

WSOC:OC and anthropogenic tracers such as CO over a full year. This study points at the need 

for further work to understand the effect of BVOCs and moisture in altering aerosol properties in 

under-studied desert regions. 

The main contribution of the author in this study was in charge of lab monitoring and performed 

the majority part of data collection and organization. 

Appendix B: Sources of Nitrate in Stratocumulus Cloud Water: Airborne Measurements During 

the 2011 E-Peace and 2013 NiCE Studies  

This study examines the sources of NO3
− in airborne cloud water samples collected over the 

eastern Pacific Ocean off the California coast from E-PEACE and NiCE. The major sources of 

NO3
− in cloud water samples in the study area are suggested as ship pollutants and wildfire 

emissions due to average air-equivalent concentrations of NO3
− measured from the two sources 

were more than twice that of the background samples. Cloud top instability is associated with 

significantly enrichment of fire induced NO3
− in clouds. Other than ship and fire sources, 

nucleation scavenging of chloride depleted sea-salt can promote cloud water NO3
− formation. 

Surface size-resolved aerosol chemical analysis shows that the peak of NO3
− concentrations is in 

the same particle diameter range as Na, Cl− and Si. It indicates drop activation of crustal particles 

and sea salt could be an important source of NO3
− in cloud water. 

The main contribution of the author in this study was field data collection, organization and 

calculations, sample chemical analysis, and data interpretation. 

Appendix C: Observations of continental biogenic impacts of continental biogenic aerosol on 

marine stratocumulus 

This airborne study contributes to the knowledge of aerosol chemical compositions in the free 

troposphere over marine stratocumulus off the coast of California during E-PEACE and NiCE 

field campaigns. Organic species (> 85% mass fraction) are found as the dominant non-

refractory submicron component in particles in the free troposphere over the clouds. Particulate 

organic mass shows clear zonal gradient along with the geographical distribution of vegetation 

density and composition in the Northwestern United States. Peak concentration of the mass is 
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influenced by densely populated monoterpene sources. Due to meteorological conditions such as 

cloud-clearing events, continental air mass travels from the Northwestern United States into the 

free troposphere above coastal stratocumulus clouds. The dry land air mass containing enhanced 

portion of biogenic organic aerosols is shown to entrain into the marine boundary layer. 

Continental particles show bimodal size distributions. The particles in larger mode (100 nm) are 

considered to be from biogenic sources, while ones in smaller mode (30 nm) are expected 

originate from fresh biogenic emissions.  

The main contribution of the author in this study was field data collection, sample chemical 

analysis, data organization, and calculations. 

Appendix D: Impact of Wildfires on Size-Resolved Aerosol Composition at a Coastal California 

Site 

Ground-based size-resolved aerosol composition measurements were conducted at a coastal site 

in central California during the NiCE, which is influenced by ship and marine emissions and 

continental pollution and wildfires. Two micro-orifice uniform deposit impactors (MOUDIs) 

were performed, and samples were analyzed in laboratory for water-soluble anions and elemental 

compositions. It is found that in wildfire periods, soil species mass concentrations (e.g., Si, Fe, 

V) are enhanced while, interestingly, potassium is a less reliable biomass burning tracer during 

study period in region, which is opposite to suggestions from other previous studies that 

considering it as a significant tracer. Sulfate and nitrate (NO3
−) peak mass concentrations fall 

into larger size range (1.8–3.2 μm stages) compared with non-wildfire influenced samples 

(1.0 μm stage). CCN composition is dominated by non-sea-salt (nss) sulfate and ammonium, and 

methanesulfonate yields highest WSOC mass fraction, whereas for wildfires samples, 

ammonium becomes the dominant overall species, and the most abundant WSOC is oxalate. 

The main contribution of the author in this study was field data collection, sample chemical 

analysis, data organization, and calculations. 

Appendix E: Contrasting Cloud Composition between Coupled and Decoupled Marine Boundary 

Layer Clouds 
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This study focuses on precious large set of airborne cloud water samples from three-year field 

studies (2011, 2013, 2015) during the summer time over California coastal region. It provides the 

insight of cloud water composition sensitivity to oceanic warm cloud types (e.g. decoupled and 

coupled). It suggests different dominant air mass sources influences on the two cloud regimes. 

Decoupled clouds shows more influences from land sources, while coupled clouds have higher 

total air-equivalent levels of sea salt as marine emissions. Non-water species mass fractions vary 

significantly between coupled and decoupled clouds in cloud water and droplet residual particles 

The main contribution of the author in this study was field data collection, organization and 

calculations, sample chemical analysis and data interpretations. 

Appendix F: Stratocumulus Cloud Clearings and Notable Thermodynamic and Aerosol 

Contrasts across the Clear-Cloudy Interface  

This work conducted three case research flights during Nucleation in California Experiment 

(NiCE; 2013) over the California coastal area. It demonstrates the vertical structures of 

environmental variables and aerosol characteristics on the two sides of boundary between 

stratocumulus cloud decks and clearings of different sizes. The large clearings are observed with 

a multiday life cycle and near coast small size clearings show subdiurnal lifetime. Results show 

no significant difference of subcloud aerosol properties is observed on the two sides of the 

boundary for all three cases, while subtle differences in meteorological structure can distinguish 

a cloudy area from a clearing. This suggests that dynamic forcing at length scales comparable to 

the convective eddy scale may be influential to the larger-scale characteristics of the clearing.  

The main contribution of the author in this study was management of field data and remote 

sensing retrievals, sample chemical analysis, data calculations, and drafting of results for 

presentation. 
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Abstract 

A two-year satellite remote sensing dataset from the NASA A-Train is used to examine 

conversion rates of cloud water to rain water for warm maritime clouds with different ranges of 

mean cloud-layer radar reflectivity and rain rate. Recent work has demonstrated the utility of a 

novel procedure that relies on the differing sensitivities of passive MODIS measurements and 

active CloudSat radar measurements to estimate warm cloud conversion rates and associated 

time scales. That work is extended here to examine regional differences in conversion rates, 

including sensitivity to environmental parameters such as atmospheric stability and the presence 

of different aerosol types defined based on values of aerosol optical depth, fine mode fraction, 

and Ångstrom Exponent. Among eight sub-regions examined, the tropical Pacific Ocean is 

characterized by the highest average conversion rate while sub-tropical stratocumulus cloud 

regions (far northeastern Pacific Ocean, far southeastern Pacific Ocean, Western Africa coastal 

region) exhibit the lowest rates. Conversion rates are generally higher at reduced values of lower 

tropospheric static stability (LTSS). When examining data in two selected ranges for LTSS, 

higher conversion rates are coincident with higher LWP and factors co-varying or rooted in the 

presence of aerosol types exhibiting lower aerosol index values.  
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2.1 Introduction 

The nature and magnitude of aerosol-cloud-precipitation interactions remain poorly understood 

partly because of the dependence of such interactions on meteorological and thermodynamic 

regimes, cloud types, air mass characteristics, and data collection/analysis techniques and 

limitations [e.g. Gultepe et al., 1996; Cahalan et al., 2001; Pawlowska and Brenguier, 2003; 

Comstock et al., 2004; Loeb and Manalo-Smith, 2005; Mauger and Norris, 2007; Loeb and 

Schuster, 2008; Kubar et al., 2009; Grandey and Stier, 2010; Su et al., 2010; Duong et al., 

2011]. One particular aspect of these interactions in warm clouds that is poorly understood is the 

collision-coalescence process between drops and the rate at which cloud water is converted to 

rain water (termed “conversion” hereinafter). Uncertainties in the conversion rates required to 

produce precipitation motivate a more detailed understanding of what controls this quantity, with 

the goal of improving its treatment in models. 

A number of environmental factors govern the time scale of warm rain production in clouds, 

including meteorology, thermodynamics, cloud dynamics, and aerosol properties.  The 

microphysical underpinnings of aerosol-cloud-precipitation interactions in warm (liquid-only) 

clouds are widely accepted: an increase in aerosol concentration leads to a reduction in drop size 

(all else fixed) [Twomey, 1977], which suppresses precipitation production owing to less efficient 

collision-coalescence [Warner, 1968]. It is not clear whether these aerosol-related microphysical 

influences persist in extensive cloud fields, and over longer time scales, or whether they simply 

produce transient responses. For example, Lee et al. [2012] show how aerosol perturbations 

trigger changes in thermodynamic profiles that promote modifications in cloud vertical 

development that act to remove the differences. Wood [2007] also shows that changes in the sign 

of the aerosol indirect effects in marine stratocumulus clouds arise due to dissimilar response 

times for cloud base and cloud top heights. These results are congruent with the buffered aerosol-

cloud system discussed in Stevens and Feingold [2009]. Ideas such as these motivate us to look 

to new data sets, specifically those from space-borne remote sensors, to shed light on the extent 

of both aerosol and macrophysical influences on clouds.  

Satellite data can provide a global view of the conversion process and its sensitivity to 

environmental conditions.  One way to examine the influence of environmental conditions on 
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conversion is to apply a method introduced by Stephens and Haynes [2007], which leverages 

NASA A-Train satellite data [Stephens et al., 2002; L’Ecuyer and Jiang, 2010]. Their method of 

estimating conversion rates and associated time scales showed that the characteristic conversion 

time scale for warm marine clouds varied predominantly between 5.6 min and 3 hours between 

June and August of 2006, with 73% of their dataset suggesting times longer than 26 min. The 

novel application of space-borne data in that work provided a meaningful link to current regional 

and global scale models. The goal of this work is to extend the work of Stephens and Haynes 

[2007] by using A-Train satellite data to examine the warm cloud conversion process and its 

relationship with environmental conditions over the marine regions of the globe. The structure of 

this paper is as follows: (i) overview of datasets; (ii) summary of the method to quantify 

conversion rates and time scales; (iii) examination of global maps of quantities associated with 

conversion and relevant environmental parameters; (iv) quantification of relationships between 

aerosol properties, lower tropospheric static stability, and conversion as a function of liquid 

water path; and (v) conclusions.  

2.2 Datasets 

Collocated aerosol, cloud, and precipitation data from the A-Train are used over a period of two 

full years (2007-2008). A detailed description of the satellite products employed is provided 

elsewhere [Lebsock et al., 2008; Haynes et al., 2009; L’Ecuyer et al., 2009]. Data from the 

CloudSat cloud profiling radar (1.4 × 1.8 km) are used to isolate single-layer warm-rain clouds 

over oceans and for values of mean cloud-layer reflectivity ( Z ) and precipitation rate (R) [2C-

PRECIP-COLUMN product; Haynes et al., 2009]. Lebsock et al. [2008] provide a detailed 

explanation of the screening methodology to select only warm clouds. This work examines 

precipitating scenes (R ≥ 0.01 mm h-1) with different Z  thresholds between -15 and 0 dBZ.  

Near-simultaneous, collocated measurements of aerosol and cloud microphysical properties from 

MODIS are used with CloudSat data. Cloud properties include the drop effective radius (re; 3.7 

m channel) and cloud optical depth (c), which are Level 2 MODIS products at 1-km resolution 

[Platnick et al., 2003]. The 3.7 m channel is used for re as it has been shown to be more 

representative of cloud-top radius as compared to the 2.1 or 1.6 m channels [Lebsock et al., 
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2011]. Cloud liquid water path (LWP) is estimated using the following relationship: LWP = 

5/9×w×c×re [e.g. Wood and Hartmann, 2006].  

Remote sensing measurements have previously been used to identify aerosol types based on 

binning aerosol datasets by aerosol optical depth (AOD), fine mode fraction (FMF), and 

Ångstrom exponent (Å) [e.g. Eck et al., 1999; Dubovik et al., 2002; Kaufman et al., 2002; 

Barnaba and Gobbi, 2004]. AOD is a measure of columnar aerosol extinction, while the effect of 

aerosol size is captured by Å and FMF, the latter being defined as the ratio of fine mode AOD to 

total AOD. AI is thought to be a better proxy for CCN concentrations as compared to AOD [e.g. 

Nakajima et al., 2001]. Table 1 summarizes how these three aerosol parameters, based on 1° x 1° 

gridded MODIS aerosol data (Level 3, MODIS Collection 5) [Remer et al., 2005], are used to 

define four aerosol types referred to as “clean fine”, “clean coarse”, “polluted fine”, and 

“polluted coarse”. It is cautioned that “polluted” does not always correspond to high particle 

number concentrations; for example, “polluted coarse” can represent air masses with very large 

particles that may have a lower total particle number concentration than the “clean fine” 

category. The use of aerosol data over a much larger spatial scale (1° x 1°) as compared to cloud 

data (~ 1-2 km) is intended to reduce issues associated with aerosol swelling near cloud 

boundaries [e.g. Haywood et al., 1997; Lebsock et al., 2008; Chand et al., 2012]. 

 

Table 1. Summary of aerosol type binning criteria using threshold values of aerosol optical may have a 

similar particle number concentration as compared to the “clean fine” category.depth (AOD), fine mode 

fraction (FMF), and Ångstrom exponent (Å). Although the term “polluted” is used, it does not always 

correspond to high particle number concentrations; for example, “polluted coarse” can represent air 

masses with very large particles that  

Aerosol Category AOD
Angstrom 

Exponent
FMF

Clean Fine < 0.1 > 1 > 0.7

Polluted Fine > 0.1 > 1 > 0.7

Clean Coarse < 0.1 < 1 < 0.3

Polluted Coarse > 0.1 < 1 < 0.3  
 

Data for low-level wind speeds are derived from the Advanced Microwave Scanning Radiometer 

(AMSR-E). Lower tropospheric static stability (LTSS) data are derived from the European 

Centre for Medium Range Weather Forecast-AUXiliary (ECMWF-AUX) products that are 

available at the CloudSat data processing center. The native ECMWF data resolution is 0.5o and 
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these data are linearly interpolated to the CloudSat footprint in space and time as described 

elsewhere [Partain, 2007]. LTSS represents a proxy for the thermodynamic state of the 

atmosphere [Klein and Hartmann, 1993; LTSS = potential temperature difference between 700 

hPa and 1000 hPa]. 

2.3 Quantifying conversion rates and time scales 

The procedure developed by Stephens and Haynes [2007] to estimate conversion rates and 

characteristic time scales relies on the differing sensitivities of passive MODIS and active 

CloudSat radar observations. Conversion can be viewed as having contributions from both 

autoconversion (a drop concentration dependent process) and accretion (which has negligible 

drop concentration dependence) with unknown relative weights. The critical assumption is that 

the droplet liquid water content and associated visible extinction properties derive from a smaller 

cloud droplet mode (“S1”; diameter ~ 2 to 47 µm), whereas the collecting drops, drizzle flux, 

and radar reflectivity derive from a larger mode (“S2”; diameter ~ 40 – 640 µm) [Stephens and 

Haynes, 2007; see their Figures 1-2]. The derivation of the vertically-integrated conversion rate 

invokes the use of the Long collection kernel for droplet radii ≤ 50 µm, K(R, r) ≈ κ2R
6 [Long, 

1974], where κ2
 is 1.9 × 1011 cm-3 s-1. This collection kernel is substituted in the following 

equation for the conversion rate, P: 


12

6

2 )()()(
SS

drrnrmdRRRNP   (1) 

where N(R) represents the size distribution of collector drops of radius R, m(r) is the mass of 

smaller drops of radius r, n(r) is the size distribution of smaller drops of radius r, and the two 

integration limits correspond to the two droplet modes. After additional simplification, equation 

1 becomes:  

][ 66

6
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where L (= 3

31
3

4
rN Sw


; 

3r  = mean radius of third moment of S1) is the liquid water content 

associated with S1, H is the Heaviside step function to account for a negligible conversion 

process when R6 < R6c, and R6 is the mean radius of the 6th moment of S2. When considering that 

the larger S2 distribution is represented by CloudSat radar reflectivity ( 6

6264 rNZ S ), the 

vertically-integrated conversion rate becomes: 
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 where hP   (= Pdh ), h is cloud depth, c1 = κ2/64, L from equation 2 is substituted with 

5/9×w×c×re, Z  is the cloud layer-mean radar reflectivity, and the Heaviside function is 

changed to reflect a negligible conversion process when Z  is less than -15 dBZ (= Zc). This 

threshold critical value of Zc is derived from Matrosov et al. [2004] and Wood [2005]. We also 

employ another independent Heaviside function  (re > 12 m) following work suggesting that 

there may be a threshold drop size required for the onset of precipitation [e.g. Rosenfeld and Gutman, 1994; 

Han et al., 1995; Rosenfeld and Lensky, 1998; Ferek et al., 2000; Kobayashi, 2007]. It will be 

shown that the conclusions herein remain robust, independent of which Heaviside function is 

used. The majority of the discussion will be based on the use of ][ cZZH  . The ratio of cloud 

LWP (units = g m-2) versus the hP   term (units = g m-2 s-1) provides an estimate of the 

characteristic time scale of the conversion process.  Since conversion rate and the associated time 

scale represent different views of the same cloud process, this work focuses mainly on the 

conversion rate with only brief mention of time scales in Section 4.2. 

The initial analysis of Stephens and Haynes [2007] used an upper Z  limit of 0 dBZ and an upper 

R limit of 0.3 mm h-1 to (i) distinguish light and moderate drizzle, (ii) isolate clouds in their 

incipient stages of precipitation development, and (iii) attempt to view clouds with characteristic 

drizzle drop radii less than 50 µm. While it is difficult to unambiguously prove that clouds are in 

their incipient stages of rain development, a number of different upper Z  and R limits are used 

to explore the sensitivity of results. We use multiple upper Z  limits (0, -2.5, -5 dBZ). The 

associated upper R limit for each Z upper limit is informed by Z-R relationships based on 

stratocumulus measurements [Table 2 in VanZanten et al., 2005]: R = aZn, where a = 2.73 ± 0.07 

and n = 0.68 ± 0.01. The calculated R values are rounded down to obtain the following upper 

limits: Z  = 0 dBZ, R = 0.1 mm h-1;  Z  = -2.5 dBZ, R = 0.07 mm h-1; Z  = -5 dBZ, R = 0.05 mm 

h-1. These results are also compared with those using no upper R limit.   

This analysis is concerned with relative differences between different regions, LTSS conditions, 

and the presence of aerosol types. This reduces the influence of assumptions in the conversion 
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calculations. Results that are sensitive to the presence of different aerosol types cannot 

unambiguously point to causal relationships, but rather can suggest that the presence of an 

aerosol type and other conditions co-varying with its presence have an effect on conversion. 

2.4 Results and discussion 

2.4.1 Spatial view of conversion and environmental conditions 

Figures 1a-b show global maps of average conversion rate in individual 10° x 10° cells. These 

two figures consider data when -15 < Z  (dBZ) < 0, with the difference being the upper R limit 

(Figure 1a: no upper R limit; Figure 1b: upper limit of 0.1 mm h-1). The spatial patterns for 

conversion rate are the same and the values in the two maps are highly correlated (r = 0.82, n = 

357), indicating that the use of an upper R limit does not alter relative spatial differences. 

Conversion rates are systematically lower when using the upper R limit with a global maritime 

average (± standard deviation) of 0.07 ± 0.02 g m-2 s-1 and a range of 0.003 – 0.22 g m-2 s-1. With 

no upper R limit, the average and range are 0.11 ± 0.04 g m-2 s-1 and 0.003 – 0.50 g m-2 s-1, 

respectively.  Although not shown in Figure 1, conversion rates were quantified for an upper R 

limit of 0.3 mm h-1 following Stephens and Haynes [2007]; similar spatial differences were 

observed as in Figure 1 with an average of 0.09 ± 0.03 g m-2 s-1 and range of 0.003 – 0.22 g m-2 

s-1. The conversion rates in this work lie within the range calculated by Stephens and Haynes 

[2007]. (Note that they used a different time span: June – August 2006.) The results suggest that 

lower R limits coincide with slower conversion rates due to clouds being earlier in their growth 

stages.  

 

Figure 1. Spatial map of (a) conversion rate for data with the following conditions: -15 < Z  (dBZ) < 0 

and no upper R limit; (b) same as (a) except the upper R limit is 0.1 mm h-1. The highlighted regions in 

Figure 1a are examined more closely in Table 2: TP = Tropical Pacific, F NEP = Far Northeastern 

Pacific, ECT = Equatorial Cold Tongue, F SEP = Far Southeastern Pacific, GM = Gulf of Mexico, WA = 

Western Africa, IO = Indian Ocean, AC = Asian Coast.  
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Table 2. Average values for conversion rate , LWP, AI, and LTSS for the eight sub-regions shown in 

Figure 1a.   

No Upper R 

Limit

0.1 mm h
-1

 > 

R

No Upper 

R Limit

0.1 mm h
-1 

> R

No Upper 

R Limit

0.1 mm h
-1

 > 

R

No Upper 

R Limit

0.1 mm h
-1 

> R

TP 0.12 0.09 121.8 104.8 0.07 0.07 15.0 14.9

F NEP 0.09 0.05 151.7 120.1 0.09 0.09 18.9 19.0

ECT 0.12 0.07 147.1 115.7 0.09 0.10 17.4 17.3

F SEP 0.10 0.06 151.6 124.8 0.08 0.08 19.8 19.9

GM 0.12 0.10 125.0 106.6 0.10 0.10 14.3 14.2

WA 0.10 0.05 155.3 126.8 0.25 0.20 18.5 18.3

IO 0.13 0.09 127.6 102.4 0.11 0.11 14.3 14.2

AC 0.12 0.09 138.8 109.8 0.15 0.13 15.0 15.0

AI LTSS (o C)Conv. Rate (g m
-2

 s
-1

) LWP (g m
-2

)

 

Table 2 reports average conversion rates for specific regions defined in Figure 1a. Although 

results are reported both with and without use of an upper R limit, the discussion below is based 

on the latter condition. The three subtropical subsidence regions (Far Northeastern Pacific, Far 

Southeastern Pacific, and off the Western African coast) with the highest LTSS (18.5° C – 19.8° 

C) and LWP (152 – 155 g m-2) exhibit the lowest conversion rates (0.09 g m-2 s-1, 0.10 g m-2 s-1, 

0.10 g m-2 s-1, respectively). Conversely, the regions with the lowest LTSS (14.3° C – 15.0° C) 

and LWP (122 – 139 g m-2) (Tropical Pacific, Indian Ocean, Gulf of Mexico, Asian outflow) 

exhibit among the highest conversion rates (0.12 – 0.13 g m-2 s-1).  

Figure 2 reports global conversion rate maps for two LWP bins (≤ 100 g m-2 and 150 - 350 g m-2) 

to identify if regional differences in Figure 1 are preserved when separating the dataset into two 

bins of a parameter that has significant control over conversion. Conversion rates exhibit 

statistically significant correlations (two-tailed student’s t-test at 95% confidence) spatially when 

comparing results from Figure 1a to high and low LWP bins in Figure 2 (r ≥ 0.62; n = 353). 

Furthermore, conversion rates for both high and low LWP conditions exhibit statistically 

significant correlations with each other (r = 0.60; n = 345). Therefore, spatial trends are largely 

preserved for varying LWP binning conditions. Average global conversion rates for the low and 

high LWP conditions are 0.04 ± 0.01 g m-2 s-1 and 0.20 ± 0.06 g m-2 s-1, respectively. A reason 

why Table 2 shows higher conversion rates for regions with lower average LWPs is that there are 

competing effects of other co-varying factors such as LTSS. The individual influence of LWP 

and LTSS is discussed in Section 4.2.  
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Figure 2. Spatial map of conversion rate for data in two LWP bins: (a) ≤ 100 g m-2 and (b) ≥ 150 g m-2. 

In addition, data in both panels meet the following conditions: -15 < Z  (dBZ) < 0 and no upper R limit.  

 

Estimates of autoconversion and accretion rates from aircraft measurements in drizzling 

stratiform clouds (assuming a 500 m thick cloud) tend to be smaller than those in Figure 1 

[Wood, 2005]. Even when using reduced values for the upper Z  limit and imposing upper R 

limits, average global conversion rates still are appreciable ( Z  < -2.5 dBZ, R < 0.07 mm h-1: 

0.05 ± 0.01 g m-2 s-1; Z  < -5 dBZ, R < 0.05 mm h-1: 0.04 ± 0.01 g m-2 s-1) and higher than those 

of the aforementioned study. A direct comparison would suggest that clouds in the satellite 

dataset are likely beyond their earliest stages of rain production and are already raining 

appreciably. Accretion would be expected to be the dominant rain production mechanism, which 

would be consistent with the findings of Wood [2005] that autoconversion is significant only in 

the top 20% of stratiform clouds. However, some of the differences in absolute values may 

originate from the different estimation methods and datasets.  

 



40 

 

 

Figure 3. Spatial maps of average values of (a) LWP, (b) wind speed, (c) LTSS, (d) AI, (e) FMF, and (f) 

AOD. These data represent averages in 10° × 10° pixels for warm precipitating clouds with LWP < 350 g 

m-2, -15 < Z  (dBZ) < 0, and no upper R limit. 

Spatial maps of environmental factors that influence the conversion process are shown in Figure 

3 using the same conditions as in Figure 1a (-15 < Z  (dBZ) < 0, no upper R limit). Similar 

spatial trends and correlations exist when using an R limit of 0.1 mm h-1 (refer to Figure S1). The 

best predictors of conversion rate when performing a backward stepwise linear regression using 

Z  and the parameters in Figure 3 include Z  followed by LWP, LTSS, AI, AOD, and then FMF 

(model r2 = 0.82, n = 362). Consequently, the parameters best correlated with conversion rate are 

LWP (r = 0.43), LTSS (r = -0.35), and Z  (r = 0.75). Conditions of reduced atmospheric stability 

coincide with higher conversion rates, likely because of conditions more conducive to 

convection that allow for more active collision-coalescence. For example, the Indian Ocean sub-

region has the highest conversion rate (0.13 g m-2 s-1) and lowest average LTSS (14.3° C) in 

Table 2.  

AOD levels are expectedly highest near the continental areas of Africa and Asia owing to the 

strong influence of dust, biomass burning, and anthropogenic pollution. AOD exhibits a weak 

correlation with conversion rate (r = 0.06). AI is negatively correlated with conversion rate (r = -
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0.14); the link between more and finer aerosol particles and slower conversion rates will be 

discussed further below. Higher wind speeds lead to at least two effects important for conversion: 

(i) stronger moisture fluxes [e.g. Nuijens et al., 2009]; and (ii) coarse sea spray particles that can 

act as giant CCN and expedite the broadening of drop distributions [Houghton, 1938; Johnson, 

1982]. However, wind speed shows a statistically significant negative relationship with 

conversion rate (r = -0.33). Wind speed and AOD show a similar spatial pattern, except in 

regions with strong influence from dust such as the Saharan Desert outflow region on the 

western side of Africa. Wind speed is best correlated, although negatively (r = -0.48), with FMF 

amongst the parameters in Figure 3.  FMF exhibits higher values closer to continental regions 

owing to proximity to aerosol sources other than desert dust [e.g. Kaufman et al., 2005]. The 

highest FMF levels coincide with regions in the northernmost part of Figure 1a that exhibit 

relatively low conversion rates.  

Prior to examining relationships between conversion rate and the presence of aerosol types in 

Section 4.2, it is important to examine co-varying factors with the presence of the four aerosol 

types. While specific statistics can be found in Table S1 for different upper R limit conditions, 

values are reported below for the global area in Figures 1-3 using no upper R limit. The aerosol 

types coinciding with the highest LTSS values are “clean fine” (17.0 ± 2.7° C) and “polluted 

fine” (17.7 ± 3.8° C), which are coincident with the lowest wind speeds (4.2 ± 1.7 m s-1 and 5.1 ± 

2.2 m s-1, respectively). “Clean coarse”/“polluted coarse” are coincident with LTSS and wind 

speeds of 15.7 ± 2.6° C/15.9 ± 2.5° C and 7.1 ± 2.6 m s-1/8.5 ± 2.5 m s-1, respectively. The wind 

speed data are consistent with sea spray particles (“coarse”) being more effectively ejected from 

the ocean surface at higher wind speeds. The highest average LWP is for the “polluted fine” 

category (161 g m-2) while the other three have lower values (143 – 147 g m-2). The highest re 

values are observed for the two “clean” categories (18.2 – 18.4 m), with a maximum for the 

“clean coarse” type. The two “clean” categories coincide with the lowest AODs (0.05 – 0.07 

versus 0.19 - 0.26 for the other categories), while “clean coarse” is characterized by the lowest 

AI value (0.02 ± 0.01, versus 0.03 - 0.33 for the other categories).  

It is hypothesized that the “clean coarse” category should coincide with the fastest conversion 

rates owing to a combination of the following: (i) fewer particles (and thus drops); (ii) the 

potential presence of large hygroscopic nuclei; and (iii) lower LTSS conditions and higher wind 



42 

 

speeds (and presumably enhanced surface moisture fluxes) associated with this aerosol type can 

presumably promote more active conversion. Although the dataset cannot show causal aerosol-

cloud relationships, establishing whether the data are consistent with this hypothesis is of 

interest. 

2.4.2 Relationship between conversion, aerosol types, and LTSS 

Figure 4 summarizes values of conversion rate as a function of LWP for each aerosol type in the 

northern hemisphere (0°N-60°N, 180°W-180°E). Three LWP bins between 0 – 350 g m-2 are 

used to strike a balance between holding a macrophysical parameter fixed and still having 

sufficient data points for the analysis in each bin. To separate the potential influence of aerosol 

type and LTSS, data are separated into two conditions of LTSS (< 13.5° C and > 21° C) to 

distinguish between stable and unstable conditions. These LTSS bins account for the lowest and 

highest 10 - 12% of the dataset when using the following conditions: LWP < 350 g m-2 and -15 < 

Z  (dBZ) < 0.  Four panels are shown in Figure 4 to present the sensitivity of conversion rate to 

the choice of the upper Z  limit, the upper R limit, and the use of re or Z  for the Heaviside 

function. (The reader is referred to Tables S2-S9 in the Supplementary Information for 

average/standard deviation/minimum/maximum values and sample size for each point shown in 

Figure 4 for the following parameters: conversion rate, LWP, AI, Z , AOD, FMF, wind speed, 

re, LTSS.) Conversion rates expectedly increase as a function of LWP. This relationship is not 

evident in Table 2 most likely since LTSS was allowed to vary. Regardless of which Heaviside 

function is applied, the conversion rates are systematically faster for low LTSS conditions and 

trends with aerosol type are similar. The effect of reducing the upper 


Z  limit is that conversion 

rate decreases. Imposing an upper R limit leads to reductions in conversion rates, similar to what 

is found when comparing Figures 1a and 1b.  

Clouds influenced by the aerosol types with lower AI values exhibit the highest conversion rate 

(at fixed LTSS) while the “polluted fine” type almost always exhibits the lowest conversion rate. 

This result supports the hypothesis that faster conversion is brought on by a combination of (i) 

fewer droplets (i.e. lowest AI values), (ii) potentially large hygroscopic nuclei that can expedite 

the broadening of the drop distribution (i.e. low FMF and Å), and (iii) lower LTSS conditions 

and higher wind speeds. These results are consistent with the findings of L’Ecuyer et al. [2009], 
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who suggested that enhanced levels of sea salt particles over the ocean cause clouds to have an 

accelerated precipitation response, which they found to be more evident in low stability 

conditions. The slower conversion rate associated with the “polluted fine” category (at fixed 

LTSS) can be explained by the opposite of the three reasons above for the “clean coarse” 

category. The “polluted coarse” aerosol type has a faster conversion rate compared to “polluted 

fine” likely due to a large extent from having a lower number concentration of particles. Table 

S1 shows the large difference in AI values for these two categories (0.03 ± 0.02 versus 0.33 ± 

0.26). These interpretations require additional research to improve the case for causality, which 

is a limitation with the current dataset. 

Figure 5 reports conversion times as a function of LWP for the same conditions as in Figure 4a 

to provide the reader with a range of characteristic times.  The times reported are the average (± 

standard deviation) of the LWP: hP   ratio for three different LWP bins. As expected, 

conversion times are fastest at low LTSS (36 – 59 min versus 37 – 92 min for high LTSS), they 

generally become faster at higher LWP, and are faster at lower AI conditions. The “clean coarse” 

category exhibits the fastest conversion times (36 - 58 min at low LTSS and 37 - 74 min at high 

LTSS) and “polluted fine” exhibits the longest times (53 – 59 min at low LTSS and 69 – 90 min 

at high LTSS).  
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Figure 4. Conversion rate as a function of LWP for different combinations of aerosol types, and LTSS 

regimes for the northern hemisphere. The data used include the following conditions: (a) -15 < Z  (dBZ) 

< 0 and no upper R limit; (b) Z  (dBZ) < 0, and re > 12 µm, no upper R limit; (c) -15 < Z  (dBZ) < 0, 

upper R limit of 0.1 mm h-1; and (d) -15 < Z  (dBZ) < -2.5, upper R limit of 0.07 mm h-1. Points are not 

included for “clean coarse” for high LTSS conditions in panels (c-d) due to insufficient data points (< 

10). 
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Figure 5. Conversion time as a function of LWP for different combinations of aerosol types and LTSS 

regimes for the northern hemisphere. The data used include the following conditions: 15 < Z  (dBZ) < 0 

and no upper R limit.  

2.5 Conclusions   

This study uses A-Train satellite data to examine the spatial distribution of warm cloud 

conversion rates and characteristic time scales. Emphasis is placed on examining relationships 

between LTSS, the presence of four different aerosol types, and AI with conversion. This 

analysis does not preclude the possibility that other environmental factors are also influential. 

The main findings of this work are as follows: 

(i) Warm cloud conversion rates are highest in regions with lower LTSS and in the presence of 

favorable aerosol types with low aerosol index values. The lowest conversion rates are shown to 

be in the southernmost and northernmost portions of the spatial area examined and near the 

subtropical subsidence regions off the western coasts of Africa, South America, and the United 

States.  

(ii) The use of two criteria ( Z > -15 dBZ and re > 12 m) to mark the onset of an active 

conversion process yields similar results for all analyses performed. The result of reducing the 

upper Z  limit or imposing an upper R limit is to produce slower conversion rates presumably 

due to clouds being earlier in their growth stages. Regardless of the various calculation methods 

employed, the conversion rates exceed those of drizzling stratocumulus clouds derived from field 
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data; therefore, the clouds studied in this work have a more active accretion process and/or the 

differences are likely a result of the different estimation methods and datasets. 

(iii) “Clean coarse” conditions usually coincide with the highest coalescence rates and fastest 

conversion times potentially due to some combination of fewer droplets, the presence of large 

CCN, and favorable environmental conditions co-varying with the presence of this aerosol type 

(e.g. low LTSS, stronger winds and surface moisture fluxes). The “polluted fine” category 

exhibits the slowest conversion rates and longest conversion times most likely owing to higher 

LTSS, relatively low wind speeds, and more numerous and smaller drops in clouds that hamper 

the conversion process.  

Future work should examine the degree to which these conversion responses, if still robust with 

other and larger datasets, are driven by specific environmental conditions. 
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Supporting Information 

Table S1. Summary of average values (± one standard deviation) for aerosol, meteorological, and cloud 

parameters for 2 years (2007-2008) of global A-Train data (60°N-60°S; 180°W-180°E) for four aerosol 

types. These data correspond to warm precipitating maritime clouds with LWP < 350 g m-2, -15 < Z  

(dBZ) < 0, and different upper R limit conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aerosol Type AOD Ang. Exp. FMF AI Wind (m s
-1

) LTSS (
o
 C) LWP (g m

-2
) re (µm)

Clean Fine (n = 35955) 0.05 + 0.02 1.81 + 0.41 0.81 + 0.08 0.08 + 0.04 4.2 + 1.7 17.0 + 2.7 143.1 + 83.9 18.2 + 3.5

Polluted Fine (n = 6635) 0.26 + 0.22 1.31 + 0.24 0.77 + 0.07 0.33 + 0.26 5.1 + 2.2 17.7 + 3.8 161.4 + 92.1 16.9 + 4.3

Clean Coarse (n = 14715) 0.07 + 0.02 0.22 + 0.11 0.23 + 0.06 0.02 + 0.01 7.1 + 2.6 15.7 + 2.6 146.9 + 121.3 18.4 + 3.7

Polluted Coarse (n = 64618) 0.19 + 0.09 0.18 + 0.09 0.22 + 0.06 0.03 + 0.02 8.5 + 2.5 15.9 + 2.5 144.6  + 105.2 16.5  + 3.5

Clean Fine (n = 17367) 0.05 + 0.02 1.80 + 0.41 0.80 + 0.08 0.08 + 0.04 4.7 + 1.5 17.0 + 2.7 114.5 + 63.4 18.3 + 3.6

Polluted Fine (n = 2944) 0.23 + 0.18 1.31 + 0.25 0.76 + 0.06 0.29 + 0.20 5.6 + 1.9 17.6 + 3.3 125.8 + 69.8 17.4 + 4.3

Clean Coarse (n = 8937) 0.07 + 0.02 0.22 + 0.11 0.23 + 0.06 0.02 + 0.01 7.3 + 2.3 15.6 + 2.6 118.6 + 91.5 18.6 + 3.8

Polluted Coarse (n = 37165) 0.19 + 0.09 0.18 + 0.09 0.22 + 0.06 0.03 + 0.02 8.7 + 2.4 15.8 + 2.5 117.1  + 85.1 16.7  + 3.7

 -15 dBZ < Z < 0 dBZ, upper R of 0.1 mm h
-1

 -15 dBZ < Z < 0 dBZ, no upper R limit
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Table S2. Summary of conditions associated with markers shown in Figure 3a (LTSS > 21º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.02 0.02 0.00 0.19 322 0.08 0.08 0.01 0.51 347 0.16 0.16 0.02 0.78 264

LWP (g m-2) 79.10 21.88 22.44 114.84 322 154.69 23.29 115.19 199.76 347 258.25 40.23 200.00 348.56 264

AI 0.09 0.04 0.00 0.21 322 0.11 0.05 0.00 0.23 347 0.10 0.04 0.02 0.23 264

Z (dBZ) -11.49 2.60 -14.98 -1.96 322 -9.78 3.89 -14.92 -0.01 347 -8.98 4.09 -14.98 -0.13 264

AOD 0.05 0.02 0.00 0.10 322 0.05 0.02 0.00 0.10 347 0.05 0.02 0.01 0.10 264

FMF 0.84 0.09 0.70 1.00 322 0.86 0.10 0.70 1.00 347 0.86 0.10 0.70 1.00 264

Wind (m s-1) 4.09 1.78 0.42 10.51 322 3.99 1.97 0.40 11.01 347 3.99 1.97 0.70 11.04 264

re (µm) 20.58 3.04 12.86 27.98 322 20.42 3.22 11.91 29.32 347 19.18 2.88 10.74 28.37 264

LTSS (° C) 22.33 1.21 21.00 26.09 322 22.56 1.51 21.00 27.66 347 22.32 0.98 21.02 26.37 264

Polluted Fine Conv. Rate (g m-2 s-1) 0.04 0.05 0.00 0.23 22 0.05 0.05 0.01 0.30 43 0.11 0.10 0.02 0.47 60

LWP (g m-2) 74.26 27.25 31.78 113.17 22 163.23 26.14 117.89 199.37 43 267.25 43.78 200.63 348.06 60

AI 0.27 0.17 0.15 0.90 22 0.24 0.17 0.11 0.99 43 0.20 0.04 0.14 0.28 60

Z (dBZ) -9.88 5.10 -14.99 -0.08 22 -11.21 3.03 -14.73 -2.59 43 -9.69 3.45 -14.72 -1.60 60

AOD 0.18 0.11 0.10 0.57 22 0.14 0.09 0.10 0.57 43 0.13 0.03 0.10 0.18 60

FMF 0.73 0.04 0.70 0.80 22 0.79 0.06 0.71 0.87 43 0.76 0.04 0.71 0.87 60

Wind (m s-1) 6.88 2.38 0.29 9.49 22 6.07 1.52 4.50 9.68 43 6.74 1.52 3.14 9.33 60

re (µm) 16.13 5.49 6.18 24.73 22 18.51 4.55 11.81 29.67 43 16.58 3.08 11.98 24.71 60

LTSS (° C) 23.69 1.57 21.75 25.76 22 22.65 1.64 21.00 25.84 43 22.53 1.51 21.01 26.46 60

Clean Coarse Conv. Rate (g m-2 s-1) 0.04 0.05 0.00 0.21 53 0.09 0.10 0.01 0.49 47 0.23 0.15 0.02 0.50 12

LWP (g m-2) 80.06 25.95 13.74 114.46 53 147.28 20.76 115.60 189.06 47 236.95 26.41 200.58 277.28 12

AI 0.02 0.01 0.00 0.05 53 0.02 0.01 0.00 0.04 47 0.02 0.00 0.02 0.03 12

Z (dBZ) -10.01 3.69 -14.53 -1.32 53 -9.11 4.21 -14.87 -0.12 47 -6.23 3.86 -14.98 -1.61 12

AOD 0.08 0.02 0.04 0.10 53 0.08 0.02 0.02 0.10 47 0.08 0.01 0.07 0.09 12

FMF 0.22 0.05 0.08 0.30 53 0.22 0.05 0.08 0.30 47 0.23 0.03 0.16 0.26 12

Wind (m s-1) 7.22 0.86 4.86 9.66 53 6.89 0.84 3.22 9.65 47 6.96 0.60 5.98 8.24 12

re (µm) 20.99 3.15 14.80 28.78 53 21.14 3.34 15.52 29.34 47 20.44 3.00 17.19 27.03 12

LTSS (° C) 22.36 1.28 21.03 24.46 53 21.78 1.00 21.05 24.46 47 21.58 0.93 21.04 24.46 12

Polluted Coarse Conv. Rate (g m-2 s-1) 0.04 0.05 0.00 0.31 204 0.08 0.09 0.01 0.51 215 0.16 0.17 0.02 0.75 135

LWP (g m-2) 76.90 22.98 17.61 114.96 204 155.83 23.54 115.14 199.29 215 241.62 35.30 200.31 346.08 135

AI 0.05 0.04 0.00 0.37 204 0.05 0.06 0.00 0.37 215 0.04 0.03 0.00 0.15 135

Z (dBZ) -9.99 3.85 -14.98 -0.04 204 -9.87 4.18 -14.98 -0.53 215 -8.62 4.19 -15.00 -0.16 135

AOD 0.27 0.18 0.10 0.99 204 0.30 0.20 0.10 0.99 215 0.24 0.16 0.10 0.81 135

FMF 0.23 0.06 0.04 0.30 204 0.21 0.06 0.04 0.30 215 0.20 0.06 0.04 0.30 135

Wind (m s-1) 8.78 3.09 2.58 14.58 204 8.32 2.42 3.09 14.22 215 8.14 2.63 2.10 14.49 135

re (µm) 17.23 3.97 8.31 28.73 204 17.47 3.72 10.17 29.84 215 17.85 3.62 11.75 28.76 135

LTSS (° C) 22.76 1.48 21.01 27.40 204 22.52 1.30 21.00 27.37 215 22.34 1.12 21.01 25.74 135

Low LWP Intermediate LWP High LWP
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Table S3. Summary of conditions associated with markers shown in Figure 3a (LTSS < 13.5º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.04 0.05 0.00 0.22 221 0.09 0.08 0.01 0.39 274 0.20 0.20 0.01 0.98 358

LWP (g m-2) 50.32 16.16 7.43 74.99 221 103.38 18.21 75.01 134.92 274 203.91 53.76 135.12 349.94 358

AI 0.08 0.04 0.00 0.27 221 0.08 0.04 0.00 0.24 274 0.09 0.04 0.00 0.21 358

Z (dBZ) -7.57 4.47 -14.99 0.00 221 -7.18 4.26 -14.93 0.00 274 -6.79 4.47 -14.84 -0.01 358

AOD 0.05 0.03 0.00 0.10 221 0.05 0.03 0.00 0.10 274 0.05 0.02 0.00 0.10 358

FMF 0.82 0.09 0.70 1.00 221 0.82 0.09 0.70 1.00 274 0.81 0.08 0.70 1.00 358

Wind (m s-1) 3.46 1.59 0.26 8.45 221 3.55 1.70 0.26 9.07 274 3.73 1.58 0.62 8.99 358

re (µm) 15.83 3.57 8.44 27.58 221 16.51 3.42 9.74 29.08 274 17.39 3.54 10.01 28.58 358

LTSS (° C) 12.92 0.49 11.35 13.50 221 12.84 0.54 11.12 13.50 274 12.84 0.55 11.13 13.50 358

Polluted Fine Conv. Rate (g m-2 s-1) 0.04 0.04 0.00 0.21 70 0.08 0.07 0.01 0.29 110 0.16 0.16 0.01 0.82 184

LWP (g m-2) 48.72 18.19 4.83 73.97 70 103.92 17.41 75.27 134.56 110 205.72 54.09 135.11 343.77 184

AI 0.30 0.24 0.12 1.17 70 0.26 0.19 0.11 1.17 110 0.27 0.22 0.11 1.11 184

Z (dBZ) -8.17 4.51 -14.92 -0.02 70 -8.17 4.34 -14.93 -0.09 110 -7.86 4.26 -14.93 -0.02 184

AOD 0.22 0.18 0.10 0.94 70 0.19 0.15 0.10 0.94 110 0.21 0.19 0.10 0.94 184

FMF 0.77 0.07 0.70 0.93 70 0.77 0.07 0.70 0.98 110 0.79 0.07 0.70 0.96 184

Wind (m s-1) 3.47 1.59 0.48 6.70 70 4.55 2.43 0.56 12.85 110 5.41 3.31 0.85 12.10 184

re (µm) 12.95 3.66 7.87 24.48 70 13.29 3.53 7.76 21.28 110 15.11 4.07 7.55 27.59 184

LTSS (° C) 12.49 0.82 10.14 13.47 70 12.76 0.65 10.18 13.47 110 12.62 0.69 10.19 13.49 184

Clean Coarse Conv. Rate (g m-2 s-1) 0.03 0.03 0.00 0.11 69 0.09 0.08 0.01 0.38 94 0.22 0.16 0.02 0.65 93

LWP (g m-2) 47.83 18.74 4.79 74.36 69 105.27 17.30 75.83 134.40 94 191.78 44.55 136.24 324.15 93

AI 0.02 0.01 0.00 0.03 69 0.02 0.01 0.00 0.05 94 0.02 0.01 0.00 0.03 93

Z (dBZ) -8.35 4.21 -14.76 -1.01 69 -7.29 4.39 -14.72 -0.19 94 -5.84 4.16 -14.27 -0.26 93

AOD 0.08 0.02 0.04 0.10 69 0.08 0.01 0.05 0.10 94 0.08 0.01 0.04 0.10 93

FMF 0.21 0.07 0.07 0.30 69 0.22 0.07 0.05 0.30 94 0.20 0.08 0.05 0.30 93

Wind (m s-1) 6.09 1.88 2.56 10.72 69 6.01 1.90 1.69 10.26 94 6.09 1.98 2.55 10.12 93

re (µm) 17.16 3.98 9.05 29.46 69 17.17 3.50 11.41 27.52 94 18.66 3.76 10.26 28.26 93

LTSS (° C) 12.64 0.75 9.88 13.47 69 12.83 0.63 11.03 13.49 94 12.78 0.73 10.10 13.49 93

Polluted Coarse Conv. Rate (g m-2 s-1) 0.04 0.04 0.00 0.21 829 0.09 0.08 0.01 0.38 791 0.20 0.17 0.01 0.94 806

LWP (g m-2) 48.61 17.50 1.31 74.95 829 103.59 17.22 75.02 134.95 791 193.69 46.12 135.01 349.08 806

AI 0.04 0.03 0.00 0.21 829 0.04 0.03 0.00 0.20 791 0.04 0.03 0.00 0.20 806

Z (dBZ) -8.08 4.19 -14.96 0.00 829 -7.42 4.20 -15.00 -0.02 791 -6.39 4.07 -14.99 -0.01 806

AOD 0.24 0.14 0.10 0.96 829 0.22 0.12 0.10 0.96 791 0.22 0.13 0.10 0.96 806

FMF 0.22 0.06 0.05 0.30 829 0.21 0.06 0.05 0.30 791 0.21 0.06 0.05 0.30 806

Wind (m s-1) 8.38 2.83 1.44 17.76 829 8.24 2.77 0.41 18.32 791 8.26 2.89 1.39 18.31 806

re (µm) 15.03 3.39 7.35 29.27 829 15.62 3.44 8.21 27.84 791 16.77 3.12 9.69 29.85 806

LTSS (° C) 12.73 0.66 9.54 13.50 829 12.72 0.70 7.92 13.50 791 12.76 0.70 7.91 13.50 806

Low LWP Intermediate LWP High LWP
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Table S4. Summary of conditions associated with markers shown in Figure 3b (LTSS > 21º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.01 0.02 0.00 0.19 950 0.04 0.07 0.00 0.51 716 0.11 0.15 0.00 0.78 377

LWP (g m-2) 71.79 25.27 9.01 114.89 950 152.15 23.70 115.12 199.76 716 253.45 38.32 200.00 348.56 377

AI 0.10 0.05 0.00 0.23 950 0.11 0.05 0.00 0.23 716 0.10 0.04 0.02 0.23 377

Z (dBZ) -18.68 6.13 -29.04 -1.96 950 -15.80 7.05 -29.48 -0.01 716 -12.43 6.69 -28.11 -0.13 377

AOD 0.05 0.02 0.00 0.10 950 0.05 0.02 0.00 0.10 716 0.05 0.02 0.01 0.10 377

FMF 0.86 0.10 0.70 1.00 950 0.86 0.10 0.70 1.00 716 0.85 0.10 0.70 1.00 377

Wind (m s-1) 3.71 1.84 0.28 10.59 950 4.10 1.95 0.40 11.14 716 4.23 2.18 0.70 11.21 377

re (µm) 18.95 3.27 12.01 29.32 950 19.43 3.03 12.04 29.63 716 18.86 2.80 12.16 28.37 377

LTSS (° C) 22.52 1.27 21.00 27.34 950 22.64 1.47 21.00 27.67 716 22.40 1.03 21.02 26.37 377

Polluted Fine Conv. Rate (g m-2 s-1) 0.00 0.01 0.00 0.10 146 0.02 0.04 0.00 0.30 122 0.05 0.08 0.00 0.47 147

LWP (g m-2) 74.54 26.63 9.90 114.79 146 154.38 25.54 115.13 199.37 122 265.57 40.44 200.63 348.06 147

AI 0.30 0.25 0.14 0.99 146 0.25 0.19 0.11 0.99 122 0.19 0.04 0.14 0.44 147

Z (dBZ) -21.80 5.08 -29.42 -3.96 146 -17.03 5.76 -27.85 -2.59 122 -15.85 6.22 -28.36 -1.60 147

AOD 0.18 0.15 0.10 0.72 146 0.17 0.14 0.10 0.72 122 0.13 0.03 0.10 0.28 147

FMF 0.79 0.07 0.70 0.97 146 0.77 0.05 0.71 0.90 122 0.75 0.04 0.71 0.91 147

Wind (m s-1) 5.47 2.31 0.29 9.66 146 7.14 2.25 0.80 9.83 122 7.34 1.62 0.80 9.94 147

re (µm) 17.09 3.25 12.02 25.96 146 17.93 3.22 12.10 29.67 122 16.30 2.72 12.12 25.37 147

LTSS (° C) 23.25 1.69 21.18 27.77 146 22.81 1.76 21.01 26.46 122 22.66 1.56 21.01 26.46 147

Clean Coarse Conv. Rate (g m-2 s-1) 0.02 0.04 0.00 0.21 104 0.07 0.09 0.00 0.49 56 0.15 0.16 0.00 0.50 19

LWP (g m-2) 69.82 29.91 8.47 114.46 104 148.64 21.44 115.60 189.06 56 239.37 24.93 200.58 288.11 19

AI 0.02 0.01 0.00 0.05 104 0.02 0.01 0.00 0.04 56 0.02 0.01 0.01 0.03 19

Z (dBZ) -15.33 6.63 -28.21 -1.32 104 -10.63 5.35 -24.32 -0.12 56 -11.40 7.99 -26.73 -1.61 19

AOD 0.08 0.02 0.04 0.10 104 0.08 0.02 0.02 0.10 56 0.08 0.01 0.07 0.09 19

FMF 0.22 0.06 0.08 0.30 104 0.21 0.05 0.08 0.30 56 0.20 0.06 0.09 0.26 19

Wind (m s-1) 6.92 1.71 2.31 9.69 104 6.96 0.84 3.22 9.65 56 6.63 0.67 5.75 8.24 19

re (µm) 19.72 3.65 12.08 28.78 104 20.97 3.22 15.52 29.34 56 20.99 3.38 17.19 27.73 19

LTSS (° C) 22.18 1.20 21.03 24.46 104 21.87 1.12 21.04 24.46 56 21.69 0.81 21.04 24.46 19

Polluted Coarse Conv. Rate (g m-2 s-1) 0.02 0.04 0.00 0.31 409 0.05 0.08 0.00 0.51 367 0.10 0.15 0.00 0.75 219

LWP (g m-2) 72.89 25.80 7.99 114.47 409 153.47 22.87 115.08 199.29 367 241.47 33.95 200.11 346.08 219

AI 0.06 0.08 0.00 0.37 409 0.04 0.05 0.00 0.37 367 0.03 0.03 0.00 0.15 219

Z (dBZ) -15.83 6.53 -28.37 -0.04 409 -13.69 5.81 -28.12 -0.53 367 -12.87 6.37 -28.95 -0.16 219

AOD 0.31 0.25 0.10 0.99 409 0.27 0.18 0.10 0.99 367 0.21 0.13 0.10 0.81 219

FMF 0.22 0.07 0.04 0.30 409 0.20 0.07 0.04 0.30 367 0.19 0.07 0.04 0.30 219

Wind (m s-1) 8.16 2.87 2.40 15.11 409 8.32 2.46 2.61 14.22 367 8.02 2.59 2.10 14.49 219

re (µm) 17.65 3.20 12.07 28.73 409 17.56 3.35 12.12 29.84 367 17.83 3.33 12.18 28.76 219

LTSS (° C) 22.69 1.25 21.00 25.90 409 22.76 1.27 21.00 25.92 367 22.44 1.08 21.00 25.74 219

Low LWP Intermediate LWP High LWP
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Table S5. Summary of conditions associated with markers shown in Figure 3b (LTSS < 13.5º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.03 0.04 0.00 0.22 311 0.07 0.08 0.00 0.39 331 0.18 0.19 0.00 0.98 404

LWP (g m-2) 48.21 16.78 4.45 74.99 311 103.98 18.14 75.01 134.92 331 203.42 53.62 135.01 349.94 404

AI 0.08 0.04 0.00 0.21 311 0.08 0.05 0.00 0.24 331 0.09 0.05 0.00 0.21 404

Z (dBZ) -12.29 7.65 -28.44 0.00 311 -9.91 6.50 -26.23 0.00 331 -8.43 5.96 -27.40 -0.01 404

AOD 0.05 0.03 0.00 0.10 311 0.04 0.03 0.00 0.10 331 0.05 0.03 0.00 0.10 404

FMF 0.82 0.09 0.70 1.00 311 0.83 0.09 0.70 1.00 331 0.82 0.08 0.70 1.00 404

Wind (m s-1) 3.50 1.60 0.26 8.45 311 3.46 1.71 0.26 9.07 331 3.66 1.67 0.34 8.99 404

re (µm) 16.21 3.01 12.01 27.58 311 16.70 3.12 12.04 29.08 331 17.29 3.34 12.03 28.58 404

LTSS (° C) 12.84 0.59 10.59 13.50 311 12.81 0.55 10.80 13.50 331 12.84 0.55 11.13 13.50 404

Polluted Fine Conv. Rate (g m-2 s-1) 0.02 0.03 0.00 0.14 72 0.06 0.07 0.00 0.28 97 0.11 0.16 0.00 0.82 204

LWP (g m-2) 48.68 17.66 3.39 74.80 72 106.44 17.17 75.27 134.16 97 210.44 54.54 135.16 346.38 204

AI 0.25 0.11 0.12 0.68 72 0.23 0.15 0.11 1.11 97 0.23 0.15 0.11 1.11 204

Z (dBZ) -14.22 7.70 -25.99 -0.90 72 -11.71 7.08 -28.37 -0.09 97 -11.68 6.84 -26.15 -0.02 204

AOD 0.18 0.09 0.10 0.60 72 0.17 0.13 0.10 0.94 97 0.17 0.12 0.10 0.94 204

FMF 0.77 0.07 0.71 0.93 72 0.78 0.07 0.70 0.98 97 0.81 0.08 0.70 0.96 204

Wind (m s-1) 3.87 1.97 0.34 9.65 72 4.75 2.26 0.56 12.85 97 6.16 3.48 0.80 12.10 204

re (µm) 15.65 2.95 12.09 24.48 72 15.79 2.76 12.04 21.28 97 16.07 3.26 12.05 27.59 204

LTSS (° C) 12.61 0.73 10.16 13.47 72 12.78 0.69 10.72 13.47 97 12.55 0.72 10.77 13.48 204

Clean Coarse Conv. Rate (g m-2 s-1) 0.02 0.03 0.00 0.11 101 0.07 0.08 0.00 0.38 119 0.20 0.17 0.00 0.65 96

LWP (g m-2) 48.84 17.77 3.90 74.92 101 103.57 17.30 75.81 134.40 119 192.91 45.45 136.24 324.15 96

AI 0.02 0.01 0.00 0.04 101 0.02 0.01 0.00 0.05 119 0.02 0.01 0.00 0.03 96

Z (dBZ) -13.20 7.39 -27.37 -1.01 101 -10.34 6.98 -26.11 -0.19 119 -6.76 5.32 -21.76 -0.26 96

AOD 0.08 0.01 0.04 0.10 101 0.08 0.01 0.05 0.10 119 0.08 0.01 0.04 0.10 96

FMF 0.20 0.07 0.07 0.30 101 0.22 0.07 0.05 0.30 119 0.21 0.08 0.05 0.30 96

Wind (m s-1) 6.14 2.02 0.46 10.72 101 6.10 1.92 1.69 10.31 119 6.26 2.14 2.94 13.19 96

re (µm) 16.65 3.42 12.06 29.46 101 17.01 3.32 12.00 27.52 119 19.02 3.29 12.66 28.26 96

LTSS (° C) 12.69 0.75 9.88 13.48 101 12.78 0.69 10.16 13.49 119 12.81 0.73 10.09 13.49 96

Polluted Coarse Conv. Rate (g m-2 s-1) 0.03 0.04 0.00 0.21 958 0.07 0.08 0.00 0.38 836 0.18 0.17 0.00 0.94 870

LWP (g m-2) 48.08 17.21 1.31 74.96 958 103.59 17.24 75.02 134.95 836 192.75 46.13 135.01 349.08 870

AI 0.04 0.03 0.00 0.29 958 0.03 0.03 0.00 0.20 836 0.04 0.03 0.00 0.20 870

Z (dBZ) -11.50 6.54 -28.43 -0.01 958 -9.49 5.87 -27.60 -0.02 836 -7.49 5.24 -26.66 -0.01 870

AOD 0.24 0.14 0.10 0.96 958 0.21 0.11 0.10 0.89 836 0.22 0.13 0.10 0.99 870

FMF 0.22 0.06 0.05 0.30 958 0.21 0.06 0.05 0.30 836 0.21 0.06 0.05 0.30 870

Wind (m s-1) 8.36 2.96 1.28 17.61 958 8.38 2.94 0.41 18.32 836 8.23 2.92 1.39 18.31 870

re (µm) 15.83 2.92 12.02 29.27 958 16.18 2.98 12.00 27.84 836 16.84 3.01 12.00 29.85 870

LTSS (° C) 12.71 0.74 8.26 13.50 958 12.69 0.81 7.92 13.50 836 12.76 0.72 7.91 13.50 870

Low LWP Intermediate LWP High LWP
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Table S6. Summary of conditions associated with markers shown in Figure 3c (LTSS > 21º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.02 0.01 0.00 0.10 197 0.05 0.06 0.01 0.40 163 0.14 0.13 0.02 0.61 91

LWP (g m-2) 78.17 22.12 22.44 114.84 197 150.81 22.56 115.19 199.76 163 256.93 41.78 202.17 345.48 91

AI 0.09 0.04 0.01 0.21 197 0.11 0.05 0.01 0.23 163 0.10 0.04 0.02 0.23 91

Z (dBZ) -11.86 2.23 -14.98 -2.99 197 -10.68 3.42 -14.92 -0.60 163 -9.08 3.61 -14.95 -0.72 91

AOD 0.05 0.02 0.00 0.10 197 0.05 0.02 0.00 0.10 163 0.06 0.03 0.01 0.10 91

FMF 0.84 0.10 0.70 1.00 197 0.86 0.10 0.71 1.00 163 0.85 0.12 0.70 1.00 91

Wind (m s-1) 4.77 1.49 1.21 8.11 197 4.47 1.96 1.13 11.01 163 4.40 1.79 1.37 11.04 91

re (µm) 20.28 3.06 12.86 27.69 197 20.22 3.17 13.63 29.32 163 18.61 3.19 10.74 28.37 91

LTSS (° C) 22.43 1.24 21.03 25.85 197 22.88 1.74 21.02 27.66 163 22.72 0.88 21.02 24.87 91

Polluted Fine Conv. Rate (g m-2 s-1) 0.04 0.06 0.00 0.23 19 0.04 0.03 0.01 0.15 32 0.12 0.10 0.02 0.39 25

LWP (g m-2) 78.36 26.02 43.32 113.17 19 158.57 25.83 117.89 198.91 32 242.43 34.03 200.63 335.84 25

AI 0.28 0.19 0.15 0.90 19 0.24 0.15 0.11 0.99 32 0.23 0.05 0.15 0.28 25

Z (dBZ) -9.95 5.27 -14.99 -0.08 19 -11.32 2.45 -14.66 -5.35 32 -9.14 3.29 -14.72 -2.72 25

AOD 0.19 0.12 0.10 0.57 19 0.13 0.07 0.10 0.51 32 0.14 0.03 0.10 0.18 25

FMF 0.73 0.03 0.70 0.80 19 0.80 0.07 0.71 0.87 32 0.77 0.05 0.71 0.87 25

Wind (m s-1) 7.46 1.81 4.41 9.49 19 5.92 1.33 4.50 9.68 32 6.50 1.57 4.62 9.14 25

re (µm) 15.74 5.54 6.18 23.49 19 17.12 3.99 11.81 26.72 32 17.12 2.99 13.69 23.80 25

LTSS (° C) 23.92 1.57 22.32 25.76 19 22.41 1.57 21.00 25.84 32 23.45 1.67 21.04 25.72 25

Clean Coarse Conv. Rate (g m-2 s-1) 0.03 0.04 0.00 0.19 44 0.07 0.06 0.01 0.25 31 < 5

LWP (g m-2) 79.07 26.68 13.74 114.46 44 142.80 19.19 115.60 189.06 31 < 5

AI 0.02 0.01 0.00 0.05 44 0.02 0.01 0.00 0.04 31 < 5

Z (dBZ) -10.41 3.26 -14.53 -1.39 44 -9.50 3.47 -14.87 -2.48 31 < 5

AOD 0.08 0.02 0.04 0.10 44 0.08 0.02 0.04 0.10 31 < 5

FMF 0.21 0.05 0.08 0.30 44 0.22 0.04 0.16 0.30 31 < 5

Wind (m s-1) 7.23 0.65 6.45 9.64 44 6.87 0.45 6.44 7.99 31 < 5

re (µm) 20.77 3.03 14.80 28.78 44 20.95 2.53 16.12 28.14 31 < 5

LTSS (° C) 22.46 1.32 21.03 24.46 44 21.91 1.17 21.05 24.46 31 < 5

Polluted Coarse Conv. Rate (g m-2 s-1) 0.03 0.04 0.00 0.27 152 0.07 0.08 0.01 0.43 102 0.13 0.15 0.02 0.73 43

LWP (g m-2) 75.52 22.97 17.61 114.47 152 148.01 22.00 115.14 195.04 102 240.05 37.48 200.72 325.68 43

AI 0.05 0.05 0.00 0.37 152 0.06 0.07 0.00 0.37 102 0.05 0.03 0.00 0.15 43

Z (dBZ) -10.44 3.44 -14.98 -0.76 152 -10.34 4.11 -14.98 -0.53 102 -9.33 4.09 -14.83 -1.00 43

AOD 0.29 0.20 0.10 0.99 152 0.33 0.23 0.10 0.99 102 0.28 0.16 0.10 0.81 43

FMF 0.22 0.06 0.04 0.30 152 0.21 0.06 0.06 0.30 102 0.22 0.06 0.06 0.30 43

Wind (m s-1) 8.99 2.93 2.58 14.58 152 8.26 2.43 3.09 14.22 102 7.98 3.36 2.10 14.49 43

re (µm) 17.09 4.22 8.31 28.73 152 17.41 3.91 10.67 29.84 102 16.85 2.91 11.75 24.30 43

LTSS (° C) 22.74 1.59 21.01 27.40 152 22.64 1.45 21.02 27.37 102 22.26 1.02 21.07 25.74 43

Low LWP Intermediate LWP High LWP
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Table S7. Summary of conditions associated with markers shown in Figure 3c (LTSS < 13.5º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.04 0.04 0.00 0.19 154 0.08 0.08 0.01 0.39 165 0.17 0.19 0.01 0.98 139

LWP (g m-2) 49.23 15.79 354072.00 7.43 154 102.10 18.43 75.01 134.82 165 195.62 51.46 135.21 348.23 139

AI 0.08 0.04 0.00 0.27 154 0.08 0.04 0.00 0.24 165 0.09 0.04 0.00 0.17 139

Z (dBZ) -7.73 4.58 -14.83 0.00 154 -7.60 4.29 -14.93 -0.05 165 -7.52 4.51 -14.84 -0.04 139

AOD 0.05 0.03 0.00 0.10 154 0.04 0.03 0.00 0.10 165 0.05 0.02 0.00 0.10 139

FMF 0.82 0.09 0.70 1.00 154 0.83 0.09 0.70 1.00 165 0.82 0.08 0.70 1.00 139

Wind (m s-1) 3.96 1.40 0.89 8.45 154 4.07 1.49 0.92 9.07 165 4.29 1.45 1.18 8.47 139

re (µm) 15.67 3.54 8.58 27.58 154 16.97 3.64 9.88 29.08 165 18.30 3.54 11.83 28.11 139

LTSS (° C) 12.89 0.48 11.70 13.50 154 12.86 0.52 11.24 13.50 165 12.91 0.46 11.19 13.50 139

Polluted Fine Conv. Rate (g m-2 s-1) 0.03 0.04 0.00 0.18 46 0.07 0.07 0.01 0.28 65 0.14 0.15 0.01 0.74 69

LWP (g m-2) 48.43 19.72 4.83 73.97 46 102.89 17.45 75.27 134.29 65 199.50 51.53 135.11 335.66 69

AI 0.25 0.11 0.12 0.68 46 0.25 0.17 0.11 1.17 65 0.22 0.11 0.12 0.68 69

Z (dBZ) -9.10 4.17 -14.92 -0.71 46 -8.38 4.41 -14.85 -0.09 65 -8.22 4.27 -14.93 -0.10 69

AOD 0.19 0.09 0.10 0.60 46 0.18 0.14 0.10 0.86 65 0.16 0.08 0.10 0.49 69

FMF 0.76 0.07 0.70 0.93 46 0.78 0.08 0.71 0.98 65 0.80 0.08 0.70 0.96 69

Wind (m s-1) 3.88 1.36 0.60 6.70 46 5.10 2.37 1.20 12.85 65 6.25 3.25 1.07 12.10 69

re (µm) 12.95 3.39 7.87 22.24 46 13.65 3.45 8.17 21.28 65 15.62 4.09 7.66 27.59 69

LTSS (° C) 12.55 0.74 10.14 13.47 46 12.74 0.65 10.72 13.46 65 12.52 0.67 10.77 13.48 69

Clean Coarse Conv. Rate (g m-2 s-1) 0.03 0.03 0.00 0.11 65 0.09 0.08 0.01 0.38 70 0.20 0.17 0.02 0.59 52

LWP (g m-2) 46.51 18.48 4.79 74.36 65 104.62 17.51 76.49 134.40 70 185.31 44.48 136.24 309.14 52

AI 0.02 0.01 0.00 0.03 65 0.02 0.01 0.00 0.03 70 0.02 0.01 0.00 0.03 52

Z (dBZ) -8.39 4.19 -14.76 -1.01 65 -7.39 4.45 -14.41 -0.19 70 -6.16 4.26 -14.16 -0.57 52

AOD 0.08 0.02 0.04 0.10 65 0.08 0.01 0.05 0.10 70 0.08 0.01 0.04 0.10 52

FMF 0.21 0.07 0.07 0.30 65 0.22 0.07 0.06 0.30 70 0.20 0.08 0.05 0.30 52

Wind (m s-1) 6.14 1.87 3.56 10.72 65 6.23 1.75 1.69 10.26 70 6.08 1.86 3.48 10.10 52

re (µm) 17.38 3.95 10.95 29.46 65 17.54 3.31 12.00 26.32 70 19.71 3.90 10.26 28.26 52

LTSS (° C) 12.72 0.67 9.88 13.47 65 12.92 0.53 11.51 13.49 70 12.87 0.61 11.49 13.48 52

Polluted Coarse Conv. Rate (g m-2 s-1) 0.03 0.04 0.00 0.21 670 0.08 0.08 0.01 0.38 503 0.16 0.14 0.01 0.79 401

LWP (g m-2) 47.95 17.61 1.31 74.95 670 102.07 17.38 75.02 134.95 503 184.88 40.86 135.01 343.28 401

AI 0.04 0.03 0.00 0.21 670 0.04 0.03 0.00 0.20 503 0.03 0.03 0.00 0.16 401

Z (dBZ) -8.30 4.07 -14.92 0.00 670 -7.74 4.05 -15.00 -0.03 503 -6.81 3.95 -14.94 -0.01 401

AOD 0.25 0.14 0.10 0.96 670 0.22 0.12 0.10 0.96 503 0.21 0.12 0.10 0.96 401

FMF 0.22 0.06 0.05 0.30 670 0.21 0.06 0.05 0.30 503 0.21 0.06 0.05 0.30 401

Wind (m s-1) 8.40 2.74 1.46 17.76 670 8.37 2.52 1.99 18.32 503 8.48 2.73 2.92 18.31 401

re (µm) 15.22 3.42 8.26 29.27 670 16.07 3.51 8.21 26.75 503 17.31 3.23 10.88 29.85 401

LTSS (° C) 12.70 0.69 9.54 13.50 670 12.72 0.69 8.69 13.50 503 12.69 0.73 9.61 13.50 401

Low LWP Intermediate LWP High LWP
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Table S8. Summary of conditions associated with markers shown in Figure 3d (LTSS > 21º C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.02 0.01 0.00 0.10 181 0.05 0.04 0.01 0.20 145 0.12 0.09 0.02 0.41 78

LWP (g m-2) 77.82 22.38 22.44 114.84 181 151.31 23.00 115.19 199.76 145 260.94 42.39 202.17 345.48 78

AI 0.09 0.04 0.01 0.18 181 0.11 0.06 0.01 0.23 145 0.10 0.04 0.05 0.23 78

Z (dBZ) -11.81 2.28 -14.98 -2.99 181 -10.89 3.08 -14.92 -3.13 145 -9.32 3.17 -14.95 -2.91 78

AOD 0.05 0.02 0.00 0.10 181 0.05 0.03 0.00 0.10 145 0.06 0.03 0.02 0.10 78

FMF 0.85 0.10 0.70 1.00 181 0.87 0.10 0.71 1.00 145 0.86 0.12 0.71 1.00 78

Wind (m s-1) 4.80 1.52 1.21 8.11 181 4.48 1.98 1.19 11.01 145 4.42 1.83 1.37 11.04 78

re (µm) 20.20 3.07 12.86 27.69 181 20.18 3.19 13.63 29.32 145 18.28 3.05 10.74 28.37 78

LTSS (° C) 22.41 1.24 21.03 25.85 181 22.92 1.76 21.02 27.66 145 22.79 0.85 21.02 24.87 78

Polluted Fine Conv. Rate (g m-2 s-1) 0.03 0.03 0.10 0.10 16 0.04 0.02 0.01 0.11 28 0.12 0.10 0.02 0.39 23

LWP (g m-2) 82.41 25.56 43.32 113.17 16 161.11 25.66 117.89 198.91 28 239.17 31.91 200.63 335.84 23

AI 0.26 0.19 0.15 0.90 16 0.25 0.16 0.11 0.99 28 0.23 0.05 0.15 0.28 23

Z (dBZ) -11.59 3.86 -14.99 -4.48 16 -11.59 2.16 -14.66 -6.18 28 -9.10 3.43 -14.72 -2.72 23

AOD 0.17 0.12 0.10 0.57 16 0.14 0.07 0.10 0.51 28 0.14 0.03 0.10 0.18 23

FMF 0.73 0.04 0.70 0.80 16 0.80 0.07 0.71 0.87 28 0.77 0.05 0.71 0.87 23

Wind (m s-1) 7.08 1.72 4.41 9.49 16 5.85 1.20 4.51 9.68 28 6.27 1.41 4.62 9.14 23

re (µm) 17.12 4.79 6.76 23.49 16 16.78 3.58 12.10 26.72 28 17.26 3.07 13.69 23.80 23

LTSS (° C) 23.62 1.53 22.32 25.76 16 22.34 1.52 21.01 25.83 28 23.62 1.64 21.04 25.72 23

Clean Coarse Conv. Rate (g m-2 s-1) 0.03 0.02 0.00 0.12 42 0.06 0.05 0.01 0.19 29 < 5

LWP (g m-2) 78.79 27.28 13.74 114.46 42 141.67 19.16 115.60 189.06 29 < 5

AI 0.02 0.01 0.00 0.05 42 0.02 0.01 0.00 0.04 29 < 5

Z (dBZ) -10.80 2.78 -14.53 -3.69 42 -9.65 3.30 -14.87 -3.65 29 < 5

AOD 0.08 0.02 0.04 0.10 42 0.08 0.02 0.04 0.10 29 < 5

FMF 0.21 0.05 0.08 0.30 42 0.21 0.04 0.16 0.30 29 < 5

Wind (m s-1) 7.22 0.65 6.45 9.64 42 6.87 0.46 6.44 7.99 29 < 5

re (µm) 20.73 3.04 14.80 28.78 42 21.03 2.58 16.12 28.14 29 < 5

LTSS (° C) 22.45 1.31 21.03 24.46 42 21.95 1.20 21.05 24.46 29 < 5

Polluted Coarse Conv. Rate (g m-2 s-1) 0.03 0.03 0.00 0.13 138 0.05 0.05 0.01 0.23 81 0.09 0.08 0.02 0.31 32

LWP (g m-2) 75.23 23.18 17.61 114.47 138 146.26 20.81 115.14 195.04 81 240.35 34.63 201.51 315.04 32

AI 0.05 0.04 0.00 0.37 138 0.06 0.08 0.00 0.37 81 0.05 0.03 0.00 0.11 32

Z (dBZ) -10.67 3.05 -14.98 -2.55 138 -10.88 3.52 -14.98 -2.71 81 -10.33 3.48 -14.83 -3.42 32

AOD 0.29 0.19 0.10 0.99 138 0.34 0.24 0.10 0.99 81 0.26 0.12 0.10 0.81 32

FMF 0.22 0.06 0.04 0.30 138 0.21 0.07 0.06 0.30 81 0.22 0.05 0.10 0.30 32

Wind (m s-1) 9.09 3.02 2.58 14.58 138 8.31 2.48 3.11 14.22 81 8.26 3.20 2.14 14.48 32

re (µm) 17.26 4.24 8.31 28.73 138 17.49 4.00 10.67 29.84 81 16.92 2.69 11.75 22.92 32

LTSS (° C) 22.83 1.62 21.01 27.40 138 22.77 1.49 21.02 27.37 81 22.35 0.97 21.07 25.74 32

Low LWP Intermediate LWP High LWP
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Table S9. Summary of conditions associated with markers shown in Figure 3d (LTSS <  13.5º C). 

 

 

 

 

 

 

 

Ave St. Dev Min Max n Ave St. Dev Min Max n Ave St. Dev Min Max n

Clean Fine Conv. Rate (g m-2 s-1) 0.03 0.03 0.00 0.10 124 0.06 0.05 0.01 0.19 129 0.11 0.10 0.01 0.48 104

LWP (g m-2) 49.24 15.83 7.43 74.99 124 102.15 18.01 75.01 134.82 129 193.40 48.55 135.23 331.77 104

AI 0.08 0.04 0.00 0.27 124 0.08 0.04 0.00 0.24 129 0.09 0.04 0.00 0.16 104

Z (dBZ) -9.15 3.74 -14.83 -2.63 124 -8.88 3.61 -14.93 -2.66 129 -8.79 3.83 -14.84 -2.53 104

AOD 0.05 0.03 0.00 0.10 124 0.05 0.03 0.00 0.10 129 0.05 0.02 0.00 0.10 104

FMF 0.82 0.09 0.70 1.00 124 0.83 0.09 0.70 1.00 129 0.82 0.08 0.70 1.00 104

Wind (m s-1) 4.10 1.44 0.89 8.45 124 4.10 1.52 0.92 9.07 129 4.21 1.39 1.18 8.47 104

re (µm) 15.20 3.30 8.58 26.23 124 16.86 3.70 9.88 29.08 129 18.31 3.50 11.83 28.11 104

LTSS (° C) 12.88 0.48 11.70 13.50 124 12.88 0.52 11.24 13.50 129 12.89 0.43 11.47 13.48 104

Polluted Fine Conv. Rate (g m-2 s-1) 0.02 0.02 0.00 0.12 42 0.05 0.04 0.01 0.19 51 0.08 0.07 0.01 0.36 49

LWP (g m-2) 47.55 19.98 4.83 73.97 42 102.05 18.06 75.27 134.29 51 204.21 57.82 135.11 335.66 49

AI 0.25 0.11 0.12 0.68 42 0.25 0.19 0.13 1.17 51 0.20 0.08 0.12 0.44 49

Z (dBZ) -9.64 3.79 -14.92 -2.61 42 -9.38 3.61 -14.85 -3.26 51 -9.68 3.28 -14.93 -3.97 49

AOD 0.19 0.10 0.10 0.60 42 0.19 0.15 0.10 0.86 51 0.15 0.06 0.10 0.41 49

FMF 0.76 0.07 0.70 0.93 42 0.78 0.08 0.71 0.98 51 0.80 0.09 0.70 0.96 49

Wind (m s-1) 3.99 1.26 1.21 6.70 42 5.26 2.51 1.20 12.85 51 6.38 3.18 1.07 12.10 49

re (µm) 13.25 3.35 8.47 22.24 42 13.53 3.27 8.17 21.10 51 15.68 4.27 7.66 27.59 49

LTSS (° C) 12.54 0.76 10.14 13.47 42 12.68 0.71 10.72 13.46 51 12.49 0.72 10.77 13.48 49

Clean Coarse Conv. Rate (g m-2 s-1) 0.02 0.02 0.00 0.11 58 0.06 0.05 0.01 0.17 52 0.14 0.12 0.02 0.51 39

LWP (g m-2) 46.41 18.71 4.79 74.36 58 105.75 17.16 76.49 134.40 52 184.26 45.00 139.31 309.14 39

AI 0.02 0.01 0.00 0.03 58 0.02 0.01 0.00 0.03 52 0.02 0.01 0.00 0.03 39

Z (dBZ) -9.11 3.81 -14.76 -2.81 58 -9.10 3.70 -14.41 -2.96 52 -7.51 3.86 -14.16 -2.53 39

AOD 0.08 0.01 0.04 0.10 58 0.08 0.01 0.05 0.10 52 0.08 0.01 0.04 0.10 39

FMF 0.21 0.07 0.07 0.30 58 0.22 0.07 0.06 0.30 52 0.20 0.08 0.05 0.30 39

Wind (m s-1) 6.17 1.91 3.56 10.72 58 6.26 1.78 1.69 10.26 52 5.94 1.78 3.48 9.43 39

re (µm) 17.46 3.97 11.29 29.46 58 17.38 3.25 12.00 24.86 52 19.63 3.55 10.26 27.37 39

LTSS (° C) 12.73 0.68 9.88 13.47 58 12.91 0.55 11.51 13.48 52 13.00 0.50 11.52 13.48 39

Polluted Coarse Conv. Rate (g m-2 s-1) 0.02 0.02 0.00 0.12 565 0.06 0.05 0.01 0.20 405 0.12 0.08 0.01 0.39 304

LWP (g m-2) 47.61 18.12 1.31 74.95 565 101.46 17.34 75.09 134.95 405 186.73 40.33 135.35 343.28 304

AI 0.04 0.03 0.00 0.19 565 0.03 0.03 0.00 0.19 405 0.03 0.03 0.00 0.16 304

Z (dBZ) -9.22 3.43 -14.92 -2.56 565 -8.68 3.50 -14.95 -2.56 405 -7.90 3.35 -14.94 -2.57 304

AOD 0.24 0.13 0.10 0.96 565 0.21 0.12 0.10 0.96 405 0.21 0.12 0.10 0.96 304

FMF 0.22 0.06 0.05 0.30 565 0.21 0.06 0.05 0.30 405 0.21 0.06 0.05 0.30 304

Wind (m s-1) 8.45 2.72 1.46 17.76 565 8.40 2.52 2.32 18.32 405 8.59 2.76 2.92 18.31 304

re (µm) 15.33 3.46 8.26 29.27 565 16.00 3.42 8.22 26.75 405 17.37 3.24 10.88 29.85 304

LTSS (° C) 12.68 0.70 9.54 13.50 565 12.72 0.71 8.69 13.50 405 12.69 0.76 9.61 13.50 304

Low LWP Intermediate LWP High LWP
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Figure S1. Spatial maps of average values of (a) liquid water path (LWP), (b) wind speed, (c) lower 

tropospheric static stability (LTSS), (d) aerosol index (AI), (e) fine mode fraction (FMF), and (f) aerosol 

optical depth (AOD). These data represent averages in 10° × 10° pixels for warm precipitating clouds 

with LWP < 350 g m-2, -15 < Z  (dBZ) < 0, and an upper R limit of 0.1 mm h-1. 
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Abstract 

This study reports on cloud water chemical and pH measurements off the California coast during 

the July-August 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE). Eighty 

two cloud water samples were collected by a slotted-rod cloud water collector protruding above 

the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter in 

boundary layer stratocumulus clouds impacted to varying degrees by ocean-derived emissions, 

ship exhaust, and land emissions. Cloud water pH ranged between 2.92 and 7.58, with an 

average of 4.46. Peak pH values were observed north of San Francisco, simultaneous with the 

highest concentrations of Si, B, and Cs, and air masses originating over land. The lowest pH 

values were observed south of San Francisco due to ship emissions resulting in the highest 

concentrations of sulfate, nitrate, V, Fe, Al, P, Cd, Ti, Sb, P, and Mn. Many of these species act 

as important agents in aqueous-phase reactions in cloud drops and are critical ocean 

micronutrients after subsequent wet deposition in an ocean system that can be nutrient-limited. 

E-PEACE measurements suggest that conditions in the California coastal zone region can 

promote the conversion of micronutrients to more soluble forms, if they are not already, due to 

acidic cloud water conditions, the ubiquity of important organic agents such as oxalic acid, and 

the persistence of stratocumulus clouds to allow for continuous cloud processing.  
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3.1 Introduction 

Cloud droplets are critical components of the marine atmosphere due to their radiative effects 

and role in the geochemical cycling of nutrients. Cloud drops are produced via the nucleation of 

cloud condensation nuclei (CCN) and serve as a reservoir for the partitioning of soluble vapors. 

Cloud drops modulate CCN physicochemical properties by hosting chemical processes leading 

to more oxygenated species that remain in the aerosol phase upon drop evaporation. The acidity 

and composition of cloud water can provide insight into different air mass sources impacting 

clouds and the effects of wet deposition since clouds spatially redistribute nutrients and toxic 

pollutants.  

Several aircraft studies have targeted aerosol-cloud interactions during the summertime off the 

California coast, which is a tailor-made venue owing to the persistence of low-level 

stratocumulus clouds and strong aerosol perturbations stemming from ship traffic (Chen et al., 

2012). Of these experiments, some have reported data on cloud water composition with 

important findings being that clouds can produce secondary organic aerosol and that the region is 

rarely pristine but rather influenced by biogenic and anthropogenic sources (Hegg et al., 2002; 

Crahan et al., 2004; Straub et al., 2007). Due to limited airborne cloud water measurements off 

the California coast, we intend to report more recent regional data collected between July and 

August 2011. This study explores the effect of three distinct emission sources (ocean, ships, 

land) on cloud water composition. 
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3.2 Experimental methods  

3.2.1 Field study description 

The Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) consisted of thirty flights 

with the Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter. 

Based out of Marina, California, the Twin Otter conducted ~ 4 – 4.5 h flights between 34º N – 

40º N and 121.5º W – 125º W (Figure 1). The goal of E-PEACE was to study aerosol-cloud-

radiation interactions using a variety of observational platforms including the Twin Otter 

(Russell et al., 2013; Wonaschuetz et al., 2013). The current study focuses on characterizing the 

influence of various emissions sources on marine stratocumulus cloud water, especially exhaust 

from large tanker and cargo ships that frequently pass through the study region (see Figure 1). 

The description of the relevant sub-set of Twin Otter measurements is provided below. 
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Figure 1. Spatial distribution of cloud water pH with the insert histogram displaying the frequency of 

different pH values measured during E-PEACE (Note: no pHs were recorded between 5.5 and 7.0). 

Circular markers are color-coded by pH value consistent with the histogram color system. Solid grey 

lines represent the paths of 20 ships (cargo and tanker) with lengths ranging from 176 – 335 m and 

breadths ranging from 28 – 50 m. A 16 wind speed class wind rose and wind speed frequency table 

summarize the general wind conditions during the study period. They were developed using hourly wind 

data  (1400 UTC- 2300 UTC from 8 July to 17 August) from National Data Buoy Center Station 46042 

(36.785º N, 122.469º W) signified by the red square marker (www.ndbc.noaa.gov).  
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3.2.2 Aircraft measurements 

Eighty two cloud water samples were obtained with a modified Mohnen slotted-rod cloud water 

collector (Hegg and Hobbs, 1986). Samples were collected by insertion of the collector upwards 

through a port at the top of the aircraft surface when the Twin Otter was in cloud. Liquid samples 

were collected in detachable bottles and tested for pH immediately after collection, treated with 

chloroform to minimize biological processing of the samples, and then stored at a nominal 5 °C 

until laboratory analysis. Measurements of pH were conducted using an Oakton Model 110 pH 

meter calibrated with pH 4.01 and pH 7.00 buffer solutions. Eighty one samples had sufficient 

volume for elemental and ionic composition analysis. One fraction of the liquid volumes was 

analyzed with inductively coupled plasma mass spectrometry (ICP-MS), details of which are 

provided by Sorooshian et al. (2013). The reported measurements of all elements in each sample 

represent the average of three measurements. The individual measurements are typically 

obtained with a relative standard deviation of approximately 3% or less per sample. The 

minimum detection limits of the elements examined are mostly in the ppt range with a notable 

exception being phosphorus (P), which has a higher detection limit owing to plasma-phase 

interferences. Another 500 µl fraction of each cloud water sample was analyzed with ion 

chromatography (IC; Thermo Scientific Dionex ICS-5000 anion system with an AS11-HC 2 mm 

column) for major inorganic and organic acid anions.  

The relative amount of Na to other constituents of sea salt (Seinfeld and Pandis, 2006) was used 

to calculate concentrations of non-sea salt sulfate (NSS SO4 
2-), non-sea salt Ca (NSS Ca), and 

non-sea salt bromide (NSS Br-). This assumes that there was negligible insoluble Na. To account 

for the sensitivity of the ICP-MS and IC liquid-phase concentrations to cloud liquid water 

content (LWC), cloud water liquid concentrations were converted to air-equivalent 

concentrations by multiplication with the average LWC experienced during the collection of 

individual cloud water samples, which includes only in-cloud periods defined by a threshold 

LWC value of 0.02 g m-3. LWC was measured by a PVM-100 probe (Gerber et al., 1994). Sub-

cloud particle concentrations were obtained with a condensation particle counter (CPC 3010; TSI 

Inc.) and a passive cavity aerosol spectrometer probe (PCASP; PMS Inc./DMT Inc.), which have 

particle diameter size ranges of > 10 nm and 0.1 – 2.6 µm, respectively. Sub-cloud is defined as 

being directly below cloud base with LWC < 0.02 g m-3. 
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3.3 Study region characteristics 

Table S1 (in Supplement) summarizes cumulative E-PEACE statistics for parameters influencing 

the cloud water samples, including meteorological, cloud, and aerosol properties. Mean (± 

standard deviation) cloud base and top heights were 225 (± 115) m and 587 (± 131) m, 

respectively, with an average depth of 362 m. Sample-averaged LWC ranged between 0.07 - 

0.50 g m-3. Sub-cloud CPC concentrations ranged between 184 - 7143 cm-3, while PCASP 

concentrations exhibited a smaller range between 39 - 598 cm-3. The difference in the two 

particle concentration measurement ranges can be explained by ships emitting substantial 

amounts of particles with diameters less than 100 nm, which is the lower diameter cut-off size of 

the PCASP. Sub-cloud wind speeds measured at altitudes below 100 m ranged between 1.2 - 

12.1 m s-1. Sub-cloud non-refractory sub-micrometer aerosol composition during E-PEACE is 

summarized by Coggon et al. (2012) using an Aerodyne compact Time-of-Flight Aerosol Mass 

Spectrometer (C-ToF-AMS) sampling behind a total aerosol inlet (Hegg et al., 2005) and a 

counterflow virtual impactor in clouds (Shingler et al., 2012). Sub-cloud aerosol composition 

associated with the cloud water samples was dominated by organics (1.80 ± 3.30 µg m-3), 

followed by sulfate (1.23 ± 0.82 µg m-3), ammonium (0.34 ± 0.08 µg m-3), chloride (0.09 ± 0.02 

µg m-3), and nitrate (0.05 ± 0.02 µg m-3). The average ammonium-to-sulfate molar ratio was 0.68 

± 0.53, indicative of acidic sub-micrometer particles being a ubiquitous feature in the study 

region.  

Three-day back-trajectories from the NOAA HYSPLIT model (Draxler and Rolph, 2012) are 

used to determine air mass origins of the 82 cloud water samples based on the sample-averaged 

position and time during collection of each sample. The predominant source origin of air masses 

influencing each of samples was to the north of the study region (Figure S1). Trajectories are 

further classified into four categories based on potential land contact and the maximum level-leg 

sub-cloud particle concentrations: “Ship 1” = maximum CPC concentration > 14,000 cm-3; “Ship 

2” = 1,000 cm-3 < maximum CPC concentration < 7,000 cm-3; “Land” = back-trajectory 

contacted land; “Marine Reference” = maximum CPC concentration < 1,000 cm-3. “Ship 1” and 

“Ship 2” correspond to strong and weak ship plume influence, respectively, while “Marine 

Reference” corresponds to back-trajectories originating over the ocean and samples with 

minimal ship influence as compared to the two “Ship” categories. The category with the highest 
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measurement frequency was “Ship 1” (34.1%), followed by “Land” (30.5%), “Ship 2” (22.0%), 

and “Marine Reference” (13.4%). Therefore, strong aerosol perturbations were frequently 

experienced in the region during E-PEACE, in contrast to “Marine Reference” conditions, which 

still likely is characterized by anthropogenic pollution (e.g. aged ship emissions) (Hegg et al., 

2010; Coggon et al., 2012). Influence from biomass burning was not evident in E-PEACE 

samples.  

3.4 Results and discussion  

3.4.1 Cloud water pH 

The average cloud water sample pH was 4.46 ± 0.70, with a range of 2.92 - 7.58 (Figure 1). The 

most common pH observed was between 4.0 - 4.5 (29% of samples), followed by 4.5 - 5.0 

(27%), and then 3.5 - 4.0 (23%). The pHs observed during E-PEACE are similar to those 

observed in marine stratocumulus clouds during the VOCALS experiment off the South 

American coast (range = 2.9 - 7.2, average = 4.3) (Benedict et al., 2012). Mean or median cloud 

water pH values between 4 -5 have been observed in previous marine studies (Collett et al., 

2002; Straub et al., 2007).  

Cloud water pH is expected to be impacted by both LWC in clouds and chemical influences from 

different air mass sources. pH was moderately correlated with LWC (r = 0.26; n = 78), 

suggestive of higher pH with more available water. With the exception of two outlier points 

indicated in Figure 2, cloud water pH generally exhibited a slight increase as a function of 

normalized cloud height. (Normalized cloud heights of 0 and 1 correspond to cloud base and top, 

respectively.) At fixed altitude and LWC, cloud water pH decreased as concentrations of two 

ship tracers, vanadium (V) and nitrate (Viana et al., 2009; Mueller et al., 2011), increased. The 

lowest pH values coincide with the “Ship 1” air type category (4.14 ± 0.51), which included 

samples concentrated south of San Francisco where there is extensive ship traffic (Table 2). The 

highest pH values are associated with the “Land” air type category (4.90 ± 0.85), coincident with 

the highest Si levels during E-PEACE north of San Francisco.  



71 

 

 

Figure 2. Vertical distribution of cloud water pH (inner color) and LWC (outer shading). The most acidic 

points correspond to high levels of nitrate and vanadium from ship emissions. The highest pH points 

correspond to samples north of San Francisco that contained the highest Si concentrations (denoted 

“Peak Si”). 

3.4.2 Chemical concentrations  

The highest overall concentrations observed during E-PEACE were for Cl- (4.31 ± 5.12 µg m-3), 

Na (1.93 ± 2.19 µg m-3), NSS SO4
2- (1.04 ± 0.68 µg m-3 with total SO4

2- being 1.54 ± 1.07 µg m-

3), and NO3
- (0.63 ± 0.63 µg m-3) (Table 1). While Cl- and Na are linked mainly to sea salt, 

sulfate has a wider variety of sources. The relative mass contributions of different sources to total 

sulfate are quantified using multiple linear regression (details in Supplement), where four tracers 

are used as independent variables: NO3
- = “anthropogenic”; Na = “sea salt”; methanesulfonate 

(MSA) = “marine biogenic”; NSS Ca =“continental crustal”. While Ca is emitted by other 

sources such as ships (Popovicheva et al., 2012), its use as a continental crustal tracer strikes a 

balance between achieving statistically significant results, its association with crustal matter 

(Johansen et al., 1999), and its higher levels in the “Land” category than the “Ship” categories in 
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Table 2.  The mass contribution percentages were found to be “anthropogenic” (37%) > “sea 

salt” (32%) > “marine biogenic” (26%) > “continental crustal” (6%); therefore, NSS SO4
2- had 

an estimated contribution of 54% and 38% from anthropogenic and marine biogenic sources, 

respectively. These results indicate that anthropogenic pollution, mostly from shipping, was the 

dominant source of sulfate during E-PEACE.  

Numerous other species follow in order of concentration: (i) crustal-derived elements  including 

Mg, Si, Ca, and K (individual averages ~ 0.07 - 0.26 µg m-3); (ii) MSA (0.06 ± 0.03 µg m-3); and 

(iii) NO2
- (0.03 ± 0.01 µg m-3) and Br- (0.04 ± 0.02 µg m-3, with NSS Br- being 0.03 ± 0.02 µg 

m-3), which are two important tracers for atmospheric photochemical reactions. NO2
- was found 

to be best correlated with NSS Br- (r = 0.81, n = 71), with multiphase halogen reactions as a 

possible explanation (Enami et al., 2007). There are few recorded NO2
- measurements in marine 

stratocumulus cloud water and its presence in clouds has previously been suggested to be due to 

dissolution of gaseous nitrous acid (HONO) and heterogeneous reactions of NO2 in clouds 

(Lammel and Metzig, 1988).  

A number of other notable trace metals and metalloids were ubiquitous in the regional cloud 

water at lower concentrations, including Cd, V, Rb, Sr, Cu, Li, Zn, Sb, Mn, Ga, Fe, Ba, Al, Pb, 

Se, Ti, and Cr. These species have a variety of sources including anthropogenic emissions (e.g. 

combustion, smelting), biogenic emissions, soil dust, biomass burning, and sea spray (Nriagu, 

1989; Al‐Momani, 2003; Viana et al., 2009). Vanadium’s detection in every sample provides 

evidence for the ubiquitous influence of ship emissions in the regional cloud water. Another 

common component in heavy fuel oil, nickel (Ni) (Murphy et al., 2009; Viana et al., 2009), was 

detected in fewer samples (n = 10) than V, but exhibited comparable concentrations (~ 0.01 ng 

m-3). The mean V/Al mass ratio during E-PEACE was 0.67 (± 0.75), which is consistent with 

previous values reported for oil fly ash (0.67 – 8.25) and two orders of magnitude larger than 

those of mineral and crustal dust (Sholkovitz et al., 2009).  

Trace metals such as Fe, Cu, and Mn play a significant role as catalysts in cloud drop reactions, 

especially the conversion of SO2 to sulfate (Alexander et al., 2009). Their frequent detection in 

samples (≥ 75%) indicates that they have a high potential to participate in such aqueous-phase 

processes in the regional clouds. Phosphorus is a critical ocean micronutrient that was detected in 
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only three samples, which may have been due partly to a high detection limit in the ICP-MS for 

this particular element. Mercury (Hg) was only detected in one sample indicating that it is not 

ubiquitous in the regional cloud water 

Table 1. Cumulative summary of cloud water constituent concentrations as quantified by ICP-MS and IC 

in air equivalent units of µg m-3. MSA refers to methanesulfonate and σ refers to standard deviation.   

Detection 

Frequency
Min Max Average s

Cl- 1.00 1.77E-02 2.13E+01 4.31E+00 5.12E+00

Na 1.00 1.59E-04 1.02E+01 1.93E+00 2.19E+00

NSS-SO4
2- 0.96 1.06E-01 2.88E+00 1.04E+00 6.80E-01

NO3
-

1.00 5.19E-02 3.06E+00 6.31E-01 6.25E-01

Mg 1.000 8.06E-04 1.38E+00 2.58E-01 2.92E-01

Si 0.58 1.65E-04 4.39E+00 1.92E-01 7.98E-01

Ca 0.96 4.06E-03 5.10E-01 1.04E-01 1.03E-01

K 0.86 5.27E-05 3.38E-01 6.70E-02 7.31E-02

MSA 1.00 1.32E-02 1.76E-01 5.83E-02 3.22E-02

Br
-

0.95 9.92E-03 8.84E-02 3.98E-02 2.10E-02

B 0.98 3.97E-04 1.02E+00 3.85E-02 1.58E-01

NO2
-

1.00 9.96E-03 6.61E-02 3.16E-02 1.50E-02

F
-

0.54 8.89E-03 5.66E-02 2.32E-02 1.08E-02

P 0.04 1.69E-03 3.92E-02 1.46E-02 2.14E-02

Cd 1.00 5.57E-04 9.69E-02 7.50E-03 1.51E-02

Fe 0.75 2.07E-04 2.18E-02 3.52E-03 4.10E-03

I 0.98 7.16E-04 9.23E-03 3.13E-03 1.84E-03

Al 0.65 1.96E-05 1.67E-02 2.72E-03 3.47E-03

Cu 0.94 9.13E-06 6.57E-02 2.45E-03 8.81E-03

Zn 0.91 9.79E-06 1.45E-02 1.60E-03 2.49E-03

Sr 0.98 5.90E-05 7.73E-03 1.51E-03 1.65E-03

Mo 0.05 1.68E-06 1.82E-03 7.23E-04 8.84E-04

V 1.00 3.20E-05 3.12E-03 6.56E-04 6.69E-04

Te 0.01 3.56E-04 3.56E-04 3.56E-04 -

Mn 0.83 1.87E-06 2.23E-03 3.18E-04 4.39E-04

Ni 0.12 1.28E-05 5.92E-04 2.38E-04 2.07E-04

Ba 0.67 2.85E-06 2.26E-03 2.34E-04 4.71E-04

Se 0.57 9.21E-06 5.80E-04 1.35E-04 1.25E-04

Sb 0.84 3.59E-07 8.01E-03 1.33E-04 9.70E-04

Ag 0.02 3.21E-06 2.42E-04 1.23E-04 1.69E-04

Li 0.93 8.58E-06 6.45E-04 1.18E-04 1.08E-04

Ti 0.53 1.07E-06 5.78E-04 8.49E-05 1.31E-04

Cr 0.53 8.06E-07 3.77E-04 7.00E-05 7.46E-05

Pb 0.62 7.61E-07 3.22E-04 5.20E-05 5.97E-05

Co 0.22 9.51E-07 2.35E-04 4.21E-05 6.66E-05

Ga 0.78 2.10E-07 3.84E-04 3.29E-05 7.23E-05

Rb 1.00 8.62E-07 1.06E-04 2.65E-05 2.37E-05

As 0.20 1.15E-06 3.42E-05 9.46E-06 9.12E-06

Zr 0.73 2.17E-07 3.77E-05 5.14E-06 5.37E-06

Y 0.46 9.27E-09 3.85E-05 3.29E-06 6.48E-06

Pt 0.06 1.80E-06 4.96E-06 3.08E-06 1.20E-06

Cs 0.36 2.44E-08 1.67E-05 2.10E-06 4.15E-06  
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Table 2. Average values of numerous parameters as a function of air mass type. To the bottom are ICP-

MS and IC cloud water concentrations reported in units of µg m-3. Bold and italicized cloud water 

concentrations coincide with the air type category for which a particular sub-set of constituents exhibit 

their peak concentrations. The classification method of the four air mass types is provided in Section 3.  

Avg б n Avg б n Avg б n Avg б n

pH 4.17 0.47 11 4.14 0.51 27 4.45 0.44 17 4.90 0.85 27

LWC (g m-3) 0.18 0.06 11 0.21 0.11 27 0.20 0.07 17 0.27 0.10 27

Wind (m s-1) 9.01 3.37 11 3.96 2.93 27 8.81 2.03 17 7.41 2.88 27

PCASP (cm-3) 292 153 11 288 153 27 275 94 17 283 123 25

CPC (cm-3) 575 223 11 1585 1520 27 885 618 17 1246 1340 27

Cl- 8.87E+00 7.16E+00 11 1.58E+00 3.10E+00 26 3.95E+00 3.86E+00 17 5.32E+00 5.01E+00 27

Na 4.02E+00 3.12E+00 11 6.07E-01 6.76E-01 26 1.80E+00 1.53E+00 17 2.43E+00 2.28E+00 27

Mg 5.33E-01 4.14E-01 11 8.40E-02 9.04E-02 26 2.42E-01 2.07E-01 17 3.22E-01 3.08E-01 27

Ca 1.93E-01 1.45E-01 11 4.77E-02 4.15E-02 25 9.74E-02 7.37E-02 16 1.24E-01 1.11E-01 26

K 1.42E-01 9.25E-02 10 2.19E-02 2.49E-02 19 5.40E-02 5.02E-02 16 7.93E-02 7.67E-02 25

MSA 7.37E-02 3.83E-02 11 4.71E-02 3.15E-02 26 4.59E-02 1.76E-02 17 7.06E-02 3.16E-02 27

Br- 4.99E-02 2.70E-02 11 2.96E-02 1.81E-02 23 3.75E-02 2.12E-02 17 4.61E-02 1.68E-02 26

I 3.54E-03 1.53E-03 11 3.22E-03 2.29E-03 26 2.49E-03 1.08E-03 16 3.27E-03 1.83E-03 26

Sr 3.06E-03 2.38E-03 11 5.68E-04 5.00E-04 24 1.36E-03 1.17E-03 17 1.81E-03 1.74E-03 27

Se 1.89E-04 1.27E-04 10 6.76E-05 5.44E-05 11 1.47E-04 1.03E-04 9 1.42E-04 1.56E-04 16

Li 1.58E-04 8.67E-05 10 7.35E-05 6.37E-05 21 9.97E-05 5.11E-05 17 1.48E-04 1.49E-04 27

Rb 4.69E-05 2.95E-05 11 1.15E-05 9.19E-06 26 2.45E-05 1.65E-05 17 3.38E-05 2.62E-05 27

Si 2.01E-02 4.65E-02 8 2.92E-02 4.71E-02 17 1.55E-02 3.37E-02 10 6.83E-01 1.52E+00 12

B 2.88E-02 6.84E-02 11 3.63E-03 1.80E-03 24 1.64E-02 4.97E-02 17 8.74E-02 2.60E-01 27

NO2
- 2.48E-02 7.73E-03 11 3.07E-02 1.80E-02 26 2.87E-02 1.11E-02 17 3.70E-02 1.50E-02 27

F- 2.09E-02 3.46E-03 8 2.10E-02 1.10E-02 13 2.02E-02 7.87E-03 12 3.09E-02 1.40E-02 11

Zn 1.01E-03 1.32E-03 11 1.14E-03 1.55E-03 24 1.85E-03 2.13E-03 15 2.17E-03 3.60E-03 24

Ni - - - 1.95E-04 1.99E-04 7 5.92E-04 - 1 2.11E-04 7.98E-05 2

Cr 5.15E-05 3.52E-05 8 3.84E-05 3.36E-05 14 6.28E-05 1.19E-04 9 1.25E-04 6.38E-05 12

Pb 3.13E-05 1.86E-05 10 4.77E-05 4.20E-05 17 5.92E-05 8.99E-05 11 6.87E-05 6.99E-05 12

Co - - - 2.21E-05 2.00E-05 6 4.33E-05 7.82E-05 5 5.83E-05 8.63E-05 7

As 1.28E-05 7.19E-06 6 4.08E-06 9.18E-07 2 3.20E-06 7.73E-07 4 1.34E-05 1.46E-05 4

Cs 1.21E-06 2.48E-06 8 5.11E-07 5.16E-07 5 8.89E-07 1.70E-06 10 6.64E-06 7.12E-06 6

NSS-SO4
2- 1.31E+00 8.30E-01 11 1.34E+00 1.07E+00 25 8.66E-01 4.52E-01 16 8.95E-01 5.49E-01 27

NO3
- 7.49E-01 5.51E-01 11 9.76E-01 8.17E-01 26 3.53E-01 2.68E-01 17 4.26E-01 4.24E-01 27

Fe 2.82E-03 1.26E-03 10 5.34E-03 5.38E-03 20 1.75E-03 1.37E-03 12 3.08E-03 4.17E-03 19

Al 1.50E-03 1.60E-03 10 3.46E-03 4.74E-03 20 1.52E-03 1.26E-03 8 3.18E-03 3.00E-03 15

V 4.26E-04 2.41E-04 11 1.15E-03 8.59E-04 26 3.99E-04 2.30E-04 17 4.32E-04 4.95E-04 27

Mn 2.24E-04 7.31E-05 10 4.31E-04 5.49E-04 21 1.68E-04 1.60E-04 13 3.40E-04 5.07E-04 23

Ba 1.04E-04 8.56E-05 10 3.60E-04 5.82E-04 20 6.53E-05 6.48E-05 8 2.42E-04 5.47E-04 16

Cd 6.09E-03 4.64E-03 11 5.06E-03 3.42E-03 26 1.01E-02 2.33E-02 17 8.81E-03 1.83E-02 27

Cu 9.56E-04 2.50E-03 11 7.55E-04 1.30E-03 25 5.67E-03 1.75E-02 14 2.97E-03 7.74E-03 26

Sb 1.16E-05 1.16E-05 10 2.20E-05 2.69E-05 20 5.80E-04 2.14E-03 14 1.54E-05 2.34E-05 24

Ti 2.99E-05 1.37E-05 6 7.24E-05 1.35E-04 16 1.27E-04 1.42E-04 7 1.02E-04 1.50E-04 14

Marine Reference Ship I Ship II Land
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3.4.3 Spatial distribution and common sources of cloud water species 

To categorize species into sub-groups based on common sources, a correlation matrix was 

produced (Table S2) and revealed the existence of three general sub-sets of species. The sub-

groups are related to three major sources (land, ship, ocean) and are consistent with the species in 

Table 2 that peak in concentration for these air type categories previously defined in Section 3. 

The impacts of these emissions on cloud water are discussed below. 

3.4.3.1 Ocean-derived emissions  

Species in the “Marine Reference” category exhibiting statistically significant correlations with 

each other’s concentrations include Cl-, Na, Mg, Ca, K, Br-, Rb, Sr, Li, and MSA. With the 

exception of MSA, these species are positively correlated with low-level wind speed (< 100 m; 

Table S2), coinciding with the highest sub-cloud PCASP concentrations (Table S1) and 

consequently the greatest sea spray influence. These species exhibited their highest 

concentrations south of San Francisco during E-PEACE (Figures 3 and S2).  

 

Table 3. Chemical and pH measurements for cloud water during three case flights (29 July 2011, RF16; 

9 August 2011, RF23; 16 August 2011, RF28). The “Air Mass Type” corresponds to the categories from 

Table 2. “Norm” refers to normalized cloud height. Blank cells indicate concentrations below detection 

limits.  

pH Si Na Mg B Ca K Cl
-

NSS 

SO4
2- Sr P Mn Fe Br Rb Ti V Al

0.41 3.77 0.11 0.36 0.07 0.01 0.11 0.01 0.57 2.88 0.86 2.82 2.23 18.16 4.16 0.03 0.05 2.35 9.98

0.56 3.70 0.09 0.32 0.06 0.01 0.10 0.01 0.49 2.80 0.69 1.66 14.33 4.17 0.01 0.55 2.13 9.25

0.73 3.95 0.17 0.56 0.06 0.01 0.15 0.04 0.52 2.64 0.69 39.22 1.87 21.76 4.57 0.04 0.12 1.96 15.43

0.96 3.93 0.06 0.31 0.05 0.01 0.10 0.01 0.51 2.46 0.64 1.60 13.69 4.01 0.02 0.05 2.19 16.71

0.93 4.02 6.50 0.85 0.01 0.30 0.20 13.50 1.35 4.96 0.12 1.90 27.79 0.07 0.23 0.69

0.94 3.95 7.36 0.97 0.01 0.35 0.23 18.82 1.83 5.68 0.05 0.90 34.63 0.08 0.15 0.00

0.78 4.20 0.004 4.55 0.61 0.01 0.21 0.14 9.85 1.40 3.46 0.28 3.20 17.07 0.05 0.23 1.28

0.11 5.38 0.11 0.35 0.03 0.21 0.02 0.01 0.60 0.45 0.13 0.09 16.78 0.01 0.18 0.00

0.47 4.68 0.13 1.33 0.16 0.23 0.07 0.04 2.48 0.63 0.89 0.25 1.18 16.30 0.03 0.12 5.95

0.31 7.58 4.39 2.93 0.29 0.92 0.13 0.09 5.82 0.82 1.56 1.69 1.31 1.87 11.26 0.05 0.19 0.15 0.85

0.33 7.38 3.41 1.69 0.11 1.02 0.06 0.04 2.40 0.85 0.50 0.34 1.30 5.71 0.04 0.21 0.13 0.61

µg m
-3

ng m
-3

Land

Marine 

Reference

Ship IRF16

RF23

RF28

Air Mass 

Types

Norm. 

Cloud 

Height
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Figure 3. Spatial distribution of cloud water constituents linked to ocean-derived emissions (MSA and Rb 

are shown in Figure S2). 
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An example of a research flight (RF) with a clear signature of ocean-derived emission influence 

in cloud water was RF23 on 9 August 2011 (flight tracks shown in Figure 4a). The computed 

back-trajectories and wind directions measured by the Twin Otter in flight show that the air mass 

probed during this flight was transported south along the California coast (Figure 4c). This flight 

fits in the “Marine Reference” air type category as it had minimal influence from fresh ship 

emissions based on sub-cloud particle concentrations (CPC < 1000 cm-3) and relatively low 

concentrations of V (0.20 ± 0.04 ng m-3) as compared to the average value for the “Ship 1” 

category (1.15 ± 0.86 ng m-3). Typical “Land" tracers like Si, B and Cs were either below 

detection limits or greatly reduced as compared to the “Land” category (Table 2). The low-level 

wind speed throughout this flight was 9.51 ± 1.85 m s-1, which was enhanced relative to the E-

PEACE (Table S1) and “Marine Reference” average (Table 2). Therefore, the potential for 

ocean-derived emissions was high during this flight, while land and ship emission influences 

were relatively low. Concentrations of the species that are most enhanced in the “Marine 

Reference” category of Table 2 (i.e. Na, Mg, Cl-, K, NSS SO4
2-, Sr, Br, Rb) exhibit near their 

highest campaign-wide levels during this flight (Table 3). Se, I, and MSA were similarly 

enhanced during this flight with average concentrations of 0.12 ± 0.12 ng m-3, 4.34 ± 0.41 ng m-

3, and 0.09 ± 0.02 µg m-3, respectively. The back-trajectories passing south through the dense 

area of ship traffic between San Francisco and Marina suggest that these samples were 

influenced to some extent by aged ship emissions. This may have contributed to the high NSS 

SO4
2- levels in addition to ocean-derived dimethylsulfide (DMS) emissions. 
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Figure 4. (a) Flight path on 9 August 2011 (RF23) with arrows showing the spatial extent across where 

each of the three cloud water samples were obtained. (b) Time trace of PCASP particle concentrations 

(Dp ~ 0.1 – 2.6 µm), cloud LWC, wind direction, and Twin Otter altitude. Shaded regions correspond to 

when the three samples were collected. PCASP concentrations are not shown in cloud due to potential 

drop shatter issues. (c) 24-hr HYSPLIT back-trajectories ending at the vicinity where the three samples 

were collected (green = 1500 m; blue = 500 m; red = 100 m).  

 

3.4.3.2 Ship emissions 

Species in the two “Ship” air type categories exhibiting statistically significant correlations with 

each other’s concentrations include V, Al, Cd, Fe, Ti, Sb, Ba, Mn, NO3
-, and NSS SO4

2-. The 

influence of ship traffic on cloud water composition is most evident in the area south of San 

Francisco, as shown by peak concentrations of ship tracer species (e.g. V, NSS SO4
2-) in Figure 

5. The “Ship 1” category includes the highest concentrations for Fe, V, Al, Mn, NSS SO4
2-, and 

NO3
-, while the “Ship 2” category includes maximum levels for Ti, Cu, Cd, and Sb (Table 2). 

Previous work has detected the majority of these species in ship exhaust particles (Xie et al., 

2007; Popovicheva et al., 2009, 2012; Viana et al., 2009). It is uncertain as to what the dominant 

source was for the four elements with maximum concentrations in the “Ship 2” category, but one 

possibility is coincident emissions from other sources such as the ocean or land. 
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Figure 5. Spatial distribution of selected cloud water constituents linked to ship emissions that are higher 

in concentration south of San Francisco. Note that both Si and B are also linked to land-derived 

emissions and thus are enhanced in concentration north of San Francisco (Cs is shown in Figure S2) 

 

. 
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 RF16 on 29 July 2011 provides an example of strong influence by cargo ship emissions in an 

area southwest of Marina where majority of cloud water samples during E-PEACE were 

collected, including those during RF23 (Figure 6). Sub-cloud PCASP concentrations were 

enhanced on this day relative to RF23 due to the strong influence of ship emissions, which is 

reflected in the lower cloud water pHs (3.70 - 3.95; Table 3). Sub-cloud wind speeds were low 

(2.94 ± 1.07 m s-1), suggestive of suppressed marine-derived emissions relative to RF23. While 

the four RF16 samples were collected in nearly the same area as those in RF23, the 

concentrations of the following marine-derived tracer constituents were significantly reduced: 

Na, Mg, Ca, K, Cl-, Sr, Br, Rb. Cloud water NSS SO4
2- levels during RF16 (2.69 ± 0.19 µg m-3) 

were higher than those in RF23 (1.53 ± 0.26 µg m-3) due to the added influence of fresh ship 

exhaust superimposed on ocean-derived sources. Cloud water constituents that were enhanced in 

concentration by at least a factor of 1.6 during RF16 versus RF23 included Si, P, Mn, Fe, Ti, V, 

NSS SO4
2-, and still others not shown in Table 3 (NO3

-, Al, Ba, Cd, Sb, Pb, I). These data further 

support that ship emissions are a major source of the aforementioned species in cloud water.  
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Figure 6. (a) Flight path on 29 July 2011 (RF16) with line indicators showing the spatial extent across 

where each of the four cloud water samples were obtained. Samples were collected across the same 

general area, but with each successive one being at a higher altitude in cloud. (b) Time trace of PCASP 

particle concentrations (Dp ~ 0.1 – 2.6 µm), cloud LWC, wind direction, and Twin Otter altitude. Shaded 

regions correspond to when the four samples were collected. (c) 24-hr and (d) 120-hr HYSPLIT back-

trajectories ending at the point of each of the four samples for UTC 18:00 (green = 1500 m; blue = 500 

m; red = 100 m).  

3.4.3.3 Land emissions 

The species with concentrations exhibiting the highest correlations in the “Land” air type 

category include Si, B, and Cs. They similarly peak in concentration adjacent to coastline north 

of San Francisco (Figure 5). Their documented sources include crustal matter and fly ash (Gioda 

et al., 2008; Furutani et al., 2011). Toxic elements including Pb, As, Cr, Zn, and Ni also peak in 

concentration in the “Land” category indicative of land sources; these species have been shown 

to be enriched in continental crustal matter as a result of anthropogenic activity (Sorooshian et 

al., 2012).  
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RF28 demonstrates the impact of land emissions on regional cloud water. Four samples were 

collected with the first and last in the same areas, and the middle two in similar areas (Figure 7a). 

The samples collected later in the day (Samples 3 and 4) exhibit major chemical differences as 

compared to the first two samples (Table 3): cloud water pH increased from 4.68 - 5.38 in the 

first two samples to 7.38 - 7.58 for the last two samples, while LWC was relatively constant. Air 

mass back-trajectories show that the marine boundary layer was likely impacted by land 

emissions during this flight, especially the third sample at cloud-relevant altitudes (Figure 7b/c). 

PCASP concentrations were highest during RF28 in clear air when the Twin Otter ascended over 

the land area at the northernmost part of the flight track, which impacted the air mass arriving at 

the cloud region where Samples 3 - 4 were collected (Figure 7c).  

 

 

 

Figure 7. (a) Flight path on 16 August 2011 (RF28) with arrows showing the spatial extent across which 

each of the four cloud water samples were obtained. (b) Time trace of PCASP particle concentrations (Dp 

~ 0.1 – 2.6 µm), cloud LWC, wind direction, and Twin Otter altitude. Shaded regions correspond to when 

the four samples were obtained. (c) 24-hr HYSPLIT back-trajectories ending at the point of each of the 

four samples (green = 1500 m; blue = 500 m; red = 100 m). 
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Cloud water during this flight was not impacted heavily by fresh ship emissions owing to higher 

pH (4.68 – 7.58) and lower V (≤ 0.18 ng m-3), NSS SO4
2- (≤ 0.85 µg m-3), and sub-cloud CPC 

particle concentrations (max CPC ~ 707 - 1039 cm-3) as compared to the two “Ship” categories 

in Table 2. Ocean-derived emissions were unlikely to have been as large an influence on these 

samples as compared to other flights and especially the “Marine Reference” samples owing to 

reduced levels of Na, Mg, Cl-, K, SO4
2-, Sr, Br, and Rb. The most significant difference in this 

flight relative to the other E-PEACE flights are the high Si concentrations in the final two 

samples (3.41 - 4.39 µg m-3), which the data indicate were more influenced by land emissions. 

Either one or both of the final two samples exhibited at least twice as high a concentration for the 

following constituents as compared to the first two samples: Si, Na, B, K, Cl-, P, Mn, Ti, Li, Cr, 

Cs, Cu, Mo, and Co. Chemical ratios in RF28 samples differ widely from those reported for soil 

(Seinfeld and Pandis, 2006): (ratio of Sample 3-4 average in RF28 versus value from Seinfeld 

and Pandis, 2006): Si:Al = 5355 vs 4.63, Fe:Al = 2.12 vs 0.53, Fe:Ca = 0.02 vs 2.77, Mg:Na = 

0.08 vs 1.00. The exact source of the emissions that impacted these samples is unknown, but a 

possibility is the influence of fly ash, which is known to be enriched with silica oxide, which can 

partly help explain the high level of Si relative to other common crustal elements such as Al and 

Fe. 

3.5 Nutrients in cloud water 

Depending on time and location, parts of the California coastal region can be characterized by 

HNLC-like (high-nutrient, low-chlorophyll) conditions with iron limiting primary production 

(Johnson et al., 1997; Kirchman et al., 2000). A number of cloud water constituents studied, 

including Fe, P, Mn, Si, and Al, are of significance with regard to their role in increasing ocean 

biota productivity (Moore et al., 1984; Singh et al., 2008) and thus impacting the global C, N and 

P cycles (Zhuang et al., 1990; Jickells et al., 2005; Krishnamurthy et al., 2009). Sources of 

nutrient fluxes to coastal ocean regions such as the study region include ocean upwelling, 

continental water inputs, and atmospheric wet and dry deposition (Galloway et al., 2004; Capone 

and Hutchins, 2013). E-PEACE measurements reveal the impact of different emissions sources 

on the atmospheric deposition pathway of relevant micronutrients, especially iron, which can 

assist with promoting ocean productivity. When comparing the average concentration of these 

nutrients in three previously-defined air type source categories (“Ship 1”, “Land”, and “Marine 
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Reference”) to the sum of the average concentration of the three categories (P excluded due to 

limited data), Fe, Mn, and Al are similar in that shipping is their main source (55%, 47%, 53%, 

respectively) followed by continental air (30%, 41%, 36%), and background marine conditions 

(15%, 12%, 11%). On the other hand, Si has its main contribution from continental air (93%), 

followed by shipping (6%), and background marine conditions (1%). Therefore, a key finding 

from E-PEACE is that shipping and continental pollution inject nutrients into cloud water that 

can deposit to the ocean via precipitation and promote productivity.  

The impact of micronutrients in cloud water on ocean biota, especially via uptake by 

phytoplankton, depends on their solubility. Dust-derived forms of these nutrients are typically 

insoluble, but their acid mobilization in polluted conditions can promote their availability in a 

soluble form (Zhuang et al., 1993). Meskhidze et al. (2005) suggested that advection of Asian 

dust plumes over the Pacific Ocean and exposure to SO2 promotes acid mobilization and 

production of soluble Fe. Photochemical and cloud processing also can modify solubility of these 

nutrients (Luo et al., 2005; Shi et al., 2009); for example, reactions of ferric Fe with organics 

such as oxalic acid, which is abundant in the study region (Sorooshian et al., 2010, 2013), can 

produce soluble Fe (Zuo and Hoigné, 1992). Our observations suggest that conditions in the 

California coastal zone region are ideal for the conversion of nutrients emitted from land sources 

and ships to a more soluble form, if they are not already, due to acidic cloud water conditions 

promoted by ship emissions, abundance of organics such as oxalic acid, and the persistence of 

stratocumulus clouds to allow for continuous cloud processing. Further work is warranted to 

examine the nature of these micronutrients in the study region, including their solubility.  

3.6 Conclusions 

This work reports on the acidity and composition of 82 cloud water samples collected on-board 

the CIRPAS Twin Otter during the 2011 E-PEACE campaign. The main findings of this work 

include the following: 

(1) Cloud water pH in the region ranged widely between 2.92 and 7.58 and was strongly 

influenced by ship emissions (low pH) and land-derived air masses (high pH).  
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(2) Marine-derived emissions lead to strong enhancements in the following constituents: Na, Mg, 

Cl-, K, Sr, Br-, Rb, Se, I, MSA. Ship emissions are estimated to have been a larger contributor to 

NSS SO4
2- (~54%) as compared to marine biogenic emissions (~38%).  

(3) Ship emissions resulted in cloud water with enhanced levels of V, Fe, Mn, P, Ti, Cd, Al, Ba, 

Sb, Pb, I, Se, NO3
-, and NSS SO4

2-. Ships are shown to be an even stronger source for such ocean 

micronutrients (P, Fe, Mn, Al) in the region as compared to land emissions. Highly acidic cloud 

water due to ship emissions coupled to extensive cloud cover in the study region is beneficial for 

converting micronutrients to soluble forms.  

(4) Measurements of tracer elements with crustal and anthropogenic origins (Si, B, Cs) point to 

influence from continental particle types (e.g., fly ash, crustal matter) impacting stratocumulus 

clouds off the California coast.  
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Supporting Information 

Table S1. Summary of sub-cloud (CPC, PCASP, wind speed, C-ToF-AMS aerosol composition) and other 

cloud properties (base, top, depth, LWC) coinciding with cloud water samples collected. C-ToF-AMS 

species concentrations are in units of µg m-3.    

Sample 

Altitude 

(m)

Cloud 

Base 

(m)

Cloud 

Top 

(m)

Cloud 

Depth 

(m)

Cloud 

LWC 

(g m
-3

)

Sub-cloud 

CPC (cm
-3

)

Sub-cloud 

PCASP 

(cm
-3

)

Sub-cloud 

wind (m s
-1

)

AMS 

Org

AMS 

SO4
2-

AMS 

NH4
+

AMS 

NO3
-

AMS 

Cl
-

Ave 453 225 587 362 0.22 1192 285 6.78 1.80 1.23 0.34 0.05 0.09

s 142 115 131 115 0.10 1234 131 3.46 3.30 0.82 0.08 0.02 0.02

Min 124 73 224 95 0.07 184 39 1.20 0.37 0.18 0.17 0.03 0.05

Max 805 643 970 554 0.50 7143 598 12.10 21.41 4.21 0.55 0.12 0.13  
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Table S2. Correlation matrix for constituents in E-PEACE cloud water samples. Values shown coincide 

with statistical significance using a two-tailed Student’s T-Test at 95% confidence. Wind” corresponds to 

sub-cloud wind speed and SO4
2- is NSS SO4

2-.  
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Multiple linear regression analysis description 

In this study, we conducted a multiple linear regression analysis to identify the contribution of 

four major sources to total cloud water sulfate concentrations: “anthropogenic”, “sea salt”, 

“marine biogenic”, and “continental crustal”. This analysis assumes that NSS SO4
2- (i.e. Total 

SO4
2- - sea salt SO4

2-) can be represented as follows:  

NSS SO4
2- = marine biogenic SO4

2- + anthropogenic SO4
2- + continental crustal SO4

2-           (1) 

Key assumptions in the calculations of the Total SO4
2- components are shown in Table S3. 

 

Table S3. Summary of components, tracers, and assumptions in the multiple linear regression analysis. 

Na and Ca were measured by ICP-MS and we assume that they are fully soluble (Coggon  et al., 2012).  

Component Tracers Assumptions 

SS SO4
2- Na Sea water ratio: SS SO4

2-/Na = 0.252 (Saltzman et al., 1983) 

C. Crustal 

SO4
2- 

NSS Ca 

NSS Ca is from CaSO4 

NSS Ca2+ = Total Ca - Na × 0.038 based on sea water ratio 

(Seinfeld and Pandis, 2006) 

M. Biogenic 

SO4
2 

MSA 
Marine biogenic emissions solely from DMS with MSA and 

SO4
2- as main products 

Anthropogenic 

SO4
2- 

NO3
- 

Main source is ship emissions and NO3
- is a key ship exhaust 

tracer in this region (Coggon et al., 2012) 

 

We conducted multiple linear regression analysis using Total SO4
2- as the dependent variable and 

the four components of Total SO4
2- as independent variables. Details of this method can be found 

in Zar (2010). The output partial regression coefficient for each component, which is multiplied 

by each component concentration, is taken as the weighting factor representing the amount by 

which Total SO4
2- is related to that component. The output equation of the analysis is as follows 

with r2 = 0.99, n = 71, F = 1134.786, Fc (significance) = 0.000: 

Total SO4
2- = 0.25 (± 0.02) Na + 6.56 (± 1.03) MSA + 0.87 (± 0.06) NO3

- + 3.07 (± 1.50) NSS 

Ca                                                                                                                     (2) 
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The average contribution of the four sub-components to Total SO4
2- are calculated by doing the 

following: (i) compute cumulative average concentration of the four tracer species (Na, MSA, 

NO3
-, and NSS Ca) and Total SO4

2-; (ii) multiply these concentrations by the coefficients above 

except for Total SO4
2-; (iii) divide the concentration of each of the four sub-components by Total 

SO4
2-. The result is that the most important contributors in decreasing order are “anthropogenic” 

(37%), “sea salt” (32%), “marine biogenic” (26%), and “continental crustal” (6%). 

 

 

Figure S1. Three-day HYSPLIT back-trajectories of sampled air masses during E-PEACE. A total of 82 

trajectories are shown that end at the average position of where each cloud water sample was collected. 

The orange box shows the spatial extent of the flights. The color-coding reflects whether the air masses 

were most influenced by ship traffic, continental pollution, or without continental or fresh ship emissions 

influence (termed “Marine Reference), which is not necessarily pristine but most likely affected by aged 

ship emissions.   
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Abstract 

This work examines organic acid and metal concentrations in Eastern Pacific Ocean 

stratocumulus cloud water samples collected by the CIRPAS Twin Otter between July-August 

2011. Correlations between a suite of various monocarboxylic and dicarboxylic acid 

concentrations are consistent with documented aqueous-phase mechanistic relationships leading 

up to oxalic acid production. Monocarboxylic and dicarboxylic acids exhibited contrasting 

spatial profiles reflecting their different sources and degree of processing; the former were higher 

in concentration near the continent due to fresh organic emissions. Concentrations of sea salt 

crustal tracer species, oxalate, and malonate were positively correlated with low-level wind 

speeds suggesting that an important route for oxalate and malonate entry in cloud water is via 

some combination of association with coarse particles and gaseous precursors emitted from the 

ocean surface. Three case flights show that oxalate (and no other organic acid) concentrations 

drop by nearly an order of magnitude relative to samples in the same vicinity. A consistent 

feature in these cases was an inverse relationship between oxalate and several metals (Fe, Mn, K, 

Na, Mg, Ca), especially Fe. By means of box model studies we show that the loss of oxalate due 

to the photolysis of the iron-oxalato is likely a significant oxalate sink in the study region due to 

the ubiquity of oxalate precursors, clouds, and metal emissions from ships, the ocean, and 

continental sources.  

 

Keywords: Organic acid, oxalate, metal, iron, cloud water, E-PEACE, SOA, sea salt 
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4.1 Introduction 

An uncertainty in quantifying aerosol effects on visibility, clouds, climate, and public health is 

how to fully elucidate the sources and sinks of particle constituents. Models and measurements 

exhibit significant differences for both inorganic (1) and organic concentrations in the aerosol 

phase (2-3), especially aloft (4-6). Suggested explanations for discrepancies between models and 

measurements include incomplete knowledge of precursors and processes that convert organic 

gases into low-volatility products that contribute to secondary organic aerosol (SOA). One 

missing source in traditional models has been suggested to be an aqueous-phase production 

mechanism (7-10). Studies in the last decade based on modeling (2, 9, 11-16), laboratory-scale 

experiments (17-25), and field measurements (26-34) suggest that SOA is generated via 

multiphase processes including the partitioning of soluble organic vapors into the aqueous phase 

and the possibility for subsequent chemistry to produce lower-volatility species that remain in 

the aerosol phase upon subsequent evaporation of water. These species include organic acids, 

which are ubiquitous in ambient aerosols and originate from direct emissions and secondary gas-

to-particle conversion processes (7, 35-38).  

Oxalic acid (COOH)2, the most abundant dicarboxylic acid in tropospheric aerosol particles, is a 

tracer for aqueous phase-chemistry and has been shown to be especially abundant in the vicinity 

of clouds (39). Measured oxalate concentrations in marine boundary layer clouds have been 

shown to be an order of magnitude less than predictions (26). In addition to OH oxidation of 

oxalic acid to CO2, a speculated explanation is the influence of metal cations, which are often 

neglected in multiphase models (40-41). For example, the formation of iron-oxalato complexes 

has been shown to be a major pathway for iron (Fe) dissolution (42). Photolysis of these 

complexes leads to iron reduction and oxalate oxidation and thus represents an oxalate sink (43-

44), in addition to its oxidation by OH. Surface measurements in the Arctic indicate that 

enhanced sunlight and Fe from dust degraded oxalate (45). When in the form of salts such as 

calcium oxalate, oxalate can be less vulnerable to volatilization. A critical data gap is the lack of 

vertically-resolved measurements in clouds to address relationships between metals and organic 

acids.  

The goal of this study is to examine the organic acid fraction of cloud water in relationship to 

several metals using 82 cloud water samples collected in Eastern Pacific Ocean stratocumulus 
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clouds between July-August 2011. This work builds on a significant inventory of documented 

cloud water measurements in marine atmospheres such as off the western United States coast (26, 

46-52). Previous studies in this region focusing on oxalate production in clouds have neglected 

the simultaneous measurement of metals. Our samples were collected on an airborne platform 

with a payload strategically designed for detailed characterization of aerosol properties, 

including the composition of droplet residual particles. This work is focused on (i) characterizing 

organic acid concentrations in relation to other major inorganic anions and metal cations, (ii) 

examining relationships between these cloud water constituents, (iii) using three case flights to 

examine the sensitivity of organic acid concentrations to those of metals; and (iv) comparing the 

case flight findings to box model calculations quantifying the sensitivity of oxalate 

concentrations to iron redox cycling in cloud water.  

4.2 Methods 

4.2.1 Field study description 

Thirty flights were conducted with the Center for Interdisciplinary Remotely-Piloted Aircraft 

Studies (CIRPAS) Twin Otter between July and August 2011 as part of the Eastern Pacific 

Emitted Aerosol Cloud Experiment (E-PEACE).  The aircraft was based in Marina, California 

and the spatial extent of cloud water sample collection is shown in Figure 1. Numerous aircraft 

field experiments have been conducted off the California coast in the last two decades due to the 

persistence of stratocumulus clouds and, in part, major aerosol perturbations due to ship 

emissions, which qualifies this region as a tailor-made venue to study aerosol-cloud interactions 

(53-54). Similar to previous campaigns in the regions such as the Monterey Area Ship Track 

Experiment (MAST; 46) and the Marine Stratus/Stratocumulus Experiments (MASE I/II; 49-50), 

one of the central goals of E-PEACE was to examine how aerosol perturbations modify cloud 

properties and precipitation. In order to do this, a major emphasis was placed on flight paths 

targeting ships that would produce significant particle number concentrations, the effect of which 

could be examined by the Twin Otter in cloud. The reader is referred to other work for a general 

overview of the E-PEACE campaign (54) and specific results related to aerosol composition (55) 

and influence of ship emissions on cloud albedo (56) during this experiment. A description of the 

relevant sub-set of Twin Otter instruments important for this work is provided below. 
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Figure 1. Spatial distribution of organic acid concentrations in E-PEACE cloud water samples.  

4.2.2 Cloud water measurements 

Between one to six cloud water samples of approximately 10 - 30 min duration were collected 

each flight, which typically lasted ~ 4 - 4.5 h. Samples were obtained with a modified Mohnen 

slotted-rod cloud water collector (26, 51, 57). The collection efficiency of the collector increases 

with decreasing aircraft speed and has little correlation with drop diameter up to a mass mean 

diameter of approximately 35 µm (58); the range of drop sizes encountered during E-PEACE are 

expected to have been sampled by the collector with variable size-dependent collection 

efficiencies. Samples were collected by insertion of the collector upwards through a port at the 

top of the aircraft when it was in cloud. Liquid samples traveled downwards into detachable 

bottles. Cloud water samples were tested for pH immediately after collection, treated with 

chloroform to minimize biological processing of the samples, and then stored at a nominal 5 °C 

until laboratory analysis after the field campaign at the University of Arizona. Measurements of 

pH were conducted using an Oakton Model 110 pH meter calibrated with pH 4.01 and pH 7.00 

buffer solutions. 



102 

 

A total of 81 cloud water samples were divided into separate fractions to allow for both 

elemental and ionic composition analysis. A 500 L fraction of each sample was analyzed with 

ion chromatography (IC; Thermo Scientific Dionex ICS-5000 anion system with an AS11-HC 2 

mm column) and for major inorganic and organic acid anions.  Specific organic acids examined 

include three dicarboxylic acids (DCAs: oxalate, malonate, maleate), seven monocarboxylic 

acids (MCAs: acetate, formate, pyruvate, lactate, priopionate, butyrate, glyoxylate), and 

methanesulfonate (MSA). IC analysis was conducted using a 38-min multi-step gradient program 

with sodium hydroxide eluent (1 mM from 0 to 8 min, 1 mM to 30 mM from 8 to 28 min, 30 

mM to 60 mM from 28 to 38 min). Background IC concentrations of blank cloud water samples 

were subtracted from the measured sample concentrations. Species detection limits, calculated as 

three times the standard deviation of blanks, were less than 0.01 ppm for the IC species with 

errors less than 7%. Concentrations of glyoxylate are not reported owing to its interference with 

a dominant chloride peak. As a result, only its presence in samples is reported.  

Another fraction of each sample was analyzed with inductively coupled plasma mass 

spectrometry (ICP-MS). Forty µL of concentrated OPTIMA grade nitric acid was added to 1960 

µL water sample fractions devoted to ICP-MS analysis. Twenty µL of a mixture containing 5 

ppm aqueous Sc, Ge, In, and Bi internal standards (ICP-MS grade) were then added to each 

sample and the contents vortexted vigorously. Fifty-element semi-quantitative measurements 

were then conducted on an Agilent 7700 Series ICP-MS in helium collision gas mode. A more 

extended discussion of cloud water pH and IC/ICP-MS results will be addressed in separate work. 

Sodium (Na) measurements from ICP-MS are used to calculate non-sea salt sulfate 

concentrations (sea salt sulfate:sodium ~ 0.25; 59), hereinafter referred to as only nss-sulfate. 

4.2.3 Aerosol chemical measurements in and out of cloud 

E-PEACE flights consisted of level legs at the following positions relative to the stratocumulus 

cloud deck: (i) below cloud; (ii) in cloud at usually three different altitudes (above bases, mid-

cloud, and below tops); and (iii) above cloud tops. The Twin Otter was equipped with two inlets 

for sampling in or out of clouds. A sub-isokinetic total aerosol inlet was used out of cloud for 

clear-air aerosol characterization (60). A new counter-flow virtual impactor inlet (CVI; 61) was 

deployed for in-cloud sampling of cloud drop residual particle samples. The CVI’s minimum 
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size cut-off (i.e. Dp,50, which is the size at which 50% of the particles are sampled) was 

determined to be 11 m for the CVI flow-rate conditions and aircraft speed (~ 50 m s-1) during 

E-PEACE. In addition to five other aerosol instruments not discussed in this work, an Aerodyne 

compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS; 62) sampled downstream of 

these two inlets and quantified sub-micrometer mass concentrations of non-refractory aerosol 

components (organics, sulfate, nitrate, chloride, ammonium). The C-ToF-AMS data used in this 

work include mass concentrations of total organics and one specific mass spectral marker 

representative of acid-like oxygenated organics (m/z 44; COO+) (63-64).  

Cloud water species concentrations were converted to air-equivalent concentrations by 

multiplication with the average liquid water content (LWC) measured during the collection of 

individual cloud water samples, which excludes out-of-cloud periods. To ensure the aircraft was 

in cloud, a threshold LWC value of 0.02 g m-3 was used to be consistent with previous E-PEACE 

data analysis (61). Liquid water content was measured with a PVM-100 probe (65). Cloud drop 

size distributions were obtained using a Cloud and Aerosol Spectrometer (CAS; Dp ~ 1–55 μm; 

Droplet Measurement Technologies, Inc.; 66). Sub- and above-cloud particle number 

concentrations were obtained with a condensation particle counter (CPC 3010; TSI Inc.) and a 

passive cavity aerosol spectrometer probe (PCASP; PMS Inc./DMT Inc.). The CPC and PCASP 

particle diameter size ranges are > 10 nm and 0.1 – 2.6 µm, respectively. The upper size limit of 

the CPC is governed by the aircraft inlet, which has a roll-off in its collection efficiency starting 

at 3.5 µm and stabilizing at 5.5 µm at a value in excess of 60% (60). An estimate of the sub-

cloud aerosol not measured successfully by the AMS is obtained by comparing the PCASP 

volume concentration below 1 µm to the total volume concentration; the cumulative average (± 

standard deviation) sub-cloud ratio corresponding to areas where cloud water samples were 

obtained was 41 ± 28%.   

4.3 Results and discussions 

4.3.1 Species concentrations and inter-relationships 

The most abundant anion detected was chloride (Cl-: 4.31 ± 5.12 µg m-3), followed by nss-sulfate 

(nss-SO4
2-: 1.40 ± 0.94 µg m-3) and then nitrate (NO3

-: 0.63 ± 0.63 µg m-3) (Table 1). The 

organic acids exhibited average concentrations ≤ 0.09 µg m-3. The average ratio of the total 
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organic acid cloud water concentrations (excluding MSA) to sub-cloud organic concentrations in 

sub-micrometer particles measured by the C-ToF-AMS was 16 ± 24% with a maximum value of 

111%. Two reasons for why this ratio can exceed 100% include the following: (i) uptake and 

possible processing of organic acids or precursors in cloud drops; and (ii) organic acids are 

constituents of super-micrometer and refractory particles not detected below cloud by the C-ToF-

AMS.  

 

Table 1. Summary of cloud water anion composition, reported in terms of air equivalent concentrations.  

 

Relationships between the other organic acids (Table 2) provide support for mechanisms in 

laboratory and modeling studies (refer to mechanism map in Figure S1 of Supporting 

Information). It is cautioned though that correlations do not unambiguously point to a direct 

pathway between two species. The most frequently detected organic acid was MSA (100% of 

samples) since it is an oxidation product of dimethylsulfide (DMS), which is excreted by 

n Min Max Average s

Chloride 81 0.02 21.34 4.31 5.12

NSS-Sulfate 80 0.00 4.50 1.40 0.94

Nitrate 81 0.05 3.06 0.63 0.63

Malonate 14 0.02 0.15 0.09 0.04

MSA 81 0.01 0.18 0.06 0.03

Acetate 30 0.00 0.27 0.05 0.06

Oxalate 69 0.00 0.15 0.03 0.04

Maleate 68 0.01 0.07 0.03 0.01

Pyruvate 53 0.01 0.06 0.02 0.01

Formate 55 0.00 0.16 0.03 0.05

Lactate 46 0.00 0.11 0.02 0.02

Propionate 7 0.00 0.02 0.01 0.01

Butyrate 8 0.00 0.01 0.01 0.00

Glyoxylate 7 NA NA NA NA

ICP-MS (µg m
-3

) Na 81 0.16 10.23 1.93 2.19

Mg 81 0.81 1.38 0.26 0.29

Si 47 0.00 4.39 0.19 0.80

Ca 78 0.00 0.51 0.10 0.10

K 70 0.00 0.34 0.07 0.07

ICP-MS (ng m
-3

) Fe 61 0.21 21.76 3.52 4.10

Zn 74 0.01 14.50 1.60 2.49

V 81 0.03 3.12 0.66 0.67

Mn 67 0.00 2.23 0.32 0.44

Pb 50 0.00 0.32 0.05 0.06

Cu 76 0.00 65.75 2.45 8.81

IC (µg m
-3

)
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phytoplankton in seawater (67). The next most commonly-detected organic acid was oxalate (85% 

of samples) as it is an end-product of cloud drop processing of organic species. As a result, 

oxalate exhibits statistically significant correlations with both DCAs and MCAs. It is a known 

oxidation product of malonic acid and glyoxylic acid, precursors of which include glyoxal, 

methylglyoxal, glycolic acid, pyruvic acid, and acetic acid that are all formed from oxidation of 

many VOCs (11-12, 15, 18). An unexpected result is that oxalate does not exhibit the highest 

average concentration among the organic acids, since it has previously been shown to be the 

most abundant organic acid in aerosol particles in the study region (68).  

 

Table 2. Correlation matrix for cloud water constituent concentrations, cloud water pH, and sub-cloud 

low-level wind speed. Values shown coincide with statistical significance using a two-tailed student’s t-

test at 95% confidence. Propionate and butyrate are omitted due to limited sample numbers. 

 

Maleate was detected in 84% of samples and is produced by the oxidation of aromatic 

hydrocarbons and originates from diesel and gasoline engines (35, 69). It exhibits a significant 

correlation with oxalate, MSA, pyruvate, and lactate. For the limited samples glyoxylate was 

detected in (7 out of 81), oxalate (a product of glyoxylate) and maleate (a precursor to glyoxylate) 

were simultaneously detected in six. Given the persistence of clouds in the region during E-

PEACE, glyoxylate likely was present in more samples but could not be identified due to IC co-

elution with Cl-. With the exception of butyric and propionic acids (n ≤ 8), the MCAs exhibited 

significant correlations with each other, suggestive of related production routes as compared to 

the DCAs. The highest MCA concentrations are closest to land suggestive of the influence of 

fresher continental or coastal emissions (Figure 1). Cumulative vertical concentration profiles of 

Cl-
NSS 

SO4
2- NO3

- Oxalate Malonate Maleate MSA Acetate Formate Pyruvate Lactate Ca V Mn Fe Wind

Cl- 1.00

NSS SO4
2- 0.74 1.00

NO3
- -- 0.71 1.00

Oxalate 0.53 0.63 0.38 1.00

Malonate 0.58 0.75 0.82 0.94 1.00

Maleate 0.33 0.39 0.27 0.26 -- 1.00

MSA 0.76 0.75 0.37 0.48 -- 0.64 1.00

Acetate -- -- -- 0.60 -- -- -- 1.00

Formate 0.36 -- -- 0.56 -- -- 0.41 0.88 1.00

Pyruvate -- 0.30 -- -- -- 0.72 0.58 0.45 0.41 1.00

Lactate -- -- -- -- -- 0.37 0.46 0.52 0.68 0.59 1.00

Ca 0.95 0.78 -- 0.56 -- -- 0.74 -- 0.40 -- -- 1.00

V  -0.26 0.38 0.84 -- -- -- -- -- -- -- -- -- 1.00

Mn -- 0.39 0.64 -- -0.70 -- -- -- -- -- -- -- 0.53 1.00

Fe -- 0.47 0.74 -- -- -- -- -- -- -- -- -- 0.61 0.94 1.00
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MCAs (mainly acetate and formate) also exhibit differences as compared to DCAs, which 

generally increase in concentration with in-cloud altitude (Figure 2).  

Amongst the metals studied, the highest concentrations are accounted for by sodium (Na: 1.93 ± 

2.19 µg m-3) and other crustal-derived elements (Si, Mg, Ca, K: individual averages ~ 0.07 – 

0.26 µg m-3). These components are expectedly the most abundant owing to their associations 

with sea spray (especially Na) and other potential sources such as dust, continental combustion 

sources, ship emissions, and marine-derived biological emissions. A number of other notable 

trace metals associated with organic acid metal complexation were ubiquitous in the regional 

cloud water at lower concentrations (Fe, Zn, Mn, Pb).  

 

 

Figure 2. Cumulative average vertical profile of cloud water constituents as a function of altitude, 

represented as the normalized height in cloud (0 = base, 1 = top). Oxalate marker sizes are proportional 

to the ratio of oxalate to the sum of all organic acids measured except MSA (min – max: 0.16 – 0.37) 

Relationships between metals and the water-soluble anions provide insight into common sources. 

For example, nitrate, nss-sulfate, malonate, Fe, Mn, and V exhibit statistically significant 

positive correlations with each other, with the common source being ship emissions (Table 2). 

Other work in the region has shown that V is a key ship emissions tracer species (70-71). Cl- was 

best correlated with MSA and Ca, owing most likely to wind-driven ocean emissions. Wind 

speed exhibited a positive and statistically significant correlation with only Cl-, Ca, malonate, 

oxalate, and several crustal constituents not shown in Table 2 (Na, Mg, K). This is expectedly 
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indicative of enhanced ocean surface emissions with higher wind speeds. Other work has 

indicated that natural marine sources can lead to low molecular weight organic acids, including 

through secondary production from ocean-emitted vapors, the break-down of primary biological 

matter emitted within sea spray aerosols, or the interaction of gaseous dicarboxylic acids (uptake 

or heterogeneous reaction) with sea salt particles (72-74). The closest representation of oxalate 

and malonate below clouds is m/z 44, which exhibits a statistically significant relationship with 

only these two organic acids in cloud water; however, sub-cloud m/z 44 concentrations in sub-

micrometer particles are not correlated with wind speed. This suggests that faster winds lead to 

higher concentrations of oxalate and malonate in cloud water due to direct emissions of coarse 

particles and gaseous precursors that partition into cloud drops. 

4.3.2 Metal relationships with organic acids 

Metal-oxalate interactions are investigated using three specific case flights that had at least four 

samples collected in the same general vicinity and at different in-cloud altitudes (Figure 3, Table 

3): RF 14 on 27 July, RF 16 on 29 July, RF21 on 5 August. Three-day HYSPLIT (75) back-

trajectories corresponding to each sample similarly came south along the coast of the western 

United States (Figure 3). The three case flights include influences from ship emissions 

(RF14/RF16), Si-rich sources (RF16), and wind-driven ocean emissions (RF21). The strongest 

evidence from ship emissions was during RF14 and RF16 due to high and sustained V 

concentrations (1.63 – 2.42 ng m-3) relative to the E-PEACE average and RF21 (0.66 and 0.06 – 

0.29 ng m-3, respectively) (Table 3), and sub-cloud particle concentrations exceeding 30,000 cm-3. 

The highest sub-cloud wind speeds were observed during RF21 (10.2 m s-1 versus 2.9 - 4.9 m s-1 

for RF14 and RF16), coincident with the highest Cl- and Na concentrations (Table 3). The higher 

average Ca and Si levels during RF16 are suggestive of a combination of ship and crustal 

continental emissions, especially since Cl- levels were lowest this flight and back-trajectories 

were closest to land.  
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Figure 3. Three day HYSPLIT back-trajectories ending at the point of individual cloud water samples 

collected during three case flights.  

 

Table 3. Vertically-resolved cloud water chemical data for three case flights. NSS-sulfate and Cl- are in 

units of µg m-3, while all other species are in units of ng m-3. “Org acid” excludes MSA. 

 

RF
Alt (m)/Norm. Cloud 

Height/LWC (g m-3)
pH

Oxalate: 

Org Acid

NSS 

SO4
2- Cl- Oxalate Si Ca V Fe

14 209/0.15/0.09 3.56 0.08 1.36 1.71 5.10 8.90 51.68 1.63 4.53

308/0.51/0.20 3.82 0.14 1.41 0.88 10.25 0.98 24.14 1.99 3.71

428/0.79/0.31 4.01 0.17 1.73 0.88 14.13 -- 23.40 1.95 3.00

483/0.92/0.38 4.03 0.28 1.72 0.79 35.90 -- 22.32 2.23 2.97

486/0.93/0.36 3.88 0.05 1.87 0.56 5.04 0.88 21.15 2.42 3.81

16 408/0.41/0.27 3.77 0.28 2.95 0.57 18.24 107.52 113.95 2.35 18.16

422/0.56/0.27 3.70 0.44 2.87 0.49 55.63 92.08 98.16 2.13 14.33

471/0.73/0.31 3.95 0.06 2.76 0.52 5.28 165.76 153.27 1.96 21.76

535/0.96/0.39 3.93 0.61 2.52 0.51 149.28 57.30 101.56 2.19 13.69

21 282/0.33/0.13 4.14 0.13 1.40 6.34 4.73 3.44 148.90 0.29 3.28

420/0.59/0.24 4.52 0.04 1.01 3.51 2.72 -- 79.73 0.18 3.11

566/0.84/0.31 4.78 0.49 0.74 2.14 23.58 13.39 40.54 0.10 1.76

616/0.93/0.37 5.14 0.48 0.49 1.18 32.36 -- 19.31 0.06 1.40
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The common link between these flights is that at least one sample each flight was characterized 

by significantly lower oxalate concentrations as compared to others collected in the same area. 

No other organic acid showed a reduction in the low-oxalate samples and this is confirmed by 

the oxalate:organic acid ratio (denominator includes all organic acids except MSA), which 

generally increases with altitude in cloud except for the low-oxalate samples. A general increase 

of this ratio with altitude supports the trend of more aqueous generation of oxalate assuming a 

simplified trajectory of parcels moving vertically in clouds. The average oxalate:organic acid 

ratio of the first two samples in RF21 was 18% of that of the final two samples, which is similar 

to the fractions observed in the other flights between the high metal sample and adjacent samples 

(16% in RF14 and 12% in RF16). Potential pH or LWC effects on the reduction of oxalate 

during these three case flights is ruled out owing to the similar values observed in all samples on 

each of the individual flights (Table 3). Sampling of widely different air masses is also unlikely 

as an explanation since other chemical factors (in addition to other organic acids) show no 

peculiar behavior in the low-oxalate samples: (i) nss-sulfate shows either an increasing (RF14) or 

decreasing (RF16/RF21) trend as a function of in-cloud altitude without strange behavior in the 

low-oxalate samples; Cl- shows an expected decreasing trend with altitude since sea salt should 

be most abundant near cloud base.  

 

Table 4. Correlation (r) between oxalate and metal cation concentrations in cloud water samples 

collected during three case flights. Sample number is shown in parentheses.  

 

The only factor found to exhibit a consistent relationship, either positive or negative, with 

oxalate in each flight was the concentration of a subset of metal cations in each of the three 

flights: Fe, Mn, K, Na, Mg, Ca. The metal showing the strongest anti-correlation in each flight 

was Fe (Table 4); only one of the correlation coefficients is statistically significant at 95% 

confidence using a two-tailed student’s t-test (iron-oxalate for RF21) likely due to non-linear 

RF14 RF16 RF21

Fe  -0.74 (5)  -0.81 (4)  -0.99 (4)

Mn  -0.49 (5)  -0.70 (4)  -076 (4)

K  -0.98 (3)  -0.47 (4)  -0.70 (3)

Na  -0.33 (5)  -0.65 (4)  -0.81 (4)

Mg  -0.34 (5)  -0.86 (4)  -0.81 (4)

Ca  -0.39 (5)  -0.64 (4)  -0.84 (4)
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relationships between the various constituents as will be discussed more below (i.e. Figure 4). 

The observation of oxalate reductions with simultaneous metal enrichment is not specific to any 

particular altitude based on the three case flights. Metals likely are primarily entrained from the 

bases of clouds in this region due to ships and wind-driven ocean emissions, but cloud top 

entrainment cannot be ruled out. Regardless of where the metals are entrained, oxalate likely will 

be most vulnerable in regions of clouds where it is highest in concentration. The cumulative 

vertical profile of oxalate during E-PEACE shows an increase in oxalate from cloud base to the 

midpoint of clouds, above which it is stable in concentration at approximately 35 ng m-3. Iron 

concentrations increase as a function of in-cloud altitude (3 - 5 ng m-3) except for the very top (2 

ng m-3). Other metal cations exhibit varying vertical profiles, reflecting their different sources. 

The oxalate:organic ratio increases gradually with altitude likely due to the ability of metal 

effects to occur at any altitude in clouds, based on the analysis of the three case flights.  

A backward stepwise linear regression was performed to identify the best predictors of oxalate 

concentrations using available chemical measurements. The analysis used 13 species (oxalate, 

MSA, Cl-, NO3
-, nss-sulfate, Na, Mg, Ca, V, Mn, Fe, Cu, Zn); other species were largely ignored 

due to limited data available or redundancy in terms of sources being represented. The resulting 

relationship is obtained in mass concentration units (r2 = 0.58, n = 52):  

Oxalate = 0.002 + 0.071[NO3
-] + 0.875[Ca] – 0.036[Na] – 31.586[V] – 8.339[Fe] + 0.668[Cu] + 

4.451[Zn] 

The predictor with the highest statistical significance was NO3
- followed in order by Fe, Zn, V, 

Ca, Na, and Cu. While the case studies highlight the effect of Fe in individual flights, the 

cumulative dataset also shows an inverse relationship further providing motivation to improve 

understanding of this sink for oxalate.  

4.3.3 Model simulations 

In order to understand the negative correlation of oxalate and iron, we use a multiphase 

chemistry box model that includes a previously applied chemical mechanism (12) and in addition 

the formation and photolysis of iron hydroxo and oxalato complexes and Fe(II)/(III) redox 

cycling by HOx radicals and H2O2. (Details of the multiphase mechanism are given in the 

Supplementary Information).  Model simulations are performed for a constant LWC = 0.3 g m-3 
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and monodisperse droplets (Dp = 15 m) over three hours, which might be a reasonable 

estimate of total cloud processing times during multiple cloud cycles along the trajectories in 

Figure 3. In Figure 4a, predicted oxalate concentrations are compared from model simulations 

without and with Fe, respectively. The model results suggest that even small amounts of 

dissolved Fe lead to significantly lower oxalate concentrations. Since the purpose of the model 

studies is to highlight the impact of Fe on oxalate levels, we used identical initial concentrations 

for all simulations. However, in air masses impacted by ship emissions (e.g. RF16, Table 3) 

organic precursors concentrations are also enhanced as compared to cleaner air (RF21), resulting 

in higher oxalate levels despite the likely efficient loss of oxalate due to complex photolysis. The 

predicted decrease in oxalate as a function of total Fe concentration does not linearly scale with 

Fe. The predicted oxalate concentration as a function of Fe levels off for Fe concentrations above 

~ 3 ng m-3 (for the model conditions here) and overall predicted oxalate levels above such Fe 

concentrations are about 10% of those that are predicted without consideration of iron redox 

cycling reactions (~ 30 ng m-3 versus ~ 3ng m-3, Figure 4a). The predicted decrease in oxalate as 

a function of total Fe concentration does not linearly scale with Fe but levels off at a few ng m-3 

of Fe to reach about 10% of the predicted oxalate in simulations with no Fe (Figure 4b), i.e. at 

concentrations that were even exceeded in RF14 and RF16. The non-linear impact of Fe on 

oxalate might be explained by the fact that most Fe is present as Fe(II) during daytime conditions. 

Thus, only a minor Fe fraction is in the form of Fe(III), which is needed to form oxalato 

complexes. The subsequent photolysis of these complexes will result in a decrease of oxalate 

since oxalate is oxidized during photolysis. The trends in the model results clearly show that the 

photolysis of the Fe(III)-oxalato complexes is an efficient sink for oxalate and has to be included 

in models that use oxalate as a tracer of cloud-processing and SOA formation in the aqueous 

phase.  
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Figure 4. (a) Predicted oxalate concentrations as a function of total dissolved iron. (b) Ratio of predicted 

oxalate concentrations from simulations with and without iron as a function of total iron concentration 

dissolved in cloud water. Box model conditions are summarized in the Supplemental Information.  

4.3.4 Implications of oxalate-metal interactions in study region 

Oxalic acid can form metal complexes in the marine boundary layer due to the ubiquity of metals 

in directly emitted particle types (e.g. sea salt, dust, fly ash), the ubiquity of oxalate in aerosol 

particles in the study region (26, 39, 68), and the favorable aqueous-phase medium provided by 

cloud drops to promote efficient complexation between metal and oxalate ions (77). Enhanced 

metal levels (i.e. Fe) also impact HOx levels in the aqueous phase in a complex manner and thus 

might affect the oxidation capacity of the aqueous phase in additional ways. That the three case 

events occurred in different pollution regimes with varying ratios between metals shows that 

oxalate-metal interactions can occur in a variety of conditions experienced in this study region 

and occur frequently due to the probable influence of either marine, ship, or continental 

emissions at a given time. The observation of an inverse relationship between metal and oxalate 

concentrations has major implications for predictive capabilities of oxalate formation in the 

atmosphere in light of recent studies neglecting this sink (41). The E-PEACE measurements, 

together with box model simulations, can explain the order of magnitude overestimate of 

predicted oxalate levels versus in-cloud measurements in the same study region almost a decade 

ago (26). Future work is warranted leading to more accurate parameterizations for models that 

currently fail to treat metal effects on aqueous net SOA production.  
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Supporting Information:  

 

 

Figure S1. A visual schematic of relationships between organic acids in cloud water. The solid lines with 

arrows represent documented pathways and dashed lines with arrows represent a documented pathway 

with intermediate steps in between (1-8). Dashed lines with no arrows lack a documented reaction 

pathway to our knowledge. Numbers signify statistically-significant correlation coefficients (r) at 95% 

confidence using a student’s two-tailed t-test; underlined correlation coefficients are statistically 

insignificant. Glyoxylate could not be quantified, but only detected in seven samples; six of those samples 

had oxalate detected, five had pyruvate, three had acetate, and six had maleate.  
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1. Box model description  

1.1 Chemical mechanism 

The chemical mechanism in the box model includes the oxidation of anthropogenic and biogenic 

precursors that lead to the formation of water-soluble compounds that are taken up into the 

aqueous phase and are oxidized there to form organic acids. The mechanism has been used 

previously to explore the production of di- and ketocarboxylic acids in clouds [Tables 1-3 in (3)].  

In the current study we have extended the aqueous phase mechanism by the redox-cycling of 

iron with the processes summarized in Table S1. All rate constants are taken from the ‘Chemical 

aqueous phase radical mechanism (CAPRAM, version 2.4 (MODAC mechanism); (9) and 

http://projects.tropos.de/capram/ 

 

Table S1. Summary or reactions and equilibria considered in the model simulations. 

Irreversible reactions 

 Rate constant 

Fe2+ + H2O2   OH + OH- + Fe3+ 50 M-1 s-1 

O2
- + Fe3+   H2O2 + Fe3+ 1.5·108 M-1 s-1 

O2
- + [Fe(OH)]2+   H2O2 + Fe3+ + OH- 1.5·108 M-1 s-1 

O2
- + [Fe(OH)2]+   H2O2 + Fe3+ + 2 OH- 1.5·108 M-1 s-1 

HO2 + [Fe(OH)]2+   H2O2 + Fe3+ + OH- 1.3·105  M-1 s-1 

OH + Fe2+   [Fe(OH)]2+  

Photolysis processes1)  

[Fe(OH)]2+ + h Fe2+ + OH 4.51·10-3 s-1      = 0.312 

[Fe(OH)2]+ + h   Fe2+ + OH + OH- 5.77·10-3  s-1       = 0.255 

[Fe(C2O4)2]- + h   Fe2+ + C2O4
2- + CO2 + O2

- 2.47·10-2  s-1       = 1 

[Fe(C2O4)3]3- + h   Fe2+ + 2 C2O4
2- + CO2 + O2

- 1.55·10-2 s-1        = 0.6 

  

Equilibria 

 K k(forward) k(back) 

Fe3+ + H2O ⇌ [Fe(OH)]2+ + H+ 1.1·10-4  4.7·104 M-1 s-1 4.3·108 M-1 s-1 

[Fe(OH)]2+ + H2O ⇌ [Fe(OH)2]+ + H+ 1.4·10-7  1.1·103 M-1 s-1 8·109 M-1 s-1 

Fe3+ + C2O4
2- ⇌ [Fe(C2O4)]+ 2.9·109 M 8.7·106 M-1 s-1 3·10-3 s-1 

[Fe(C2O4)]+ + C2O4
2- ⇌ [Fe(C2O4)2]- 6.3·106 M 1.89·104 M-1 s-1 3·10-3 s-1 

[Fe(C2O4)2]2- + C2O4
2- ⇌ [Fe(C2O4)3]3- 3.8·104 M 114 M-1 s-1 3·10-3 s-1 

 reported photolysis rates are the maximum values; in the model they are adjusted as a function 

of location and time of day using the quantum yields 

1.2. Initial conditions 

The initial conditions are similar to the ‘clean scenario’ in (3). However, in order to take into 

account higher emissions due to the ship plumes, we increased SO2, VOCs, and NOx. All initial 

http://projects.tropos.de/capram/
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mixing ratios are summarized in Table S2. For the different simulations, we assume different 

fractions of iron [0; 1; 2; 3; and 4.5 ng m-3] in the initial aerosol mass (~ 5 g m-3) that are 

dissolved in the cloud droplets.  

 

Table S2. Initial mixing ratios in model simulations. 

Species ppb 

SO2 1.5 

O3 30 

H2O2 1 

NH3 0.1 

HNO3 0.1 

CO2 360,000 

N2O5 0.02 

HCHO 1 

Hydroxyacetone 0.1 

Glyoxal 1 

Methylgyoxal 1 

Formic acid 0.1 

Acetic acid 0.1 

NOx 10 

Toluene 5 

Ethylene 2 

Cyclohexene 0.1 

Isoprene 2 

 

1.3. Model simulations 

The model does not include any microphysical processes that describe droplet 

activation/evaporation. Instead, simulations are performed for continuous air/droplet interaction. 

The simulation time of three hours corresponds to an estimate for the total time particles might 

be processed during their trajectory along the coast in the southern half of the study region. This 

estimate is based on the assumption that an individual droplet in stratocumulus clouds lives on 

the order of a few minutes (~ 5 – 20 min / hour; (10)) and each particle is cycled several times 

through clouds. The total liquid water content (LWC = 0.3 g m-3) is chosen as an average value 

of the observed ones (Table 3). This LWC is distributed to a monodisperse droplet population 

(Dp = 15 m; Nd = 200 cm-3). While LWC and droplet size might affect the total predicted 

oxalate concentration, it is assumed that they affects it to similar extents in the simulations with 

and without iron, respectively, and thus a comparison of the results is meaningful in this 

simplified setup.  
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CHAPTER 5: Conclusions 

The focus of this PhD work is on interactions between atmospheric aerosols and marine warm 

clouds due to their important roles in the global radiative budget and water cycle. Aerosol-

induced impacts are often targeted in studies of cloud, precipitation and changes of environment 

and climate, and the uncertainties still remain high after decades of research. The main issues 

include insufficient data from field observations to build statistics,  controlling for meteorology 

when examining aerosol effects, complexity of aerosol chemical-physical properties, and the 

spatotemporal heterogeneity of aerosol properties and abundance. In order to contribute 

knowledge of aerosol influences from both physical and chemical aspects, three interesting 

topics are included in the PhD dissertation as main chapters. In an addition, other aerosol and 

cloud studies with great contributions from the dissertation author are included in the Appendix.  

Chapter 2 characterizes the  time scale for converting cloud water to rain water by using two-

year’s worth of data from the NASA A-Train. Evaluations are taken under different aerosol 

physical types and low and high LTSS conditions over 8 sub-global regions. Fastest conversion 

from cloud droplets to rain drops coincides with lower LTSS, cleaner aerosol conditions, high 

surface wind and strong surface moisture flux. One the opposite side, high concentration of fine 

aerosol conditions and high LTSS coincide with the longest conversion times.  The lower 

conversion regions mainly cover the southernmost and northernmost portions of the spatial area 

examined and near the subtropical subsidence regions off the western coasts of Africa, South 

America, and the United States.  It is important to mention that two different precipitation onset 

criteria are applied individually ( Z > -15 dBZ and re > 12 µm) for the same analysis and good 

agreement of the conclusions is returned. Therefore it suggests either of the criteria can be used 

alone in similar analysis depended on data availability. Future work should determine the degree 

to which these conversion responses, if still consistent with other and larger datasets, are driven 

by specific environmental conditions. Sensitivity tests of more influential environmental factors 

to the process are necessary. 

Even though remote sensing retrievals can provide precious information of aerosol and cloud 

physical properties over long period and large spatial scale, they cannot provide much insight 

into chemical properties or detailed vertical information at fine spatial-temporal scale. Real time 
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in-cloud measurement conducted by aircraft therefore provides great advantage to this point. 

Chapter 3 and Chapter 4 include two studies of aerosol and cloud chemical interactions using 

airborne measurements during 2011 E-PEACE study over California coastal area. This region is 

a desired place for studying interactions between boundary layer marine cloud and atmospheric 

aerosols since it consistently is covered with stratocumulus clouds during boreal summer and 

influenced by multiple air mass types (i.e. natural oceanic emissions, ship pollutants, biogenic 

emission, and wildfire). Study interests cover regional air mass characterizations, in-cloud 

residual particle chemical compositions and cloud water chemistry.  

It found that acidic cloud environment is most common along California coast, which is mainly 

due to heavy fuel combustions from commercial ships. The averaged cloud water pH (based on 

82 cloud water samples) is 4.46 with large range between 2.92 and 7.58. The high pH samples 

indicate the influences from alkaline land crustal origins. Chemical tracer groups of three major 

air mass sources (ship pollution, oceanic emission and land influence) are suggested, which 

contribute chemical characteristic references to future studies of the region. SO4
2- especially NSS 

SO4
2- yields one of the largest amount inorganic aerosol species in measurements. It is found that 

in the study region, ship emissions are estimated to have been a larger contributor to NSS SO4
2- 

as compared to marine biogenic emissions. Highly acidic cloud water is beneficial for converting 

micronutrients to soluble forms (e.g. Fe, Mn, P, Al) and results show such sources from ships are 

even stronger than from land sources. Various organic acids are measured in cloud samples: 

monocarboxylic (acetate, formate, pyruvate, lactate, propionate, butyrate, glyoxylate) and 

dicarboxylic acids (oxalate,malonate, maleate), exhibited contrasting spatial profiles reflecting 

their different sources; the former were higher in concentration near the continent due to fresh 

organic emissions.  

Besides air mass origin quantifications, analysis of airborne cloud water samples allows for 

improved understanding of cloud processing. Clouds act as  reactors for multiphase reactions 

involving CCN. Those modified CCN can release into atmosphere again upon cloud evaporation 

and precipitation.. During E-PEACE, a strong negative relationship is observed between oxalate 

and Fe mass concentrations in cloud water. Box model simulations show clearly a nonlinear 

relationship between oxalate and Fe; as a tiny amount of Fe mass concentration is added, a sharp 

decrease of oxalate mass concentration is captured.  The combined field observations and model 
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results confirm the significant role of Fe in the path of oxalic acid during cloud processing in 

marine boundary layer clouds.  

Implication of this PhD work is providing important insight into the roles of atmospheric 

aerosols in impacting marine warm clouds from both physical and chemical aspects by using 

satellite remote sensing retrievals, aircraft in-cloud measurements and box model simulations. 

The first study suggests onset of warm cloud precipitation is sensitive to environmental stability 

and aerosol types, which need to consider both particle size and concentration. The most 

favorable condition of fastest rain onset in marine warm clouds includes low concentration of 

coarse particles associated with low LTSS. The second and the third studies are conducted 

together for quantifying chemical properties of air mass sources and stratocumulus clouds over 

California coast. The second study identifies chemical tracers for identifying air mass sources in 

the study region such as ships, land and marine background emissions. It also provides 

theoretical hypothesis of potential nutrients sources from acidic cloud environment to ocean 

surface, which contribute motivations for future marine coastal ecosystem studies. The third 

study explores the critical role of active metals (i.e. Fe) as one competitive sink of oxalic acid 

compared with its classic degradation path to CO2, which is a great contribution to current 

understanding of in-cloud SOA formation.  
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[1] This study examines the role of aqueous secondary
organic aerosol formation in the North American Sonoran
Desert as a result of intense solar radiation, enhanced
moisture, and biogenic volatile organic compounds
(BVOCs). The ratio of water-soluble organic carbon
(WSOC) to organic carbon (OC) nearly doubles during the
monsoon season relative to other seasons of the year. When
normalized by mixing height, the WSOC enhancement
during monsoon months relative to preceding dry months
(May–June) exceeds that of sulfate by nearly a factor of 10.
WSOC:OC and WSOC are most strongly correlated with
moisture parameters, temperature, and concentrations of O3
and BVOCs. No positive relationship was identified
between WSOC or WSOC:OC and anthropogenic tracers
such as CO over a full year. This study points at the need
for further work to understand the effect of BVOCs and
moisture in altering aerosol properties in understudied
desert regions. Citation: Youn, J.-S., Z. Wang, A. Wonaschütz,
A. Arellano, E. A. Betterton, and A. Sorooshian (2013), Evidence of
aqueous secondary organic aerosol formation from biogenic
emissions in the North American Sonoran Desert, Geophys. Res.
Lett., 40, 3468–3472, doi:10.1002/grl.50644.

1. Introduction

[2] The chemical complexity and uncertainties in
production mechanisms of atmospheric aerosol species pose
a challenge for assessments of aerosol effects on public
health and global climate. Little is known about the nature
of organic aerosols in arid areas such as the Sonoran Desert
of southwestern North America (Southwest). In recent
decades, the Southwest has experienced significant urbaniza-
tion, land use change, and is potentially moving toward a

more arid regime with higher temperatures and lower soil
moisture [Seager et al., 2007; Cayan et al., 2010]. Such
changes are expected to alter aerosol physicochemical
properties through changes in pollutant emissions and
temperature-dependent processes affecting formation mecha-
nisms and sinks.
[3] A topic of large uncertainty is aqueous-phase (wet

aerosol particles and cloud droplets) production of secondary
organic aerosol (SOA) [Ervens et al., 2011]. Multiphase
processes include the partitioning of soluble organic vapors
into the aqueous phase and the possibility for subsequent
chemistry to produce lower volatility species that remain in
the aerosol phase upon subsequent evaporation of water.
The Sonoran Desert is a suitable natural laboratory to exam-
ine the role of aqueous-phase production of SOA due to the
North American Monsoon season (July–September), charac-
terized by influx of moisture, increased vegetation growth,
and higher levels of biogenic volatile organic compounds
(BVOCs). The intense insolation in desert ecosystems en-
hances photochemistry and biological emissions [Guenther
et al., 1993; Diem, 2000; Diem and Comrie, 2000], such as
from the native Larrea tridentata (creosote bush) [Geron
et al., 2006; Jardine et al., 2010].
[4] The goal of this study is to examine potential influences

of moisture and BVOCs on aerosol in the Sonoran Desert.
The conclusions of this analysis rely on water-soluble
organic carbon (WSOC) and its ratio to other organic param-
eters as proxies for SOA formation, as has been done
elsewhere [e.g., Miyazaki et al., 2006; Sullivan et al., 2006;
Kondo et al., 2007; Weber et al., 2007; Hennigan et al.,
2008a, 2008b; Hennigan et al., 2009; Peltier et al., 2008;
Duong et al., 2011; Hersey et al., 2011].

2. Experimental Methods

2.1. Aerosol, Gas, and Meteorological Data
[5] Daily PM2.5 aerosol measurements were conducted

from June 2011 to February 2013 in a rooftop laboratory
(30 m above ground level (agl), 720 m above sea level
(asl)) of the Physics and Atmospheric Sciences Building on
the University of Arizona campus in Tucson, Arizona
(32.23°N, 110.95°W, metropolitan population ~ 1 million;
U.S. Census Bureau, 2009). Water-soluble organic carbon
(WSOC) was measured at 6 min time resolution with a
Particle-Into-Liquid Sampler (Brechtel Manufacturing Inc.)
coupled to a total organic carbon analyzer (Sievers, Model
800) [Sullivan et al., 2006]. Measurement uncertainty
is ~10% with a minimum detection limit of 0.1 μg m!3.
More specific instrument operational details are provided

Additional supporting information may be found in the online version of
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elsewhere [Wonaschuetz et al., 2011]. A semicontinuous
OC/EC analyzer (Sunset Laboratory Inc., Oregon) measured
hourly organic carbon (OC) and elemental carbon (EC) mass
concentrations [Birch, 1998] (Minimum detection limits of
OC and EC: 1 μg m!3 and 0.2 μg m!3, respectively; mea-
surement uncertainty ~20%). Cloud condensation nuclei
(CCN) concentrations at 0.2% supersaturation were mea-
sured with a CCN counter (CCN-100, DMT Inc.) [Roberts
and Nenes, 2005]. Submicrometer aerosol number concen-
trations (CN) were obtained with a scanning mobility particle
sizer (SMPS 3936L, TSI Inc.). The CCN:CN ratio is referred
to here as the “activation ratio” and used as a proxy for
aerosol hygroscopicity.
[6] Hourly measurements of ozone (O3), nitrogen dioxide

(NO2), sulfur dioxide (SO2), and carbon monoxide (CO)
were obtained for the year 2011 from a nearby (~9 km) sur-
face pollutant monitoring site operated by the Pima County
Department of Environmental Quality (Children's Park
Station). Hourly meteorological data (relative humidity
(RH), temperature, atmospheric pressure, and water vapor
mixing ratio (WVMR)) were collected adjacent to the roof-
top laboratory. Sulfate concentrations were obtained from
two EPA Interagency Monitoring of Protected Visual
Environments (IMPROVE) (http://views.cira.colostate.edu/
web/) [Malm et al., 1994] monitoring stations within 25 km
of the rooftop laboratory: Saguaro West (years 2002–2009;
32.25°N, !111.22°W; 718 m asl) and Saguaro National
Monument (years 2000–2009; 32.12°N, !110.74°W; 933
m asl). Mixing heights were calculated from a Weather and
Research Forecasting (WRF) model run using the Yonsei
University boundary layer scheme on a 36 km grid [Hu
et al., 2010].

2.2. Quantification of Biogenic Emissions
[7] Three proxies for BVOC emissions are used: (i) the

Normalized Difference Vegetation Index (NDVI) product
from the Moderate Resolution Imaging Spectroradiometer
for the period between June 2011 and December 2012 and
(ii–iii) modeled surface concentrations of isoprene and
monoterpenes. The BVOCs were obtained at 6 h time resolu-
tion and 1.9°× 2.5° spatial resolution for the period between
June 2011 and August 2012 from MOZART-4/GEOS5 sim-
ulations (http://www.acd.ucar.edu/wrf-chem/mozart.shtml)
[Emmons et al., 2010] driven by meteorological input from
the NASA GMAO GEOS-5 model. The BVOC surface
fluxes were calculated using the Model of Emission of
Gases and Aerosols from Nature [Guenther et al., 2006].
While the spatial resolution of these products exceeds that
of the Tucson area, the relative changes in BVOC emissions
on a regional scale agree with those in the smaller spatial
domain of the surface measurements [Diem, 2000; Diem
and Comrie, 2001a, 2001b], especially over the monthly
and seasonal time scales examined here.

3. Study Site Description and Meteorology

[8] Tucson is surrounded by mountain ranges and charac-
terized by diverse types of vegetation. Desert areas are cov-
ered with shrubs (e.g., creosote bush) and small trees.
Urban areas have considerable amounts of leaf biomass ow-
ing to native species (e.g., palo verde and creosote bush) and
exotic species such as eucalyptus [Diem, 2000]. The moun-
tain ranges are forested with pines, junipers, oaks, and firs.
In the arid climate with hot summers and mild winters
(Figure 1), precipitation falls in two modes: December–
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Figure 1. Annual cycle of monthly averages of (a) WSOC, WSOC multiplied by mixing height (normalized WSOC), and
the WSOC:OC ratio, (b) water vapor mixing ratio, RH, and temperature, (c) EC and mixing height, (d) BVOC emission
proxies (NDVI, monoterpene, and isoprene), and (e) selected gas concentrations (O3, SO2, NO2, and CO).
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March and July–September (monsoon). Mixing height, typi-
cally less than 400 m agl in the winter and near 1.5 km agl in
July (Figure 1), is a significant factor in governing PM2.5 and
O3 levels [Wise and Comrie, 2005a, 2005b]. Five seasons are
defined in this study: Fall (October–November), Winter
(December–February), Spring (March–April), Dry Summer
(May–June), and Monsoon Summer (July–September).
Higher WVMR define the Monsoon Summer (Figure 1).
The study region can be impacted by wildfires, which are
most frequent during May and June before the onset of
monsoon precipitation [Sorooshian et al., 2011] but did not
influence the measurements during the Monsoon Summer
in this study. Primary biological aerosol particle (PBAP)
emissions, which can be an important source of WSOC, are
concentrated in sizes above those examined here (Dp> 2.5
μm) [e.g., Bauer et al., 2002]. Fungal spores account for
2 ± 1% of contemporary carbon in PM2.5 in nearby Phoenix
during the summer [Holden et al., 2011], and fine-mode
PBAP concentrations are predicted to rarely exceed 0.3 μg
m!3 [Heald and Spracklen, 2009].

4. Cumulative Results

[9] The highest seasonal average concentrations of OC,
EC, and WSOC are observed during winter (Table 1). This
can be explained by shallower mixing heights and combus-
tion processes for heating [Diem and Comrie, 2001b]. EC
is directly emitted and less sensitive to seasonal variability
in temperature, O3, and other factors influencing SOA pro-
duction. Similar to EC, anthropogenic gas-phase species
(CO and NO2) also follow the annual cycle driven by mixing
height (Figure 1). The seasonal trends of OC and WSOC are
different from EC and also each other, reflecting varying
dependency on seasonally driven emissions and meteorology.
[10] Recent work has suggested that WSOC can serve as a

proxy for SOA in the absence of biomass burning and that its
ratio relative to OC can provide insight into the degree of
oxygenation of the organic fraction of the aerosol [Miyazaki
et al., 2006; Kondo et al., 2007; Weber et al., 2007; Duong
et al., 2011]. WSOC:OC and WSOC:EC exhibit a maximum
during the Monsoon Summer (Table 1). WSOC:OC is gener-
ally lower than observed in Sweden, K-Puszta (Hungary),
Italy, Jungfraujoch (Switzerland), St. Louis (United States),
the southeastern United States, and various sites in the
French Alps [Jaffrezo et al., 2005, and references therein;
Sullivan and Weber, 2006; Zhang et al., 2012], but are com-
parable to observations in Tokyo (~0.20–0.35) [Miyazaki
et al., 2006].
[11] To investigate why WSOC shows contrasting behav-

ior relative to total OC, several factors thought to govern its
production are examined (Figure 1). WVMR and proxies
for BVOC emissions closely follow the annual profile of
WSOC:OC; RH also is enhanced during the Monsoon

Summer relative to preceding months, but unlike WVMR,
it is highest in the winter due to its sensitivity to temperature.
A correlation analysis of factors potentially influencing
absolute concentrations of WSOC and the WSOC:OC ratio
(WVMR, RH, T, O3, NO2, CO, SO2, isoprene, monoterpenes)
shows that the dominant factor is WVMR (r = 0.52 and
r = 0.64, respectively; n = 489) (Table S1, Supplementary).
The WSOC:OC ratio exhibits statistically significant correla-
tions with O3 (r = 0.36), an indicator of photochemical
processes and thus of photochemical production of WSOC
from VOC precursors, and with surface concentrations of
isoprene (r = 0.22) and monoterpenes (r = 0.36), but inverse
correlations with NO2 (r =!0.27) and CO (r =!0.29).
[12] WSOC formation via aqueous-phase processing de-

pends not just on moisture levels but also on the affinity of
particles to take up water vapor. The CCN activation ratio
during the Monsoon Summer was 0.13 ± 0.06, higher than
in all other seasons (averages ranged between 0.08 and
0.11), indicating that aerosols during the Monsoon Summer
likely have the most liquid water associated with them due
to a combination of more moisture and enhanced
aerosol hygroscopicity.
[13] The magnitude of WSOC enhancement as a result of

seasonally dependent factors is quantified during the
Monsoon Summer relative to the Dry Summer. The compari-
son of these two seasons leverages differences in WVMR
(11.3 g kg!1 versus 4.2 g kg!1 for Monsoon Summer and
Dry Summer, respectively), RH (42 ± 1% versus 17± 1%),
and CCN activity (0.13 ± 0.06 versus 0.11 ± 0.07) at compara-
ble ambient temperatures (30.1°C versus 29.4°C) and O3
(0.036 ppm versus 0.040 ppm); similar values of temperature
suggest that differences in the effects of volatilization from
the aerosol phase are likely insignificant. When accounting
for mixing height differences between the two seasons (i.e.,
multiplication of mass concentration by mixing height), the
absolute enhancement in WSOC during the Monsoon
Summer is 0.59 mg C m!2, a 42% increase relative to Dry
Summer concentrations. The slope of the linear regression be-
tween WSOC and WVMR is 0.08 (mg C m!2)/(g kg!1).
Sulfate, which is produced via aqueous-phase processing, ex-
hibits a Monsoon Summer enhancement of 0.05 mg m!2

(3.2% increase) and 0.02 mg m!2 (1.4% increase) for
Saguaro West and Saguaro National Monument, respectively.
The increase in WSOC exceeds that of sulfate by nearly a
factor of 10 in the Monsoon Summer relative to the Dry
Summer, suggestive of the seasonal influence of factors other
than aerosol water content, most likely BVOC emissions.
While modeled surface isoprene concentrations decrease from
the Dry to Monsoon Summer (247.2 ppt versus 237.3 ppt,
respectively), those of monoterpenes increase (9.8 ppt versus
14.8 ppt) and NDVI increases from 0.55 to 0.64. These results
warrant a more detailed characterization of BVOC emissions
in the study region using in situ measurements.

Table 1. Seasonal Averages of OC, EC, WSOC, and Their Ratios (Average ± Standard Deviation)a

OC (μg m!3 EC () μg m!3 WSOC () μg m!3 WSOC:OC)

0.26 ± 0.121.39 ± 0.790.64 ± 0.434.94 ± 2.07Fall
0.26 ± 0.111.90 ± 1.010.79 ± 0.607.03 ± 3.72Winter
0.20 ± 0.060.94 ± 0.420.62 ± 0.354.29 ± 1.65Spring
0.26 ± 0.121.08 ± 0.730.60 ± 0.344.52 ± 2.15Dry Summer
0.43 ± 0.161.64 ± 0.730.50 ± 0.314.24 ± 1.59Monsoon Summer

aFall (October–November), Winter (December–February), Spring (March–April), Dry Summer (May–June), Monsoon Summer (July–September).
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5. Case Studies in Monsoon Season

[14] Two case studies of a clear shift between lower and
higher RH and WVMR are presented in Figure 2 and show
a trend of higher WSOC:OC values in the moister periods.
The WSOC:OC ratio was higher by a factor of 1.95 and 1.43
in the moister periods of Case Studies 1 and 2, respectively
(Table S2 in the supporting information). Furthermore, abso-
lute WSOC concentrations were higher by a factor of 1.87
and 1.22 for the moist periods of Case Studies 1 and 2. The
greater enhancement in Case Study 1 is consistent with the
sharper change in the WVMR and RH from the dryer to the
moister period (factor of 1.58 and 1.72, respectively) as com-
pared to Case Study 2 (factor of 1.38 and 1.41). A correlation
analysis for the two separate case studies indicates that the
strongest relationship between any parameter and either
WSOC or WSOC:OC is WVMR (r = 0.61 and 0.88; n = 37
and 23 for Case Studies 1 and 2, respectively) (Tables S3
and S4 in the supporting information). Similarly, high correla-
tions betweenWSOC and water vapor (average r = 0.92 for 14
separate events) have been observed in the southeastern
United States [Hennigan et al., 2008a]. Other factors poten-
tially influencing WSOC:OC and WSOC (i.e., temperature,
O3, anthropogenic, and biogenic VOCs) did not exhibit signif-
icant changes between the dryer and moister periods (Table S2
and Figure S1 in the supporting information).

6. Conclusions

[15] This study reports OC, EC, andWSOC concentrations
in concert with other parameters potentially influencing
aqueous SOA formation in the North American Sonoran

Desert. The sharp influx of monsoon moisture and BVOC
emissions between July and September coincide with major
enhancements in WSOC and the WSOC:OC ratio. The
increase in WSOC during the Monsoon Summer relative to
the Dry Summer exceeds that of sulfate by nearly a factor
of ten when accounting for mixing height changes, most
likely due to seasonally dependent BVOC emissions. No
positive relationship was identified between either WSOC
or WSOC:OC with anthropogenic tracers such as CO over
a full year. These results are especially of significance as
recent model results show that aqueous SOA formation is
geographically concentrated in the eastern United States
and likely unimportant in other areas such as the Southwest
[Carlton and Turpin, 2013]; more effort is warranted to bring
models and measurements of aqueous SOA in agreement in a
variety of regions including understudied deserts.
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Erratum
In the originally published version of this article, the NDVI values in figure 1d and related phrasing found in the article body
appeared incorrectly. The following have since been corrected and this version may be considered the authoritative version
of record.

In Figure 1d, the following NDVI values (from January to December): “0.118, 0.162, 0.136, 0.444, 0.527, 0.584, 0.633,
0.662, 0.614, 0.508, 0.441, 0.189” have been changed to: “0.272, 0.265, 0.258, 0.242, 0.233, 0.228, 0.272, 0.310, 0.320,
0.277, 0.262, 0.251”. A corrected version of Figure 1 appears below.

In section 4, “those of monoterpenes increase (9.8 ppt versus 14.8 ppt) and NDVI increases from 0.55 to 0.64” has been
changed to “those of monoterpenes increase (9.8 ppt versus 14.8 ppt) and NDVI increases from 0.23 to 0.30.”
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� The major sources of NO3
� in the

study region are ship and fire
emissions.

� Entrainment of wildfire emissions
can significantly increase NO3

� in
clouds.

� Nitrate is associated with crustal
particles in the coastal region.

� The nitrate-to-sulfate mass ratio de-
creases rapidly with cloud height.

� Volatilization during drop evapora-
tion pushes NO3

� to the gas phase.
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a b s t r a c t

This study examines the sources of NO3
� in stratocumulus clouds over the eastern Pacific Ocean off the

California coast using airborne and surface measurement data from the Eastern Pacific Emitted Aerosol
Cloud Experiment (E-PEACE; 2011) and Nucleation in California Experiment (NiCE; 2013). Average NO3

�

air-equivalent concentrations in cloud water samples categorized as having been influenced by ship
exhaust (2.5 mg m�3), strong marine emissions (2.5 mg m�3) and fires (2.0 mg m�3) were more than twice
that in the background cloud water (0.9 mg m�3). During periods when biomass burning plumes resided
above cloud top, 16 of 29 cloud water samples were impacted due to instability in the entrainment
interface layer with NO3

� levels reaching as high as 9.0 mg m�3. Nucleation scavenging of chloride
depleted sea-salt is a source of cloud water NO3

�, with the lowest Cl�:Naþ ratio (1.5) observed in ship-
influenced samples. Surface aerosol measurements show that NO3

� concentrations peak in the particle
diameter range of 1.0e5.6 mm, similar to Na, Cl� and Si, suggesting that drop activation of crustal par-
ticles and sea salt could be an important source of NO3

� in cloud water. The contrasting behavior of NO3
�

and SO4
2� is emphasized by the NO3

�:SO4
2� mass concentration ratio which is highest in cloud water (by

more than a factor of two) followed by above cloud aerosol, droplet residual particles, and below cloud
aerosol. Trends of a decreasing NO3

�:SO4
2� ratio with altitude in clouds are confirmed by parcel model

studies due to the higher rate of in-cloud sulfate formation as compared to HNO3 uptake by droplets.
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1. Introduction

Nitrate (NO3
�) is a key inorganic anion in cloud water that can

alter microphysical properties in clouds, influence aqueous-phase
processes in drops and affect ecosystems after wet deposition.
The uptake of nitric acid (HNO3) by aerosol particles enhances their
cloud drop nucleating ability and can lead to increases in both cloud
drop number concentration and cloud albedo (Xue and Feingold,
2004; Makkonen et al., 2012); uptake of HNO3 by cloud drops can
also increase the hygroscopicity of cloud droplet residual particles
after drop evaporation (Henning et al., 2014). Negative radiative
forcing from nitrate-containing particles has been projected by
global aerosol models to increase due to future elevated levels of
nitrate precursors (Liao et al., 2006; Bauer et al., 2007). It is
important to understand the factors governing nitrate concentra-
tions in marine clouds.

The goal of this study is to use airborne chemical measurements
off the California coast to identify sources of NO3

� in marine cloud
water and factors that dictate the strength of their influence on
NO3

� concentrations. Airborne measurements from two flight
campaigns, NiCE and E-PEACE, have been utilized to evaluate pro-
cesses through which NO3

� enters cloud water (nucleation scav-
enging and uptake of gas-phase HNO3). The persistent summertime
stratocumulus cloud deck in the study region provides a tailor-
made venue for this type of investigation, as it is impacted by a
number of different sources enriched with NO3

� precursors such as
ships, wildfires, and continental anthropogenic emissions. This
study benefits from the rapid sampling of cloud water to provide a
high level of spatiotemporal resolution, especially vertically in
clouds.

2. Experimental methods

2.1. Flight campaign descriptions

2.1.1. Nucleation in California Experiment (NiCE), 2013
The Center for Interdisciplinary Remotely e Piloted Aircraft

Studies (CIRPAS) Twin Otter conducted 23 flights during the
Nucleation in California Experiment (NiCE) between July and
August in 2013 over the Pacific Ocean off the central California coast
(34�Ne43�N, 119�We126�W). Two major aims of NiCE were to
study (i) the dependence of cloud properties on environmental
conditions, and (ii) nucleation events from urban pollution, animal
husbandry and biogenic emissions. During NiCE, a number of
wildfires occurred near the CaliforniaeOregon border, smoke from
which was transported to the study region with the potential to
impact clouds.

2.1.2. Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE),
2011

Thirty research flights were conducted with the Twin Otter
during the Eastern Pacific Emitted Aerosol Cloud Experiment (E-
PEACE), conducted between July and August in 2011, to study aer-
osolecloudeprecipitationeradiation interactions in the same re-
gion as NiCE with a nearly identical instrument payload. A general
overview of the E-PEACE campaign is provided by Russell et al.
(2013). The present study is primarily based on measurements
made during NiCE; however, data from E-PEACE are included to
provide additional statistics and thus more confidence for a subset
of the results.

2.2. Airborne measurements

Twin Otter measurements focused on microphysical properties
of particles and clouds in addition to meteorological variables.

Nearly all flights consisted of level legs below cloud, in cloud (cloud
base, mid-cloud, cloud top) and above cloud. Cloud water was
collected using a modified Mohnen slotted-rod cloud water col-
lector (Hegg and Hobbs, 1986). These samples were collected over a
10e30 min duration in high-density polyethylene bottles. The
collector was inserted upwards through a port at the top of the
aircraft during cloud passes. A total of 119 and 87 samples were
collected in NiCE and E-PEACE, respectively. The collection effi-
ciency of the collector is inversely related to the speed of the
aircraft with little correlation with drop mass mean diameter up to
~35 mm (Hegg and Hobbs, 1986). Samples were tested for pH
(Oakton Model 110 pH meter calibrated with pH 4.01 and pH 7.00
buffer solutions) and treated with 5 mL chloroform to prevent
subsequent biological processing. Detailed analysis of chemical
composition was conducted with ion chromatography (IC; Thermo
Scientific Dionex ICS e 2100 system) and inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7700 Series).
Tables S1eS2 (Supplement) report limits of detection, precision,
and cloud water blank sample concentrations for species measured
by the IC. The charge balance of ionic species measured by the IC in
cloud water samples exhibits a best-fit slope (positive charges on y-
axis) of 1.02 ± 0.01 (Fig. S1 in Supplement). Elemental concentra-
tions reported by the ICP-MS are the averages over three mea-
surements, with standard deviations less than 3%. The limits of
detection of all species were in the ppt level. More details about
these techniques are provided elsewhere (Sorooshian et al., 2013;
Wang et al., 2014).

Sub-micrometer non-refractory aerosol composition measure-
ments were conducted with a compact time-of-flight aerosol mass
spectrometer (C-ToF-AMS, Aerodyne) (Drewnick et al., 2005). In
clear air, particles were sampled through a sub-isokinetic aerosol
inlet (Hegg et al., 2005). When in clouds, the C-ToF-AMS sampled
cloud drop residual particles downstream of a counterflow virtual
impactor (CVI). The efficiency of drop entry into the CVI increases
with drop size with a Dp,50 of 11 mm, but there is decreasing
transmission efficiency with increasing drop size inside the inlet
mainly owing to inertial deposition (Shingler et al., 2012). Shingler
et al. (2012) reported that theDp,50 of the CVI was sufficiently low to
sample the majority of the drop distribution during flights in the
study region with the exception of periods near cloud bases,
especially when influenced by ship plumes. Droplet number con-
centration, Nd (cm�3), was measured by a cloud aerosol spec-
trometer (CAS), and liquid water content (LWC) was obtained with
a PVM-100 probe (Gerber et al., 1994). Sub-cloud particle number
concentrations in the diameter ranges 0.01e1.0 mm and 0.1e2.6 mm
were obtained using a condensation particle counter (CPC 3010; TSI
Inc.) and a passive cavity aerosol spectrometer probe (PCASP),
respectively.

While the NO3
� fraction of sea salt is negligible, the non-sea salt

(NSS) fraction of SO4
2� in cloud water is calculated using Naþ con-

centrations (SO4
2�:Naþ is ~0.25 by weight for sea salt; Seinfeld and

Pandis, 2006). Henceforth, SO4
2� refers to NSS SO4

2�. Liquid-phase
concentrations of cloud water species were converted to air-
equivalent concentrations by multiplication with the average LWC
measured during the cloud water collection time. A threshold LWC
value of 0.02 g m�3 is used to define periods in clouds.

2.3. Ground measurements

Size-resolved aerosol composition measurements were con-
ducted during NiCE ~4 km from the coast in Marina, CA with a 10-
stage micro-orifice uniform deposit impactor (MOUDI; M110-R,
MSP Corporation; Marple et al., 1991). The 50% cut-off sizes of the
MOUDI, assuming flat impaction surfaces, are 0.056, 0.1, 0.18, 0.32,
0.56, 1.0, 1.8, 3.2, 5.6, 10 and 18 mm in aerodynamic diameter. The
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cut sizes for the Teflon filters (PTFEmembrane, 2 mmpore, 46.2mm,
Whatman) may be slightly modified depending on their surface
roughness (Marjamaki and Keskinen, 2004; Fujitani et al., 2006).
The samples were collected over a duration of 96 h with a flow rate
of 30 L min�1. The filters were cut in half and only one half was
extracted for chemical characterization of the samples. Extractions
were performed by using 10 mL of milli-Q water in sealed glass
vials that were sonicated at 30 �C for 20 min. Extracts were
refrigerated prior to being analyzed with ICP-MS and IC. MOUDI
species examined here include NO3

�, SO4
2�, Cl�, Na and Si, where

concentrations of only the latter two are from ICP-MS.

3. Results and discussion

3.1. Major emissions sources (NiCE data)

Nitrate was the fourth most abundant water-soluble species in
cloud water during NiCE, after Naþ, Cl� and SO4

2�. Average NO3
� air-

equivalent concentrations in the study region (1.5 ± 1.6 mg m�3) are
similar in magnitude to those measured in North Atlantic marine
clouds influenced by continental European air masses
(2.1 ± 1.2 mg m�3; Borys et al., 1998), the southeast Pacific Ocean
(~0.7 mg m�3; Benedict et al., 2012) and off the southern California
coast (~0.6 mg m�3; Straub et al., 2007).

NiCE cloud water data are further grouped into four major cat-
egories (“ship”, “fire”, “low Cl�marine” and “high Cl�marine”) for a
quantitative comparison between the different sources (Table 1).
Cloud water samples with sub-cloud (immediately below cloud
base) maximum CPC concentrations >900 cm�3 and vanadium (V)
>1 ng m�3 are classified in the ship category; measurements in the
region have identified V as a ship exhaust tracer (Coggon et al.,
2012). In addition to visual and olfactory evidence, samples with
above-cloud maximum PCASP concentrations >1000 cm�3 are
considered in the fire category; biomass burning plumes during
NiCE produced particles with diameters predominantly above
100 nm, which is the lower size limit of the PCASP. Despite the
presence of smoke above the clouds, not all cloud water samples
shared evidence of smoke, as discussed in Section 3.2.3. Hence, the
fire group was divided further into two sub-groups: samples with
and without smoke entrainment. The remainder of the samples
were influenced predominantly by marine emissions; those
exhibiting Cl� concentrations exceeding 11 mg m�3 (i.e. average
measured during NiCE) were identified as “high Cl� marine” while
the rest were categorized as “low Cl� marine”. These latter samples
do not necessarily represent pristine conditions since the majority
of the study region is influenced by aged anthropogenic emissions,
mainly from ships (Coggon et al., 2012). While not a specifically
designated category, continental emissions (biogenic and anthro-
pogenic) other than from fires can also influence the regional
clouds (Coggon et al., 2014). Air-equivalent NO3

� concentrations in
cloud water samples characterized as “high Cl� marine”

(2.5 ± 1.9 mg m�3), “ship” (2.5 ± 2.1 mg m�3) and “fire” with
entrainment (2.0 ± 2.2 mg m�3) are more than twice those than in
“low Cl� marine” category (0.9 ± 0.7 mg m�3). Nitrate in samples
with smoke entrainment reached values as high as 9.0 mg m�3;
however, fire samples not characterized by smoke entrainment
exhibited comparable NO3

� levels to “low Cl� marine” samples.
Table 1 also reports chemical mass concentration ratios inten-

ded to further support the sample grouping criteria, as each
emission source is characterized by specific tracer species that are
used in the ratios. Oxalate and NSS Kþ are commonly used as
chemical tracers for biomass burning emissions. However, NSS Kþ

exhibited highest concentrations in ship influenced samples,
whereas oxalate was highest in fire samples and thus chosen as the
fire tracer. Ratios of [Oxalate]:[Naþ] and [Oxalate]:[V] are used to

Table 1
Summary of the average chemical characteristics of NiCE cloud water samples categorized based on the emissions source they are most strongly influenced by. Concentrations
are reported in air-equivalent units (mg m�3). Sample number is shown in parentheses.

High Cl� Low ClFire (no smoke entrainment)Fire (with smoke entrainment)Shipmarine � marine

Nitrate (mg m�3 2.5) ± 1.9 (12)
max ¼ 6.2

2.5 ± 2.1 (17)
max ¼ 8.2

2.0 ± 2.2 (16)
max ¼ 9.0

0.6 ± 0.4 (13)
max ¼ 1.3

0.9 ± 0.7 (49)
max ¼ 3.7

Oxalate (mg m�3 0.2) ± 0.2 (12)
max ¼ 0.5

0.2 ± 0.2 (17)
max ¼ 0.7

0.5 ± 0.6 (16)
max ¼ 2.7

0.11 ± 0.07 (13)
max ¼ 0.3

0.10 ± 0.07 (49)
max ¼ 0.4

4.2pH ± 4.14.3 (11) ± 4.14.3 (15) ± 4.34.2 (15) ± 4.34.8 (12) ± 4.5 (48)
Cl�:Naþ 1.8 ± 1.50.1 (11) ± 1.70.3 (17) ± 1.70.2 (16) ± 1.80.1 (13) ± 1.1 (49)
Oxalate:Naþ 0.01 ± 0.30.02 (11) ± 0.40.3 (17) ± 0.30.4 (16) ± 0.20.5 (13) ± 0.2 (49)

202Oxalate:V ± 10068 (10) ± 725135 (16) ± 387437 (15) ± 178297 (13) ± 105 (45)

Fig. 1. Plot of cloud water NO3
� versus cloud water Naþ measured during (a) E-PEACE

and (b) NiCE. The square markers are samples with low vanadium, V (<1 ng m�3). The
circular markers are samples with higher V (>1 ng m�3). The straight lines and insert
equations are associated with the linear fits (significant at the 95% confidence level)
between NO3

� and Naþ for low V conditions. All species in cloud water are reported in
air-equivalent concentrations.
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distinguish fire samples from “high Cl�marine” (high Naþ) and ship
samples (high V), respectively. Average values of both ratios are the
highest in fire influenced samples, while [Oxalate]:[Naþ] and
[Oxalate]:[V] are lowest in the “high Cl� marine” and ship cate-
gories, respectively. Therefore, the ratio results show that the
categorization criteria are suitable to distinguish between samples
clearly influenced by either fires, ships, or strong marine emissions.
It is worth noting that the most acidic samples were in the ship
(pH ¼ 4.1) and fire influenced (pH ¼ 4.1) categories (Table 1).

3.2. Pathways of nitrate into and out of cloud water

3.2.1. Nucleation scavenging and chloride depletion
Nitrate can enter cloud drops through drop activation of NO3

�-
containing particles. Nitric acid is known to replace Cl� in sea salt
(NaCl) to form NaNO3 and release gaseous HCl (Seinfeld and Pandis,
2006). The average mass ratio of Cl�:Naþ was lower than the ideal
value of 1.8 (composition of natural sea salt; Seinfeld and Pandis,
2006) in all categories except “low/high Cl� marine” (Table 1).
This is suspected to be a result of chloride depletion by strong acids
like HNO3 and H2SO4. The ratio was the lowest (1.5) in the ship
category due to substantial NOx emissions and low ammonia con-
centrations resulting in higher amounts of HNO3. Cloud water NO3

�

increased as a function of cloud water sodium (Naþ) under low ship
influence (indicated by V) during both campaigns (Fig.1). In cases of
direct ship emissions (V > 1 ng m�3), NO3

� concentrations in cloud
water were much higher due to the likely dissolution of HNO3. The
linear relationship between NO3

� and Naþ is supportive of chloride-
depleted sea salt being a potential pathway for cloud water NO3

� via
nucleation scavenging, assuming the source of Naþ in cloud water
is sea salt. Crustal dust naturally contains Naþ, which is ~1.9% of Si
by mass (Seinfeld and Pandis, 2006); even if the highest Si air-
equivalent concentration measured in cloud water during NiCE
(0.44 mg m�3) is assumed to be from continental wind-blown dust,
the contribution of dust to cloudwater Naþwould be less than 1% of
the total Naþ measured in the cloud water samples. It is noted here
that some of the displaced HCl may be scavenged by cloud droplets
before removal by dry or wet deposition to the sea surface.

The cloud water data suggest that nitric acid partitions to sea
salt and crustal particles, which can activate into drops, and the
NiCE MOUDI data allow for confirmation that NO3

� is contained in
such particles. The mass concentrations of NO3

�, Na, Cl� and Si peak
between 1.0 and 5.6 mm (Fig. 2). Elemental Na mass concentrations
measured by ICP-MS are used here (instead of Naþ) to include all
sources of Na. Fig. 2 suggests that NO3

� is associated with sea salt
and Si-enriched particles. While Na and Cl� are the major compo-
nents of sea salt, Si and Na are components of crustal dust in
addition to various other sources such as fly ash, ship emissions,
and biomass burning (Furutani et al., 2011). The role of these coarse
particles as a sink for HNO3 is especially important when ammo-
nium nitrate formation is not favored such as in the study region,
which is characterized by slight acidity (Table 1).

3.2.2. Nitrate:sulfate ratio in and around clouds
The concentration ratio of NO3

� to SO4
2� offers insights into the

extent to which partitioning to cloud drops is more important
relative to nucleation scavenging of cloud condensation nuclei
(CCN) containing these species. For instance, one airborne-based
study in the vicinity of Ohio indicated that NO3

� enters cloud wa-
ter predominantly through partitioning of gaseous HNO3, whereas
SO4

2� enters mostly through nucleation scavenging (Hayden et al.,
2008). That study found the highest NO3

�:SO4
2� ratios in bulk

cloud water, followed by cloud droplet residual particles and sub-
cloud particles. Drewnick et al. (2007) separately showed that for
Mt. Åreskutan in central Sweden the NO3

� fraction in droplet

residual particles was much larger than in ambient particles in
contrast to SO4

2�, which exhibited a higher mass fraction in ambient
particles. They suggested that particles predominantly comprised
of NO3

� were more efficiently activated to form cloud drops relative
to those enriched with SO4

2�; furthermore, they concluded that
scavenging of vapors (e.g., HNO3) by drops was not responsible for
their results. Different conclusions in these two studies motivate an
analysis of how this chemical mass concentration ratio varies inside
and outside of clouds in our study region.

During E-PEACE and NiCE, the highest values of NO3
�:SO4

2� were
measured in cloudwater as compared to C-ToF-AMSmeasurements
outside of cloud and downstream of the CVI in cloud (Fig. 3). It is
noted that C-ToF-AMS NO3

� generally was below detection limits on
cloud-free days in the marine boundary layer. The peak ratio in
cloud water could be a result of (i) an increase in cloud water NO3

�

through uptake of HNO3, or (ii) NO3
� in coarse and/or refractory

particles that served as CCN not measured by the C-ToF-AMS. The
average NO3

�:SO4
2� ratio in cloud water was higher during NiCE

(2.45± 2.8) as compared to E-PEACE (0.4 ± 1.1) due largely to higher
NO3

� concentrations from biomass burning that occurred only
during NiCE. Sulfate concentrations were more comparable in both
experiments (0.78 and 1.12 mg m�3 in NiCE and E-PEACE, respec-
tively). The NO3

�:SO4
2� ratio above cloud tops was consistently

higher than that below clouds (4.3 times higher for both campaigns
combined) due to more sub-cloud SO4

2� from stronger sources such
as ships and dimethylsulfide, and enhanced NO3

� from biomass
burning residing above cloud top in the case of NiCE. Average C-
ToF-AMS NO3

� (SO4
2�) levels above and below cloud were 0.40 (0.69)

and 0.14 (0.92) mg m�3 for NiCE, respectively, and 0.04 (0.42) and
0.05 (1.23) for E-PEACE. Although higher than the sub-cloud
average value, the NO3

�:SO4
2� ratio in cloud droplet residual parti-

cles was considerably lower than that in cloud water (80% lower
during E-PEACE and 79% lower during NiCE). This is most likely the
result of volatization of NO3

�, unlike SO4
2�(Hayden et al., 2008); the

heated air stream in the CVI inlet ranged between approximately
30e35 �C.

3.2.3. Case studies of biomass burning influence on cloud water
nitrate

Flight 16 measurements during NiCE (N16), conducted on 29
July 2013, were influenced by smoke from the Big Windy and
Whiskey Complex forest fires in southwest Oregon. Biomass
burning releases NOx that is photochemically oxidized to HNO3,
which could then be neutralized by alkaline species. Nitric acid can
partition to particles, such as those in the coarse size range (Fig. 2),
and be transported over long distances (Ruellan et al., 1999). The
concentration of super-100 nm particles in the free troposphere

Fig. 2. Speciated aerosol mass size distributions measured at a coastal ground site in
the study region during the NiCE campaign.
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was enhanced (maximum concentration ¼ 4608 cm�3) due to
wildfire smoke (Fig. 4a). Although cloudy areas sampled during the
flight had a thick layer of smoke above them, the cloud water
samples were not influenced by the smoke to the same extent.
Three cloud water samples (#90, #96 and #97), roughly within
~30e50 km of each another, are discussed to illustrate this point.
Samples 96 and 97 (unlike Sample 90) exhibited significantly
higher concentrations of NO3

�, K, Ca, Mn, Al, Cl� and oxalate (Fig. 5).
These species have been measured in emissions from biomass
burning in other regions (Hays et al., 2002; Wonaschütz et al.,
2011). The higher concentrations of Al and Ca in Samples 96 and
97 relative to Sample 90 are also consistent with the lofting of soil
dust during wildfires (Clements et al., 2008; Kavouras et al., 2012).

The smoke above clouds must be entrained into the clouds in
order to alter cloud properties. Entrainment of the biomass burning
plume in Samples 96 and 97 resulted in an increase in number
concentration of super-100 nm particles below cloud top (Fig. 4a).
Entrainment of free tropospheric air into clouds is governed by the
stability of flow in a narrow layer immediately above the cloud top,
called the entrainment interface layer (EIL). The EIL is treated here
as a ~20 m thick layer above the cloud tops (Haman et al., 2007).
Enhanced turbulent flow in the EIL promotes more entrainment of
free tropospheric air into the clouds. Atmospheric turbulence is
quantified by the gradient Richardson Number, Ri, which accounts
for both static and mechanical instabilities:

Ri ¼ g
qv

vqv=vz�
vu=vz

�2

þ
�
vv=vz

�2 (1)

where g is acceleration due to gravity (9.8 m s�2), qv is the virtual
potential temperature (K), u and v are components of the horizontal
wind (m s�1) in the EIL, and z is the thickness of the EIL (~20m from
cloud top). When applied to a layer of finite thickness, this is called
the bulk gradient Richardson Number, Rib. If Rib < 0, the layer is
statically (or thermally) unstable and leads to convectionwithin the
layer. If Rib > 0, the layer is statically stable but if it gets lower than
the critical value (Rc) of 0.25, non-turbulent flow will become tur-
bulent due tomechanical instability. Once Rib becomes greater than
the termination value (RT) of 1, the flowwill become non-turbulent
(Stull, 2003). For Sample 90, which was collected between 10:43
and 10:53 (Local Time, LT), the EIL was non-turbulent (Rib is 1.7). In
contrast, Samples 96 and 97, which were collected later in the day
(13:08e13:15 and 13:29e13:43 LT, respectively), were obtained in
the presence of high shear in horizontal winds in the EIL. The Rib
value for Samples 96 and 97 was 0.29 and 0.21, respectively, and
thus the EIL above these two samples was turbulent (Fig. 4b),
resulting in entrainment of the free tropospheric smoke into the
cloud. It must be noted here that there is a hysteresis effect in the
behavior of turbulent flow because Rc < RT. Hence, relevant to the

Fig. 3. Average values of the NO3
�:SO4

2� mass concentration ratio below, in and above cloud during (a) E-PEACE and (b) NiCE.

Fig. 4. Vertical profiles of (a) number concentration of super-100 nm particles (from PCASP) and (b) horizontal wind speed for three cloud water samples collected during NiCE.
Samples 96 and 97 experienced entrainment of smoke at cloud top unlike Sample 90. The solid horizontal lines represent the cloud base and top for Sample 96. The dashed lines
represent the cloud base and top for Samples 90 and 97.
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categorization in Table 1, for samples with Rib values between 0.25
and 1, and samples with missing meteorological measurements,
the vertical distributions of PCASP number concentration were
used to identify turbulence and thus entrainment.

3.3. Vertical profiles of the nitrate:sulfate ratio in clouds

3.3.1. Model set-up
To explore processes affecting the relative concentration of ni-

trate and sulfate in clouds, a parcel model is used to simulate the
ascent of an air parcel along a trajectory of a typical stratocumulus
cloud, as derived from large eddy simulations (Ervens et al., 2004).
The model is initialized with aerosol size distributions
(~20 < Dp < ~900 nm) that represent the encountered source
characteristics (Table S3). These particles are activated into cloud
droplets according to K€ohler theory, near cloud base when the air is
supersaturated with respect to water vapor. At each model time
step, the trajectory prescribes temperature, pressure, and total
water mixing ratio in the ascending air parcel. The simulations start
just below cloud base (RH ~ 99%). Below a threshold of LWC of
0.01 gm�3, only chemical processes in the gas phase are considered
which include the oxidation of volatile organic compounds and NOx

by OH and O3; above this limit, uptake of soluble gases and their
processing in the aqueous phase are simulated. Initial conditions
for “low Cl� marine”, “ship” and “fire”, as encountered during NiCE,
are summarized in Table S3 (Supplement). The resulting drop size
distribution is treated explicitly, and the chemical composition of
each drop size class is a result of the dissolution of the initial CCN
(ammonium, sulfate, nitrate), the trace gases that are taken up (e.g.,
HNO3, SO2) and the chemical reactions in each droplet (i.e. sulfate
formation as a function of S(IV), H2O2 and Hþ concentration). To be
noted here is that the drop size spectrum changes over the course
of the simulation since droplets grow during their ascent in a cloud.
The drop size distributions for all three cases near cloud base, in the
middle of the cloud and at cloud top are shown in Fig. S2
(Supplement), together with the averaged measured drop size
distribution. The initial aerosol population is tracked on a moving
mass grid where mass addition occurs due to HNO3 uptake and
formation of sulfate mass upon S(IV) oxidation in the aqueous
phase by H2O2 and ozone. We do not include SO2 oxidation by OH
radicals in the gas phase since it has been shown that in the
presence of clouds the conversion of S(IV) into sulfate in the
aqueous phase by H2O2 and O3 is much more efficient than in the
gas phase (e.g., Cautenet and Lefeivre, 1994).

3.3.2. Comparison of observed and predicted nitrate:sulfate ratios
Fig. 6 compares the observed (from NiCE) and predicted

NO3
�:SO4

2� ratios for the three cases as a function of cloud
normalized height (0 ¼ base, 1 ¼ top); individual SO4

2� and NO3
�

concentrations are reported in Fig. S3a, while HNO3 levels (with
and without uptake by drops) are shown in Fig. S3b. The simulated
cloud thickness was ~200 m, which is similar to the average
thickness of clouds during NiCE. Fig. 6a shows a decrease in the
NO3

�:SO4
2� ratio with height due to rapid oxidation of S(IV) in cloud

water. Once this precursor is consumed, the ratio is predicted to
increase a little due to continuous NOx oxidation and is mostly
caused by HNO3 uptake into cloud water. The majority of HNO3 is
scavenged by the cloud droplets, mostly near cloud base (Fig. S3b).
The formation of sulfate occurs on longer time scales (Fig. S3a),
which can be explained by the multistep pathway (i.e. uptake of
SO2 and oxidants and subsequent aqueous reaction) as opposed to
the direct uptake of HNO3.

As compared to the other two conditions, measurements of the
NO3

�:SO4
2� ratio for the fire (with entrainment) category exhibited a

larger deviation from the predicted ratio in the top half of clouds.
This can be explained by the enhanced turbulent cloud structure
leading to entrainment of biomass burning plumes from cloud top.
The parcel model assumes that air including all precursor gases is
transported upwards from cloud base and does not take into ac-
count any additional entrainment processes for trace gases other
than water vapor. For such convective cases, the spatial trend of
NO3

�:SO4
2� can be equated to its temporal evolution and can be used

as a measure of aerosol processing due to multiphase processes.
This assumption might be valid for cloud evolution in marine air
and ship plumes but fails if turbulent processes lead to mixing of
both (processed) aerosol particles and trace gases throughout the
cloud volume.

4. Conclusions

This study examines factors governing NO3
� concentrations in

eastern Pacific Ocean marine clouds with field measurements. The
main findings include the following:

(i) The average NO3
� air-equivalent concentrations in cloud

water samples categorized as having been influenced by ship
exhaust (2.5 mg m�3), strong marine emissions (2.5 mg m�3)
and fires (2.0 mg m�3) were more than twice that in the
background cloud water (0.9 mg m�3). Interrelationships
between NO3

�, Naþ and V show that dissolution of HNO3 in
cloud drops and nucleation scavenging of NO3

�-containing
particles are both important sources of this species in cloud
water.

(ii) Particulate NO3
� in the study region was preferentially found

in particles with diameters between 1.0 and 5.6 mm, similar
to Na, Cl� and Si, suggesting that drop activation of crustal
particles and sea salt could be an important source of NO3

� in
cloud water. Nucleation scavenging of chloride depleted sea-
salt is a source of cloud water NO3

�, with the lowest Cl�:Naþ

ratio (1.5) observed in ship-influenced samples.
(iii) The average ratio of NO3

�:SO4
2� was significantly higher in

cloud water than below cloud sub-micrometer particles (by a
factor of ~11.4 for both campaigns combined), further sup-
porting the notion that NO3

� enters clouds through the
dissolution of HNO3 and activation of coarse and/or re-
fractory particles not measured by the C-ToF-AMS. The
NO3

�:SO4
2� ratio in cloud droplet residuals was found to be

~80% lower than that in cloud water in both campaigns due
mostly to NO3

� volatilization during drop evaporation. The
ratio above cloud tops was consistently higher than below

Fig. 5. Chemical composition (air-equivalent units) of three cloud water samples from
NiCE Research Flight 16 conducted on 29 July 2013 with varying influence from
biomass burning plumes above cloud top.
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clouds (4.3 times higher for both campaigns) due to stronger
SO4

2� sources below cloud (e.g., shipping and dime-
thylsulfide) and elevated NO3

� above cloud from biomass
burning.

(iv) During periods when biomass burning plumes resided above
clouds, instability in the entrainment interface layer caused
16 of 29 cloud water samples to exhibit higher NO3

�, with air-
equivalent concentrations reaching up to 9.0 mg m�3.

(v) In the study region, the NO3
�:SO4

2� mass ratio quickly de-
creases with cloud height due to the more in-cloud sulfate
formation as compared to HNO3 uptake. In more turbulent
clouds, as encountered during biomass burning events, ver-
tical trends in the NO3

�:SO4
2� ratio cannot be predicted due to

cloud top entrainment and the model limitation that cloud
depth is equated with processing time scales.
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Abstract During the 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) and 2013
Nucleation in California Experiment (NiCE) field campaigns, a predominantly organic aerosol (> 85%
by mass) was observed in the free troposphere over marine stratocumulus off the coast of California.
These particles originated from a densely forested region in the Northwestern United States. The organic
mass spectrum resolved by positive matrix factorization is consistent with the mass spectra of previously
measured biogenic organic aerosol. Particulate organic mass exhibits a latitudinal gradient that corresponds
to the geographical distribution of vegetation density and composition, with the highest concentration over
regions impacted by densely populated monoterpene sources. Due to meteorological conditions during
summer months, cloud-clearing events transport aerosol from the Northwestern United States into the free
troposphere above marine stratocumulus. Based on the variation of meteorological variables with altitude,
dry air containing enhanced biogenic organic aerosol is shown to entrain into the marine boundary layer.
Fresh impacts on cloud water composition are observed north of San Francisco, CA which is consistent
with fresh continental impacts on the marine atmosphere at higher latitudes. Continental aerosol size
distributions are bimodal. Particles in the 100 nm mode are impacted by biogenic sources, while particles in
the ∼ 30 nm mode may originate from fresh biogenic emissions. Continental aerosol in the 100 nm mode is
cloud condensation nuclei active and may play a role in modulating marine stratocumulus microphysics.

1. Introduction

Marine aerosol particles play an important role in modulating cloud microphysical properties, transmission
of solar radiation, visibility, and the thermodynamic structure of the marine boundary layer. These effects
are governed to a large extent by the physical, chemical, and optical properties of aerosol residing over
the ocean surface. The eastern Pacific off the western coast of the United States is one of the world’s major
subtropical subsidence regions that exhibits persistent decks of stratocumulus, especially during summer
months, making it an ideal location to study aerosol-cloud interactions. In addition to marine aerosol such
as those resulting from sea spray, this region is heavily influenced by ship emissions, ocean biota, and trans-
ported and entrained air masses from both distant regions and coastal areas. The variety of these sources
has the potential to result in strong spatial and temporal gradients in aerosol physicochemical properties.

Aerosol and clouds off the central coast of California have been studied in numerous field experiments [Frick
and Hoppel, 2000; Durkee et al., 2000; Hudson et al., 2000; Straub et al., 2007; Lu et al., 2009; Hegg et al., 2009,
2010; Moore et al., 2012; Benedict et al., 2012; Coggon et al., 2012; Russell et al., 2013]. One topic that has
received considerable attention is the cloud condensation nuclei (CCN) properties of marine aerosol [Roberts
et al., 2006; Sorooshian et al., 2009; Hegg et al., 2009, 2010; Langley et al., 2010; Moore et al., 2012; Coggon
et al., 2012]. Hegg et al. [2009, 2010] apportioned CCN off the coast of California to anthropogenic and
natural sources and determined that about 67% of CCN by number could be attributed to human activities,
which included continental sources such as biomass burning. Roberts et al. [2006] found that continen-
tal sources from Asia and North America can modulate CCN properties over the eastern Pacific Ocean.
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Ship emissions exert a strong influence on marine aerosol in regions of active ship traffic [Langley et al.,
2010]; in one study, Coggon et al. [2012] demonstrated that 72% of cloud droplet residuals measured in the
California shipping lanes showed evidence of ship emissions.

Biogenic-derived compounds make up a significant fraction of volatile organic carbon and organic aerosol
in forested regions of California [Cahill et al., 2006; Worton et al., 2011; Setyan et al., 2012; Shilling et al., 2013]
and have been shown to be CCN active [e.g., Asa-Awuku et al., 2009; Gunthe et al., 2009; O’Dowd et al., 2009;
King et al., 2010; Poulain et al., 2010; Shantz et al., 2010; Creamean et al., 2011; Engelhart et al., 2011; Kerminen
et al., 2012; Kuwata et al., 2013; Pierce et al., 2012; Ruehl et al., 2012; Tang et al., 2012; Frosch et al., 2013]. Like-
wise, nucleation events in boreal forests could significantly contribute to the CCN budget in remote regions
[O’Dowd et al., 2009; Yli-Juuti et al., 2011; Kerminen et al., 2012; Riipinen et al., 2012; Crippa and Pryor, 2013;
Schobesberger et al., 2013; Westervelt et al., 2013]. The extent to which land-based biogenic aerosol impacts
the marine atmosphere, including marine stratocumulus, off the coast of California is an open question that
is examined in the present work.

In the following discussion, source apportionment by positive matrix factorization, satellite data, and forest
surveys are used to establish that a large source of organic above marine stratocumulus off the coast of
California originates from continental biogenic sources. The extent of this aerosol in the marine atmosphere,
its properties, and its potential to act as CCN are evaluated based on case flights.

2. Methodology

The 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) was conducted between July
and August to study aerosol-cloud interactions over the eastern Pacific Ocean [Russell et al., 2013]. Mea-
surements were performed onboard the Navy Twin Otter based out of the Center for Interdisciplinary
Remotely-Piloted Aircraft Studies (CIRPAS) in Marina, CA. The focus of E-PEACE was to understand the extent
to which different aerosol sources induce microphysical changes in cloud properties. The Twin Otter mea-
sured the response of stratocumulus to perturbations by three sources: an organic aerosol intentionally
emitted by a specially outfitted ocean vessel, cargo ships of opportunity, and sea salt. In the present study,
we focus on those flights in which continental aerosol was measured and investigate its influence on the
chemical and physical properties of marine aerosol and clouds.

Follow-up flights designed to expand the findings from E-PEACE were conducted in 2013 during the
Nucleation in California Experiment (NiCE). This experiment probed aerosol emitted from sources where
new particle formation might occur, such as urban plumes, animal husbandry, forested regions, and ship
exhaust. We focus here on those flights that specifically probe the impact of continental aerosol on the
marine atmosphere.

2.1. Flight Descriptions: E-PEACE
The complete E-PEACE campaign consisted of 30 flights executed ∼ 70 km off the coast of Monterey,
CA [Russell et al., 2013]. In the present study, we focus on four flights performed between Monterey and
Oregon (Figure 1 and Table 1). The flight objectives were to characterize latitudinal gradients in marine and
continental aerosol properties. During flights 27 and 28 (henceforth E27 and E28), we traversed along the
coast and observed weak temperature inversions at 600 m and clear (cloudy) conditions for E27 (E28). Dur-
ing flight E29, we repeated a latitudinal gradient but also followed a longitudinal flight path to assess the
properties of marine aerosol over the open ocean. Flight E29 was characterized by persistent cloud cov-
erage and a strong temperature inversion at 500 m. The flight path for E30 was similar to those of flights
E27 and E28; however, during this transect we performed long slant ascents and descents between 30 and
2500 m above sea level to sample the vertical composition of aerosol over ocean and land. Flight E30 was
also characterized by persistent stratocumulus and a strong temperature inversion at 500 m.

Aside from flight E30 which sampled at many altitudes, the Twin Otter flew at 30 m above sea level or in the
free troposphere above marine stratocumulus. The aircraft diverted 3 times to measure continental aerosol
at various altitudes—the first samples were measured over Monterey, the second were measured 90 km
north of San Francisco near Santa Rosa, CA, and the third were measured 250 km south of the Oregon bor-
der near Gaberville, CA. Five cloud water samples were collected north of San Francisco during flights E28
and E29 to characterize cloud water chemical composition.

©2014. American Geophysical Union. All Rights Reserved.
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Figure 1. (a) Flight paths for E27, E28, E29, and E30. Gold makers indicate the locations where the Twin Otter diverted its
coastal trajectory to measure aerosol over land. (b) Flight paths for N5, N10, N15, and N16.

2.2. Flight Descriptions: NiCE 2013
The NiCE campaign consisted of 23 flights conducted in various regions of California. Here we focus on four
flights intended to measure free tropospheric aerosol over marine stratocumulus. In contrast to previous
flight strategies, flights conducted during NiCE were designed to assess the vertical profile of aerosol proper-
ties utilizing deliberate maneuvers such as vertical spirals and slant ascents. Flights 5, 10, and 15 (henceforth
N5, N10 and N15) were conducted along the coast to study latitudinal gradients, while flight N16 was car-
ried out in an E-W fashion to assess properties over the open ocean (Figure 1). All flights encountered a
mix of cloudy and clear conditions with strong marine temperature inversions at 500 m (N5), 500 m (N10),
350 m (N15), and 700 m (N16).

On 26 July 2013, the Big Windy and Whiskey Complex forest fires were first reported in southwest Oregon
(http://www.inciweb.org). These fires were detected during flight N16 and subsequent flights. We use
these data here as a tracer for biogenic sources; however, a more thorough treatment of these fires will
be forthcoming.

2.3. Instrumentation
A nearly identical instrumentation payload was utilized onboard the CIRPAS Twin Otter during both cam-
paigns [Russell et al., 2013]. Cloud droplet residuals were selectively sampled using a counterflow virtual
impactor (CVI) with a cut size of 11 μm [Shingler et al., 2012]. Outside of cloud, particles were measured
behind the main subisokinetic aerosol inlet. Under typical airspeeds, the main inlet samples aerosol
< 3.5 μm diameter with 100% efficiency [Hegg et al., 2005]. The focus of the present study is aerosol with
diameters < 1 μm, for which losses due to particle sampling can be disregarded.

Submicrometer aerosol composition was measured using a compact time-of-flight Aerodyne aerosol mass
spectrometer (AMS) [Jayne et al., 2000; Allan et al., 2004a; Drewnick et al., 2005; Aiken et al., 2008]; the data
were collected and processed as described by Coggon et al. [2012]. Aerosol mass detection limits are taken
to be twice the standard deviation of a species signal during filter sampling and are calculated to be 0.19
(organic), 0.032 (sulfate), 0.19 (ammonium), 0.04 (nitrate), and 0.06 (chloride).

Single-particle refractory black carbon mass was measured with a Droplet Measurement Technologies
Single-Particle Soot Photometer (SP2, DMT, Boulder, CO, USA). The SP2 was calibrated and configured
similar to a previous study [Metcalf et al., 2012]. Fullerene soot is used to calibrate the SP2 following rec-
ommendations by Laborde et al. [2012] and Baumgardner et al. [2012]. The single-particle detection limits
are 0.54–103 fg (83–478 nm volume-equivalent diameter, assuming a black carbon density of 1.8 g cm−3)
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with an absolute uncertainty of 30%. Black carbon mass concentrations are determined by summing the 
total mass of all single particles detected in a given sample period. These mass concentrations are typically 
15–20% lower than mass calculated based on fitted distributions [Metcalf et al., 2012].

Cloud water samples were collected using a modified Mohnen slotted cloud water collector [Hegg and 
Hobbs, 1986] and processed according to the procedures described by Sorooshian et al. [2013] and Wang
et al. [2014]. Briefly, samples were treated with chloroform to minimize biological processing and stored
at 5◦C for off-line analysis. Chemical speciation was conducted by inductively coupled plasma mass 
spectrometry (ICP-MS) and ion chromatography (IC).

Cloud condensation nuclei (CCN) number concentrations were measured using a streamwise
thermal-gradient cloud condensation nuclei counter (CCNC, Droplet Measurement Technologies) [Roberts 
and Nenes, 2005; Lance et al., 2006]. A flow orifice and active control system was used to maintain instru- 
ment pressure at 700 mb independent of ambient pressure. The instrument was operated in scanning
flow CCN analysis (SFCA) mode [Moore and Nenes, 2009]. SFCA produced CCN spectra over the range
0.15–0.85% supersaturation.

Absolute particle number concentrations were measured with an ultrafine CPC (UFCPC, D ≥ 2 nm, modelp

3025, TSI). Aerosol size distributions were measured behind the subisokinetic inlet using a custom-built
scanning mobility particle sizer (SMPS, D ≥ 10 nm), which consists of a differential mobility analyzer (DMA,p

model 3081, TSI, Shoreview, MN) coupled to a condensation particle counter (CPC, model 3010, TSI). Size dis- 
tributions and aerosol number concentrations were also measured outside the aircraft using a passive cavity
aerosol spectrometer probe (PCASP, D ≥ 100 nm).p

Satellite imagery from the Geostationary Operation Environmental Satellite (GOES) and Moderate 
Resolution Imaging Spectoradiometer (MODIS) were used to visualize cloud coverage and vegetation den- 
sity, respectively. Data were downloaded from the Naval Research Laboratory website (http://www.nrlmry. 
navy.mil/sat_products.html) and NASA (http://modis-atmos.gsfc.nasa.gov/NDVI/index.html).

2.4. Mass Spectra Deconvolution Using Positive Matrix Factorization
We use positive matrix factorization (PMF) [Paatero and Tapper, 1994; Paatero, 2007] to deconvolve the 
organic mass spectra into the contributions of its different sources. Details about the PMF solution can be 
found in the supporting information. Numerous studies have utilized PMF to analyze AMS data [e.g., Ulbrich 
et al., 2009; Slowik et al., 2010; Chang et al., 2011; Hildebrandt et al., 2011; Hersey et al., 2011; Ng et al., 2011;
Elsasser et al., 2012; Garbariene et al., 2012; Mohr et al., 2012; Craven et al., 2013]. Spectra can often be sep- 
arated into just two categories—hydrocarbon-like organic aerosol (HOA) and oxygenated organic aerosol
(OOA) [Ng et al., 2011]. HOA is representative of particles typically formed from gasoline or diesel emissions 
and is considered a tracer for anthropogenic pollution. In the marine environment, HOA is typically observed 
in the presence of fresh shipping exhaust [Murphy et al., 2009; Coggon et al., 2012]. OOA is formed when the 
products of volatile organic compound (VOC) oxidation partition to the aerosol phase and is often indicative 
of aged air masses. Depending on the degree of oxidation, OOA can be further categorized as low (LV-OOA)
or semivolatile (SV-OOA). Low-volatility organic aerosol is more aged and typically exhibits a higher atomic 
oxygen-to-carbon ratio (O:C) than SV-OOA or HOA due to the presence of highly functionalized compounds 
such as carboxylic acids. Semivolatile aerosol is also oxygenated; however, it tends to be dominated by com-
pounds with alcohol or ketone groups. For spectra measured with unit mass resolution, the fraction of mass 
at m/z 44 (typically CO+

2 ) can be used to approximate the aerosol O:C ratio [Aiken et al., 2008]. In remote
regions, such as rural or marine atmospheres, OOA components may make up more than 95% of the organic 
mass [Ng et al., 2011, and references therein].

3. Results and Discussion
3.1. Organic Aerosol From Continental Sources
Subcloud marine aerosol is dominated by sea spray and compounds resulting from the oxidation of marine
precursors. Supermicrometer aerosol (D >1 μm) is predominantly sea salt generated by mechanical pro-p

cesses [McInnes et al., 1997], whereas aerosol in the submicrometer regime (D ≤1 μm) is formed by bothp

primary and secondary processes. Secondary chemical processing generates aerosol compounds by the
gas-to-particle partitioning of low volatility compounds. Such compounds derive from the gas phase oxi-
dation of biogenic (e.g., dimethyl sulfide) and anthropogenic precursors (e.g., ship emissions) and are

©2014. American Geophysical Union. All Rights Reserved.

152 



Journal of Geophysical Research: Atmospheres 10.1002/2013JD021228

6

5

4

3

2

1

0

M
as

s 
Lo

ad
in

g

7:00 PM
8/16/11

8:00 PM 9:00 PM 10:00 PM

Date and Time, E-PEACE, E28

2000
1000

0A
lti

tu
de

 
(m

)
50

40

30

20

10

0

15

10

5

0

M
as

s 
Lo

ad
in

g
(µ

g 
m

-3
)

10:00 PM
7/19/13

12:00 AM
7/20/13

Date and Time, NiCE, N10

2000
1000

0A
lti

tu
de

 
(m

)

50

40

30

20

10

0

nOICV

B.A.

Figure 2. Summary of aerosol properties for (a) flight E28 from E-PEACE and (b) flight N10 from NiCE. Aerosol above
the marine temperature inversion is highly organic ( > 85%) whereas aerosol below the marine temperature inver-
sion is a diverse mix of organic and inorganic species. Aside from organics, sulfate is the other dominant species
measured by AMS. The Org/SO4 ratio is used as a proxy to distinguish between aerosol above and below the marine
temperature inversion.

predominantly composed of organics, sulfate, and ammonium. Sea spray has been observed to contribute
large fractions of primary organics in the submicrometer regime in regions with high biogenic activity [e.g.,
O’Dowd et al., 2004; Keene et al., 2007; Facchini et al., 2008; Ovadnevaite et al., 2011; Prather et al., 2013]. This
is important in regions with large upwelling, such as along the western coast of the United States.

Figure 2 summarizes measurements made during flights E28 from E-PEACE and N10 from NiCE. In general,
organic and sulfate are the dominant aerosol species. Below and within cloud, aerosol and cloud droplet
residuals have organic to sulfate (Org/SO4) ratios typical of marine aerosol measured during the E-PEACE
and NiCE campaigns (range 0.34–4.07 with an average of 1.14, Coggon et al. [2012]). During all flights pre-
sented here, we observe a stark change in aerosol properties above cloud in which particles at high mass
concentrations are dominated by organic material (> 85%). The bulk properties of these particles are nearly
identical during both campaigns; however, higher mass concentrations were observed during NiCE.

In addition to variations in bulk aerosol composition, the organic mass spectra of aerosol measured above
cloud differs from that measured below cloud. These differences are best illustrated in the triangular space
defined by Ng et al. [2010] (Figure 3). The triangular space is a proxy to evaluate ambient aerosol oxidation
based on the fraction of organic mass at m/z 44 and 43 (f44 and f43, respectively). Fractions of organic at
m/z 44 and 43 scattering about the top of the triangular region are typical of LV-OOA, those scattering about
the middle of the triangle are typical of SV-OOA, while those scattering about the bottom of the triangle are
typical of HOA. Aerosol with high Org/SO4 exhibits f44 and f43 that scatter within the semivolatile region of
the triangle plot while those with low Org/SO4 exhibit fractions that scatter in regions of both semi volatility
and low volatility (Figure 3). The source of aerosol with high Org/SO4 above the marine temperature inver-
sion is of particular interest in the present study. Similar observations were made during the other flights
presented in Table 1.

In the present study, we evaluate the organic mass spectra of data collected during E-PEACE using PMF
to infer the origin of the organic aerosol measured above cloud. As mentioned in section 2.4, a detailed
description of the PMF solution is provided in the supporting information. In general, two factors are suffi-
cient to describe the variation in organic mass spectra over the course of a flight. The mass spectra and time
series for each factor are shown in Figure 4. Factor 1 is dominated by mass at m/z 44 (typically CO+

2 ) and m/z
43 (typically C2H3O+ or C3H7), whereas Factor 2 is dominated by mass at m/z 44 and m/z 29 (typically CHO+). 
Both factors have spectra consistent with semivolatile organic aerosol (SV-OOA). In the triangle space, these
factors exhibit f44 and f43 that scatter about regions coincident with aerosol of high and low Org/SO4 ratio
(Figure 3). As discussed in the supporting information, Factors 1 and 2 represent the profiles of aerosol mea-
sured above (high Org/SO4) and below (low Org/SO4) the marine temperature inversion, respectively. A HOA
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factor is not resolved from the PMF solution, implying that fresh primary anthropogenic emissions did not
impact measurements presented here.

The time series trends for Factors 1 and 2 are compared to external traces of sulfate and NaCl measured
by AMS and black carbon measured by the SP2 (Figure 4). The NaCl trace is defined similarly to that from
Allan et al. [2004b] and is the sum of mass at m/z 23 (Na+), 35 (Cl+), 36 (HCl+), and 58 (NaCl+). While NaCl is
refractory and therefore not quantifiable by standard AMS operation, small amounts of NaCl fragments can
be used as tracers for sea spray and primary marine organic aerosol.

Factor 2 varies positively with sulfate and NaCl and is constrained below cloud (Figure 4). Factor 2 variation is
stronger with respect to sulfate (R = 0.59) than with NaCl (R = 0.22), implying that Factor 2 is not sea salt in
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Figure 4. (top) Factors 1 and 2 spectra and time series profiles compared to (bottom) external traces of sulfate, NaCl,
and black carbon. The NaCl trace is defined similarly to that from Allan et al. [2004b] and is the sum of mass at m/z 23
(Na+), 35 (Cl+), 36 (HCl+), and 58 (NaCl+). Note that factor profiles and external tracers presented here are uncorrected
for collection efficiency.
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nature. Positive variation with respect to NaCl is likely due to enhancement of both Factor 2 and NaCl within 
the marine boundary. Sulfate in this region could result from continental sources such as biomass burn-
ing and anthropogenic emissions or marine sources such as sea spray, dimethyl sulfide, and ship exhaust. 
During E-PEACE, most sulfate that was measured resulted from shipping emissions which often impact 
background marine aerosol off the coast of California [Coggon et al., 2012]. Likewise, this is a region of strong 
oceanic upwelling; thus, biogenic emissions of dimethyl sulfide can strongly impact sulfate concentrations
[e.g., Gaston et al., 2010]. Consequently, sulfate observed in the present study likely results from sources orig- 
inating within the marine boundary layer as opposed to continental sources. Given the positive variation 
between Factor 2 and marine species and Factor 2 enhancement within the boundary layer, we interpret 
Factor 2 as representative of marine boundary layer organic aerosol.

Factor 1 varies negatively with sulfate (R = −0.13) and NaCl (R = −0.18) making it unlikely to be a marine 

source. Figure 5 shows the Factor 1 spatial distribution for E-PEACE flights. Factor 1 exhibits low mass over 
ocean but rises sharply to values as high as 3 μg m−3 over land, suggesting that Factor 1 is a continental 
source. Measurements performed during NiCE show similarities to those from E-PEACE. Based on PMF anal- 
ysis and measurements of bulk aerosol composition, continental aerosol (Factor 1), which is constrained 
above the marine temperature inversion, exhibits an Org/SO4 ratio ≥ 3 and f44/f43 of 0.125/0.11 (Figures 2a
and 3a). Aerosol measured above the marine temperature inversion during N10 exhibits the same bulk 
properties and detailed organic mass spectra (Figures 2b and 3b), indicating a continental impact during 
NiCE. Further discussion about the continental sources contributing to Factor 1 is provided in section 3.2.

Measurements of the vertical temperature profiles suggest that meteorological conditions during E-PEACE 
may have facilitated transport of continental aerosol into the free troposphere above marine stratocumulus.
Figure 5 illustrates that during most E-PEACE flights, a strong marine temperature inversion existed. The 
continental factor contributes little mass at low altitude but increases to values as high as 3 μg m−3 above 
the inversion. Measurements made over land show a weak inversion, and the contribution from continental 
factor is prominent at both low and high altitudes. Given that the continental factor originates from a region 
with a weak inversion, it is plausible that this aerosol is lifted into the free troposphere and subsequently
transported over the ocean. This is consistent with the observation of aerosol with high Org/SO4 ratio above 
the marine temperature inversion (Figure 2). In section 3.3, we will further investigate the mechanism by
which continental aerosol is transported over marine stratocumulus using data from NiCE.
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3.2. Biogenic Impact on the Continental Factor
The continental factor’s mass spectral profile resembles SV-OOA, which is known to originate from many
types of sources [Ng et al., 2011]; thus, the continental factor is either natural, anthropogenic, or some
combination of both. While previous studies have resolved separate anthropogenic and natural factors in
continental regions [e.g., Setyan et al., 2012; Han et al., 2014], we find that additional factors do not exhibit
meaningful correlations with external tracers, nor do they improve PMF goodness-of-fit criteria; therefore, a
single factor is attributed to continental aerosol in this study (i.e., Factor 1. See supporting information). This
limitation is reflected by the shortage of instruments capable of detailed chemical speciation that might
elucidate factors corresponding to natural or anthropogenic continental sources. In the absence of instru-
mentation that could provide source specific tracers, we rely on black carbon (BC) data measured by the
SP2, emission factor analysis, and satellite data to determine which sources (natural or anthropogenic) most
likely contribute to the continental factor.

Figure 4 shows that the continental factor positively varies (R = 0.66) with black carbon (BC) which implies
that some fraction of the organic may result from anthropogenic (e.g., vehicles) or natural (e.g., biomass
burning) combustion. However, the organic variation with BC is not direct, which suggests that combustion
may not be the only contribution to the continental factor. For example, measurements performed during
flights E27 and E28 show that organic mass is enhanced relative to BC as compared to measurements per-
formed during flights E29 and E30. We rule out biomass burning as a major source of aerosol given a lack of
fires in this region during flights presented here (http://www.calfire.ca.gov); furthermore, aerosol does not
exhibit typical biomass burning markers (high organic mass at m/z 60 and 73, Ng et al. [2011]).

Fossil fuel combustion could be a source of BC and, likewise, continental organic aerosol. Anthropogenic
organic material may be emitted directly as primary organic aerosol (POA) or produced via secondary
processes (secondary organic aerosol, SOA). To estimate an anthropogenic contribution due to fossil fuel
consumption, we calculate the organic mass that might be associated with BC as either POA or SOA using
organic carbon (OC) and organic mass (OM) ratios measured in urban environments.

POA is estimated using an OC/BC ratio of 2.08 reported by Novakov et al. [2005]. This ratio is typical for
aerosol measured in United States urban environments and is assumed to represent OC from primary emis-
sions [Novakov et al., 2005]. Performing these calculations for the highest BC concentration observed in
the present flights (0.13 μg m−3) and assuming that total OM is approximately 1.4 times higher than OC
[Novakov et al., 2005], we estimate POA mass as

POA = 0.13 μg BC m−3 ⋅ 2.08
μg OC
μg BC

⋅ 1.4
μg OM
μg OC

= 0.38 μg OM m−3 (1)

Accounting for uncertainties in BC (± 30%) measurements and OC/BC ratios (± 0.85), POA could contribute
0.38 (range 0.16–0.7) μg m−3 of organic mass to the continental factor. Secondary organic mass is calculated
assuming that SOA produced by fossil fuels is primarily attributable to vehicular emissions. Here calcula-
tions are performed using emission factor analysis similar to the methods employed by Ensberg et al. [2014]
to calculate vehicular SOA mass in the Los Angeles, CA Basin (Table 2). Equations (2) and (3) summarize
these calculations.

RVOC∕BC =
EFVOC

EFBC
(2)

SOAMass = BCMass ⋅ RVOC∕BC ⋅ SOAYield (3)

The inputs to equations (2) and (3) include the mass of gas phase organics (EFVOC, g/kg) and BC (EFBC, g/kg)
emitted per kilogram of fuel consumed and SOA yield for bulk diesel or gasoline emissions (SOAYield). Emis-
sion factors and yields representative of the California vehicle fleet are provided by Gentner et al. [2012] and
summarized in Table 2. The ratio RVOC∕BC (equation (2)) is an estimation of the mass of gas phase organics
emitted from diesel or gasoline emissions per gram of BC measured. Assuming that 100% of the VOCs emit-
ted from vehicular sources undergo reaction, equation (3) yields an upper estimate of the total SOA mass
attributable to gasoline or diesel activity (SOAMass).

Performing these calculations for the highest concentration of BC observed in Figure 4 (BCMass, 0.13 μg m−3),
we estimate that secondary processing of gasoline and diesel emissions could account for 0.09 (range
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Table 2. Results of Emission Factor Analysis Using Yields and BC, Gasoline, and
Diesel Emission Factors From Gentner et al. [2012]a

EFb
VOC

EFc
BC

Yield SOA Massd μg m−3

0.61Gasoline ± 0.020.24 ± 0.0230.003 ± 0.09 (0.03–0.25)0.007

1.18Diesel ± 0.540.47 ± 0.150.07 ± 0.04 (0.01–0.12)0.05

aSOA mass is calculated using equations (2) and (3) with a maximum BC mea-
surement of 0.13 (±30%) μg m−3. Values in parentheses represent upper and
lower estimates of SOA mass based on uncertainties in emission factors, yields,
and BC mass.

bVOC emission factors are reported as grams of gas phase organic mass
(gGPOM) per liter of fuel consumed [Gentner et al., 2012]. Values listed here
represent emission factors on a mass basis (gGPOM/kg fuel) assuming gasoline
and diesel densities of 0.74 and 0.852 kg/L, respectively. Uncertainty ranges are
calculated assuming ± 40% error [Ensberg et al., 2014].

cBC emission factors are reported as gBC/kg fuel.
dSOA Mass is calculated assuming 100% VOC reaction.

0.03–0.25) and 0.04 (range 0.01–0.12) μg m−3 of organic mass, respectively. Assuming that gasoline emis-
sions represent an upper estimate of fossil fuel SOA, total fossil fuel organic mass (POA + SOAgasoline) could
contribute as much as 0.47 (range 0.18–0.95) μg m−3 to the observed continental organic aerosol.

The mass estimated to be attributed to fossil fuel combustion is lower than organic mass measured during
E-PEACE (3–4 μg m−3, Figure 2) and NiCE (8–10 μg m−3), suggesting that fossil fuel combustion is unlikely
to be the sole source of continental organic aerosol measured in the present study. While anthropogenic
BC could originate from nonvehicular emissions (e.g., ships, industrial activity, and human-induced biomass
burning), there is little inorganic content and lack of tracers associated with biomass burning aerosol to
support other anthropogenic sources (see above-cloud aerosol composition, Figure 2). Therefore, we reason
that a fraction of the organic mass associated with the continental factor may be influenced by terrestrial
biogenic sources.

Northern California is a region of densely populated coniferous forests. Figure 6a illustrates the flight
path for E28 superimposed over a map of the normalized difference vegetation index (NDVI) for
California during 13–28 August 2001. The NDVI, a product of the NASA MODIS satellite, is a measure of
the relative amount of vegetation in a given region, with higher values indicating higher vegetation den-
sity. Though these data were collected 10 years earlier than E-PEACE, we presume that they reflect the
same seasonal vegetation distribution as in August 2011. Data and details about NDVI can be found at
http://modis-atmos.gsfc.nasa.gov/NDVI/index.html.

The continental factor is present preferentially in northern California, in correspondence with the NDVI
which is highest at latitudes above 38◦. Figure 6a suggests that the organic signature over land may be
strongly influenced by biogenic sources that are more abundant at higher latitudes. Figure 6b shows that
the continental factor’s spatial gradient opposes that of human population density, which is consistent with
our inferences of a limited anthropogenic impact.

The biogenic nature of the continental factor can be investigated further by examining its mass spec-
trum. Figure 7 compares the continental factor’s mass spectrum to those of anthropogenic and biogenic
SV-OOA previously resolved using PMF [Ng et al., 2011; Hersey et al., 2011; Setyan et al., 2012; Han et al.,
2014]. The SV-OOA factor reported by Ng et al. [2011] is representative of an average SV-OOA profile from
six data sets and could result from natural or anthropogenic emissions. The factor resolved by Hersey et al.
[2011] represents anthropogenic SV-OOA measured in the Los Angeles Basin, CA. The profiles resolved
by Setyan et al. [2012] and Han et al. [2014] are those of aerosol impacted by biogenic sources near the
foothills of the Sierra Nevada Mountains, CA and in a Japanese boreal forest dominated by monoterpene
emissions, respectively.

The continental factor shows close similarities to the factors resolved by Setyan et al. [2012] and Han et al.
[2014] and exhibits high fractions of m/z 29, 43, and 44 with a distinguishable peak at m/z 55. All three fac-
tors exhibit similar features as organic spectra of aerosol generated from VOCs of monoterpene-emitting
plants in chamber oxidation experiments (not shown, [Kiendler-Scharr et al., 2009]). In contrast, the mixed
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Figure 6. (a) Flight path for E28. Missing markers indicate periods removed from PMF analysis due to low organic mass
or brief impacts by cloud-processed shipping emissions (see PMF description in supporting information). Markers are
colored by the continental factor mass. The flight path overlays a satellite image of California. The map is colored by
the normalized difference vegetation index (NDVI), which is a relative measure of the amount of vegetation in an area.
Darker colors indicate higher vegetation. NDVI data can be found at http://modis-atmos.gsfc.nasa.gov/NDVI/index.html.
The yellow star indicates the location of San Francisco, CA. (b) Map showing the human population density of a given
California county. Numbers in each county represent the number of people per square mile as measured during the 2010
census and can be found at http://census.gov. (c) Map showing the total number of trees in a given California county. The
composition (HH = hardwood, OS = other softwood, SH = soft hardwood, and P = pine) of the forests for four counties
are shown. A breakdown of each category is provided in Table 3.
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Figure 7. (a) Comparison of average SV-OOA [Ng et al., 2011], anthropogenic SV-OOA measured in the Los Angeles Basin,
CA [Hersey et al., 2011], biogenic organic aerosol measured in Sacramento, CA [Setyan et al., 2012], and biogenic organic
aerosol measured in a Japanese boreal forest [Han et al., 2014] to the continental factor resolved in this study. (b) Com-
parison of f44/f43 for the continental factor resolved in this study to SV-OOA factors resolved previously [Ng et al., 2011;
Hersey et al., 2011; Setyan et al., 2012; Han et al., 2014]. Note that f43 and f44 are calculated with the signal of 39 removed.
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Table 3. Major Species (> 5% of Total Number) in the Tree Subgroups (HH = Hard Hardwood, OS = Other Softwood)
Shown in Figure 6

Genus SpeciesCommon Name a %Total NumberGroup b %𝛼-Pinenec REPd

Monterey County

Canyon live oak Quercus chrysolepis 1.17634.824HH

Coast live oak Quercus agrifolia 1.17634.823HH

California laurel Umbellularia californica 0.0652617HH

Blue oak Quercus douglasii 1.17634.811HH

Marin County

California laurel Umbellularia californica 0.0652647HH

Tanoak Lithocarpus densiflorus 1.17634.815HH

Coast live oak Quercus agrifolia 1.17634.811HH

Redwood Sequoia sempervirens 0.01625.710OS

Humbolt County

Tanoak Lithocarpus densiflorus 1.17634.846HH

Douglas-fir Pseudotsuga menziesii 9.90964.223OS

Redwood Sequoia sempervirens 0.01625.712OS

Mendocino County

Tanoak Lithocarpus densiflorus 1.17634.839HH

Douglas-fir Pseudotsuga menziesii 9.90964.221OS

Redwood Sequoia sempervirens 0.01625.711OS

Pacific madrone Arbutus menziesii ——7HH

aAs listed by the National Forest Service (http://www.fs.fed.us).
b%Total Number is the percentage of the total number of trees in the given California county.
c%𝛼-pinene is the percentage of alpha-pinene released relative to the total monoterpene flux [Geron et al., 2000].

𝛼-pinene fractions reported for the genus Quercus are an average of many species. Estimates are cited in
Geron et al. [2000].

dREP is the relative emission potential, which is the product of the monoterpene emission factor, estimated
percentage of the total crown coverage in the United States and the foliar density [Geron et al., 2000, and references
therein]. Higher values of REP suggest that a species is a greater contributor to monoterpene emissions. Estimates are
cited in Geron et al. [2000].

and anthropogenic-influenced SV-OOA factors from Ng et al. [2011] and Hersey et al. [2011] exhibit lower
fractions of m/z 44 and 43 and increased contributions from m/z 55 and 57. The continental factor resolved
in this study and the biogenic factors resolved previously occupy roughly the same region of the triangle
plot, which is in contrast to mixed or anthropogenic-influenced SV-OOA.

Analysis of the organic mass spectrum and spatial distribution leads us to conclude that the continental fac-
tor is linked to organic aerosol largely impacted by biogenic sources (Figures 6 and 7). Trees emit a complex
mixture of biogenic volatile organic compounds (BVOCs) that can undergo atmospheric oxidation [Geron
et al., 2000; Holzinger et al., 2005; Steinbrecher et al., 2009; Eddingsaas et al., 2012]. Isoprene is the globally
dominant BVOC (∼ 500 TgC yr−1), and its emissions are strongly dependent on tree species [Guenther et al.,
1995; Holzinger et al., 2005]. Monoterpenes (organics with chemical formula C10H16) may be the primary
BVOC in coniferous forests [e.g., Geron et al., 2000; Yli-Juuti et al., 2011; Riipinen et al., 2012]. For example,
Geron et al. [2000] used the population of trees in California, a species emission factor, and the correspond-
ing monoterpene composition profile to show that nearly 50% of the monoterpenes emitted by trees along
the northern coastal regions could be attributed to 𝛼-pinene. The carbon flux due to 𝛼-pinene was esti-
mated to be as high as 225 μg m−2 h−1, making the northern Pacific coast one of the most concentrated
emission sources of 𝛼-pinene in the United States.

The conclusions drawn by Geron et al. [2000] are analyzed further in Figure 6c and Table 3, which show the
total estimated number of trees and bulk forest composition in California coastal counties. These data are
from compiled surveys performed by the United States Forest Service from 2002 to 2011 and are available
at http://www.fia.fs.fed.us/. While the latitudinal trends in tree populations mirror those observed in NDVI
(Figure 6a), the composition of coastal forests also changes with latitude. Near Monterey County, CA, the
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majority of trees are hardwood, which are dominated by canyon live oak (24%), California live oak (25%),
California-laurel (17%), and blue oak (11%). As shown in Table 3, these species emit a monoterpene com-
position that is roughly 30% 𝛼-pinene. The relative emission potential (REP) for these species, which is a
ranking of the importance of a species as a monoterpene emitter [Geron et al., 2000], is modest compared
to those with high REP (Pinus taeda, REP = 11.77) and those with low REP (Abies fraseri, REP = 0.00). In con-
trast, Mendocino County in northern CA is home to a significant fraction of softwood species dominated by
Douglas-fir (21%) and Redwood (11%). Douglas-fir, for example, has a monoterpene composition dominated
by 𝛼-pinene (64.3%) and exhibits a REP of 9.909, making this species one of the most important monoter-
pene emitters nationally [Geron et al., 2000]. Thus, it follows that the high flux of 𝛼-pinene in northern CA
is not only attributable to the concentrations of trees but also to a shift toward trees that emit elevated
concentrations of 𝛼-pinene.

The observation of elevated organic aerosol at latitudes with high emission of monoterpenes is consistent
with previous studies that have observed enhanced biogenic SOA mass from boreal forest emissions [e.g.,
Cahill et al., 2006; Worton et al., 2011; Pierce et al., 2012; Riipinen et al., 2012; Han et al., 2014]. One recent
study by Ehn et al. [2014] has shown that extremely low-volatile compounds (referred to as ELVOCs) form at
high yield from OH− and ozone-initiated photochemistry of 𝛼-pinene, suggesting that SOA from monoter-
pene oxidation could dominate the aerosol budget over boreal forest canopies. Thus, a strong biogenic
impact on aerosol above northern California forests is not surprising.

3.3. The Impact of Continental Aerosol on the Marine Environment
Several studies have investigated biogenic organic aerosol (BOA) formation in California [e.g., Cahill et al.,
2006; Worton et al., 2011; Setyan et al., 2012; Shilling et al., 2013]. The data presented here suggest that bio-
genic sources can give rise to strong latitudinal gradients and impact free tropospheric aerosol over the
ocean (Figures 5 and 9). In section 3.1, we suggest that continental aerosol is lifted into the free tropo-
sphere and transported over marine stratocumulus, thus increasing organic aerosol concentrations above
the marine temperature inversion. Here we expand upon this discussion and investigate the mechanisms by
which continental plumes could impact the marine boundary layer.

Typically, air off the coast of California flows in a north-to-south direction with the predominant wind fields
originating from the remote northeast Pacific Ocean; thus, aerosol in this region is typically marine in nature.
These meteorological patterns are due to the North Pacific Subtropical High which is a semipermanent anti-
cyclone over the Pacific Ocean [e.g., Li et al., 2012]. However, as is common in the summer months, this high
pressure system may shift toward the continental United States and induce offshore flow of continental air
[Kloesel, 1992]. Previous studies have found that this flow of dry air along with large-scale subsidence can
lead to persistent cloud-clearing events [Kloesel, 1992; Koracin and Dorman, 2001].

These “plumes” of dry continental air were routinely observed during NiCE. In the present study, we are
interested in determining if such events transport continental aerosol, and thus BOA, into the marine atmo-
sphere. Flights N5 and N10 were designed to contrast aerosol properties between air masses impacted by
the plume to those with persistent stratocumulus. During N5, a large patch of dry air with features similar to
the cloud-clearing events described by Kloesel [1992] developed over the course of the day and extended as
far south as Santa Barbara, CA (Figure 8); at 19:00 UTC, it encompassed an approximate area of 145,000 km2.
As shown in Figure 8, aerosol sampled within the plume exhibited higher Org/SO4 than aerosol measured
over persistent marine stratocumulus. In section 3.1, we show that high Org/SO4 is typical of continental
BOA; therefore, Figure 8 suggests that the plume event during N5 led to enhancement of BOA above the
marine temperature inversion.

A similar cloud-clearing event developed during flight N10 as air from the Northwestern United States was
transported over marine stratocumulus (see Movie S1). As shown in Figure 9, measurements at low latitudes
were executed over solid decks of marine stratocumulus and exhibit high Org/SO4 ratio which suggests a
continental BOA impact above cloud. The presence of these emissions likely resulted from a plume event
that had transported continental aerosol into the marine atmosphere the previous day (see Movie S1).
The area subsequently filled with clouds; however, the signature of continental impact remained high
above cloud. Measurements performed at high latitudes were conducted inside the dry plume and exhibit
enhancements in Org/SO4 relative to those performed to the south. These observations complement those
from flight N5 and further suggest that plume events described here are a means by which continental
organic aerosol from the Northwestern United States is introduced into the marine atmosphere.

©2014. American Geophysical Union. All Rights Reserved.

160 



Journal of Geophysical Research: Atmospheres 10.1002/2013JD021228

16:00 17:00 18:00 19:00 20:00 21:00

42

40

38

36

34

32

132 130 128 126 124 122 120

42

41

40

39

38

37

125 124 123 122 121

1500
1000
500
0

A
ltitude (m

)

Outside 
 Plume

Inside 
Plume

Outside Plume Inside Plume

Figure 8. (left column) Satellite image taken at 18:30 UTC showing a dry air plume originating from the northwest United
States. (right column) Expanded view of flight path and altitude profile for flight N5 overlaying the same satellite image
(data downloaded at http://www.nrlmry.navy.mil/sat_products.html). The dotted line indicates the top of the marine
boundary layer, and the yellow star indicates the location of San Francisco, CA. Markers are colored by the Org/SO4
ratio. Data are separated into two regions: those that were measured within and outside of the dry air plume. In general,
aerosol with high Org/SO4 are dominant inside the plume. Likewise, measurements are constrained to altitudes above
the marine inversion (500 m), which is consistent with Figures 5 and 9.

Figure 9. Flight path and altitude profile for flight N10 overlaying a
satellite image showing cloud coverage at 23:15 UTC (data downloaded
at http://www.nrlmry.navy.mil/sat_products.html). Markers are colored
by the Org/SO4 ratio. Data are separated into two regions: those that
were measured south (low latitude) and north (high latitude) of Santa
Rosa, CA. In general, aerosol with high Org/SO4 are dominant north
of Santa Rosa, CA, however particles in both regions exhibit higher
Org/SO4 than those of typical marine aerosol (Org/SO4 ∼ 1). Like-
wise, particles are constrained to altitudes above the marine inversion
(500 m), similar to the results shown in Figure 5.

Given the observation of enhanced
BOA above cloud, it leads to the
question of the extent to which BOA
also impacts the marine boundary
layer and, subsequently, marine stra-
tocumulus. As demonstrated by
Kloesel [1992], cloud-clearing events may
develop when dry continental air dis-
places the marine boundary layer. As the
airmass is advected downwind over the
ocean, the marine inversion redevelops
and, given time, may refill with clouds.
In the case of the N10 plume event, con-
tinental air is transported over a marine
boundary layer that originated from the
northeast Pacific (see supporting infor-
mation, Figure S1), thus the formation of
a dry plume would occur through mix-
ing between air at the top of the marine
boundary layer and the dry air in the
free troposphere.

We illustrate that the mechanism
described above plays a role in the
development of the N10 plume using
data collected from a suite of vertical
spirals performed within (S5–S8) and
outside (S1–S4) of the cloud-clearing
event (Figure 10). Figures 10a and 10b
show that boundary layer air inside the
plume exhibits a lower water mixing
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Figure 10. Summary of meteorological conditions from N10. Vertical profiles of (a) water mixing ratio, (b) particle num-
ber, (c) temperature, and (d) horizontal wind speed. Figure 10d summarizes the locations of each profile corresponding
to the spirals (S) performed outside (blue) and inside (red) the plume. Figures 10c and 10d show individual spirals
whereas Figures 10a and 10b show bulk vertical profiles segregated based on dry plume influence.

ratio and higher particle concentration than boundary layer air outside of the plume, indicating a recent
impact by dry air with high particle number concentrations. This is consistent with the observation of
enhanced dry, continental aerosol above cloud (Figure 9). Similarly, meteorological conditions within
the plume suggest mixing with free tropospheric air (Figures 10c and 10d). Spirals S7 and S8 (latitude
40.7◦) were performed in the heart of the cloud-clearing event (see Movie S1) and exhibit weakened
temperature inversions relative to spirals S1-S6. This weakening is likely due to enhanced mixing with con-
tinental air. This is supported by faster horizontal wind speeds aloft and a higher inversion base (500 m)
than spirals performed downwind of the plume (375 m). Spirals S5 and S6 (latitude 39.5◦) were conducted
at the leading edge of the cloud-clearing event and exhibited inversion profiles similar to those measured
outside of plume influence (S1–S4). Thus, the evolution of the plume is consistent with a continental per-
turbation at high latitudes and redevelopment of the boundary layer as the air mass is advected southward
over the ocean [Kloesel, 1992]. This mechanism would suggest a BOA impact on lower latitude clouds
in Figure 9 given that this area had been impacted by a plume the previous day and filled with clouds
overnight (see Movie S1).

Given the presence of BOA above cloud both within and outside of plume-impacted airspace, we ques-
tion the extent to which the area of the dry plume in satellite data represents the general area of impact
by continental BOA. From back trajectory analysis of the N10 event (see Movie S1), it is likely that a sig-
nificant fraction of the plume is continental in nature; however, the Twin Otter did not measure aerosol
near the plume’s western boundary which may have cleared solely due to subsidence [Kloesel, 1992]. We
suspect, however, that such plume events could carry BOA over a wide region of the marine atmosphere.
Evidence for such an impact is provided by data collected during N16 (Figure 11). This flight was influenced
by biomass burning organic aerosol (BBOA) originating from Oregon forest fires (Table 1). Similar to flight
N10, a dry plume from the previous day had influenced measurements over regions of persistent stratocu-
mulus. Based on enhancements of mass at m∕z 60, which is a typical tracer for biomass burning due to its
association with the mass spectrum of levoglucosan [e.g., Alfarra et al., 2007; Adler et al., 2011], BBOA was
observed at distances farther than 100 km from the coast. Given the geographic commonality of the BBOA
and BOA sources, Figure 11 provides additional support for the large area of impact by plume events.

Regardless of the plume’s areal extent, we infer that cloud-clearing events such as those observed during
flights N5 and N10 indicate the presence of continental aerosol in the free troposphere above the marine
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Figure 11. Flight path and altitude profile for flight N16 overlaying a satellite image showing cloud coverage at
21:00 UTC (data downloaded at http://www.nrlmry.navy.mil/sat_products.html). Measurements of biomass burning 
organic aerosol (BBOA) from Oregon fires were measured over marine stratocumulus. Markers are colored by the mass
of organic at m/z 60 which is a typical tracer for BBOA. Markers are sized by the total organic loading, with the largest
markers representing loadings of 150 μg m−3 . The red trace is a back trajectory ending at the location where the highest 
concentration of BBOA was measured. The back trajectory shows that measurements originated from a region impacted 
by Oregon fires (red stars). The yellow star indicates the location of San Francisco, CA.

temperature inversion and, moreover, its likely presence above and within cloud (Figure 9). The presence of 
BOA above marine stratocumulus leads us to inquire as to the degree to which this source could act as CCN 
or influence cloud water chemistry. We examine these questions in sections 3.4 and 3.5.

3.4. The Impact of Biogenic Organic Aerosol on Cloud Water Chemistry
Cloud water measurements demonstrate continental impacts on cloud chemistry. Figure 12 shows selected 
cloud water species measured over the course of the E-PEACE campaign together with 48 h HYSPLIT [Draxler 
and Rolph, 2012] back trajectories for aerosol measured in the free troposphere during flight E28. Back tra- 
jectories from flight E28 show that aerosol measured in the free troposphere above the location of the cloud 
water samples had been transported over land before impacting marine stratocumulus. Wang et al. [2014]
showed that these cloud water samples exhibited the highest concentrations of crustal elements, such as
Si, B, and Cs, of all samples collected during E-PEACE, implying a larger continental impact. These results are
consistent with the observations of the BOA signature above marine stratocumulus (see section 3.3).
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Figure 12. Spatial maps of cloud water species measured during the E-PEACE campaign. Markers are colored and sized
by the air equivalent concentration, which is a concentration measure normalized by the cloud liquid water content.
Dotted lines over the acetate:formate map are back trajectories for air masses above cloud during flight E28.

Acetate and formate (also shown in Figure 12) are the anions of monocarboxylic acids that are largely
derived from the gas phase oxidation of vegetation sources [e.g., Talbot et al., 1988; Sanhueza et al., 1995;
Orlando et al., 2000; Wang et al., 2007; Paulot et al., 2011; Stavrakou et al., 2011]. One recent study has shown
that boreal forests may be a large source of formate and that biogenic sources in general account for ∼ 90%
of the global formic acid budget [Stavrakou et al., 2011]. Acetate and formate may also come from com-
bustion sources, and previous studies have observed these acids in cloud water samples impacted by ships
[Sorooshian et al., 2007]. Formate is also a common product formed by the cloud processing of compounds
such as glyoxal and thus may be an indication of particle aging [e.g., Ervens et al., 2003; Carlton et al., 2006,
2007; Sorooshian et al., 2007; Lim et al., 2013; Sorooshian et al., 2013].

Sorooshian et al. [2013] found that acetate and formate measurements from E-PEACE were well correlated
(R= 0.88) and exhibited higher concentrations closer to the coast, suggesting primary influence from
continental sources. We highlight these findings in Figure 12. The highest concentration of acetate
(0.25 μg m−3) during E-PEACE was measured north of San Francisco and is coincident with the highest con-
centrations of Si [Wang et al., 2014], which may imply continental influence. Given that these air masses
were transported over heavily forested regions (see back trajectories, Figure 12), it is likely that these
enhancements result from biogenic sources.

Formate concentrations are more variable than those of acetate and are enhanced both north (0.12 μg m−3)
and south (0.15 μg m−3) of San Francisco. Enhancement of formate to the north is likely due to impacts
from continental sources given the high correlation with acetate. Enhancements of formate to the south
could be the result of anthropogenic influence, however, this is unlikely given poor correlation with typical
anthropogenic tracers such as vanadium, iron, nitrate, and sulfate [Sorooshian et al., 2013].

Given a lack of evidence for strong anthropogenic impacts on cloud water formate, enhancement of formate
at lower latitudes is consistent with aqueous phase processing. Sorooshian et al. [2013] found that cloud
water samples to the south exhibited higher fractions of oxalate, a typical end product of aqueous phase
oxidation. Similarly, the cloud water acetate to formate ratio, which is proposed to be a proxy for the relative
impact of fresh emissions (higher values) to secondary production from cloud processing (lower values)
[Talbot et al., 1988; Wang et al., 2007], exhibits a latitudinal gradient consistent with fresh impacts to the
north (acetate to formate ratio ≥ 1.5) and aged cloud droplets to the south (acetate to formate ratio ≤ 1).
These results agree with the conclusions drawn by Sorooshian et al. [2013] and this study that acetate and
formate have a continental source at higher latitudes.

3.5. The Potential for Biogenic Organic Aerosol to Act as CCN
The observation of a fresh continental impact on cloud water at higher latitudes and the enhancement
of compounds largely derived from biogenic sources provide additional support for BOA impacts on
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Figure 13. CCN spectra and SMPS distributions for aerosol measured over land (40◦ latitude) in the free troposphere
(blue squares) and those measured over the ocean at 30 m (red circles). Error bars are the standard deviation in the
measurement. The 100 nm mode observed in the free troposphere is consistent with that of biogenic aerosol. The
appearance of a nucleation mode (∼ 30 nm) likely results from fresh emissions. In the absence of chemical composition
below 60 nm, we propose that this smaller mode is biogenic organic aerosol that has yet to grow to 100 nm.
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Figure 14. Organic mass distributions for m/z 43 (continental biogenic aerosol) and m/z 44 (marine aerosol), respectively,
from flight E29. The corresponding mass spectra at the distribution peak are shown.

stratocumulus north of San Francisco. We can evaluate the CCN potential of BOA relative to other marine
sources by comparing CCN and size distribution measurements of BOA in the free troposphere to those
of subcloud marine aerosol (Figure 13). The size distribution of aerosol in the free troposphere is variable;
flight E27 and E29 exhibit a bimodal distribution, whereas flight E28 and E30 each show a single mode. The
larger peak at 100 nm appears to be consistent with biogenic SOA, a conclusion supported by the mass size
distribution and size-resolved mass spectra measured by the AMS. Figure 14 shows organic mass size dis-
tributions of m/z 43 and m/z 44 for aerosol measured in the free troposphere and marine boundary layer,
respectively, during E29. Note that particle sizes measured by the AMS are reported as vacuum aerody-
namic diameters, which are typically larger than electrical mobility diameters measured by the SMPS by a
factor corresponding to the particle density. The mass distributions in Figure 14 correspond to the larger
mode aerosol, given that the mode below 100 nm lies outside the 100% transmission range (60 nm < Dva <

600 nm) of the AMS and accounts for only a small fraction of the total mass. The corresponding mass spectra
at the distribution peaks are shown. The organic mass spectrum of the free tropospheric aerosol distribution
is consistent with that of the continental factor, whereas, for comparison, the organic mass spectrum of the
subcloud aerosol distribution is consistent with the marine factor. Thus, we conclude that the 100 nm mode
in Figure 13 is primarily that of biogenic aerosol.

The BOA signature, as shown previously, is mostly organic. Previous field studies and chamber experiments
have shown that organic aerosol originating from continental biogenic precursors may effectively act as
CCN [Shantz et al., 2008, 2010; Lambe et al., 2011; Pierce et al., 2012; Ruehl et al., 2012; Tang et al., 2012]. While
organic aerosol often exhibits lower CCN activity relative to inorganic aerosol, the CCN activity of organics
varies widely depending on the source or organic composition, such as the oxygen to carbon ratio [Lambe
et al., 2011; Kuwata et al., 2013; Wonaschütz et al., 2013]. For example, Ruehl et al. [2012] have shown that
products from 𝛼-pinene ozonolysis reduce the surface tension of NaCl particles by 50–75%, implying that
surface active products may enhance water uptake in certain aerosols. Wonaschütz et al. [2013] found that in
the study region examined here, initially hydrophobic organics emitted from an ocean vessel yielded higher
CCN after atmospheric aging.

Disregarding the smaller modes in Figure 13 for the moment, the CCN behavior of BOA can be inferred
from the properties of the continental aerosol from flights E28 and E30, which exhibited a single,
biogenic-influenced mode. BOA typically has an Org/SO4 ratio > 3, whereas marine aerosol below cloud
has an Org/SO4 ratio ∼ 1 (Figure2). Aerosol with a large fraction of inorganic substituents, such as sub-
cloud marine aerosol, typically activate with greater efficiency, yet here we observe that BOA has a similar
CCN activation spectrum as aerosol measured below cloud. These similarities are likely due to size effects.
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Figure 15. Time lapse showing the evolution of marine stratocumulus during flight N15 (26 July 2013). The time (UTC)
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labels S1, S2, and S3 indicate the location of a vertical spiral designed to sample a localized profile of marine aerosol. The 
area void of clouds (referred to as a plume of dry air) originated from the continent and moved south as time elapsed. 
Point T was a period where the Twin Otter briefly sampled aerosol above cloud top within the plume. The dotted yellow 
lines are 24 h back trajectories ending at the location of each spiral.

Calculations of the hygroscopicity parameter 𝜅 according to the procedure by Moore et al. [2011] indicates 
that BOA from flights E28 and E30 had 𝜅 of 0.08–0.12, which is consistent with BOA 𝜅 ∼ 0.1 measured pre-
viously [Engelhart et al., 2011; Lambe et al., 2011; Pierce et al., 2012; Tang et al., 2012]. Marine aerosol below 
cloud exhibited 𝜅 of 0.15–0.58, which is expected to vary greatly depending on the sources affecting marine
aerosol [Pringle et al., 2010]. Given that BOA is less hygroscopic than particles within the marine boundary 
layer, it leads to reason that both sources have comparable CCN activation spectra because BOA had larger 
diameters than marine aerosol (Figure 13). These data suggest that the 100 nm mode observed in continen- 
tal BOA could compete with marine CCN and impact the properties of marine stratocumulus in regions with 
enhanced entrainment.

The lower CCN fraction measured during flights E27 and E29 relative to flights E28 and E30 results from the 
presence of the 30 nm mode, which encompasses particles below the critical size for activation. This is clear 
because not all of the particles in the 100 nm mode act as CCN (see CCN spectra for flights E28 and E30, 
Figure 13). The 30 nm mode observed during flights E27 and E29 likely evolved from recently nucleated 
particles. Given that vegetation is prominent above 40◦ latitude, one possibility is that this mode is BOA that 
has yet to grow to 100 nm. Monoterpenes are suspected to play a major role in the growth of nucleated 
particles in coniferous forests given that these species are the major VOCs emitted by trees in these regions
[Laaksonen et al., 2011; Yli-Juuti et al., 2011; Riipinen et al., 2012]. For example, Yli-Juuti et al. [2011] found that
seasonal variations in the growth rates of nucleated particles in Hyytiälä, Finland were strongly dependent
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Figure 16. Summary of data from N15 corresponding to the flight path shown in Figure 15. (row a) Size distributions
from each spiral (S1, S2, and S3). (row b)) Altitude and liquid water content (LWC). (row c) PCASP and ultrafine CPC
(UFCPC) measurements. (row d) AMS measurements summarizing aerosol composition. Regions colored red, orange,
and green correspond to S1, S2, and S3, respectively. PCASP concentrations apply to aerosol with diameters ≥ 100 nm,
whereas UFCPC concentrations apply to aerosol with diameters ≥ 2 nm; thus, enhancements in UFCPC relative to PCASP
are indications of enhanced concentrations of sub-100 nm small particles.

on the concentrations of monoterpenes. The composition of BOA measured here is most consistent with
organic aerosol measured previously from boreal forests (section 3.2), implying that biogenic SOA likely
impacts the 30 nm mode observed in this study.

The 30 nm mode is of particular interest because if it is transported into the marine environment, it could
modulate cloud water chemistry via cloud scavenging or activate to cloud droplets if the particles grow
to CCN sizes, thus influencing the microphysical properties of marine stratocumulus. Biogenic nucleation
events from boreal forests in North America have been shown to yield CCN [e.g., O’Dowd et al., 2009;
Creamean et al., 2011; Kerminen et al., 2012; Pierce et al., 2012] and may significantly impact the CCN budget
in clean air masses [Spracklen et al., 2008]. Given the predominant biogenic signature in continental aerosol
transported to the marine atmosphere (section 3.3), it leads to the question whether particles in the 30 nm
mode survive scavenging and impact the aerosol budget above marine stratocumulus.

Flight N15 afforded an opportunity to sample continental aerosol over the marine boundary layer close to
the emission source when a small-scale dry plume developed near Cape Mendocino, CA (Figure 15). Three
spirals and one vertical slant were conducted to sample the vertical profile of aerosol properties within
(S2, T) and outside (S1, S3) of this dry plume (Figure 16). Spiral S1 was conducted north of the plume
and exhibited an Org/SO4 ratio typical of BOA above marine stratocumulus. The number size distribution
exhibits a single, 100 nm mode. Furthermore, the difference between PCASP (Dp ≥ 100 nm) and ultrafine
CPC (UFCPC, Dp ≥ 2 nm) number concentrations was small, implying that the diameters of most particles
during S1 exceeded 100 nm. When the Twin Otter spiraled through the dry plume (S2), an enhancement in
UFCPC appears relative to PCASP, indicating the presence of sub-100 nm particles. The number size distri-
bution during S2 exhibits a bimodal distribution with a prominent sub-100 nm mode. At point “T,” the Twin
Otter briefly sampled aerosol above cloud within the dry plume and again observed an enhancement in
UFCPC relative to PCASP. Measurements to the south of plume (S3) were similar to those to the north (S1).

These results indicate that the plume event observed during N15 contained small particles that could
have nucleated from secondary processes. We suspect that more extensive plume events could transport
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nucleated particles over a wide area of the marine atmosphere (Figure 8). Though we cannot deduce the
extent to which these particles grow to the larger, CCN-active continental mode (100 nm), their presence
above cloud is notable, and future studies might consider the role these particles play in modulating the
chemical or physical properties of marine stratocumulus.

4. Conclusions

Organic aerosol layers above marine stratocumulus off the California coast are observed to originate from
northwest United States continental sources. Positive matrix factorization analysis resolved a semivolatile
oxygenated organic aerosol (SV-OOA) factor with a mass spectrum and spatial distribution consistent with
organic aerosol derived from biogenic precursors. This biogenic organic aerosol (BOA) exhibits a latitudi-
nal gradient that corresponds to changes in both vegetation density and forest composition. Summertime
meteorological conditions induce offshore flow of continental air; subsequently, BOA is transported into
the free troposphere via a plume of dry air and impacts aerosol over marine stratocumulus. Close to the
plume source, we observe small particles that appear to be indicative of new particle formation, consistent
with previous observations of nucleation events in North American coniferous forests [O’Dowd et al., 2009;
Creamean et al., 2011; Kerminen et al., 2012; Pierce et al., 2012]. The measured vertical profile of meteorologi-
cal variables indicates that BOA can be entrained into marine stratocumulus. This observations is supported
by cloud water measurements that show a gradient in the acetate:formate ratio, which is a relative measure
of the impacts of fresh emissions to secondary processes such as aqueous phase oxidation.

Sea spray, shipping exhaust, marine biota, biomass burning, anthropogenic sources, and continental dust
all impact marine stratocumulus [Roberts et al., 2006; Straub et al., 2007; Sorooshian et al., 2009; Hersey et al.,
2009; Hegg et al., 2009, 2010; Langley et al., 2010; Benedict et al., 2012; Coggon et al., 2012]. Here we show that
relatively long-range transport of continental biogenic aerosol can also impact marine stratocumulus. BOA
CCN activation spectra are comparable to those of boundary layer marine aerosol and is slightly hygroscopic
(𝜅 ∼ 0.1); thus, it follows that this source can influence cloud microphysics in regions with entrainment.
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h i g h l i g h t s

� Species other than K are more reliable biomass burning tracers in region.
� Sulfate and nitrate peak concentrations shift to larger sizes in wildfire periods.
� Chloride depletion due to high levels of acidic species during wildfire periods.
� Soil species levels (e.g., Si, Fe, V) were enhanced during wildfires.
� CCN composition is dominated by ammonium during wildfire periods.
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a b s t r a c t

Size-resolved aerosol composition measurements were conducted at a coastal site in central California
during the Nucleation in California Experiment (NiCE) between July and August of 2013. The site is just
east of ship and marine emission sources and is also influenced by continental pollution and wildfires,
such as those near the CaliforniaeOregon border which occurred near the end of NiCE. Two micro-orifice
uniform deposit impactors (MOUDIs) were used, and water-soluble and elemental compositions were
measured. The five most abundant water-soluble species (in decreasing order) were chloride, sodium,
non-sea salt (nss) sulfate, ammonium, and nitrate. During wildfire periods, nss K mass concentrations
were not enhanced as strongly as other species in the sub-micrometer stages and even decreased in the
super-micrometer stages; species other than nss K are more reliable tracers for biomass burning in this
region. Chloride levels were reduced in the fire sets likely due to chloride depletion by inorganic and
organic acids that exhibited elevated levels in transported plumes. During wildfire periods, the mass size
distribution of most dicarboxylic acids changed from unimodal to bimodal with peaks in the 0.32 mm and
1.0e1.8 mm stages. Furthermore, sulfate's peak concentration shifted from the 0.32 mm to 0.56 mm stage,
and nitrate also shifted to larger sizes (1.0 mm to 1.8e3.2 mm stages). Mass concentrations of numerous
soil tracer species (e.g., Si, Fe) were strongly enhanced in samples influenced by wildfires, especially in
the sub-micrometer range. Airborne cloud water data confirm that soil species were associated with fire
plumes transported south along the coast. In the absence of biomass burning, cloud condensation nuclei
(CCN) composition is dominated by nss sulfate and ammonium, and the water-soluble organic fraction is
dominated by methanesulfonate, whereas for the samples influenced by wildfires, ammonium becomes
the dominant overall species, and oxalate is the most abundant organic species.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Particles impact the planet's energy balance, public health, air
quality, the hydrologic cycle, and biogeochemical cycling of

nutrients. To improve knowledge of the nature and magnitude of
these aerosol effects, measurements of aerosol physicochemical
properties are conducted. Recent modeling studies have pointed to
the need for additional measurements of aerosol size and
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composition, especially for organics, to improve forecasting of
coastal air quality (Gantt et al., 2010). Size-resolved measurements
are particularly useful to examine the properties of particles in size
ranges with differing impacts on the environment and public
health. For instance, size governs how particles (i) interact with
solar radiation, (ii) modify cloud properties, (iii) deposit in the
respiratory system upon inhalation, and (iv) get transported and
deposited in the environment (e.g., Virkkula et al., 2006 and ref-
erences therein).

Size-resolved data from previous coastal and marine studies
have provided the following insight into sources of both directly
emitted and secondarily produced aerosol species. Non-sea salt
(nss) sulfate typically dominates the sub-micrometer range and is
usually internally mixed with methanesulfonate (MSA), while sea
salt dominates the super-micrometer range and often coincides
with nitrate owing to reactions of nitric acid (HNO3) with coarse
particle surfaces (Pakkanen et al., 1996). Sea salt can also contribute
appreciably to sub-micrometer particle mass concentrations (e.g.,
O'Dowd and Smith, 1993). Organic species are ubiquitous in marine
particles owing to sources such as bubble bursting, marine biota
emissions, and shipping (Middlebrook et al., 1998; Coggon et al.,
2012). Chloride depletion due to acids varies in strength based on
geography and particle size (Virkkula et al., 2006).

No size-resolved aerosol measurement studies to our knowl-
edge have examined the influence of wildfires superimposed on
background coastal air quality; however, physicochemical proper-
ties of particles stemming from biomass burning have been
extensively characterized (Reid et al., 2005). Size-resolved chemical
properties of biomass burning aerosol depend on aging duration.
For example, while directly emitted organic aerosol (OA) are sem-
ivolatile, additional aging reduces their volatility and forms sig-
nificant amounts of new OA via photo-oxidation (Grieshop et al.,
2009). Inorganic species such as sulfate and ammonium are
formed via gas-to-particle conversion (Reid et al., 1998; Gao et al.,
2003); however, direct emissions are also responsible for
enhanced concentrations of some inorganic species such as nitrate,
potassium, and chloride (Posfai et al., 2003; Wonaschütz et al.,
2011). A study in Rondonia, Brazil, showed that most of the ionic
mass is concentrated in the sub-micrometer range but shifts to
larger sizes due to aging and mixing with other aerosol types
(Falkovich et al., 2005); furthermore, oxalic acid was the most
abundant dicarboxylic acid at that location, and its ratio to other
organic acids and biomass burning tracers was enhanced during
the summer likely due to the photochemical degradation of larger
dicarboxylic acids (Kundu et al., 2010).

The goal of this study is to characterize the size-resolved
composition of coastal aerosol particles in central California with
and without the influence of wildfire emissions. We aim to address
the following questions: (i) what are the most abundant water-
soluble species in the region, and what are their sources?; (ii)
how is size-resolved composition different with and without the
influence of wildfire emissions?; (iii) are soil tracer species present
inwildfire plumes that reach the measurement site?; and (iv) what
is the chemical signature of particles most responsible for seeding
cloud drops (in terms of number concentration) during fire and
non-fire periods?

2. Experimental methods

2.1. Nucleation in California Experiment (NiCE)

Airborne and ground measurements were conducted between
July and August of 2013 as part of the Nucleation in California
Experiment (NiCE). The campaign was based in Marina, California,
and included 23 flights with the Center for Interdisciplinary

Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter over the
Pacific Ocean and the Central Valley (Fig. 1). Several emission
sources were studied during NiCE including the ocean, ships, and
land, which included wildfires during the latter parts of the field
campaign. This study is specifically focused on surface-based
aerosol measurements conducted from the top of a two-story
building ~5 km from the coastline (36.7�N, 121.8�W) between 4
July and 9 August 2013 (Fig. 1).

2.2. MOUDI measurements

Measurements were conducted using twomicro-orifice uniform
deposit impactors (MOUDI, M110-R, MSP Corporation; Marple
et al., 1991), with one sampling between 0600 and 2100 (day-
time) and the other between 2100 and 0600 (nighttime) local time
(LT). Altogether, ten sets (five daytime and five nighttime) were
collected with specific details of the sets shown in Table 1. Samples
were collected with aerodynamic cutpoint diameters of 0.056, 0.1,
0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10.0, and 18.0 mm on Teflon filters
(PTFE membrane, 2 mm pore, 46.2 mm, Whatman), which were
then stored for offline chemical analysis. Each filter was cut in half
so that one half could be extracted for chemical analysis and the
other could be stored. The filter extraction process involved placing
the filter halves in sealed glass vials with 10 mL of milli-Q water
each and then placing the vials in an ultrasonic bath at 30 �C for
20 min. The extracts were analyzed with both ion chromatography
(IC; Thermo Scientific Dionex ICS e 2100 system) and inductively
coupled plasma mass spectrometry (ICP-MS; Agilent 7700 Series).
Table 2 provides a list of the species detected through IC analysis
and the corresponding limits of detection (LOD) and average con-
centrations for the blanks that were subtracted from sample con-
centrations. ICP-MS typically has LOD values in the ppt range, and
three measurements were taken for each sample providing a
standard deviation that is 3% or less.

2.3. Cloud water measurements

Supporting cloud water data were collected onboard the Twin
Otter using a Mohnen slotted-rod collector (Hegg and Hobbs, 1986)
and stored in polyethylene bottles for offline IC and ICP-MS anal-
ysis. Further details about the collection, storage, and chemical
analyses can be found elsewhere (Prabhakar et al., 2014).

2.4. Meteorological and back-trajectory data

Meteorological data were obtained for the Monterey Peninsula
station (KMRY; 36.6�N, 121.8�W) from the Mesowest database
(Horel et al., 2002). Averages of several meteorological variables
were calculated for each MOUDI set (Table 1). Three-day air mass
back-trajectories were computed using the NOAA HYSPLIT model
(Draxler and Rolph, 2012).

3. Results and discussion

3.1. Meteorology and air mass sources

The meteorological conditions were fairly constant throughout
the study period (Table 1). Average day (night) conditions consisted
of temperatures near 16 ± 0.4 �C (13 ± 0.3 �C), wind speeds of
3 ± 0.1 m s�1 (1 ± 0.3 m s�1), and relative humidities of 78 ± 3%
(89 ± 2%). Due to the consistently high humidities in this region and
consistent cloud cover, there was high potential for aqueous-phase
processing and wet deposition during NiCE.

Three-day air mass back-trajectories were similar for most days
during NiCE (Fig. 1). The majority of air masses originated over the
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Pacific Ocean near the southern coast of British Columbia and fol-
lowed the coastline toward Monterey Bay. The surface measure-
ment site was influenced by marine emissions and ship traffic due
to mostly southwesterly winds at the study site (average direction
of 231�). The city of Marina is inhabited by ~20,000 people (US
Census Bureau, 2010) and thus is not characterized as an area with
significant anthropogenic activity; the area between the measure-
ment site and the coastline is occupied by coastal vegetation and
some residential areas.

Near the end of NiCE, the sample site was influenced by biomass
burning emissions originating from wildfires near the

CaliforniaeOregon border by the coast (Big Windy, Whiskey
Complex, and Douglas Complex forest fires; shown in Fig. 1). Based
on back-trajectory data, the average transport time of the smoke
plumes to the study sitewas 47 hwith a range of values between 34
and 70 h. The two MOUDI sets denoted as fire sets in this study (Set
G and H in Table 1), are known to have been impacted by fires with
the following pieces of support in addition to HYSPLIT trajectories:
(i) visual and olfactory evidence on a research aircraft near the
sampling site; (ii) aircraft aerosol chemical data near the sampling
site (Coggon et al., 2014); (iii) EPA IMPROVE (Malm et al., 1994;
http://views.cira.colostate.edu/fed/) filter data at a nearby coastal

Fig. 1. The spatial area covered by the 23 Twin Otter flights during NiCE and three-day HYSPLIT air mass back-trajectories, colored by the final date of the trajectory arriving at the
measurement site. The area where the wildfires (Big Windy, Whiskey Complex, and Douglas Complex) occurred is circled in white. The Marina MOUDI site and Point Reyes EPA
IMPROVE station are denoted with stars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of operational details of theMOUDI sample sets and averagemeteorological conditions during each set (relative humidity, wind speed, wind direction, temperature).
‘Day’ refers to 0600-2100 LT and ‘Night’ refers to 2100-0600 LT. (þ) marks the sets influenced by wildfires, and (#) marks the sets for which ICP-MS data is available for Si.

WD (WS (m/s)RH (%)Flow rate (LPM)Total hoursEnd dateStart dateDay/NightSample set �) T (�C)

7DayA e3 7e 1624437528949
7NightB e3 7e 14176187266310
7DayC e10 7e 152533782810516
7NightD e10 7e 13210188266317
7DayE e17 7e 152593822810324
7NightF e17 7e 13226193266324

Gþ,# 7Day e24 7e 16258377289431
Hþ,# 7Night e24 7e 14211189266331
I# 7Day e31 8e 15253379281319
J# 7Night e31 8e 1421928926819
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site at Point Reyes, California (38.1224�N, 122.909�W) confirm
abnormally high concentrations (exceeding the 95th percentile) of
elemental carbon (EC) and organic carbon (OC), two aerosol con-
stituents associated with biomass burning, during the week of our
MOUDI fire sets as compared to JuneeAugust data for data collected
between 1988 and 2014 at that site (Table S1); (iv) Navy Aerosol
Analysis and Prediction System (NAAPS; e.g., Reid et al., 2009;
http://www.nrlmry.navy.mil/aerosol/) confirmation of smoke
transport to Marina (Fig. S1); (v) significant MOUDI and cloud
water concentration enhancement in numerous fire tracers.

3.2. Cumulative MOUDI results

The mass concentrations of all species (ions reported in Table 2
and ICP-MS elements K, Ca, Mg, Al, Ti, V, Cr, Mn, Fe, Co, Cu, Zn, Br,
Pb, Ni, and Si) were integrated over all MOUDI stages and summed
together for each of the ten MOUDI sets. The mass concentrations
were averaged together, resulting in a mean mass concentration of
6.02 mg m�3 for all of NiCE. Average mass concentrations for the
daytime and nighttime sets were 6.09 ± 0.37 and
5.59 ± 0.34 mg m�3, respectively; lower values at night are thought
to be due to less photochemical aerosol production and more wet
scavenging since relative humidities and fog/cloud cover were
higher.

The most abundant water-soluble species were chloride, so-
dium, nss sulfate, ammonium, and nitrate with bulk mass con-
centrations of 1.30 ± 0.73, 1.11 ± 0.48, 1.07 ± 0.28, 0.59 ± 0.24, and
0.45 ± 0.10 mgm�3, respectively. The sum of organic acids measured
(maleate, oxalate, malonate, succinate, glutarate, glyoxylate, MSA,
pyruvate) accounted for 0.32 ± 0.04 mg m�3. The sum of dime-
thylamine (DMA) and diethylamine (DEA) was much smaller
(0.04 ± 0.03 mg m�3). Sources of the aforementioned species
include the following: (i) chloride and sodium originate from sea
salt; (ii) nss sulfate and nitrate are produced via gas-to-particle
conversion from precursors (SO2 and NOx) associated with ship
traffic and combustion; (iii) ammonia, the precursor to ammonium,
originates from combustion, biomass burning, and agricultural
activity (e.g., Apsimon et al., 1987); (iv) organic acids stem from
primary emissions from various sources (e.g., combustion, biomass
burning, biogenic activity) as well as the photo-oxidation of volatile
organic compounds (VOCs) and aqueous-phase chemistry in hy-
drometeors (e.g., Kawamura and Kaplan, 1987; Chebbi and Carlier,
1996); and (v) amines originate from marine biogenic emissions
(Facchini et al., 2008).

Charge balance analysis was conducted in different ways (indi-
vidual sets, an overall average of all sets, and averages of the fire

and non-fire sets) for three size groups (Table 3): sub-micrometer
stages spanning 0.1e1.0 mm; super-micrometer stages spanning
1.0e10.0 mm; and all stages. The charge balance analysis is con-
ducted with cations on the y-axis, with an example shown in
Fig. S2; sums of the positive and negative charges for the MOUDI
sets are provided in Table S2. In the charge balance, a slope of
exactly one would suggest that the detectable anions and cations
are perfectly balanced, while slopes greater (lower) than one sug-
gest that there were undetected anions (cations). The sub-
micrometer stages have slopes that are always greater than one,
with the maximum (2.45) for Set G influenced by fires; examples of
sub-micrometer anions that were not detected by IC are carbonates
and organics other than lowmolecular weight organic acids, which
are abundant in fire plumes (Reid et al., 2005). The super-
micrometer stages conversely have slopes that usually were less
than one (as low as 0.52) with the exception being Set G (1.19); for
coarse sizes where secondary organic aerosol species are less
prominent, there likely is a greater issue with not detecting all of
the cation constituents in aerosol emitted directly from the ocean
and land.

3.3. MOUDI non-fire results

Mass size distributions for selected species during non-fire pe-
riods (Sets AeF, I, J) are shown in Fig. 2 with values for one standard
deviation provided in Table S3. The left panels show the largest
mass concentration contributors with chloride peaking in the
3.2 mm stage, nitrate in the 1.0 and 3.2 mm stages, and nss sulfate
and ammonium in the 0.32 mm stage. Sodium also peaks near
chloride (1.8 and 3.2 mm stages), which appears to be the charac-
teristic mode for sea salt at the study site. The ammonium and nss
sulfate peaks are at the characteristic size where secondarily-
produced species from gas-to-particle conversion are most abun-
dant at the coastal site. The overlap in nitrate's size distribution
with sodium and chloride is most likely due to nitric acid inter-
acting with sea salt to form HCl and NaNO3, as reported in other
marine areas (Pakkanen et al., 1996). This same reaction (i.e.,
chloride depletion) likely explains why, when concentrations over
all MOUDI stages are summed up, the chloride to sodium mass
concentration ratio is only 1.2 instead of the value for natural sea
salt (1.8).

Elemental constituents measured by ICP-MS are useful to
identify sources of pollution. The peak mass concentrations of Fe, V,

Table 2
Limit of detection (LOD) and blank filter concentrations for species detected through
IC analysis.

Blank (ppm)LOD (ppm)Species

0.0000.005MSA
0.0010.010Pyruvate
1.1380.500Glyoxylate
0.0460.010Chloride
0.0370.005Nitrate
0.0070.050Glutarate
0.0010.010Succinate
0.0030.050Malonate
0.0000.010Maleate
0.1180.010Sulfate
0.0040.005Oxalate
1.5310.100Sodium
0.0530.010Ammonium
0.0000.005DMA
0.0000.005DEA

Table 3
Charge balance slopes (cations on the y-axis) for all sets (AeJ) and the averages of all
sets (All), fire sets (Fi), and non-fire sets (non-Fi) for three size ranges: sub-
micrometer stages spanning 0.1e1.0 mm (0.1, 0.18, 0.32, 0.56 mm stages); super-
micrometer stages spanning 1.0e10.0 mm (1.0, 1.8, 3.2, 5.6 mm stages); and all
stages. The species included in the charge balance analysis are chloride, nitrate,
sulfate, ammonium, sodium, potassium, calcium, magnesium, methanesulfonate,
pyruvate, glyoxylate, glutarate, succinate, malonate, maleate, oxalate, dimethyl-
amine, and diethylamine.

0.1Sample set e1.0 m 1.0m e10.0 m Allm

0.930.901.22A
0.920.891.20B
0.640.521.39C
1.030.931.16D
0.900.791.26E
1.000.801.44F
1.741.192.45G
1.100.641.28H
0.990.901.27I
0.960.801.38J
0.990.851.38All
1.430.991.72Fi
0.920.821.27non-Fi
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and Ni (not shown in Fig. 2) in the 0.32 mm stage are most likely
associated with combustion from ship emissions (e.g., Popovicheva
et al., 2012), similar to sulfate. Other work has also found amode for
nss K between ~0.32 and 0.56 mmwith the suspected source being
vegetation burning (Falkovich et al., 2005), but as these sets were
during non-fire periods, another possible source could be fossil fuel
combustion (Maenhaut et al., 1983) or continental crustal emis-
sions (Fomba et al., 2014). Potassium has not been identified as a
significant component in ship emissions (Popovicheva et al., 2012
and references therein). The peaks that Fe, nss K, and Si exhibit in
the 1.8 and 5.6 mm stages are due to crustal continental particle
types (Wang et al., 2014).

MSA is the most abundant organic species with a peak in the
0.32 mm stage coincident with other secondarily produced species.
The amines also peak in the 0.32 mm stage because they act as bases
in the same way that ammonia does to neutralize strong acids (e.g.,
sulfuric acid). Airborne measurements in the region previously
concluded that sulfate participates in acidebase chemistry with
amines (Sorooshian et al., 2009). The most abundant dicarboxylic
acid was oxalate which peaks in the 1.0 mm stage coincident with
one of its key precursors, malonate. Longer-chain dicarboxylic acids
such as malonic and succinic acids produce oxalic acid via photo-
oxidation reactions (Kawamura and Sakaguchi, 1999), and it is
noted that succinate also exhibits a secondary peak in the 1.0 mm
stage (in addition to a peak in the 0.32 mm stage). The oxalate mass
size distribution is peculiar as it does not coincide with two pre-
viously documented modes: (i) it usually coincides with sulfate and
its chief aqueous-phase precursor, glyoxylate (both of which have
peaks in the 0.32 mm stage) (Sorooshian et al., 2007); and (ii) it also
coincides with sea salt and other coarse crustal particle types due to
partitioning to these surfaces and/or heterogeneous reactions
during transport (Mochida et al., 2003). The observed oxalate mass
size distribution might be explained by some combination of
sources and pathways that produced malonate and nitrate, which
also peak in the 1.0 mm stage, or by sinks such as iron-complexation
effects, which have been documented in the regional cloud water
(Sorooshian et al., 2013) and laboratory experiments of aqueous
phase aerosol (Pavuluri and Kawamura, 2012, and references
therein). Iron peaks in the two MOUDI stages where oxalate was
expected based on its reported formation pathways (0.32 mm stage
and between the 1.8 and 5.6 mm stages), which is why metal
complexation effects may have potentially contributed to a peak in
the middle at the 1.0 mm stage; however, the dataset is limited in
terms of providing a clear explanation.

3.4. Fire and non-fire sample comparisons

Mass size distributions for the sample sets (Sets G and H) most
influenced by wildfires are summarized in Fig. 3 with the range of
concentrations for each species provided in Table S4. Concentration
differences between fire and non-fire conditions are shown in
Figs. 4e5. The mass concentrations of most species were enhanced
in the fire sets compared to the non-fire sets. The largest positive
percent changes in the sub-micrometer range in the fire sets were
for Si (513%), Fe (408%), malonate (247%), succinate (231%), and
oxalate (220%). The largest changes in the super-micrometer range
were for maleate (601%), oxalate (164%), Si (141%), V (98%), and Fe
(97%). Chloride was the only species exhibiting negative percent
changes during fire periods in both the sub-micrometer (�39%) and
super-micrometer stages (�67%). Fig. S3 shows that among all the
species examined, three species (oxalate, V, and nss K) exhibited
statistically significant concentration enhancements across three or
more stages (using a student's t-test at 95% confidence level), and
only chloride exhibited significant decreases across several stages
between the fire and non-fire sets. A likely explanation for why Cl�

levels were reduced in the fire sets is due to more vigorous chloride
depletion from inorganic and organic acids that were enhanced in
the coarse size range; this is supported by the Cl:Na mass con-
centration ratio (when summing concentrations for all stages in
each set) being only 0.5 in the fire sets relative to 1.4 in non-fire
sets.

Surprisingly, nss Kwas not enhanced as strongly as other species
with only a 57% increase in the sub-micrometer stages and a
decrease of 19% in the super-micrometer stages, indicating that it is
not the most reliable biomass burning tracer species in the study
region. IMPROVE data for K at the Point Reyes site in Table S1 also
shows that its average concentration during theweek of theMOUDI
fire sets was less than the JuneeAugust average between 1988 and
2014 unlike OC and EC, which were higher by approximately a
factor of five. The nss K mass size distribution resembled that in
non-fire conditions with peaks in the 0.32 mm and 3.2 mm stages.
Other work has suggested that nss K is an imperfect universal
primary smokemarker as it is sensitive to fuel type and combustion
conditions (Lee et al., 2010); for example, flaming conditions tend
to have higher K emissions than smoldering fires (Echalar et al.,
1995).

During the fires, dicarboxylic acid mass size distributions
changed from unimodal to bimodal (except glutarate) with peaks in
the 0.32 mm stage and in the 1.0e1.8 mm stages. The other organics

Fig. 2. Mass size distributions of selected species as averages over sample sets AeF, I, and J, which were not influenced by wildfires. Amines ¼ sum DEA and DMA.
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(maleate, MSA, amines) exhibited negligible changes in mass size
distributions between the fire and non-fire sets. While ammonium
did not change in its mass size distribution, sulfate's peak con-
centration shifted from the 0.32 mm stage to the 0.56 mm stage

likely due to some combination of precursor emissions in the fire,
high cloud fraction to promote aqueous-phase production, and
mixing between different aerosol populations (especially in clouds)
as suggested by Falkovich et al. (2005). Nitrate's peak concentration

Fig. 3. Same as Fig. 2 but for sample sets G and H, which were influenced by biomass burning plumes.

Fig. 4. Average mass concentrations for the species shown in Figs. 2 and 3 for fire and non-fire sets. Sub-micrometer stages are on the top, and super-micrometer stages are on the
bottom. The percent change for each species in the fire samples is provided at the bottom of each set of bars. Super-micrometer glyoxylate in the fire samples is not shown as it was
below detection limits.
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also shifted to larger stages (from 1.0 mm to 1.8e3.2 mm).While sub-
micrometer nitrate levels were higher by 16% during non-fire pe-
riods, super-micrometer nitrate increased in concentration by 17%
in the fire sets.

Consistent with the MOUDI data, air-equivalent concentrations
of numerous cloud water species exhibited significant enhance-
ments in the fire period (Table S5); individual organic acids, amines,
and inorganics (ammonium, chloride, nitrate, sodium, and nss
sulfate) exhibited percent differences in fire periods versus non-fire
periods between 129e667%, 68e468%, and 86e351%, respectively.

3.4.1. Soil tracers in biomass burning samples
Other studies have observed soil tracers in biomass burning

plumes and identified the source as being from the lofting of soil in
areas of turbulent mixing surrounding the flames (Kavouras et al.,
2012; Popovicheva et al., 2014). Mass concentrations of numerous
soil tracers are also enhanced in this study during periods of
biomass burning relative to non-fire periods (Figs. 4e5). Almost all
of the tracers were more enhanced in the sub-micrometer size
range as compared to the super-micrometer sizes, which is re-
flected in a pronounced peak in the 0.32 mm stage (Fig. 3) that was
either absent or much smaller during non-fire periods (Fig. 2). As
the transport time of the plumes to the measurement site was
approximately two days on average, it is likely that the soil tracers
in the sub-micrometer stages had a higher probability to reach
Marina and not be removed via deposition.

NiCE provided a unique opportunity to examine the smoke
plume during its transit to the surface measurement site in Marina

via Twin Otter flights. Cloud water samples collected in the marine
boundary layer during flights in the time period of the MOUDI fire
sets provide evidence of enhancements in soil tracer air-equivalent
concentrations in the presence of biomass burning as compared to
periods not influenced by the fires (Fig. 6). The largest concentra-
tion enhancements were for Mn (416%), Fe (161%), Al (157%), nss K
(152%), and Ca (123%). Interestingly, Ca and nss K are much more
enhanced in the cloud water (and chloride by 169%, although not
shown in Fig. 6) than in the surface MOUDI data during the fire
period, in which these species experienced reductions in concen-
tration except for nss K in the sub-micrometer range. It is unclear
how important clouds andwet depositionwere in altering themass
size distributions of these and other species at Marina, but it is
likely that there was some influence during plume transport.

3.4.2. Cloud condensation nuclei (CCN) composition
Of importance is the comparison of particle composition at CCN-

relevant sizes between fire and non-fire periods, as wildfire fre-
quency is expected to increase in awarmer and drier climate. In the
study region, the majority of the number concentration of CCN
resides in the dry particle diameter range of 80e320 nm (Shingler
et al., 2012). The mass fractions of ammonium, chloride, nitrate, nss
sulfate, the organic species, and several elemental tracers were
computed from the sum of three MOUDI stages (0.056, 0.1, and
0.18 mm) encompassing the relevant size range for the same sample
set categories as in Table 3 (Fig. 7; Supplement Table S6). In the
non-fire periods, CCN composition was dominated by nss sulfate
(38%) and ammonium (27%), and the most abundant organic

Fig. 5. Average mass concentrations of soil species for fire and non-fire sets. Sub-micrometer stages are on the top, and super-micrometer stages are on the bottom. The percent
change for each species in the fire samples is provided at the bottom of each set of bars.

L.C. Maudlin et al. / Atmospheric Environment 119 (2015) 59e68

180 



species was methanesulfonate (4%). During the fires, ammonium
emerged as the dominant species (40%) and oxalate became the
most abundant organic species (2%). A previous study focusing on
the same region reported that ~60% of oxalate concentrations could
be traced back to biomass burning (Hegg et al., 2010). Relative to
oxalate, the comparable levels of larger dicarboxylic acids, succi-
nate and glutarate (especially during non-fire periods), may be due
to oxidation of unsaturated fatty acids emitted from the ocean
surface (Kawamura et al., 1996).

4. Conclusions

The key results of this study are reported below following the
order of questions posed in Section 1:

i. The most abundant water-soluble species in this coastal re-
gion are (in decreasing order) chloride, sodium, nss sulfate,
ammonium, and nitrate. The similarity between nitrate's
mass size distribution with sodium and chloride, with peak

Fig. 6. Average mass concentrations of the soil species for fire-influenced and non-fire-influenced cloud water samples collected at various altitudes (ranging between 100 and
1000 m) over the region shown in Fig. 1. The percent change for each species in the fire samples is provided at the bottom of each set of bars. Results for species detected by IC are
shown in Table S5.

Fig. 7. Pie charts of the mass fractions for the average of all fire sets (top) and non-fire sets (bottom) for the MOUDI stages associated with CCN (0.056e0.18 mm stages). All species
are shown in the pie charts on the left, and they have a total mass concentration of 0.96 mg m�3 for the fire sets and 0.55 mg m�3 for the non-fire sets. The “Total Org” portions are
expanded in the right pie charts to show the relative contribution of organic acids and amines, with mass concentrations of 0.07 mg m�3 and 0.05 mg m�3 for the fire and non-fire
sets, respectively.
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concentrations in the super-micrometer range, is due to ni-
tric acid interacting with sea salt.

ii. Wildfires tend to enhance the mass concentrations of most
species. Nss K was not enhanced as strongly as other species
in the sub-micrometer stages and even decreased in the
super-micrometer stages, indicating that other species may
be more reliable tracers for biomass burning in this region.
The mass size distributions of most dicarboxylic acids
changed from unimodal to bimodal (peaks in the 0.32 mm
and 1.0e1.8 mm stages) during the wildfires, while maximum
concentrations of sulfate and nitrate shifted to larger sizes.
Data suggest there was significant chloride depletion during
the wildfire periods due to enhanced levels of inorganic and
organic acids.

iii. Biomass burning enhances the concentrations of numerous
soil tracer species. The largest percent increases in both size
ranges (sub-/super-micrometer) were for Si (513%/141%), Fe
(408%/97%), and V (125%/98%). Airborne cloud water data
along the coast exhibited increased mass concentrations for
the same soil tracer species in samples influenced by wild-
fires compared to those which were not.

iv. In the absence of biomass burning, the composition of the
particles in the CCN-relevant size range is dominated mostly
by sulfate and ammonium, and the organic fraction is
dominated by MSA. During the wildfire periods, ammonium
becomes the dominant species, and oxalate is the most
abundant organic species.
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Abstract Marine stratocumulus clouds often become decoupled from the vertical layer immediately
above the ocean surface. This study contrasts cloud chemical composition between coupled and
decoupled marine stratocumulus clouds for dissolved nonwater substances. Cloud water and droplet
residual particle composition were measured in clouds off the California coast during three airborne
experiments in July–August of separate years (Eastern Pacific Emitted Aerosol Cloud Experiment 2011,
Nucleation in California Experiment 2013, and Biological and Oceanic Atmospheric Study 2015). Decoupled
clouds exhibited significantly lower air-equivalent mass concentrations in both cloud water and droplet
residual particles, consistent with reduced cloud droplet number concentration and subcloud aerosol
(Dp> 100 nm) number concentration, owing to detachment from surface sources. Nonrefractory
submicrometer aerosol measurements show that coupled clouds exhibit higher sulfate mass fractions in
droplet residual particles, owing to more abundant precursor emissions from the ocean and ships.
Consequently, decoupled clouds exhibited higher mass fractions of organics, nitrate, and ammonium in
droplet residual particles, owing to effects of long-range transport from more distant sources. Sodium and
chloride dominated in terms of air-equivalent concentration in cloud water for coupled clouds, and their
mass fractions and concentrations exceeded those in decoupled clouds. Conversely, with the exception of
sea-salt constituents (e.g., Cl, Na, Mg, and K), cloud water mass fractions of all species examined were
higher in decoupled clouds relative to coupled clouds. Satellite and Navy Aerosol Analysis and Prediction
System-based reanalysis data are compared with each other, and the airborne data to conclude that
limitations in resolving boundary layer processes in a global model prevent it from accurately quantifying
observed differences between coupled and decoupled cloud composition.

1. Introduction

The composition of gases, particles, and droplets in and around clouds impacts cloud properties, radiative
forcing, the water cycle, and geochemical cycling of nutrients. The degree of coupling between the cloud
and the surface layer in a given region is a fundamental property of the cloud system that is expected to
impact its composition. Quantifying the effect of coupling on composition is particularly important for marine
stratocumulus clouds, which are the dominant cloud type by global area [e.g.,Warren et al., 1986], exerting a
strong negative net radiative effect [e.g., Stephens and Greenwald, 1991]. Stratocumulus-topped boundary
layers are often capped by a strong temperature inversion and are well mixed due to longwave radiative
and evaporative cooling at cloud top [e.g., Wood, 2012]. When the negative buoyancy generated at cloud
top is not sufficiently strong, the cloud layer can become decoupled from the layer immediately above the
ocean [e.g., Nicholls, 1984].

The goal of this study is to determine how the degree of coupling of clouds to the surface layer affects mass
concentrations and chemical ratios in cloud water and droplet residual particles for dissolved nonwater sub-
stances. While numerous past studies have examined either cloud microphysical properties of stratocumulus
clouds in our study region over the eastern Pacific Ocean off the Califonia coast [e.g., Coakley et al., 2000;
Durkee et al., 2000; Ferek et al., 2000; Noone et al., 2000; Mechem and Kogan, 2003; Stevens et al., 2003;
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Gerber et al., 2005; Sharon et al., 2006;Wang et al., 2008; Lu et al., 2009; Painemal and Minnis, 2012;Modini et al.,
2015; Sanchez et al., 2016] or the nature of decoupled marine clouds versus coupled clouds [e.g., Nicholls and
Leighton, 1986; Bretherton and Wyant, 1997; Considine, 1997; O’Dowd et al., 2000; Garreaud et al., 2001; Glantz
et al., 2003; Bretherton et al., 2010a, 2010b; Berner et al., 2011; Jones et al., 2011; Burleyson et al., 2013; Terai
et al., 2014; Dong et al., 2015; Crosbie et al., 2016], none to our knowledge have focused on contrasting
composition between coupled and decoupled clouds. It is hypothesized that clouds more strongly coupled
to the surface will be more influenced by ocean and ship emissions and less so by continental emissions. Our
observations are compared with satellite data and reanalysis data based on the Navy Aerosol Analysis and
Prediction System (NAAPS) model to assess the extent to which the model can capture the chemical
signature of the two cloud types. The results are intended to motivate more attention to the extent to which
clouds are coupled to the surface layer in future studies of cloud composition and aerosol-cloud interactions.

2. Experimental Methods
2.1. Airborne Measurements

Data are analyzed from three flight campaigns using the Center for Interdisciplinary Remotely-Piloted Aircraft
Studies Twin Otter based in Marina, CA. The Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE)
[Russell et al., 2013] included 30 flights between July and August in 2011, the Nucleation in California
Experiment (NiCE) [Coggon et al., 2014] included 23 flights between July and August in 2013, and the
Biological and Oceanic Atmospheric Study (BOAS) comprised 15 flights in July 2015.

Cloud water was collected with a Mohnen slotted-rod collector [Hegg and Hobbs, 1986]. Details about the col-
lection, storage, and chemical analyses during the three field campaigns are provided elsewhere [Wang et al.,
2014]. Briefly, samples were collected over a ~10–30min duration in high-density polyethylene bottles, with
87, 119, and 29 samples collected in E-PEACE, NiCE, and BOAS, respectively. Samples were tested for pH
(Oakton Model 110 pH meter calibrated with pH 4.01 and pH 7.00 buffer solutions), water-soluble composi-
tion (Ion Chromatography, IC; Thermo Scientific Dionex ICS—2100 system), and elemental composition
(inductively coupled plasmamass spectrometry, ICP-MS; Agilent 7900 Series). The non-sea-salt (NSS) fractions
of sulfate and calcium in cloud water were calculated using the relative abundance of sodium to other con-
stituents of sea salt [Seinfeld and Pandis, 2016]. Sodium data presented are from ICP-MS (Na), owing to
improved data quality, rather than from IC (Na+); it is assumed that most all of Na is in the form of sea salt.
Liquid-phase concentrations of dissolved nonwater cloud water species were converted to air-equivalent
concentrations based on the average cloud liquid water content (LWC), as measured by a PVM-100 probe
[Gerber et al., 1994]. A threshold LWC value of 0.02 gm�3 was used to distinguish between cloud and
cloud-free air, as has been done in past work in the study region [Prabhakar et al., 2014; Wang et al., 2014].

Droplet residual particle composition datawere collected using a compact time-of-flight aerosolmass spectro-
meter (C-ToF-AMS; Aerodyne) [Drewnick et al., 2005] downstream of a counterflow virtual impactor (CVI;
Brechtel Manufacturing Inc.) [Shingler et al., 2012]. The C-ToF-AMS measured nonrefractory aerosol composi-
tions (organics, sulfate, nitrate, andammonium) for submicrometer aerosol. During the threefield experiments,
the CVI exhibited aDp,50 cutsize of 11μm, with a decreasing transmission efficiency as a function of increasing
drop size inside the inletmainly owing to inertial deposition. As already reported by Shingler et al. [2012] for the
study region, the Dp,50 of the CVI was sufficiently low to sample the majority of the drop distribution during
flights in the study region, with the exception of periods near cloud base, especially when influenced by ship
plumes. In cloud-free air, particles were sampled through a subisokinetic aerosol inlet [Hegg et al., 2005].

Size-resolved particle number concentrations were measured with a condensation particle counter (CPC
3010; TSI Inc.; Dp> 10 nm) and a passive cavity aerosol spectrometer probe (PCASP; Dp~ 0.1–2.6μm);
subcloud sampling data are used in this study as the precloud aerosol. Cloud drop number concentration
data were obtained with a cloud aerosol spectrometer (CAS; Dp~ 0.6–60μm) and a forward scattering
spectrometer probe (FSSP; Dp~ 2–46μm). CAS data are used for E-PEACE and NiCE, while FSSP data are
used for BOAS. Standardmeteorological datawerealsomeasured, including temperature,winds, andhumidity
[e.g., Crosbie et al., 2016].

Differentiating between coupled and decoupled clouds requires criteria involving thermodynamic vertical
profile data, including quantification of moisture and temperature decoupling metrics and calculating the
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differencebetween the lifting condensation level and cloudbaseheight [e.g., Jones et al., 2011; Terai et al., 2014;
Dong et al., 2015]. Decoupling was initially identified based on observed discontinuities in vertical profiles of
thermodynamic properties (potential temperature andwater vapormixing ratio) and aerosol number concen-
tration as measured by the PCASP. When contrasting these clouds to all others, the criteria that emerged for
decoupled clouds were that the difference between the bottom and top of the subcloud layer of potential
temperature and water vapor mixing ratio had to exceed 1.0 K and 0.6 g kg�1, respectively. All other clouds
are considered coupled. In total, we analyzed 13 and 80 decoupled and coupled clouds, respectively. Figure 1
illustrates an example of both a decoupled and coupled cloud based on the aforementioned criteria.

2.2. Vertical Profiles of Particulate Constituents

In order to supplement data from the three aircraft experiments, average vertical profiles of different aerosol
constituents were obtained from both the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and an
aerosol reanalysis product, which combines observations with a forecasting model to produce gridded data
of atmospheric parameters at a temporal resolution of a few hours. For CALIOP, monthly averaged climato-
logical profile values are used for total and speciated 532 nm aerosol extinction coefficient (km�1) derived at
5° × 5° resolution centered at 37.5°N and -122.5°W; the methods used to solve these profiles from available
quality-assured Version 3 Level 2 Aerosol Profile products are described in Campbell et al. [2012]. We specifi-
cally report climatological profile data derived between 2006 and 2015 for the months of July and August.
Version 3 Level 2 CALIOP aerosol species include “cleanmarine” (CAL-CM), “dust” (CAL-D), “polluted continen-
tal” (CAL-PC), “clean continental” (CAL-CC), “polluted dust” (CAL-PD), and “smoke” (CAL-S) [Omar et al., 2005].
The sum of these species is denoted as “All.”

A decade-long global 1° × 1° and 6-hourly 550 nm aerosol optical thickness (AOT) reanalysis product was
recently developed and validated at the Naval Research Laboratory [Lynch et al., 2016]. This reanalysis utilizes
a modified version of the Navy Aerosol Analysis and Prediction System (NAAPS) as its core and assimilates
quality-controlled retrievals of AOT from Moderate Resolution Imaging Spectroradiometer on Terra and
Aqua and the Multiangle Imaging Spectroradiometer on Terra [Zhang and Reid, 2006; Hyer et al., 2011; Shi
et al., 2014]. NAAPS characterizes anthropogenic and biogenic fine (ABF, including sulfate and primary and
secondary organic aerosols) aerosols, dust, biomass burning smoke, and sea-salt aerosols, the sum of which
is denoted as All. The reanalyzed fine (i.e., ABF + smoke) and coarse mode (i.e., sea salt + dust) AOTs at 550 nm
are shown to have good agreement with the ground-based global-scale Sun photometer network Aerosol
Robotic Network AOTs [Holben et al., 1998]. The three-dimensional NAAPS concentration and extinction data
here are extracted from the same NAAPS reanalysis run. Data represent the region encompassed by the
following: �125.5° to �122.5°W; 35.5° to 40.5°N.

Figure 1. Example of a cloud (a) decoupled from the surface layer and (b) coupled to the surface layer based on vertical
profiles of potential temperature and water vapor mixing ratio.
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2.3. Air Back-Trajectory Modeling

Air mass source origins for cloud water samples were identified based on 72 h back trajectories from the
NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Stein et al., 2015; Rolph,
2016] ending at the location and altitude of the average point for each sample. HYSPLIT was run using the
Global Data Assimilation System data with the “Model vertical velocity” method.

3. Airborne Data Category Definitions

To compare decoupled and coupled clouds, six categories are defined to include cases with similar cloud
baseheights and airmass influences. Following the criteria previously usedbyWang et al. [2014], three airmass
categories are as follows: (i) “Ship”=maximum subcloud aerosol concentration as measured by a CPC con-
centration> 14000 cm�3; (ii) “Marine Reference”=maximum subcloud aerosol concentration as measured
by a CPC concentration< 1000 cm�3; and (iii) “Land”= 72 h back-trajectory contacted land. The first two cate-
gories are characterized by an oceanic air source origin, with the primary distinction that theMarine Reference
category has an absence of fresh ship emissions. The Land category is associated with continental emissions
that impact marine clouds with sources including biogenic emissions, wildfires, and crustal emissions
[Coggon et al., 2014; Prabhakar et al., 2014; Maudlin et al., 2015; Sorooshian et al., 2015; Youn et al., 2015].
Each of these three categories is further subdivided into two categories based on cloud base height, resulting
in the six categories shown in Table 1. The following cloud base heights were identified as threshold values
below and abovewhich caseswere categorized as having lowbase or high base heights, respectively, tomain-
tain a combinationof similar numbers of datapoints and a reasonable separation inheight: 250m (Ship), 600m
(Marine Reference), and 700m (Land). Cloud base heights for low or high base categories differ between the
three air mass categories due to the limited number of decoupled clouds encountered in these campaigns

(Table 1); the comparison between coupled and
decoupled clouds at each base height condition
within each category is now addressed.

4. Results and Discussion
4.1. Vertical Chemical Profiles From CALIOP

Vertical aerosol extinction profiles from CALIOP
are first presented for major aerosol types to pro-
vide context for the aircraft data that are for more
detailed chemical species (Figure 2). The data
begin at a starting altitude of 0.2 km, where the
CAL-CM aerosol type dominates the total aerosol
extinction coefficient up to between 0.4 and
0.5 km, at which point CAL-PD dominates up to
approximately 2.5 km, which surpasses the alti-
tude of the flight data. Most aerosol types
decreased in extinction with altitude except for
CAL-D (increased up to 0.7 km) and CAL-S

Table 1. Summary of Average Environmental Properties AssociatedWith the Decoupled (DC) and Coupled (C) Clouds for Six Different Categories Defined Based on
Air Mass Influence and Cloud Base Heighta

Cloud Base Height (m) Cloud Depth (m) In-Cloud Nd (cm�3) Subcloud CPC (cm�3) Subcloud PCASP (cm�3)

Category Characteristics DC C DC C DC C DC C DC C

A Ship-low base 122 136 285 414 42 175 3164 1881 79 304
B Ship-high base 338 285 320 319 135 240 865 1269 191 360
C Marine Reference-low base 427 335 400 270 69 149 180 433 98 257
D Marine Reference-high base 794 766 279 174 82 164 209 343 109 194
E Land-low base 574 430 343 294 128 163 305 469 91 236
F Land-high base 808 789 167 244 28 197 369 400 64 224

aThe number of data points in each category is as follows (coupled/decoupled): A = 12/2; B = 8/1; C = 26/4; D = 14/2; E = 17/3; and F = 3/1.

Figure 2. Vertical profiles of aerosol extinction coefficient
from CALIOP climatological data for July–August between
2006 and 2015 in the study region.
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(increased up to 1.8 km), indicative of their presence in the free troposphere from continental sources.
CAL-CM decreased at the fastest rate above the surface owing to the surface source of sea salt and effective
scavenging at low altitudes. Since the typical boundary layer height in these aircraft campaigns was< 1 km in
altitude, it is expected that sea salt is the major component in cloud water; however, a decoupled cloud
below 1 km will presumably exhibit a chemical signature impacted more by continental pollution (e.g., dust,
smoke, and anthropogenic and biogenic emissions). The CALIOP results are more readily related to cloud
water composition (section 4.4) than to droplet residual particle composition data, as the latter data from
the C-ToF-AMS represent only nonrefractory species (i.e., excludes sea salt, smoke, and dust).

4.2. Environmental Characteristics

Three-day back-trajectory analysis for the sampled air masses revealed similar pathways generally moving
southwards off the western United States coast (Figure 3). Back trajectories for some samples included trans-
ects over land usually to the north of San Francisco. Overall, the HYSPLIT results suggest that the studied
clouds were impacted by similar air masses.

Environmental characteristics for decoupled and coupled clouds in each of the six categories are summar-
ized in Table 1. Category averages for cloud base height and cloud depth ranged from 122 to 808m and
167 to 414m, respectively. Cloud drop number concentration (Nd) and subcloud number concentration, as
measured by the PCASP (Dp> 100 nm), were both higher in coupled clouds for all categories owing most
likely to influence from ocean and shipping emissions. Another contributing factor to higher Nd in coupled
clouds could be higher updraft velocities. One indication that updraft velocity was not the prime driver of
the difference in Nd between coupled and decoupled clouds is that the mean vertical wind was lower for
coupled clouds in some categories. Coupled stratocumuli over the Azores have also been shown to exhibit
higher Nd and surface cloud condensation nucleus concentrations as compared to decoupled stratocumuli
[Dong et al., 2015]; that study did not examine updraft velocities though to determine how influential that
factor was in governing Nd values. Subcloud number concentrations, as measured by the CPC
(Dp> 10 nm), were higher for decoupled versus coupled clouds for only one category (Ship-low base)
due, most likely, to secondary, organic-rich particles that are formed via gas-to-particle conversion in
the free troposphere that tend to have diameters< 100 nm [e.g.,Hersey et al., 2009; Coggon et al., 2014].
As larger particles have a greater chance to activate into drops, Nd is better related to subcloud number
concentrations measured by the PCASP (Dp> 100 nm) as compared to those measured by the
CPC (Dp> 10 nm).

Figure 3. Spatial map of where the cloud water and droplet residual samples were collected in (left) coupled clouds (n = 80)
(triangles) and (right) decoupled clouds (n = 13) (circles) with HYSPLIT 72 h back-trajectories ending at the point of sample
collection.
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4.3. Droplet Residual
Particle Composition

The focus of the drop residual particle
chemical analysis is on chemical
ratios (Table 2 and Figure 4) and not
absolute mass concentrations owing
to uncertainty in their quantification
using CVI inlets [Shingler et al., 2012].
CVI data are not available for
decoupled clouds in category F.

For decoupled clouds, organics were
usually the dominant component,
with a cumulative mass fraction aver-
age of 0.55 and a category range of
0.32 to 0.88. Aside from having the
highest mass fraction in category C
(Marine Reference-low base), sulfate
was the second most abundant
component for category E (mass frac-
tion = 0.06), which consisted of sam-
ples obtained farther to the north of
the San Francisco area. For categories
A/B/D, ammonium was the next most
abundant component (mass fraction

Table 2. Summary of Constituent Mass Fractions (in Percentage) in
Droplet Residual Particles (as Measured by the C-ToF-AMS Downstream of
a CVI) and Cloud Water in Decoupled and Coupled Clouds, Based on
Cumulative Data for all Six Categories in Table 1a

Decoupled Coupled Ratio

Organic 54.5% 44.7% 1.22
Droplet residual particles SO4

2� 23.6% 39.4% 0.60
NH4

+ 17.9% 13.0% 1.37
NO3

� 4.0% 2.9% 1.38
Cloud water CI� 27.9% 42.6% 0.65

Na 9.8% 18.6% 0.53
NO3

- 19.8% 12.7% 1.55
NSS SO4

2 - 14.5% 12.1% 1.20
Mg 1.7% 2.7% 0.61

Glyoxylate 1.5% 0.4% 4.15
K 0.710.7%0.5%

MSA 1.061.6%1.7%
2.511.3%3.4%Oxalate

Acetate 2.691.5%3.9%
6.321.2%7.4%Si

Formate 3.701.1%4.1%
2.060.3%0.6%NSS Ca

NO2
� 2.300.6%1.4%

Maleate 0.5% 0.4% 1.30

aIt is noted that C-ToF-AMS data represent only nonrefractory species
and exclude sea salt. “Ratio” = decoupled:coupled mass fraction. Cloud
water species in italics were examined using IC, while the rest were
examined using ICP-MS.

Figure 4. Comparison of droplet residual particle chemical mass fractions, as measured by a C-ToF-AMS downstream of a
CVI, for decoupled versus coupled clouds in the six categories (A–F) defined in Table 1. CVI data were not available for
decoupled clouds in category F.
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range: 0.26–0.30). Nitrate was the
least abundant component, with a
mass fraction maximum of only 0.05
in category E. Nitrate is prone to vola-
tilization in the CVI inlet, and it is pre-
sent in coarse and/or refractory
particles that are undetectable by
the C-ToF-AMS [e.g., Prabhakar et al.,
2014], and thus, its reported values
most likely represent a lower bound.

For coupled clouds, organics are the
dominant contributor to droplet resi-
dual particle mass for three of six
categories (D–F), with a cumulative
mass fraction average of 0.45 and
category range of 0.38 to 0.57. The
main difference between coupled
and decoupled clouds can be distin-
guished by the sulfate mass fraction,
which is generally higher for coupled
clouds (0.39 versus 0.24) with lower
relative amounts of the other consti-
tuents. Sulfate stems from precursor
emissions emitted at the ocean
surface, including dimethylsulfide
(DMS) and SO2 from shipping.
Consequently, sulfate exhibited a
higher mass fraction than organics
for the two ship categories (A and B).
As in decoupled clouds, nitrate was
the least abundant constituent of
droplet residual particles (mass
fraction average = 0.03) based on
C-ToF-AMS data.

Previous work in the study region has
shown that aerosol particles above
cloud top generally have a higher

organic:sulfate ratio versus thatbelowand inclouds [e.g.,Sorooshianetal., 2007;Coggonetal., 2012]. The source
of organics aloft includes biogenic and wildfire emissions from the northwestern United States [Coggon et al.,
2012, 2014]. The average organic:sulfate mass concentration ratio for decoupled clouds (116.1) was approxi-
mately 10 times larger than that in coupled clouds (11.7). The high value for decoupled clouds was driven by
two individual samples with values of 422.5 and 547.4; when omitting those two samples, the decoupled ratio
becomes 23.8, which still is more than twice that of coupled clouds. Particles in the study region with higher
organic:sulfate ratios are less hygroscopic, as has previously been shown by comparisons of aerosol particles
above coupled cloud tops versus belowbases both in the subsaturated [Hersey et al., 2009] and supersaturated
regime [Crosbie et al., 2016]. Thus, the extent towhich clouds are decoupled from the surface layer has implica-
tions for hygroscopic, and thus radiative, properties of particles in and around clouds.

4.4. Cloud Water Composition
4.4.1. Cumulative Concentration Data
Tables 2 and 3 summarize mass fractions and air-equivalent mass concentrations, respectively, of cloud water
constituents for decoupled and coupled clouds. Total cloud water mass concentration is calculated as the
sum of the following species: (from IC) NSS SO4

2�, NO3
�, Cl�, NO2

�, glyoxylate, acetate, formate,

Table 3. Cumulative Average Cloud Water Mass Concentration Summary
of Species Measured in Decoupled and Coupled Cloudsa

Units Decoupled Coupled Ratio

0.1813.382.47Total
Cl� 0.117.060.76

0.113.240.36Na
NO3

� 0.520.870.45
NSS SO4

2� 0.350.850.30
0.130.460.06Mg

Glyoxylate μg m� 3 0.390.270.11
0.170.130.02K
0.320.120.04MSA
0.650.110.07Oxalate
1.100.100.11Acetate
1.660.100.16Si
1.520.080.12Formate
0.570.040.02NSS Ca

NO2
� 1.060.030.03

0.2830.538.63Maleate
0.3723.928.89Fluoride
0.5215.097.89Pyruvate
0.1514.362.17Br
0.799.857.79I
1.005.705.68Fe
1.094.975.42Al
0.733.832.80Cd

Sr 0.203.390.67
0.641.611.03Cu

ng mMn � 3 1.611.402.25
0.611.330.81Zn
0.400.630.25V
0.500.330.17Se
0.930.130.12Ni
0.980.120.12Ti
0.300.090.03Pb
1.010.080.08Cr
0.410.060.02As
0.290.050.01Rb
1.550.020.02Co

aRatio = decoupled:coupled concentration. Species in italics were
examined using IC, while the rest were examined using ICP-MS. Species
are listed in decreasing order of value for the coupled category.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025695

191 



methanesulfonate (MSA), pyruvate, maleate, oxalate, fluoride, and lactate and (from ICP-MS) Na, Mg, Al, Si, K,
NSS Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Cd, I, and Pb. Total cloud water air-equivalent mass
concentration was significantly higher for coupled versus decoupled clouds, exceeding a factor of 5 based on
cumulative data (13.38 versus 2.47μgm�3, respectively).

Due to sea-salt emissions, chloride, followed by sodium, contributed the most to cloud water mass for
coupled clouds, each being nearly an order of magnitude higher in concentration than in decoupled clouds.
This result is consistent with the vertical profiles of aerosol extinction from CALIOP (Figure 2), which show the
dominance of the CAL-CM aerosol type in the first few hundredmeters above the surface in the region where
the coupled cloud measurements were conducted. The combined mass fraction of chloride and sodium
relative to total mass is 0.61 and 0.38 for coupled and decoupled clouds, respectively. There is no significant
difference in the Cl:Na molar ratio, with values of 1.15 and 1.13 for the coupled and decoupled clouds, respec-
tively. These values are close to those characteristic of natural sea salt, 1.17, and thus, there is no obvious evi-
dence of significant chloride depletion owing to acidic constituents, even though cloud water pH was 4.26
and 4.48 for coupled and decoupled cloud samples, respectively. Furthermore, the similarity in the ratios is
suggestive of sea salt having been lofted above the surface layer [e.g., Lewis and Schwartz, 2004; Hara
et al., 2014] in decoupled clouds at some earlier point.

Nitrate and NSS sulfate are the third and fourth most abundant components in coupled clouds, respectively.
Regional sources of nitrate include ship exhaust, ocean sea spray and biogenic emissions, and wildfires
[Prabhakar et al., 2014]. Nitrate is more abundant than NSS sulfate in cloud water, in contrast to droplet
residual particle measurements, likely as a result of a combination of dissolution of HNO3, activation of coarse
and/or refractory particles undetectable by the C-ToF-AMS, and the absence of volatilization effects that are
associated with heating in the CVI inlet [Prabhakar et al., 2014].

A few of the less abundant species in Table 3 are more than 5 times enhanced in coupled clouds relative to
decoupled clouds, including K, Sr, Br, and Mg. These species have a mix of natural and anthropogenic sources
in the study region [Wang et al., 2014]. MSA was more than 3 times higher in concentration in coupled clouds
presumably due to DMS emissions from the ocean surface. With the exception of acetate and formate,
organic acids in Table 3 (glyoxylate, oxalate, maleate, and pyruvate) were higher in concentration in coupled
clouds, particularly maleate (by over a factor of 3.5) that forms from aromatic hydrocarbon oxidation [Rogge
et al., 1993], sources of which in the study region include diesel and gasoline engines. Maleate is a precursor
to glyoxylate, the chief aqueous precursor to oxalate [e.g., Sorooshian et al., 2013], the latter two of which are
~2.6 and ~1.5 times higher in concentration, respectively, in coupled clouds than in decoupled ones.

In decoupled clouds, species enhanced in concentration relative to coupled clouds include formate, Si, Co,
Mn, nitrite, Al, Cr, and acetate by factors reaching as high as 1.66, with the difference in mean concentration
being statistically significant (t test with a two-tailed p value threshold of 0.05) for the first four species. These
species are influenced from continental sources near the study region such as crustal matter, which is the
likely source of Si [Coggon et al., 2014; Wang et al., 2014]. Continental air masses almost certainly influence
the composition of decoupled clouds owing to their general presence in the free troposphere of the region
[e.g., Coggon et al., 2014]. As air masses impacting the study region were transported southward along the
coast (Figure 3), forest emissions likely influenced their compositions, especially north of central CA
[Coggon et al., 2014]. Formate is one of the most enhanced species in decoupled clouds versus coupled ones
(factor of 1.52). Formate originates from formic acid, 90% of which is biogenic in origin, especially from boreal
forests [Stavrakou et al., 2012]. CALIOP data also show that above approximately 0.4–0.5 km, CAL-D, CAL-PD,
and CAL-PC aerosol types exceed CAL-CM aerosol in terms of extinction coefficient, confirming that clouds
impacted by free tropospheric air in the region exhibit greater influence from continental air than by sea salt.
In summary, the results in Table 3 indicate that the decoupled clouds have much smaller air-equivalent mass
concentrations of the species studied, except for a few species with likely continental sources, owing to the
large size of sea-salt particles driving mass concentrations much higher in coupled clouds.
4.4.2. Cumulative Mass Fraction Data
Because microphysical properties, such as aerosol hygroscopicity, depend on relative concentrations of
chemical constituents, differences in mass fractions in cloud water are discussed here (Table 2) with a focus
on those species accounting for most of the total mass. In decoupled clouds, mass fractions of sodium and
chloride are reduced relative to coupled clouds by factors of ~1.9 and ~1.5, respectively. As these two species
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dominate the mass concentration in coupled clouds, the mass fractions of all species except for Mg and K in
Table 2 are higher for decoupled clouds. Mg and K are the fourth and sixth most abundant components of
natural sea salt by mass after chloride, sodium, and sulfate [e.g., Seinfeld and Pandis, 2016]. Thus, they are
expected to preferentially impact coupled clouds. The greatest enhancements in the mass fraction in
decoupled versus coupled clouds are for carboxylic acids (glyoxylate, formate, oxalate, and acetate), nitrite,
Si, and NSS Ca with enhancement factors ranging from 2.06 to 6.32.
4.4.3. Categorical Chemical Differences
Figure 5 contrasts cloud water chemical data for coupled and decoupled clouds for each of the six categories
of Table 1, with statistically significant (t test with a two-tailed p value threshold of 0.05) differences in mean
values highlighted on each x axis. Although many differences are not statistically significant owing largely to
limited data points in the decoupled categories, relative differences are still of importance to discuss. Total
mass concentrations are highest in coupled clouds in categories E to F (Land-low base and Land-high base),
and highest in categories C/E (Marine Reference-low base; Land-low base) for decoupled clouds. Analysis of
the various constituents in Figure 5 explains this result. For coupled clouds, chloride is highest in concentra-
tion for categories E and F, thus driving the total mass concentration to maximum levels. Nitrate is also high-
est in category F owing to its association with sea salt in the study region [Prabhakar et al., 2014]. MSA levels
are also highest in categories E and F, suggesting that biogenic emissions contribute in addition to direct
emission of sea spray. While ship emissions are shown to be less influential to cloud water mass concentra-
tions relative to ocean emissions (e.g., sea salt), it is worth noting that the ship exhaust tracer, V, was most
enhanced in categories A and B (Ship-low base and Ship-high base) as expected for coupled clouds. NSS
sulfate is highest in category B due to the contribution from ship-derived SO2.

For decoupled clouds, the largest contributors to the peak total mass in category C are chloride, followed by
nitrate, while the order of these two species is reversed for category E. Representative tracer species for con-
tinental crustal matter, namely, Si and NSS Ca (not shown in Figure 5) [Wang et al., 2014], clearly exhibit a peak
concentration in category C. Interestingly, the coupled clouds also show the highest Si concentration in the
same categories as the decoupled clouds, albeit at lower concentrations, indicative of the influence of

Figure 5. Comparison of cloud water parameters between coupled (blue) and decoupled (red) clouds for the six categories (A–F) defined in Table 1. Category labels
with a box around them indicate that the difference between the two means of that category is statistically significant (two-sample t test with a two-tailed p value
threshold of 0.05).
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continental air for coupled clouds near the coast; CALIOP profiles showing enhanced levels of CAL-PD and
CAL-PC aerosol types in the first few hundred meters above the surface support this inference. The total
concentration peak in category E for decoupled clouds appears to be influenced by different sources when
compared to category C. More specifically, while crustal matter tracer species are much lower in category E,
concentrations of organic acids are much higher. The cumulative concentration of acetate, formate, pyruvate,
glyoxylate, oxalate, and maleate was 0.79μgm�3, exceeding by more than a factor of 2 the concentration of
any other category for decoupled clouds. Formate and acetate were the two most abundant organic acids in
category E, with their source likely being biogenic emissions from upwind continental areas as noted in
previous work [Coggon et al., 2014].

Cloud water pH is higher in decoupled clouds than coupled ones for all six categories, owing presumably to a
lower impact of acidic compounds from shipping combined with increased contributions of basic com-
pounds coming upwind from the continent. The lowest pH (4.0) occurred for coupled clouds in category B
(Ship-high base), which exhibits the highest V concentration and thus shipping influence. The highest pH
(4.76) occurred for decoupled clouds in category F (Land-high base), consistent with past work showing that
cloud water pH is higher when influenced by continental air masses enriched with crustal species, especially
Si, in the study region [Wang et al., 2014].

4.5. Reanalysis Data

It is of interest to contrast vertically resolved chemical profiles from the NAAPS-based reanalysis product for
the same time periods of the decoupled and coupled clouds. NAAPS can resolve aerosol vertical profiles on a
temporal/spatial scales consistent with the flights described. CALIOP observations cannot be used in this
capacity as they are dependent on orbital configurations and cannot provide measurements near the flights.
The NAAPS reanalysis was specifically designed as an aerosol optical depth product, with little tuning done
vertically to ensure vertical profiling skill explicitly [Lynch et al., 2016]. Fortunately, Figure 6a demonstrates
that the reanalysis data, when averaged for July–August for the three experiment years (2011, 2013, and
2015), generally agree with the climatological CALIOP profiles. Similar to CALIOP observations, the reanalysis
data show that the maximum total extinction coefficient (denoted as All) is ~0.08 km�1 near the surface. Sea
salt accounts for most extinction below about 0.5 km, above which other constituents dominate, mainly fine
mode components (smoke, ABF).

Figures 6b and 6c showmass concentration vertical profiles for the same time aswhen coupled anddecoupled
cloud measurements, respectively, were conducted. Rather than extinction coefficients, mass concentrations
are shown for a direct comparison with the cloud water measurements. The relative concentration variations

Figure 6. Vertical profile of aerosol constituents from the NAAPS-based reanalysis product. (a) Profiles of aerosol extinction
coefficient for July and August for the three summers that field campaign data were analyzed. (b) Profile of aerosol mass
concentrations for the times coinciding with the coupled clouds examined. (c) Profile of aerosol mass concentrations for
the times coinciding with the decoupled clouds examined. The horizontal bars in Figures 6b and 6c correspond to the
average cloud base and top heights for coupled and decoupled clouds.
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with altitude are nearly identical between the composite profiles for coupled and decoupled clouds. Perhaps,
themost significant difference is themuch higher sea-salt concentrations (by up to a factor of 1.8) in the lowest
fewhundredmeters for thecoupledcompositeprofileowingtostronger surfacewinds (at10m)aspredictedby
themodel. The averagenear-surface (<100m)wind speeds coincidingwithmeasurements of the coupled and
decoupled clouds were 4.8 and 4.6m s�1, respectively, indicating that at least in the spatial range of where the
aircraft flew, there was no significant difference in wind speed unlike in the model.

To compare the composite profiles to the cloud composition data, the mass fractions of the four main com-
ponents (ABF, sea salt, dust, and smoke) are compared between coupled and decoupled composite profiles
at cloud-relevant altitudes for each category. In contrast to the measurements (Table 2), the reanalysis mass
fractions are nearly identical for the two cloud types (coupled/decoupled): ABF = 0.10/0.10, sea salt = 0.40/
0.41, dust = 0.34/0.37, and smoke = 0.16/0.12. As sea salt is the most abundant cloud water constituent, its
modeled and observed mass concentrations at cloud-relevant altitudes for coupled and decoupled clouds
are as follows (modeled/observed): 6.1/10.3μgm�3 for coupled and 5.8/1.1μgm�3 for decoupled clouds,
where the observed value is calculated as the sum of Na and Cl�. While the modeled and measured concen-
trations are within an order of magnitude, the remaining discrepancy is indicative of the current limitations of
the resolution of a global model for boundary layer processes, leading to the observed difference in coupled
and decoupled composition.

5. Conclusions

Aircraftmeasurements of cloudwater and droplet residual particle composition over the eastern PacificOcean
off the California coast between July andAugust of 3 years (2011, 2013, and 2015) are examined in thiswork for
clouds decoupled from and coupled to the surface layer. While differences are expected between these two
cloud conditions, this work provides quantitative data. The main findings of this work are as follows:

1. Total mass concentration of measured constituents in droplet residual particles and cloud water was
significantly enhanced in coupled clouds, coincident with higher Nd and subcloud number concentrations
as measured by the PCASP (Dp> 100 nm). This can be explained by the stronger influence on coupled
clouds by ocean and shipping emissions.

2. Organics and sulfate were the most abundant components in droplet residual particles, with sulfate mass
fraction generally being higher in coupled versus decoupled clouds (0.39 versus 0.24), unlike organics,
ammonium, and nitrate. Consequently, organic:sulfate ratios are much larger in decoupled clouds, result-
ing in less hygroscopic aerosol particles.

3. Of the 35 cloud water constituents analyzed, 27 were higher in concentration in coupled clouds, with
chloride, followed by sodium, being the most abundant owing to sea-salt emissions. The remaining eight
constituents (acetate, formate, Si, nitrite, Al, Mn, Cr, and Co) that were more enhanced in decoupled
clouds are consistent with the influence of continental air masses in the free troposphere of the region.

4. With exception of components associated with sea salt (e.g., Cl, Na, Mg, and K), cloud water mass fractions
of all species examined were higher in decoupled clouds relative to coupled clouds. Species with the lar-
gest enhancement in mass fraction in decoupled clouds included numerous carboxylic acids (glyoxylate,
formate, oxalate, and acetate), nitrite, Si, and NSS Ca. Cloud water pH was also higher in decoupled clouds,
which has implications for heterogeneous chemistry such as affecting sulfur oxidation rates [e.g., Collett
et al., 1994].

5. Limitations in resolving boundary layer processes in a global model, based on NAAPS-based reanalysis
data, prevent it from accurately quantifying observed differences between coupled and decoupled cloud
composition.

Clouds detached from the surface layer are shown here to have significantly different cloud composition,
which, in turn, impacts the nature of the chemical processing that takes place in those clouds, microphysical
cloud properties, and the physicochemical properties of aerosol particles after cloud drop evaporation.
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ABSTRACT

Data from three research flights, conducted over water near the California coast, are used to investigate the

boundary between stratocumulus cloud decks and clearings of different sizes. Large clearings exhibit a diurnal

cycle with growth during the day and contraction overnight and a multiday life cycle that can include oscil-

lations between growth and decay, whereas a small coastal clearing was observed to be locally confined with a

subdiurnal lifetime. Subcloud aerosol characteristics are similar on both sides of the clear–cloudy boundary in

the three cases, while meteorological properties exhibit subtle, yet important, gradients, implying that dy-

namics, and not microphysics, is the primary driver for the clearing characteristics. Transects, made at mul-

tiple levels across the cloud boundary during one flight, highlight the importance of microscale (;1 km)

structure in thermodynamic properties near the cloud edge, suggesting that dynamic forcing at length scales

comparable to the convective eddy scale may be influential to the larger-scale characteristics of the clearing.

These results have implications for modeling and observational studies of marine boundary layer clouds,

especially in relation to aerosol–cloud interactions and scales of variability responsible for the evolution of

stratocumulus clearings.

1. Introduction

Large clearings (.100 km in width) in the stratocu-

mulus cloud deck capping themarine boundary layer are

often found off the western coast of the United States

(e.g., Kloesel 1992). The frequency, temporal persis-

tence, and nature of how these clearings develop and

evolve are unclear. The presence of clearings in an

otherwise cloudy marine boundary layer motivates the

question concerning the extent to which similarity exists

between environmental properties on each side of the

clear–cloudy boundary. Identifying the governing fac-

tors and their relative importance in explaining the

clearings has implications for general studies of aerosol–

cloud–precipitation–radiation interactions and modeling

of marine boundary layer clouds, in addition to being

helpful for operational forecasting of weather and fog

along coastlines.

The organizational morphology of marine strato-

cumulus clouds is regulated by a complex interplay

between radiation, dynamics, cloud and aerosol micro-

physics, and surface fluxes (Wood 2012). Internal feed-

backs can have a buffering effect to stabilize the cloud

system against changes in the large-scale environment

(e.g., Zhu et al. 2005), illustrative in the spatial extent

and homogeneity of marine cloud decks. However,

patterns in large-scale dynamic forcing (i.e., lower-

tropospheric subsidence and divergence, midlatitude

disturbances), surface properties (i.e., sea surface tem-

perature), and aerosol concentration/properties can in-

duce marked transitions in the mesoscale organization

of the cloud field (Albrecht et al. 1995; Bretherton and

Wyant 1997; Stevens et al. 2005; Wang and Feingold

2009) or the thinning or ultimate dissipation of the cloud
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layer by enhanced subsidence (Randall and Suarez 1984;

Zhang et al. 2009), which can be forced on themesoscale

by coastal topographic interactions (Sunuararajan and

Tjernström 2000; Brooks et al. 2003).

Clearing events, such as the examples shown in Fig. 1,

allow airborne research flights to characterize vertically

resolved differences on both sides of the clear–cloudy

interface to help facilitate an understanding of the

multiscale dynamic and microphysical processes that

control their extent and longevity. Such an un-

derstanding can be used to improve parameterization of

boundary layer clouds in global models, as accurate

prediction of regional patterns in low-cloud-fraction

scenes is a critical component in reducing uncertainties

related to cloud effects on climate (Bony and Dufresne

2005; Bony et al. 2006; Wyant et al. 2006; Soden and

Vecchi 2011), specifically in quantifying departures from

typical climatological patterns of stratocumulus (e.g.,

Klein and Hartmann 1993). Vertically resolved obser-

vations at the clear–cloudy boundary can test assump-

tions used in studies of aerosol–cloud interactions with

remote sensing data. Traditionally, remotely sensed

parameters relevant to aerosol particles are derived

from cloud-free scenes (e.g., Martins et al. 2002; Remer

et al. 2012); this becomes problematic for aerosol–cloud

interaction studies that rely on the assumption that

aerosol properties in clear-air scenes are representative

of those in the cloudy column that are most likely

influenced predominantly by subcloud particles rather

than those above cloud. However, this assumption can

be affected by a number of factors such as spatial het-

erogeneity in the boundary layer, aerosol layers above

cloud, and processes such as wet scavenging below cloud

that can preferentially impact either the cloudy or clear

column (Duong et al. 2011). As shown in other studies,

aerosol physicochemical properties and relative hu-

midity (RH) can change when transitioning from cloud-

free areas to cloudy areas (Twohy et al. 2009; Wang and

Geerts 2010; Bar-Or et al. 2012; Wonaschütz et al. 2012;
Altaratz et al. 2013) or remain relatively unchanged

(e.g., Stevens et al. 2005; Sharon et al. 2006), which can

impact both the calculated magnitude of radiative ef-

fects of aerosol and retrievals of aerosol and cloud pa-

rameters (Chand et al. 2012).

In this workwe study three case flights across clearings

of varying dimensions off the California coast. We aim

to address the following: (i) the formation, evolution,

and frequency of the clearings; (ii) the extent to which

reanalysis data can capture long-lived clearings as

compared to remote sensing data; (iii) vertical and

horizontal variability in dynamic, thermodynamic, and

aerosol properties on both sides of a clear–cloudy

boundary; and (iv) possible mechanisms responsible

FIG. 1. GOES-15 visible-band imagery at times relevant to each

case flight: (a) RF16: 1900 UTC 29 Jul, (b) RF19: 1900 UTC 1 Aug,

and (c) RF23: 2300 UTC 7 Aug. The following are overlaid on each

panel: (i) 850-hPa geopotential height contours fromMERRA(red; 3-

dm increments with dashed contours showing heights below 156 dm);

(ii) ensemble-mean 72-h back trajectories (solid green) at 6-hourly

increments (green marker) ending at 500m, with 61s ensemble lat-

eral variability measured normal to the mean trajectory path (dashed

green); (iii) inset is an expanded view of the clearing with approximate

location of the clear–cloudy transect (blue).
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for the variability in the spatial arrangement of

clearings.

2. Experimental data

a. Instrument payload

The Nucleation in California Experiment (NiCE)

consisted of 23 flights with the Center for Interdisci-

plinary Remotely Piloted Aircraft Studies (CIRPAS)

Twin Otter based out of Marina, California, during

July andAugust 2013. The purpose of the field campaign

was to investigate both aerosol–cloud–precipitation–

radiation interactions and nucleation in bothmarine and

continental atmospheric conditions.

The aircraft payload is described in another NiCE

study (Coggon et al. 2014) including (i) meteorological

data [e.g., temperature, humidity, winds, Gerber probe

liquid water content (LWC; Gerber et al. 1994)],

(ii) cloud and aerosol spectrometer (particle diameter

Dp ; 1–55mm; Droplet Measurement Technologies,

Inc.; Baumgardner et al. 2001) and cloud imaging probe

(CIP; Dp ; 25–1550mm) for drop size distributions,

(iii) condensation particle counter (CPC 3010; TSI Inc.;

Dp $ 10nm) and a passive cavity aerosol spectrometer

probe (PCASP; PMS Inc./DMT Inc.; Dp ; 0.1–2.6mm)

for particle number concentrations, (iv) Aerodyne com-

pact time-of-flight aerosol mass spectrometer (C-ToF-

AMS; Drewnick et al. 2005) for submicrometer mass

concentrations of nonrefractory aerosol constituents,

(v) cloud water collection with a modified Mohnen

slotted-rod cloud water collector (Hegg and Hobbs

1986) followed by ion chromatography and inductively

coupled plasma mass spectrometry analysis (Sorooshian

et al. 2013), (vi) cloud condensation nuclei counter

(CCNc; Droplet Measurement Technologies; Roberts

and Nenes 2005), and (vii) scanning mobility particle

sizer (SMPS) comprising a differential mobility analyzer

(DMAModel 3081, TSI Inc.) coupled to a CPC (Model

3010, TSI Inc.). The time resolution is 1Hz or faster for

the measurements described above with the exception

of the SMPS (73-s response time) and C-ToF-AMS

(;10 s). The effective CCN activation diameter Dact is

computed by integrating the SMPS number size distri-

butions from the largest size down to the size at which

the concentration is equivalent to that of the CCNc at

0.2% supersaturation. Lower Dact values (at fixed su-

persaturation) are indicative of more favorable com-

position for drop activation at smaller dry-particle sizes.

Fast winds weremeasured using a five-hole gust probe

radome connected to Setra pressure transducers, which

were then coupled to measurements of platform motion

using a C-MIGITS-IIIGPS/INS system. Total temperature

was measured using a Rosemount model 102 total tem-

perature sensor, from which static air temperature was

calculated. Humidity was measured using an EdgeTech

Vigilant chilled mirror hygrometer. The three wind

components and temperature had time responses faster

than 10Hz and the analog outputs were time averaged to

10Hz to synchronize with the INS, while the humidity

was slower (1–2 s). No correction was made to temper-

ature measurements to account for cloud water, but

measured humiditymeasurements in excess of 100%RH

were capped at saturation.

Aerosol data are reported only when LWC ,
0.02 gm 23 (in-cloud threshold) in order to avoid biases

owing to droplet shattering (Shingler et al. 2012).

Cloud albedo is estimated using cloud optical depth t:

A 5 t/(t 1 7.7) (Lacis and Hansen 1974), which is de-

rived from the cloud droplet distribution [Chen et al.

(2012) and references therein] and represents an esti-

mate of cloud albedo at cloud top. The free-

tropospheric dewpoint depression is computed as the

average difference between ambient temperature and

dewpoint temperature over the region from 100m

above the cloud top to the highest point reached in

soundings (Chen et al. 2012). Cloud-base rain rate is

derived from CIP measurements above cloud base.

Inversion-base height is defined as the altitude where

temperature first reaches a minimum above the surface

and the top is defined as the height that the 5-s running

mean of du/dz reaches a maximum. Inversion strength

is the difference of potential temperature between the

inversion-top and -base heights.

b. Flight sampling strategy

This study focuses on three specific research flights

(RFs): RF16 on 29 July 2013, RF19 on 1 August 2013,

and RF23 on 7 August 2013. Two of these flights (RF16,

RF19) consisted of a single leg from Marina to the west

followed by sampling maneuvers on the two sides of a

clear–cloudy boundary (known as the ‘‘clear–cloudy

module’’), which ended with a reverse leg back to Ma-

rina. The third flight consisted of two subflights in rapid

succession with fueling in between, with one carried out

flying north in the California Central Valley and landing

at Arcata near the California–Oregon border. The sec-

ond subflight on this day consisted of flying south over

the Pacific Ocean toward Marina with a clear–cloudy

module close to the end of the flight and located near the

coast. Clear–cloudy modules occurred midday for RF16

(1845–2000 UTC) and RF19 (1745–1915 UTC) and later

in the afternoon for RF23 (2245–2345 UTC). Regional

patterns in the cloud cover are visualized using GOES-

15 visible-band imagery, at times concurrent with the

aircraft observations (Fig. 1).
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In each case, the aircraft flight plan for the clear–

cloudymodule (Fig. 2) consisted of (i) vertical soundings

in the clear and cloudy columns and (ii) level legs below,

in, and above clouds that extended beyond the cloud

edge and into the clear side. Two legs were usually

conducted above cloud top, including one immediately

above the top called the ‘‘wheels in’’ leg, and another

approximately 150m above cloud top that will be re-

ferred to as the ‘‘free tropospheric (FT)’’ leg. The du-

ration of the legs was approximately 5min (;15km) on

each side of the clear–cloudy boundary.

3. Results and discussion

a. Clearing description

At their widest points, the clearings sampled during

RF16, RF19, and RF23 were approximately 150, 300,

and 30km, respectively (Fig. 1). The clearing observed

during RF16 was mostly detached from the coast with

predominantly closed-cell stratocumulus and coastal

stratus to the east, whereas clearings observed during

RF19 and RF23 extended offshore from the California

coastline. GOES-15 visible imagery during the period

before and through RF16 and RF19 reveal key details

about the nature of the progression of the clearings

moving south along the majority of the length of the

western United States, aligned with the long axis nearly

parallel to the mean wind direction. GOES imagery was

used to estimate the total area and centroid of the

clearings at 0000 UTC (afternoon) and 1500 UTC

(morning) each day from 24 July to 3August (Fig. 3) and

revealed that the clearings probed during RF16 and

RF19 were associated with a single long-lived clearing

event. RF23 sampled a local coastal clearing with no

evidence of a contiguous multiday presence.

Analysis of the satellite data during the 96h preceding

RF16 suggests the continuous presence of a clear-air

region, which migrated slowly southward from an initial

position near the coast of British Columbia, Canada.

The clearing exhibited two modes illustrated in Fig. 3:

the first relating to the slow southwardmigration and the

second relating to the diurnal expansion (day) and

contraction (night) of the clearing, which was aligned

with the commonly observed thinning (day) and thick-

ening (night) cycle of marine stratocumulus (e.g., Wood

et al. 2002). The clearing centroid moved closer to the

coastline during the night. The relatively slow (approx-

imately 3ms21) southward migration of the clearing

compared with the mean flow (8–15ms21 based on

mean trajectory motion) is suggestive of a dynamic

forcing and/or a mixing mechanism, rather than simply

advection of a different air mass. In the 24h following

RF16, the clearing filled in almost completely before a

clearing reformed during the day prior to RF19.

Therefore, RF16 occurred during a decay phase in the

11-day life cycle of the clearing and RF19 marked a

growth phase.

It is possible that the clearings observed during RF16

and RF19 can be traced to the same forcing mechanism;

however, the reason for the hiatus on 30 July remains

unclear. During RF19 the clearing was attached to the

coastline and was flanked to the west by closed-cell

stratocumulus with embedded pockets of open cells,

which then transitioned to a predominantly open-cell

regime farther west. RF23 conversely included a much

smaller clearing closer to the coast with drizzle in the

study region and a decoupled layer below cloud base and

likely resulted in a thinning cloud layer prior to sam-

pling. GOES imagery for RF23 confirms that there is a

less-distinct clear-air region that likely stemmed from

more localized effects. The distinct difference in the size

and evolution of the three cases suggests that there may

be multiple driving mechanisms responsible for clear-

ings that operate at difference scales.

Reanalysis data from NASA’s Modern-Era Retro-

spective Analysis for Research and Applications

(MERRA; Rienecker et al. 2011) offer insight into the

large-scale circulation patterns, which may influence

the formation and location of clearings. The low-level

synoptic-scale circulation pattern is assessed using the

850-hPa geopotential heights overlaid on the satellite

imagery (Fig. 1). During RF16, the subtropical ridge

FIG. 2. Schematic of the Twin Otter flight strategy for the

cloudy–clear module with level legs and soundings conducted on

both sides of a distinct stratocumulus cloud boundary. The order of

the module components was reversible and altitudes were selected

to suit the individual case.
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extends along the coast of western North America

elongated along a north–south axis with an ap-

proaching closed low pressure system to the west. By

RF19, the flow around the ridge is more zonal and its

position has shifted to the south and strengthened. By

RF23, the ridge is farther south and weaker. The exact

pattern associated with the subtropical ridge may in-

fluence the formation and persistence of clearings

through locally increased subsidence associated with

anticyclonic curvature, mesoscale interactions with the

coastal topography, and diurnal sea-breeze circula-

tions. Headlands along the California coast have been

shown to strongly affect the low-level circulation and

boundary layer characteristics (e.g., Koracin and

Dorman 2001; Brooks et al. 2003) and may act as focal

points for preferred clearing arrangements. Once a

clearing is established, the horizontal discontinuity in

the longwave flux at the cloud boundary may then in-

duce an organized convective circulation pattern near

the edge. Horizontal entrainment of clear air may

support a positive feedback mechanism, associated

with buoyancy reversal depending on the thermody-

namic properties of the clear air, leading to rapid

changes in the extent of the clearing on diurnal time

scales. This will be explored in more detail in the dis-

cussion of RF16 and RF19.

Out of 23 flight days during NiCE, seven flights were

characterized as having clearings similar to those in

RF16 and RF19, which are defined in this study as

having a minimum clearing width and length of 150 and

300km, respectively, at their maximum values in that

same spatial area at 1915 UTC; to identify a clearing, it was

of course necessary for there to be clouds and another cri-

teria was that cloud fraction (CF) over water had to exceed

30% in an area defined by 358–408N and 1208–1308W
(MODIS Aqua and Terra; level-3 daily product). In a pre-

vious study in the sameregionand samemonthsof adifferent

year [Eastern Pacific Emitted Aerosol Cloud Experiment

(E-PEACE) 2011; Russell et al. 2013]. these events were

observed in 15 out of 30 flight days. Thus, such events can be

considered frequent for this region during the summertime.

b. Comparison of MODIS and MERRA

Since the clearings in RF16 and RF19 are frequent,

spatially large, and temporally persistent, it is of interest

to determine the extent to which they are captured by

global reanalysis data. Spatial distributions of cloud

fraction and LWP over the eastern Pacific Ocean (358–
458N, 1228–1308W) from MERRA do not match the

location of the clearings that are evident from theGOES

imagery and MODIS Terra data (Fig. 4). However,

MERRA does show evidence of reduced cloud fraction

and LWP in other parts of the spatial domain examined.

To address the impact on large-scale radiative forcing, a

comparison is made between the regional mean cloud

fraction and LWP from MERRA versus MODIS Terra

for the region shown in Fig. 4. Table 1 reports that the

spatially averaged cloud fraction is nearly identical be-

tween MODIS and MERRA for RF19 and RF23 and is

about 10% less for MERRA in RF16. LWP is also

nearly identical between MODIS and MERRA for

RF19 and RF23, but the MERRA value only equates to

FIG. 3. (left) Estimated clearing area at 0000 UTC (afternoon) and 1500 UTC (morning) for a 10-day period

including RF16 and RF19. (right) Movement of the clearing centroid from 24 Jul through 3 Aug with each marker

corresponding to one in the left panel with movement generally down parallel to the coast with time and toward the

coast at night and early morning.
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about 39% of the MODIS value for RF16. The dis-

crepancy in the spatial identification of the clearing and,

at times, values of cloud fraction and LWP motivates a

deeper investigation of environmental properties near

the clearings. It is likely that the clearings are partially

driven by subgrid processes (e.g., cloud microphysics

and boundary layer dynamics), which can upscale to

more climatologically influential sizes.

c. Aerosol and airmass sources

Two-day backward trajectories computed using the

NOAA HYSPLIT model (Draxler and Hess 1997)

(Fig. 1) support marine airmass origins in all three flights

and were consistent with aircraft-measured winds.

Trajectories were computed at an end altitude of 500m

MSL to simulate an approximate level relevant to the

cloud layer for 54 ensemble members, which included

meteorological grid perturbations (see HYSPLIT user

guide for details: http://www.arl.noaa.gov/documents/

reports/hysplit_user_guide.pdf) and inclusion of the

GDAS and NAM gridded data. Ensemble-mean posi-

tions were calculated using all ensemble members at

hourly increments and, for each increment, the standard

deviation (61s) of the position of ensemble members

orthogonal to the mean trajectory path was used as an

estimate of the ensemble spread. The trajectory paths

are aligned with the MERRA 850-hPa geopotential

height patterns, which are also overlaid in Fig. 1. That

FIG. 4. Comparison of MODIS Terra (level-3 daily product) and MERRA CF and cloud liquid water path (LWP) for each case flight.

TheMERRAcloud fractions are the hourlymean centered at 1930UTC (close toTerra overpass time), while the LWPs are instantaneous

values at 1900 UTC. The black line placed in the boxes in each panel refers to the flight tracks across the clear–cloudy border. The bulk

average of cloud fraction and LWP for the full study region using MODIS and MERRA are shown in Table 1.
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said, eddy-overturning circulations associated with

land–sea thermal contrasts are likely underrepresented

owing to the resolution of the GDAS and NAM data

used as an input forHYSPLIT andmay contribute to the

mixing of continental sources into the predominantly

marine trajectories. In addition, the prominent coastal

topography of Northern California may induce addi-

tional mechanisms for lateral mixing (such as coastal

eddies and mountain–valley circulations), which may

also influence the trajectories.

Cloud water chemical composition data confirm a

strong influence from sea salt for at least the first two

flights when the cloud layer was not decoupled from the

surface layer: Na1 and Cl2 collectively accounted for

83% and 66% of the total measured air-equivalent mass

concentration in RF16 and RF19, respectively (Fig. 5).

RF23 cloud water exhibited the lowest total mass con-

centration (3.6mgm23 versus 18.0–71.2mgm23 in RF16

and RF19) due, in part, to scavenging of aerosol mass by

drizzle and subsequent decoupling of the subcloud layer.

Aside from sea salt, contributions from acidic compo-

nents such as sulfate, nitrate, and organic acids stem

from emissions of their precursors from sources such as

ships and marine biota (Prabhakar et al. 2014; Wang

et al. 2014).

Subcloud CPC number concentrations were below

about 400 cm23 on the two sides of the clear–cloudy

boundary, indicative of minimal influence from fresh

anthropogenic pollution (e.g., ship or continental

plumes). However, this does not preclude the influence

from aged anthropogenic pollution, especially from ship

traffic, which usually impacts marine boundary layer

aerosol in this exact study region (Coggon et al. 2012;

Wonaschütz et al. 2013). Subcloud PCASP concentra-

tions ranged between 185 and 279 cm23 in the three

flights. CPC and PCASP concentrations in the FT leg

ranged between 78–1150 and 48–952 cm23, respectively.

Subsequent sections will discuss the significant differ-

ences between subcloud and above cloud areas and also

horizontal gradients along level legs, as they have im-

plications for use of surface measurements or vertically

integrated remote sensing data to study aerosol–cloud

interactions.

d. Case study 1: Research flight 16 (29 July 2013)

1) METEOROLOGICAL AND THERMODYNAMIC

SPATIAL PROFILES

RF16 is the lone case with clouds on the eastern side of

the clear–cloudy interface. Similar patterns have been

observed in conjunction with the northward advance-

ment of cool stratified air, termed ‘‘stratus surge’’ or

‘‘southerly surge,’’ recirculated along coastal California

and cooled from below by local sea surface temperature

(SST)minima (Mass andAlbright 1987;Mass et al. 1986;

Felsch and Whitlatch 1993). A reversal in the near-

surface meridional wind from northerly to southerly was

observed within 100 km of the California coast during

RF16 consistent with previous studies of coastally

trapped wind reversals (e.g., Mass and Bond 1996; Nuss

et al. 2000; Rahn and Parish 2010) and can be attribut-

able at the synoptic scale to a northwestward migration

of the thermal trough located over the interior United

States (Mass and Bond 1996; Brewer et al. 2012), which

is evident in the 850-hPa geopotential height field

(Fig. 1). Importantly, the boundary layer wind reversal

was not collocated with the cloud boundary; rather, it

was displaced 170–200 km to the east, such that the cloud

boundary was in a region of northwesterly flow. In the

vicinity of the clearing, the cloudy column on this flight

was the thickest among the three case studies (base

around 440m, top around 680m), with the highest LWP

(;75 gm22), lowest column-mean drop effective radius

(re 5 8.9mm), highest cloud optical depth (14.9), and

highest albedo (0.63) (Table 3). Interestingly, very mi-

nor differences were observed below cloud for the fol-

lowing environmental variables on the two sides of the

clear–cloudy boundary (Tables 2 and 3): aerosol prop-

erties (size distribution, composition, hygroscopicity),

wind speed, and SST. Turbulent kinetic energy (TKE)

exhibited perhaps the most significant difference in the

boundary layer between the two sides of the boundary

with higher values on the cloudy side at all altitudes

below the wheels-in leg (Table 2), driven presumably by

buoyancy production of TKE, caused by cloud-top ra-

diative cooling on the cloudy side.

The vertical profiles of potential temperature and

specific humidity are almost the same on the clear and

cloudy sides in the subcloud layer (Fig. 6). The clear-air

sounding is slightly warmer than the cloudy sounding at

the altitudes where the cloud exists, which is then

manifested as a (marginally) statically stable profile

extending below cloud. A subtle feature exists at alti-

tudes near cloud top as the clear-side potential

TABLE 1. Comparison of CF and LWP between MODIS

Terra and MERRA for the marine region inside 358–458N,

1228–1308W (Fig. 4). Averages and standard deviations (in

parentheses) are reported for data obtained at the time of

each flight.

Flight

LWP (gmCloud fraction 22)

MERRAMODISMERRAMODIS

45.6 (34.8)116.9 (59.8)0.79 (0.29)0.88 (0.20)RF16

91.4 (21.7)93.7 (44.3)0.85 (0.13)0.84 (0.27)RF19

78.5 (26.9)84.1 (28.9)0.92 (0.12)0.91 (0.12)RF23
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temperature shows warming (2–3K) and drying

(1 g kg21) in the layer equivalent to the upper 100m of

the cloud. In the absence of cloud, entrainment warming

and drying is not balanced by cloud-top radiative cool-

ing and a lack ofmixing frombelow allows this feature to

persist. This is further supported by negative buoyancy

production and reduced TKE observed on the clear side

from subcloud altitudes up to wheels-in leg compared

with the cloudy column (Table 2). Since the air in the

clear column above the inversion is both cooler and

moister, this suggests a further byproduct of entrainment/

mixing eroding the cloud, but it firmly rejects increased

subsidence/divergence in the clear region as the forcing

mechanism, because this would lead to warmer and/or

drier conditions above cloud. Moister air above the

clearing may also reduce the effectiveness of longwave

radiative cooling to reinvigorate boundary layer mixing

and reestablish or extend cloud into the clearing. With

such a subtle difference between clear and cloudy col-

umns, one may hypothesize that if a cloud layer were

reestablished the clear sounding would quickly resort

back to the profile seen on the cloudy side. The satellite

data confirm that this is indeed what happens (Fig. 3),

with the stronger nocturnal radiative forcing being the

necessary mechanism to completely fill in the clearing.

2) AEROSOL SPATIAL PROFILES

The major difference on the two sides of the clear–

cloudy boundary was the higher particle concentration

in the wheels-in leg on the cloudy side versus the clear

side (CPC: 647 versus 481 cm23). PCASP size distribu-

tions illustrate this enhancement between 130 and

175 nm (Fig. 7), and the source does not appear to be the

FT based on comparing PCASP distributions and con-

centrations of CCN and sulfate but, instead, likely stems

from cloud processing. Previous work in the region has

shown the presence of residual layers of cloud-produced

species above cloud tops (Sorooshian et al. 2007) and

lofted residual layers during boundary layer collapse

(Berner et al. 2015). Free-tropospheric size distributions

differ from other altitudes because the accumulation

mode above a diameter of 100 nm is absent.

The subcloud aerosol composition, CCN concentra-

tions (0.2% SS), and Dact values were similar on the

clear and cloudy sides (Table 2). Sulfate was the domi-

nant nonrefractory species in the submicrometer aero-

sol, with similar concentrations up until the free

troposphere where it dropped in contrast to organics,

which increased. CCN concentrations decreased signif-

icantly in the FT (36 cm23 on the cloudy side and

16 cm23 on the clear side) relative to lower-altitude legs

simultaneous with an increase in Dact (234 nm on the

cloudy side and 167nm on the clear side), suggestive of

fewer CCN-active aerosols and thus less-favorable

composition (i.e., more organics, less sulfate) for drop

activation. Previous work in the region also provided

evidence of suppressed subsaturated aerosol hygro-

scopicity above cloud top due to enhanced organic mass

fractions (Hersey et al. 2009).

e. Case study 2: Research flight 19 (1 August 2013)

1) METEOROLOGICAL AND THERMODYNAMIC

SPATIAL PROFILES

RF19 resembles RF16 in that near-surface environ-

mental variables were similar on both sides of the clear–

cloudy boundary (aerosol properties, wind speed, and

SST) with enhanced TKE on the cloudy side (Tables 2

and 3), with the exception of the moisture profile, which

was considerably drier on the clear side. Relative to

RF16, the cloud deck had a higher base height (;660m),

reduced thickness (170m) andLWP (;50 gm22), higher

column-mean Nd (;160 cm23), higher column-mean re
(9.2mm), lower optical thickness (10.2), and similar

FIG. 5. Comparison of water-soluble cloud water composition (via ion chromatography) in the three case flights. The total mass

concentration (sum of water-soluble species) in each case is shown above each pie.
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cloud base rain rate (0.1mmday21) and albedo (0.59)

(Table 3).

Vertical profiles on RF19 differ from RF16 in the

following ways: (i) erosion in the temperature inversion

occurred lower in the clear column relative to where

cloud top was in the cloudy column, (ii) the moisture

profile in the clear sounding was drier than the cloudy

side, and (iii) above the inversion, clear air is both

warmer and drier than the cloudy column, suggesting

that the extent of previous boundary layer mixing was

confined at or below the current cloud top, potentially

as a result of increased localized subsidence/divergence

in the clear region. The inversion base and top heights

were considerably lower on the clear side (versus the

cloudy side) with a weaker estimated inversion strength

(2.3K on clear side versus 3.6K on cloudy side). The

data suggest that there may have been entrainment of

dry air from aloft on the clear side, which is supported

by a high dewpoint-depression value (23.3K) and neg-

ative buoyancy production values along the entire ver-

tical clear column. The coastal arrangement of the

clearing during RF19 (Fig. 1), compared with RF16, is

also likely to promote more interaction with dry

continental air.

The comparison between the clear and cloudy

soundings in RF19 provides insight into the rapid ex-

pansion of the clearing around the time it was sampled

(Fig. 3). As alluded to in section 3a, theoretical argu-

ments for conditional instability, as a result of mixing

between cloudy and clear air (e.g., Randall 1980;

Deardorff 1980) can justify the formation of evapo-

ratively cooled downdrafts. Although this mechanism,

referred to as cloud-top entrainment instability

(CTEI), has been shown to have limited explanatory

power for widespread cloud break up when considered

in isolation of other, perhaps more dominant, mecha-

nisms (Mellado et al. 2009; Mellado 2010; Carman et al.

2012; Gerber et al. 2013), it does provide a framework

for expressing the susceptibility of producing nega-

tively buoyant mixtures. A nondimensional instability

parameter k is defined as follows (Kuo and Schubert

1988):

TABLE 2. Level leg-average values of environmental parameters. Numbers before/after slashes represent the average for the clear/

cloudy part of each leg. A long dash in cloud indicates data omitted owing to the potential influence of drop shatter effects on their

measurement. Blank cells indicate that a level leg was not conducted at that altitude in a particular flight. BP5 buoyancy production; all

other abbreviations defined in the text.

FTWheels inMidcloudAbove cloud baseSubcloud

RF16

765695599586525Altitude (m)

TKE 3 103 (m22 s22 1/2117/806/19332/36215/338)

BP 3 106 (m22 s23) 249/135 230/227 241/329 268/226 220/266

PCASP (cm23 131/87219/239206/—181/—198/191)

CPC (cm23 608/636481/647386/—379/—379/378)

CCNSS50.2% (cm23 36/16156/117160/—149/—161/160)

Dact 167/23474/8499/—160/—81/84(nm)

AMS Org (mgm23 0.9/NA0.7/0.80.7/0.50.7/0.40.6/0.7)

AMS SO4 (mgm
23 0.2/0.21.1/0.91.2/0.51.2/0.51.2/1.3)

RF19

949805706661586Altitude (m)

TKE 3 103 (m22 s22 22/2257/35735/40083/50456/394)

BP 3 106 (m22 s23) 230/250 227/339 211/293 227/2314 244/224

PCASP (cm23 417/952174/639179/—180/—185/192)

CPC (cm23 667/1150192/696163/—202/—210/247)

CCNSS50.2% (cm23 165/38795/23771/—100/—101/127)

Dact 184/128117/122134/—140/—140/160(nm)

AMS Org (mgm23 2.9/4.40.8/3.50.5/0.90.4/—0.5/0.5)

AMS SO4 (mgm
23 0.5/1.10.4/0.90.3/0.40.4/0.20.4/0.4)

RF23

718553431278Altitude (m)

TKE 3 103 (m22 s22 226/3886/37130/339233/336)

BP 3 106 (m22 s23) 240/25 2232/2 99/5733 2123/222

PCASP (cm23 130/4813/824/—279/214)

CPC (cm23 439/7892/54147/—283/246)

CCNSS50.2% (cm23 17/85/713/—57/54)

Dact 179/228265/294100/—55/97(nm)

AMS SO4 (mgm
23 0.2/0.40.1/0.10.1/0.20.5/0.5)
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(1),

where cp is the specific heat capacity of water at constant

pressure,Ly is the enthalpy of vaporization of water, and

Due and Dqt are the jumps in ue and total water mixing

ratio, respectively. We calculate k for each of the re-

spective vertical and horizontal jumps at the cloud edge

(Table 4), with higher values more likely to yield un-

stable cloudy–clear mixtures. We use the stringent ap-

proximation of an adiabatic cloud layer to estimate qt in

the cloud using the mean subcloud vapor mixing ratio.

The comparison between the k conditions is suggestive

that the horizontal entrainment of dry air at cloud edge

may play an important role in producing evaporatively

cooled downdrafts, which accelerates the erosion of the

cloud edge (Fig. 3). In RF16, the jump in equivalent

potential temperature ue is positive away from the cloud

both vertically and horizontally, suggesting stability of

the cloud edge, whereas in RF19 it is negative (Table 4).

2) AEROSOL SPATIAL PROFILES

Particle number concentrations were uniform in the

clear column (e.g., PCASP between 174 and 185 cm23)

up until the FT leg when concentrations increased by

more than a factor of 2 to 417 cm23 (Table 2). But the

most striking aerosol feature was the remarkable en-

hancement (more than factor of 3) in number concen-

tration in the cloudy column above the cloud. The

PCASP size distributions illustrate the sharp enhance-

ment between 140 and 175 nm in the wheels-in and FT

legs; unlike RF16, there is sharp similarity between

these two altitudes suggestive of transported continental

pollution plumes in the FT as the cause of enhanced

particle concentrations immediately above cloud top.

Relative to RF16, organics accounted for more of the

submicrometer nonrefractory aerosol mass concentra-

tion, as compared to sulfate in the clear and cloudy

columns. The sulfate-to-organic ratio decreased with

altitude, and both sulfate and organic mass concentra-

tions were significantly higher above cloud-top altitude,

as compared to below cloud. The cloudy side organic

mass concentration at wheels-in and FT altitudes was

greater than any other concentrations observed in the

three flights. Coggon et al. (2014) showed that conti-

nental air masses often influence layers above the stra-

tocumulus cloud deck in the study region even though

the bulk low-level flow is alongshore; during this flight,

biomass-burning plumes were being advected and

mixed into the study region from near the Oregon–

California border (Maudlin et al. 2015) that are likely

linked to the enhanced organic levels observed.

CCN concentrations (0.2% SS) increased above cloud

with the most pronounced increase on the cloudy side

(from 127 cm23 below cloud to 387 cm23 in the FT). In

the cloudy column, Dact was higher below cloud

(160 nm) and decreased in the wheels-in leg (91 nm) and

free troposphere (128 nm), suggestive of more CCN-

active aerosol above cloud. On the clear side, Dact de-

creased from 140nm below cloud to 117nm in the

wheels-in leg and up to 184nm in the free troposphere.

Similar to RF16, the most CCN-active aerosol reside

immediately above clouds in the wheels-in leg on both

sides of the boundary relative to other level leg altitudes

examined.

3) GRADIENTS NEAR CLOUD EDGE

Among the three case flights, observations suggest

that during RF19 the cloud edge was the most active and

edge dynamics appear to play a contributing role in the

TABLE 3. Summary of average environmental properties based on sounding data in adjacent clear and cloudy columns for three case

flights.

ClearCloudy

RF23RF19RF16RF23RF19RF16

Dewpoint depression (K) 25.9 23.3 0.19Above cloud

330700600Inversion-base height (m) 680 820 580

350750690Inversion-top height (m) 690 840 720

0.62.83.6Inversion strength (K) 2.8 3.4 2.4

Depth (m) 240 170 150Cloud

Column-mean Nd (cm
23) 136 158 54

Column-mean re (mm) 8.9 9.2 14.3

Optical depth 14.9 10.2 7.6

LWP (gm22) 74 52 61

Base rain rate (mmday21) 0.1 0.12 1.2

Albedo 0.63 0.59 0.48

SST (Near surface 8 14.615.414.8C) 14.9 15.4 14.6

Wind (m s21 4.57.49.3) 9.6 7.4 4.5
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rapid westward migration of the cloud edge. Thus, a

closer analysis is carried out into how winds and ther-

modynamics varied spatially on the level legs that

intercepted the cloud boundary—namely, the above-

base and midcloud legs (Fig. 8).

Horizontal winds, resolved into components normal

and parallel to the cloud edge, vertical winds, and virtual

and equivalent potential temperature anomalies (i.e.,

value minus the leg-averaged value) are separated into

low- and high-frequency components, using a Hanning

window filter, with the cutoff approximately represent-

ing an eddy-overturning scale (1 km). Both levels in-

dicate that the mean normal wind is from cloudy to

clear, which further reinforces that the westward

FIG. 6. Sounding profiles in the clear and cloudy columns during the three case flights: (a) RF16, (b) RF19, and

(c) RF23.
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clearing expansion cannot be explained by advection of

dry air alone. In addition, a pocket of reduced normal

flow exists immediately outside of the cloud, which may

be associated with the retrograde erosion of the cloud

edge. Flow parallel to the cloud edge (from the north-

northwest) does not show the same sharp gradient at the

edge, although an increase in the wind speed is observed

gradually over the transect into the clear air. Negative

vertical winds are observed in both transects over a re-

gion extending approximately 1 km into cloud, which

may be driven by evaporative cooling from lateral en-

trainment. The gradients in thermodynamic variables

are also supportive of this hypothesis that lateral mixing

can enhance downdrafts at the cloud edge, particularly

FIG. 7. Vertically resolved PCASP aerosol size distributions during level legs for the three case flights (a) RF16,

(b) RF19, and (c) RF23.
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in the midcloud leg where a local minimum in uy exists

approximately 1 km inside the cloud edge, close to the

downdraft region. Over the same region, a gradual de-

crease in ue is illustrative of lateral mixing across several

kilometers. The above-base leg is complicated by the

presence of a striking decrease in ue deeper into to the

cloud, which may also originate from laterally entrained

parcels and illustrates the potential three dimensionality

of the structure of cloud edge retreat, but further ex-

planation requires additional measurements.

Statistics for the high-frequency fluctuations are

summarized through a convolution of 2-km segments

across each leg. Covariance of high-pass-filtered normal

wind with ue and vertical wind with uy are used as proxies

for lateral mixing and buoyancy production, re-

spectively. Positive buoyancy production is observed

throughout the cloud and extends approximately 2 km

clear of cloud in both legs. In the midcloud leg, positive

ue flux acts down the mean ue gradient indicating eddy-

driven mixing. TKE exhibits similar in-cloud values to

the overall leg averages (Table 2) and shows a marked

decrease (at least 80%) once clear of clouds. Local

maxima are observed in both legs within the first 1–2km

of cloud, further suggestive of edge instability.

f. Case study 3: Research flight 23 (7 August 2013)

1) METEOROLOGICAL AND THERMODYNAMIC

SPATIAL PROFILES

As noted previously, RF23 differed from the other

two cases in that the clearing was much smaller, the

cloudy area was precipitating more heavily, the sam-

pling was later in the afternoon, air above cloud was

moister, and the clear–cloudy boundary was closer to

land. Analysis of GOES imagery, for 24 h before and

after the flight (not shown), suggested that the clearing

was short lived and did not become larger than was

observed during RF23. Free-tropospheric dewpoint-

depression values in RF16 and RF19 (.238C) greatly

exceeded that in RF23 (0.19 6 0.88C), indicative of

moister air above cloud top in RF23 and the absence of a

clear inversion layer above cloud, similar to cases dis-

cussed by Christensen and Stephens (2011) and Berner

et al. (2015). In-cloud buoyancy production was negative

in this case, which contrasted with the other two cases,

and it was consistently negative on the clear side except

for the wheels-in leg. TKE was again higher in the

cloudy column at altitudes below the wheels-in leg, at

which point (unlike the other two flights) TKE was

higher in the clear column above cloud-relevant alti-

tudes. There was a horizontal wind gradient above the

cloud edge, which may be a source of FT turbulence, but

it also may be affecting the statistical robustness of the

TKE calculation, because the FT survey was limited to a

single transect.

The cloud was decoupled from the boundary layer

owing likely to stabilization promoted by drizzle evap-

oration, as has also been observed in pockets of open

cells (Terai et al. 2014). This flight had the lowest cloud-

base height (340m), thinnest cloud (150m), lowest cloud

albedo (0.48), and exhibited characteristics of being the

cleanest cloud: lowest column-mean drop concentration

(Nd 5 54 cm23), highest column-mean drop effective

radius (re 5 14.3mm), lowest optical depth (7.6), and

lowest species mass concentrations in cloud water

(Fig. 5).

Unlike RF16 and similar to RF19, significant differ-

ences are observed in the clear and cloudy soundings

that can explain why clouds were observed on only one

side of the boundary: (i) the clear column is slightly

warmer in the boundary layer, but in the entire cloud

layer it is considerably warmer (.1K in the upper part

of the cloud), and (ii) the clear-side specific humidity

was about 0.6 g kg21 lower than the cloudy sounding.

There is no evidence of a cloud-top inversion as neither

the potential temperature nor water mixing ratio pro-

files exhibit a jump at cloud top. The inversion base

height was about 580m, but the top of the cloud eroded

downward by about 100m (;490m). The moisture

gradient near 550m suggests that there may have been a

stronger inversion there previously.

The following sequence of events is hypothesized to

explain the data. Shortwave absorption by the cloud

layer may have caused warming of the upper part of the

boundary layer, which could explain why the warming

suddenly changes at cloud base. As this air warmed, it

decoupled from the surface so it did not mix throughout

the boundary layer. In addition, longwave cooling was

likely becoming less effective in the thinning cloud layer,

further suppressing buoyantmixing frombelow cloud.A

TABLE 4. Instability of mixtures of saturated and unsaturated air

in the vicinity of cloud during each flight. Jump conditions are

calculated between cloudy air (A), above-cloud air (B), adjacent

above-cloud air found in the clearing (C), and air in the clearing

horizontally adjacent to cloud (D).

JumpFlight ue (K) k

—1.3A–BRF16

—0.2A–C

—0.5A–D

A–BRF19 2 0.291.1

A–C 2 0.372.8

A–D 2 0.693.5

—0.5A–BRF23

—0.8A–C

—0.2A–D
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weak region of cyclonic circulation was located to the

northwest of the clearing (Fig. 1) and may have reduced

or eliminated the subsidence in the overlying FT air,

allowing it to become moistened, and the inversion

weakened. At the time of the measurements, substantial

entrainment likely still remained because even limited

TKE, driven by radiative forcing before the cloud

eroded, could cause entrainment through such a weak

inversion (1K). The export of moisture into the FT, the

decoupling of the thinning cloud layer from the surface,

and potential drying of the boundary layer through

drizzle could not be balanced by sufficiently high

surface fluxes.

2) AEROSOL SPATIAL PROFILES

Particle number concentrations were much lower

above cloud than below and were higher on the clear

side as compared to the cloudy side (Table 2). Aside

from differences in particle number concentration,

the SMPS and PCASP size distributions were similar

at all altitudes suggestive of similar particulate sour-

ces throughout the two columns, unlike the other

FIG. 8. Horizontal profile of dynamic quantities in the vicinity of cloud edge for (a) above

base and (b) midcloud legs. Horizontal winds are resolved into components orthogonal to the

cloud edge (normal wind) and parallel to the cloud edge (along-edge wind). Temperature

anomalies are calculated with respect to the leg mean. Low-pass-filtered data are overlaid

(black). TKE (blue), lateral heat flux (green), and buoyancy flux (magenta) are calculated from

2-km segments.
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flights. Sulfate was the only nonrefractory species

above detection limits and its concentration was

much lower above cloud-base heights owing to the

decoupling of the cloud layer from surface emissions

sources. CCN concentrations dropped from about 55

to 5–17 cm23 above cloud with concomitant en-

hancements inDact above cloud altitudes due to more

hygroscopic aerosol below cloud that was dominated

by sulfate.

4. Conclusions

Data from three case flights during the 2013 NiCE

campaign are used to discuss vertical and lateral differ-

ences in environmental properties across clear–cloudy

interfaces in clearings of different sizes off the California

coast. The main results are as follows in the order of

issues raised at the end of section 1:

(i) Large clearings ($150km wide, $300 km long) off

the California coast occur frequently during sum-

mer. One particular clearing observed duringNiCE

lasted for several days with a diurnal pattern in its

width and overall area (expanding during the day;

contracting andmoving closer to the coast at night).

The event exhibited a multiday life cycle, with

growth and decay phases, which emerged as a

separate mode to the diurnal variability.

(ii) When compared to satellite data, reanalysis data

could not accurately capture the spatial pattern of

the multiday clearing, motivating greater attention

to these features and the underlying factors

controlling them.

(iii) Subcloud aerosol, temperature, SST, and wind

were similar between clear and cloudy soundings.

In one case (RF16), the humidity profile was also

very similar; however, in the other two cases (RF19

and RF23) the subcloud column within the clearing

was drier. Drying, in these cases, may be explained

by a more available source of dry continental air

adjacent to the clearing, which is mixed laterally

throughout themarine boundary layer. At altitudes

comparable with the cloud layer, the clear sounding

was warmer than the adjacent cloudy air, explain-

ing the lack of cloud in the clearing; however, in the

case of RF16, the warming was confined to approx-

imately the upper 100m of the cloud layer. The

clear air in the closest few hundred meters to

the clear–cloudy boundary exhibited an increase

in particle effective diameter in RF19 in the

boundary layer coincident with negative vertical

velocities, suggestive of detrained cloud-processed

aerosol. Higher aerosol number concentrations

were observed above cloud top in the clear and

cloudy columns in the two cases (RF16 and RF19).

Although less hygroscopic aerosol is generally

observed in the free troposphere in these two flights

owing to higher organic fractions, the most CCN-

active aerosol were observed in the wheels-in leg

owing most likely to a residual layer of cloud-

processed aerosol. Significant differences exist

above cloud top between the clear and cloudy

columns, with aerosol number concentrations dif-

fering by up to over a factor of 3.

(iv) The origin, track, and eventual termination of

multiday coastal clearings are likely forced by

synoptic-scale perturbations in the alignment and

strength of the subtropical northeastern Pacific

ridge and the resulting interactions with the coastal

topography. Low-level trajectories nearly parallel

to the coastline during RF16 and RF19 favor

increased interaction with continental air through

land–sea breeze circulation patterns and can po-

tentially generate horizontal gradients through in-

teractions with coastal headlands. The resulting

mesoscale injection of dry air or change to the

stability can modulate the extent of the clearing

and the rate of expansion or contraction. Analysis

of possible buoyancy reversal caused by mixing of

cloudy air with adjacent clear air suggests that

horizontal entrainment of dry air may be an

important contributor to the breakup of the cloud

during RF19.

In summary, these results indicate that subtle changes

in thermodynamic structure can distinguish a cloud

clearing event, even though other environmental vari-

ables remain unchanged. Future airborne measure-

ments should specifically target the boundary region to

develop a more statistically robust picture of the edge

dynamics during both active and quiescent periods.

Nocturnal measurements, including vertical profiles and

horizontal gradients, during rapidly contracting clear-

ings are also needed.
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