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ABSTRACT 

 

Atmospheric aerosols are a highly relevant component of the climate system affecting 

atmospheric radiative transfer and the hydrological cycle. As opposed to other key 

atmospheric constituents with climatic relevance, atmospheric aerosol particles are highly 

heterogeneous in time and space with respect to their size, concentration, chemical 

composition and physical properties. Many aspects of their life cycle are not understood, 

making them difficult to represent in climate models and hard to control as a pollutant. 

Aerosol-cloud interactions in particular are infamous as a major source of uncertainty in 

future climate predictions. Field measurements are an important source of information for 

the modeling community and can lead to a better understanding of chemical and 

microphysical processes. In this study, field data from urban, marine, and arid settings are 

analyzed and the impact of meteorological conditions on the evolution of aerosol 

particles while in the atmosphere is investigated. Particular attention is given to organic 

aerosols, which are a poorly understood component of atmospheric aerosols. Local wind 

characteristics, solar radiation, relative humidity and the presence or absence of clouds 

and fog are found to be crucial factors in the transport and chemical evolution of aerosol 

particles. Organic aerosols in particular are found to be heavily impacted by processes in 

the liquid phase (cloud droplets and aerosol water). The reported measurements serve to 

improve the process-level understanding of aerosol evolution in different environments 

and to inform the modeling community by providing realistic values for input parameters 

and validation of model calculations.  
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CHAPTER 1: INTRODUCTION 

 

Atmospheric Aerosols: definition and relevance 

An aerosol is technically defined as a suspension of liquid or solid particles in a carrier 

gas (Hinds, 1999). While this definition includes the gas and does not set an explicit limit 

on the upper particle size, it is safe to say that if it has wings and propels itself, it is not an 

aerosol particle (not even if collected on a filter). In practice, the study of atmospheric 

aerosols usually focuses on particles ranging from nanometer-sized molecular clusters to 

haze particles and small cloud droplets with diameters of several hundred micrometers. 

Aerosol particles are highly heterogeneous in abundance, shape, chemical composition 

and behavior. They can be emitted directly (primary production) or produced by gas-to-

particle conversion (secondary production) and originate from both natural and 

anthropogenic sources. The most important natural sources are sea salt, mineral dust, 

volcanic emissions, emissions from natural wildfires, biogenic primary production such 

as pollen, spores and plant debris, and secondary production from biogenic precursor 

gases. Anthropogenic sources include emissions of particles and precursor gases from 

vehicles, industry and domestic fuel use, but also wind-blown dust from disturbed soil 

surfaces and human caused wildfires. On a global scale, only 11% of total aerosol 

emissions (by emission strength, usually expressed in Tg yr-
1
) are anthropogenic, 

however, anthropogenic aerosols contribute 48% to global aerosol optical depth 

(Satheesh and Morthy, 2005). Anthropogenic emissions of particulate matter (PM) have 

increased through population growth and industrialization (Lavanchy et al., 1999; 
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Andreae, 2007) and particulate pollution from anthropogenic sources has reached global 

dimensions (Lelieveld et al., 2001; Ramanathan et al., 2007).  

Atmospheric aerosols, and in particular anthropogenic particles, have a range of impacts 

on human life. The first set of issues revolves around the effects of local ambient aerosol 

on human health and welfare. Most directly, small particles are inhalable and their 

deposition in the respiratory tract can lead to serious health consequences (Sydbom et al., 

2001; Sioutas et al., 2005). Particulate matter in ambient air is measured routinely in 

many urban areas and reported as PM10 or PM2.5, the total mass concentration of all 

particles below an (aerodynamic) diameter of 10 and 2.5 m, respectively. High 

concentrations of particulate matter in urban areas are associated with higher mortality 

(Dockery et al., 1993), and it has been shown that small particles are more relevant for 

this relationship than coarse particles (Schwartz et al., 1999; Valavanidis et al., 2008).   

Aerosol particles originating from combustion processes are particularly problematic, due 

to their small size and chemical composition (de Koning et al., 1985; Lighty et al., 2000). 

An archival autopsy of victims of the famous London “Great Smog” episode of 1952 

found particulate matter dominated by soot but also containing metals such a lead and 

zinc (Hunt et al., 2003). Trace metals and metalloids in atmospheric aerosols have also 

been associated with mining operations (Gidhagen et al., 2002; Fernandez-Camacho et 

al., 2010). More indirectly, aerosols affect human welfare by impacting visibility. The 

effects range from diminished enjoyment of scenery in National Parks, a concern 

addressed by the Interacgency Monitoring of Protected Visual Envirnments (IMPROVE) 

program (http://vista.cira.colostate.edu/improve; Malm et al., 2004), to wind-blown dust 



 

12 

as a road hazard (Ashley et al., 2007).  

The second large impact of atmospheric aerosols on human life is through their influence 

on earth’s climate system. Airborne particles scatter and/or absorb incoming solar 

radiation. By moderating the relative amounts of sunlight reaching the surface and 

reflected back into space, the particles exert a “direct effect” on global climate. This 

direct effect is relatively well understood and implemented in global climate models 

(IPCC, 2007). Human-caused pollution has global-scale effects on the amount of sunlight 

reaching the surface (Wild et al., 2005; Streets et al., 2006; Soni et al., 2012). The term 

“indirect effect” encompasses a range of interactions of particles with clouds. Clouds 

impact global climate by moderating solar radiation (Wielicki et al., 1995; Stephens, 

2005) and through their role in the global water cycle. The agents in aerosol-cloud 

interactions are water vapor, liquid water and the subset of the particle population that 

acts as cloud condensation nuclei (CCN). Every cloud droplet begins with a CCN, which 

provides the necessary surface onto which the water vapor condenses when the cloud is 

formed. Typically, hydrophilic particles with a lower bound of around 100 nm can act as 

CCN (McFiggans et al., 2006). The most important indirect effects are as follows: (i) 

increased CCN concentrations (such as from anthropogenic pollution, “perturbed cloud”) 

lead to a more reflective cloud with more, but smaller droplets, at constant liquid water 

content (“Twomey Effect”, Twomey, 1974); (ii) perturbed clouds are less efficient at 

generating precipitation (“drizzle reduction”), leading to a longer cloud life time 

(Albrecht, 1989); and (iii) particles containing absorbing materials such as soot (black 

carbon) may heat cloud droplets or atmospheric layers containing clouds, leading to 
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quicker cloud-burnoff (“semi-direct effect”, Ackermann et al., 2000; Koren et al., 2004; 

Koch and del Genio, 2010). Additional indirect effects include suppressed cloud 

formation in an atmosphere stabilized by aerosol-heated layers (Menon et al., 2002; Koch 

and del Genio, 2010), and the complex, but not well quantified effects of aerosol 

perturbations on precipitation, the hydrological cycle and ultimately water availability 

(Ramanathan et al., 2001; Menon et al., 2002; Ramanathan et al., 2007; Rosenfeld et al., 

2008). A comprehensive review of indirect effects is given by Lohmann and Feichter 

(2005). In contrast to the direct effect, the indirect effects of aerosols are still associated 

with the largest uncertainty in understanding and modeling global climate (IPCC, 2007). 

 

Aerosol physicochemical properties 

All of the aerosol impacts discussed above depend on concentration, size and chemical 

composition of the particles, i.e., their physicochemical properties. In the troposphere, 

particle number concentrations range from a few hundred per cubic centimeter in pristine 

environments (e.g., Shaw, 1980; Harvey et al. 1990; Fitzgerald, 1991), to several ten-

thousands in polluted urban areas (e.g., van Dingenen et al., 2004; Laakso et al., 2006; 

Putaud et al., 2010). Number concentration measurements, usually carried out with 

condensation particle counters (CPC, e.g., Agarwal and Sem, 1980), can be dominated by 

very small particles produced in large numbers during events such as nucleation of 

nanometer-size particles out of the gas phase (e.g., Aalto et al., 2001; Kulmala et al., 

2004). Mass concentrations, usually measured in micrograms per cubic meter, vary 

between tenths in pristine environments (e.g., Shaw, 1980; Harvey et al., 1990), tens in 
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urban areas with effective emission control (e.g., van Dingenen et al., 2004; Putaud et al., 

2010), hundreds in highly polluted cities (e.g., Laakso et al., 2006), and tens of 

milligrams per cubic meter during intense dust events (e.g., Zhang et al., 2005). The size 

of aerosol particles is most often described in terms of the number or mass of particles in 

a population that have a particular diameter, i.e., a (number or mass) size distribution. 

Size distributions are measured by various kinds of differential mobility analyzers (DMA, 

Hewitt, 1957; Knutson and Whitby, 1975; Wang and Flagan, 1990; Zhang et al., 1995), 

optical spectrometers (e.g., Szymanski and Liu, 1986; Liu et al., 1992), cascade 

impactors (e.g., Berner et al., 1979; Artaxo and Hansson, 1994) and filtration techniques 

(Twomey et al., 1981). As a first order classification, “fine particles” (particle diameter dp 

< 2.5 m) and “coarse particles” (dp >2.5 m) are distinguished. Particle size 

distributions measured on the ground often exhibit three modes (e.g., Seinfeld and 

Pandis, 2006): a nucleation mode (dp < 100 nm), consisting of particles produced out of 

the gas phase, a coarse mode (dp >10 m) consisting of (often) primary particles, and an 

accumulation mode (dp = 0.1 – 1 m) consisting of aged particles that have grown out of 

the nucleation mode through condensation, coagulation and cloud processing. 

Occasionally, ultrafine freshly generated particles of only 1-10 nm dp can be observed as 

well (e.g., Woo et al., 2001; Stanier et al., 2004).  

Aerosol chemical composition can be viewed as a bulk quantity – the chemical 

compounds found in the mass of particulate matter collected on a filter - or as the 

different chemical compounds found in a single particle. An aerosol in which the bulk 

chemical composition represents the chemical composition found in each single particle 
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is called an internal mixture. An external mixture refers to a particle population in which 

the individual particles have different chemical characteristics (e.g., a haze consisting of 

soot particles and sea salt particles). Most often, chemical analysis does not distinguish 

between internal and external mixtures. Aerosol chemical composition can be described 

in terms of the aerosol sources, such as salts (Na, Cl) from sea spray, crustal material 

(e.g., Si, K, Fe, Ca…) from wind-blown dust, and carbonaceous compounds of biogenic 

origin and from fossil fuel burning. In practice, the description of ambient aerosol 

chemical composition tends to be closely associated with particular measurement 

methods and their sensitivities. The properties of particle samples collected on filters and 

impactors (May et al., 1945) can be characterized with a wide range of analytical 

methods, ranging from ion chromatography to electron microscopy and may focus on 

particular chemical compounds or particle morphology (e.g., Maenhaut and Zoller, 1977; 

Artaxo and Nasson, 1995; McMurry et al., 1996; Flament et al., 2002; Gao et al., 2003; 

Matichuk et al., 2006; Semeniuk et al., 2007; Cheng et al., 2012). Filter and impactor 

samples often do not provide good temporal resolution, but can be archived and thus 

allow the reconstruction of historical aerosol concentration and composition information 

(e.g., Cass et al., 1984). Online instruments can provide chemical information in real time 

with good temporal resolution. They often target specific compounds or groups of 

compounds and do not archive samples. Aerosol mass spectrometry (Jayne et al., 2000), 

for instance, detects inorganic aerosol components including ammonium, sulfate, nitrate, 

chloride and the group “organic”, referring to any non-refractory carbonaceous 

components.  
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Carbonaceous aerosols are of particular scientific interest, as they make up between 50 

and 90% of the fine aerosol mass (Kanakidou et al., 2005), and many of its numerous 

sources are anthropogenic (e.g., Gelencser et al., 2007). A first-order categorization of 

carbonaceous aerosols is the differentiation between elemental carbon (EC), a relatively 

pure form of carbon, and organic carbon (OC), referring to carbon bound in organic 

compounds. Carbonaceous particulate matter is detected by a large variety of instruments 

which, by design, differentiate sub-categories based on physical or chemical properties. 

Elemental (or black) carbon and organic carbon are distinguished based on their thermal 

stability and optical properties (e.g., ten Brink et al., 2004; Hitzenberger et al., 2006; 

Cheng et al., 2012). Brown carbon (light absorbing organic compounds) is detected and 

distinguished from black carbon by its characteristic wavelength-dependent light 

absorption (e.g., Favez et al., 2009; Paredes-Miranda et al., 2009; Wonaschütz et al., 

2009; Zhang et al., 2011). Isotope detection is used to distinguish fossil from modern 

carbon (e.g., Hildemann et al., 1994; Zhang et al., 2011). The large group “organic 

carbon” consists of thousands of chemical compounds, many of which are unknown 

(Goldstein and Galbally, 2007). Consequentially, many of the processes involving the 

production and fate of organic compounds in aerosol particles are currently not well 

understood. However, depending on the analytical characterization method used, organic 

carbon can be further divided into sub-fractions and groups of organic compounds. 

Water-soluble organic carbon (WSOC) is measured in liquid samples after filter 

extraction or droplet activation of particles (e.g., Decesari et al., 2001; Sullivan et al., 

2004; Park et al., 2011). fourier transform infrared (FTIR) transmission spectroscopy is 
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used to identify functional groups (Maria et al., 2002; Russell et al., 2011). Aerosol mass 

spectrometry detects ions that are typically reported in terms of their mass-to-charge ratio 

(m/z) (e.g., Bahreini et al., 2005; Canagaratna et al., 2007). The relative abundance of 

certain functional groups or ions can be linked to aerosol production processes and 

sources and allows further classification of the organic fraction (e.g., Lanz et al., 2008). 

An important and less method-based distinction is that between primary organic aerosol 

(POA), emitted directly by various combustion processes, and secondary organic aerosol 

(SOA), produced in the atmosphere from precursor gases (volatile organic compounds, 

VOCs). Many of the chemical reactions producing organic particulate matter from the gas 

phase are photochemical processes (Seinfeld and Pankow, 2003). A relatively recent 

discovery is the existence of production pathways of SOA in the liquid phase, i.e., in 

cloud droplets and “deliquesced aerosol” (also “wet aerosol”, particles that have taken up 

water in humid ambient air) (Blando and Turpin, 2000). As the processes producing SOA 

are ongoing over the lifetime of the particle, organic aerosol in the atmosphere is 

undergoing a constant evolution (Jimenez et al., 2009), adding to the complexity of its 

characteristics in time and space.  

Compositional information can also be inferred from measurements of aerosol physical 

properties, such as hygroscopicity, broadly referring to the ability of a particle to take up 

water in humid air (hygroscopic growth) and act as a CCN (CCN activity). 

Hygroscopicity at relative humidities (RH) below 100% is expressed in terms of the 

hygroscopic growth factor (GF), defined as the ratio of the particle diameter after being 

exposed to water vapor at a particular RH to the dry particle diameter before water vapor 
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exposure. The particle growth factor at a defined RH depends on dry particle size and 

chemical composition. For a given dry particle size, it varies based on the presence or 

absence of hygroscopic material in the particle. Salts such as ammonium sulfate or 

sodium chloride are very hygroscopic and their growth characteristics, when constituting 

the sole component of a particle, are well understood. The growth of particles consisting 

of mixtures of salts, hydrophobic species such as elemental carbon, and organic 

compounds with intermediate hygroscopicity, in contrast, is a subject of active research 

(e.g., Cruz and Pandis, 2000; Choi and Chan, 2002; Hersey et al., 2009). Hygroscopic 

growth factors can be measured by hygroscopic tandem differential mobility analyzers 

(HTDMA, Rader and McMurry, 1986; Swietlicki et al., 2008), instruments based on 

changing optical properties with growth (e.g., Day and Malm, 2001; Sorooshian et al., 

2008) or by analysis of filter samples (e.g., Hiranuma et al., 2008). The HTDMA 

measures the size-dependent number concentration (size distribution) of a population of 

particles of a selected dry size after exposure to a defined RH. This size distribution is 

often displayed as a function of growth factor (growth factor distribution), rather than as 

a function of wet particle diameter. The growth factor distribution can feature one or 

more modes, i.e., particles of one dry size can consist of several sub-populations growing 

to different wet sizes upon exposure to a defined RH. The measurement of more than one 

growth factor for particles of the same dry size provides evidence for an externally mixed 

particle population (e.g., Tiitta et al., 2010). HTDMA measurements are one of very few 

methods to obtain real-time information about the mixing state of a particle population. 

Hygroscopic growth can move an entire particle population into a larger size range, 
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which influences size-dependent properties such as scattering and inhalability. Just like 

hygroscopicity, CCN activity is governed by size and chemical composition, the relative 

importance of which is under debate (e.g., Dusek et al., 2006; Cubison et al., 2008; Quinn 

et al., 2008). CCN activity is often expressed in terms of the “activated fraction” or 

“activation ratio”, i.e., the ratio of CCN concentration to total particle number 

concentration at a defined supersaturation. The supersaturation is defined as the relative 

humidity in excess of 100%, or RH (>100%)/100 -1. 

 

Aerosol physicochemical properties and meteorology 

The most straightforward way in which meteorological conditions affect aerosols is by 

wind transport of bulk aerosol. Well-known examples of bulk aerosol transport include 

the movement of Saharan dust over the Atlantic ocean, the displacement of coastal urban 

pollution inland by a sea breeze (Blumenthal et al., 1978; Krishna Moorthy et al., 1993), 

the arrival of pollution from valleys at mountaintops through upslope winds (Weber et al., 

1995; Weber and McMurry, 1996; Baltensperger et al., 1997; Weingartner et al., 1999; 

Shaw, 2007) and dust events generated by strong winds, such as in thunderstorm outflow 

(Brazel and Nickling, 1986). Local meteorology also drives the strength of natural and 

anthropogenic dust sources: in many climates, there is a seasonal component to wind-

blown dust, as particular months of the year can be particularly dry and/or windy (e.g., 

Brazel and Nickling, 1986; Littmann, 1991). Where dry conditions coincide with 

seasonally untilled fields, for instance, large areas for dust generation can suddenly free 

up (e.g., Goossens et al., 2001). Similarly, the occurrence of wildfires is driven to a large 
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part by meteorological conditions (e.g., Westerling et al., 2003) and long-term climate 

trends: in a warming and drying climate, wildfires are expected to be more severe and to 

occur more frequently (Westerling et al., 2006).  

Aerosol particles “age” during the time they are suspended in the air. Some of this aging 

is a consequence of processes within the aerosol itself: particles collide and stick 

together, forming new, larger particles (coagulation), and vapors may condense onto pre-

existing particles (e.g., Zhang et al., 2008). Chemical reactions between gaseous 

atmospheric constituents and particles lead to chemical transformation of the aerosol 

components (Jimenez et al., 2009). However, many aerosol aging processes are 

moderated by meteorological conditions, the most important one of which is the 

activation of particles into cloud droplets, and, disregarding removal by precipitation, 

later evaporation (“cloud processing”). The particle remaining after droplet evaporation 

has usually undergone substantial changes in composition and size: during its time as a 

cloud droplet, it collided and combined with other cloud droplets (and their CCNs) and 

collected interstitial aerosol particles between cloud droplets. Additionally, chemical 

reactions in the cloud water may have contributed to the particle mass. Sulfate, for 

instance, is produced in aqueous-phase reactions (Hegg, 1985) and can change aerosol 

size and optical properties in and around clouds (Peter et al., 2006; Jimenez-Escalona and 

Peralta, 2010). Some organic aerosol components have recently been found to also 

originate in cloud droplets (e.g., Altieri et al., 2008; Ervens et al., 2008, Sorooshian et al., 

2006). In the marine atmosphere, cloud processed aerosol manifests as a separate mode in 

the size distribution, the “droplet mode”, separated from a smaller mode by the “Hoppel 
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minimum” (Hoppel et al., 1990). 

Combinations of local meteorology, human activity, topography, and vegetation can lead 

to unique “natural laboratories” for aerosol production, processing and effects. In the Los 

Angeles Basin, for instance, the “ingredients” are anthropogenic emissions, high solar 

radiation, the daily sea breeze and mountainous terrain to the east (Husar et al., 1972, 

Blumenthal et al., 1978). Another example is the biomass burning season in the Amazon, 

in which many human-caused fires have a measurable effect on cloud properties and 

precipitation characteristics (Andreae et al, 2004, Koren et al., 2004). In marine 

stratocumulus decks, which are persistent features over the cold upwelling regions on the 

sub-tropical western coasts of the continents, ships are engaging in an ongoing cloud 

modification experiment by injecting additional particles from their exhausts. Some of 

these particles act as CCN and, as a manifestation of the Twomey Effect, create bright 

linear cloud bands known as ship tracks (Conover, 1966, Durkee et al., 2000). 

 

Motivation and explanation of dissertation format 

The type and strength of particle sources vary greatly in time and space: an urban 

environment is likely impacted by smog from traffic and industrial emissions, rural areas 

may be dominated by agricultural sources, biogenic VOCs emitted by the trees can be 

important in a pristine forest, and the aerosol in a remote part of the ocean may be of 

exclusively marine origin. Particles can get transported over long distances, especially if 

injected into high layers of the troposphere or into the stratosphere. However, most 

aerosol particles in the troposphere have a lifetime on the order of days, as wet and dry 



 

22 

deposition processes are very effective. Ambient aerosol properties therefore show large 

variability between different locations. This high spatial and temporal heterogeneity of 

aerosol particles makes them an atmospheric constituent that is much harder to 

understand, quantify, and model than well-mixed trace gases such as CO2. In-situ 

measurements of ambient aerosol characteristics in field campaigns and long-term 

observatories are essential for understanding the origin, evolution and fate of particles. 

Regional and global climate models as well as theoretical models of particular processes 

depend on these measurements for input parameters and validation. The focus of this 

work is the analysis of aerosol datasets from different field campaigns and the ways in 

which the local characteristics of these field sites impact the physical properties and 

chemical composition of the ambient airborne particles. 

The first study presented in this dissertation (Appendix A) considers ambient aerosols in 

the mining and smelting town of Hayden, Arizona. The purpose of the study is the 

characterization of the aerosol and the potential impact of the mining and smelting 

operations on its chemical constituents, in particular metals and metalloids. My 

contribution to this work was the operation of a Scanning Mobility Particle Sizer 

(SMPS), a type of DMA, on site in Hayden and, for comparison, in Tucson, as well as the 

processing and analysis of its data, presented in Figures 11, 12, 13 and 15 of the paper. 

The SMPS measurements served to record sub-m aerosol size distributions at a high 

time resolution, to assess the dependence of particle concentrations and size 

characteristics on wind direction and to detect the presence of fine and ultrafine particles. 

The second study (Appendix B) presents the analysis of aerosol measurements taken in 
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the Los Angeles Basin in the summer of 2009. The purpose of the Pasadena Aerosol 

Characterization Observatory (PACO) was to characterize the local aerosol and to draw 

conclusions about its sources and aging processes. My work in this paper comprises the 

analysis of aerosol chemistry data in relation to meteorological records, the production of 

all figures and tables, and the writing of the manuscript. The main purpose of the study is 

to quantify the amount of WSOC in the ambient aerosol and to shed light on its sources 

and the processes governing its diurnal concentration changes. The influence of a large 

wildfire on the WSOC dynamics is investigated.  

The impact of shallow cumulus clouds on ambient aerosols is investigated in the third 

paper (Appendix C). The study uses aircraft measurements from the 2006 Gulf of Mexico 

Atmospheric Composition and Climate Study (GoMACCS) in Houston, Texas, which 

was conducted for the purpose of studying aerosols, clouds and their interactions. The 

topic of the paper is the vertical re-distribution of aerosol volume and chemical 

constituents and their relation to gaseous precursors. The data analysis, the production of 

all figures and the writing of the paper are my original work. The “residual cloud 

fraction” introduced in Section 3.4 in the paper is a metric I developed based on an idea 

by Patrick Y. Chuang. Barbara Ervens contributed the model calculations in Sections 3.5 

and 4.5.  

The last paper (Appendix D) is an investigation of an artificially produced organic 

particle plume injected into the marine atmosphere and left to naturally evolve and age. 

This experiment took place during the Eastern Pacific Aerosol and Cloud Experiment (E-

PEACE) field campaign in summer of 2011. The objective of E-PEACE was the study of 
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aerosol-cloud interactions through the controlled emission of known aerosols into the 

marine stratocumulus deck. The paper presented in this dissertation focuses on the impact 

of different meteorological conditions on the development of the plume particles with 

plume age, and particularly considers changes in the water-uptake properties. My work 

consists of the operation of a Particle-into-Liquid Sampler (PILS) and a Hygroscopic 

Tandem Differential Mobility Analyzer (HTDMA) on the Research Vessel (R/V) Point 

Sur, the monitoring of the other aerosol instruments in the Pt. Sur instrument container 

during my (graveyard) shift, the processing and analysis of the HTDMA and PILS data, 

analysis and partial processing of Aerosol Mass Spectrometer (AMS) data, analysis of 

Condensation Particle Counter (CPC), DMA and CCN data, the production of all figures 

and the organization and writing of the paper.  

  



 

25 

 

CHAPTER 2: PRESENT STUDY 

 

 

The methods, results, and conclusions of this study are presented in the papers appended 

to this dissertation. The following is a summary of their most important findings. 

 

Appendix A: Metal and metalloid contaminants in atmospheric aerosols from mining 

operations 

(This paper has been published in “Water, Air and Soil Pollution”) 

 

The sampling site for this study was located on the roof of the Hayden High School, 

within a few miles from a copper smelter. Three instruments and a weather station were 

operated. Measuring one size distribution every 5 minutes, the SMPS was the only high 

time-resolution aerosol instrument on site. The other two aerosol instruments were a 

Micro-Orifice Uniform Deposit Impactor (MOUDI) and a Total Suspended Particle 

(TSP) sampler with time resolutions on the order of days. The SMPS was deployed from 

March 17 to May 20, 2009, and from September 30 to November 11, 2009. Continuous 

SMPS number size distribution measurements were also made on the roof of the Physics 

and Atmospheric Sciences Building on the University of Arizona campus from February 

25 to March 13, 2009. In most environments, it is best practice to use a diffusion dryer to 

dry the aerosol before it enters the SMPS. The extremely low ambient relative humidity 
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in the springtime desert environment, however, allowed for measurements without the 

use of a diffusion dryer, thus minimizing losses of ultrafine particles. For the fall 

measurement period, the beginning of which coincided with the end of the monsoon 

season, a diffusion dryer was used.  

Contour plots of size distributions were used to investigate the diurnal behavior of small 

particles and to detect events of high ultrafine particle concentrations. Size distributions 

were averaged over the entire measurement periods in the two locations. For Hayden, the 

dependence of the size distributions on wind direction was investigated: local wind 

direction measurements were used to average over all size distributions pertaining to each 

wind direction (eight sectors). Similarly, averages were calculated over daytime and 

nighttime periods, in coordination with MOUDI sampling times. For the comparison of 

SMPS measurements with the mass concentrations measured by the MOUDI, the size 

distributions were converted to volume distributions assuming spherical particles, and to 

mass distributions assuming a particle density of 1.5 g/cm
-3

.  

Overall particle number concentrations in Tucson were found to be higher than in 

Hayden. This was expected, given the greater abundance of aerosol sources in a 

metropolitan area, than in the small town environment of Hayden. However, the shape of 

the average size distribution in Hayden reveals that ultrafine particle concentrations were 

relatively high. Ultrafine particles have a short lifetime in the atmosphere, and therefore 

originate from local sources. Nucleation events, such as the one shown in Figure 12 in 

Appendix A were observed frequently over the duration of the campaign. Wind direction-

averaged size distributions show that the highest overall and ultrafine particle 
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concentrations coincide with wind directions from North to Northwest, from the direction 

of the smelter. Lowest overall concentrations were observed with wind directions from 

Northeast to East, from a relatively undisturbed desert environment. Large concentrations 

of particles (overall and fine) were also observed with wind directions from southeast to 

southwest, a direction which does not feature as obvious of a source as the smelter. It is 

noted that the local topography is complex, featuring the junction of two river valleys, 

numerous small hills in the immediate vicinity of the measurement site and several 

mountain ranges surrounding the town. 

Results: The analysis of size-segregated metal and metalloid concentrations described in 

Appendix A showed enrichment in the size ranges between 0.1 and 0.55 m (well within 

the measurement range of the SMPS), with smelting processes being likely sources of 

these particles. The SMPS results show first that the wind direction plays a very 

important role in the measured aerosol concentrations at a particular location. Secondly, it 

strengthens the hypothesized connection between high metal and metalloid 

concentrations found in the SMPS size range and the smelting process by giving strong 

evidence of a local particle source in the direction of the smelter. Furthermore, the 

observed nucleation events are possibly connected to sulfur dioxide/sulfuric acid 

emissions, which are a typical byproduct of copper smelting.  
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Appendix B:  Impact of a large wildfire on water-soluble organic aerosol in a major urban 

area: the 2009 Station Fire in Los Angeles County 

(This paper has been published in “Atmospheric Chemistry and Physics”) 

 

The PACO dataset consisted of two months (July 6 through September 16, 2009) of 

aerosol physicochemical data from Pasadena, CA. The presented analysis focuses on 

WSOC measured by a Particle-Into-Liquid sampler (PILS), sub-m non-refractory 

composition from a Compact Time of Flight AMS, and aerosol size distributions detected 

by a DMA. Additionally, meteorological station and air quality data from other ground 

sites were collected. The Station Fire, a large wildfire which came as close as 10 km to 

the measurement site, was a major influence from August 26 through the end of the 

examined period.  

Weather station data were used to obtain a clear picture of local wind characteristics and 

air mass transport: stagnant air in the mornings is replaced by a sea breeze advecting 

pollutants from their sources in the urban areas near the coast to the further inland 

Pasadena. Later in the day, with ongoing onshore winds, this air is replaced by cleaner 

marine air. The transport time of air masses from coastal areas to Pasadena was estimated 

to be ~ 2 hours. Absolute ozone (O3) concentrations at different ground stations served as 

an indicator for photochemical processes. The timing of O3 concentration changes, their 

onset and their maxima at different locations upwind and downwind of the sea breeze 

were examined. It was found that while on most days, O3 concentrations peaked later and 
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ended up higher on downwind sites, on some days, O3 concentrations reached a 

maximum before the expected arrival of pollutants with the sea breeze. This indicates that 

photochemical processing of urban pollutants in Pasadena does not rely exclusively on 

advection from sources near the coast.  

Over the entire investigated period, WSOC contributed between 27 and 72% to the total 

organic mass. Time series of the aerosol properties, correlations and ratios between them, 

and their diurnal averages were investigated separately for normal conditions and for the 

fire-influenced period. In the non-fire period, the highest measured concentration of 

WSOC was 4.9 g C m
-3

. During the fire period it was 40.6 g C m
-3

. Correlations of 

WSOC with O3, meteorological parameters and AMS chemical components were used to 

deduce the relative importance of likely WSOC production routes. On most non-fire 

days, WSOC was found to increase and peak simultaneously with, or after O3, and 

overall correlations between WSOC and O3 were high. This points at a strong link 

between WSOC and photochemical processes. On fire days, high correlations of WSOC 

with nitrate (NO3
-
), chloride (Cl

-
), and the AMS spectral marker representative of 

biomass burning (m/z 60) indicate that WSOC was produced in the fire.  

The diurnal average of absolute concentrations and ratios of WSOC and AMS organic 

markers gave information about the impact of sea breeze transport and the dominance of 

SOA production over primary production or vice versa, as a function of time of day. 

During the non-fire days, a late afternoon decrease of absolute WSOC and other organic 

concentrations was attributed to the replacement of polluted by cleaner air in the 

advancing sea breeze front. The ratio of WSOC:Organic increased during this overall 
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decrease, a behavior, which can be explained by the ongoing WSOC photochemical 

production in the advected air. On fire days, WSOC was highest in the mornings, likely 

due to smoke accumulation during stagnant conditions with a lower boundary layer. The 

average afternoon WSOC concentration was found to be twice as high as during the non-

fire period. AMS spectral marker ratios indicative of SOA production (m/z 44:43 and m/z 

44:57) also increased in the afternoons. Size distribution data show that during the 

morning, the modal diameter of particles was larger than in non-fire periods, whereas in 

the afternoon a small mode typical for secondary aerosol production, was observed. This 

indicates enhanced secondary production of WSOC in the fire period. The correlations 

between WSOC and AMS chemical components revealed more about the nature of the 

components contributing to WSOC: it was found that in more oxygenated organic aerosol 

(indicated by higher ratios of m/z 44:43) the contribution of acid-like oxygenated organic 

compounds to WSOC was higher. 

Conclusions: in the absence of the fire, WSOC concentrations were governed by transport 

(sea breeze), and photochemical production. In the fire, WSOC was produced as a 

primary, or sufficiently fast secondary aerosol component. At times when the wind 

directed the smoke plume away from the measurement site, WSOC was photochemically 

produced in residual smoke that had distributed throughout the Los Angeles basin. This 

study illustrates the complex interplay of production pathways and transport determining 

the concentrations of WSOC measured at a single ground station. This work also showed 

that WSOC is a substantial component of organic aerosol in an urban setting, which is 

important for more accurately modeling aerosol effects on health, air quality, and climate.  
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Appendix C: Aerosol and gas re-distribution by shallow cumulus clouds: an investigation 

using airborne measurements 

(This paper is in press for the “Journal of Geophysical Research”) 

 

For this study, a flight dataset taken during the 2006 Gulf of Mexico Atmospheric 

Composition and Climate Study (GoMACCS) in Houston, Texas, was investigated. The 

study focuses mostly on 22 research flights conducted by the Center for Interdisciplinary 

Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter aircraft. The measurements on 

the aircraft included aerosol chemical components (AMS and PILS-Ion 

Chromatography), aerosol size distributions between 10 nm and 2.5 m, particle and 

cloud droplet number concentrations and meteorological variables and cloud properties, 

such as relative humidity and liquid water content (LWC). Some of the aerosol chemical 

measurements were taken behind a specialized inlet, the counterflow virtual impactor 

(CVI), which samples and dries cloud droplets and rejects interstitial aerosol, thus 

creating a sample of exclusively cloud droplet residual particles. 

Average vertical profiles of aerosol chemistry and meteorological quantities were created 

by binning the data into altitude increments and averaging each bin over the entire 

dataset. For aerosol size distributions, composite vertical profiles were created: the 

dataset was split into a “cloudy” and a “clear” subset: the “clear” subset consisted of 

flights in clear air outside of shallow cumulus fields. The “cloudy” subset consisted of 

two further subsets: measurements in clouds behind the CVI and measurements made 
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between the individual cumulus clouds. Normalized vertical profiles of size distributions 

were calculated for the clear and cloudy non-CVI categories and their difference was 

plotted. The residual cloud fraction (equation 1 in Appendix C) was introduced as a way 

to quantify the “cloud history” of an air parcel encountered on a level flight leg between 

clouds, based on values of absolute humidity. Absolute humidity q (g/kg) was calculated 

from measurements of relative humidity, pressure, temperature and LWC. Case studies 

and the results of a cloud parcel model were examined. Both sulfate, which is known to 

be produced rapidly in the aqueous phase (Hegg, 1985), and oxalate, which has been 

found to be produced in clouds more recently (Crahan et al., 2004), were regarded as 

tracers of aqueous-phase production of aerosol mass. Model calculations considered an 

aerosol consisting of sulfate particles, SO2, toluene and isoprene being processed in a 

shallow cumulus field by going through several cloud cycles (activation – aqueous-phase 

chemistry – evaporation). 

The average vertical profiles of size distributions for clear and cloudy conditions show 

that in cloudy air, accumulation mode aerosol is distributed more evenly and to higher 

altitudes than in clear air. This is hypothesized to be due to both upward convective re-

distribution of aerosol from sources near the ground and aqueous-phase production of 

aerosol mass in the clouds. Vertical profiles of aerosol chemical composition corroborate 

the possibility of in-cloud production of SOA: the contribution of oxalate to organic mass 

is higher in cloud droplet residual particles than in ambient aerosol, and is also shown to 

increase with altitude. Case studies compare true vertical profiles created by airplane 

ascents and descents in clear and cloudy conditions and through an evaporated cloud. The 
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observations made in these cases confirm the trends observed in the grand averages and 

provide more evidence for the importance of aqueous-phase processes: oxalate was 

below detection limit for the clear profile, while absolute sulfate, organic and oxalate 

masses were found to be high in cloud-relevant altitudes in the cloudy profiles. Aqueous-

phase production of oxalate seems to occur on slower time scales than that of sulfate, 

which can be seen in the following observations and model results: (i) the ratio of 

oxalate:sulfate increases in the average vertical profiles and in the case study with high 

cloud activity; (ii) organic mass fractions were highest above cloud-level in the cloudy 

profiles; (iii) organic mass fractions increase with residual cloud fraction, i.e., in air 

which is more cloud-processed; and (iv) in the model calculations, oxalate:sulfate ratios 

increase with time spent in the cloud cycle. Model predictions of oxalate and sulfate 

concentrations were in good agreement with the observations and also pointed at a 

potentially important SOA source through oligomer formation in aerosol water (water in 

aerosol particles after hygroscopic growth). Case studies from a flight conducted in the 

same area by a different aircraft show that precursors for aqueous-phase SOA were 

present at cloud-relevant altitudes. Increased concentrations of sulfate, organic mass and 

particle number concentrations were observed immediately above cloud top. Cloud-top 

detrainment is suggested as an explanation and as a general mechanism by which cloud 

processed aerosol may be transported from the boundary layer into the free troposphere.  

Conclusion: The accumulated observations of this study show that shallow cumulus 

convection is instrumental in aerosol re-distribution and SOA production, shaping both 

vertical abundance and chemical composition of aerosols.   
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Appendix D: Aerosol water-uptake properties in an aging organic plume in the marine 

atmosphere 

(This paper is to be submitted to Atmospheric Chemistry and Physics) 

 

The Eastern Pacific Emitted Aerosol and Cloud Experiment (E-PEACE) was conducted 

off the coast of Monterey in July and August of 2011. Two measurement platforms, the 

Twin Otter aircraft and the Research Vessel Pt. Sur were parts of the campaign to emit 

known aerosols and measure their impact on the marine background aerosol (Pt. Sur) and 

on cloud properties in the marine stratocumulus deck (Twin Otter). In the Pt. Sur 

instrument container, the Particle-Into-Liquid-Sampler (PILS) provided measurements of 

WSOC every 6 minutes and thus allowed an alternative classification of the organic 

fraction to the AMS organic mass spectrum. The Hygroscopic Tandem Differential 

Mobility Analyzer (HTDMA) was the only instrument in the campaign measuring water-

uptake properties of aerosols at sub-saturated RH (i.e., RH < 100%). The study focuses 

on an oily fog (“smoke”) from smoke generators operated on the stern of the Pt. Sur and 

its development upon release into the ambient air in different meteorological conditions. 

The measurements analyzed were CCN concentrations, total number concentrations, and 

AMS chemical composition from both the Pt. Sur and the Twin Otter, as well as size 

distributions by a DMA, hygroscopic growth factor distributions by the HTDMA and 

PILS WSOC (Pt. Sur only). 

After applying detection limits and quality control filtering to the HTDMA, PILS and 
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AMS data, three plume sampling episodes (E1, E2 and E3) were chosen for detailed 

investigation. The plume age was estimated using the geographic position of the Pt. Sur 

during smoke production and average wind speeds and positions of the Pt. Sur and the 

Twin Otter during smoke sampling. E1 took place in sunny conditions. Wind speeds were 

below the maximum travelling speed of the Pt. Sur, such that the ship could track the 

aging organic plume to a plume age of 4 hours. The Twin Otter also sampled the plume 

on that day up to a plume age of 3 hours by crossing the plume at several points 

downwind of the Pt. Sur. During E2, on a cloudy and foggy day, the Pt. Sur tracked the 

plume only to a plume age of 1 hour. Smoke sampling event E3 was performed by the 

Twin Otter only, in cloudy conditions and to a plume age of 1.6 hours. Growth factor 

distributions for defined dry sizes (30, 75 and 150 nm) exposed to RH = 92% were 

averaged over sampling periods defined by the plume ages A1 < 12 min, A2 = 1-2 hours 

(E1 and E2) and A3 = 4 – 4.5 hours (E1 only). Representative size distributions for the 

different plume ages and the marine background are presented. Bulk chemical 

composition measured by the Pt. Sur AMS and PILS was averaged over the same 

sampling periods and presented as pie charts together with a representative background 

composition chart. Sampling periods for similar plume ages (A1 and A2) were defined 

for Twin Otter smoke sampling and average chemical compositions from measurements 

by the Twin Otter AMS were calculated. CCN concentrations measured on the Pt. Sur 

during plume sampling were plotted as a time series. Additionally, CCN concentrations, 

CN (“condensation nuclei”) concentrations (the total number concentration of particles as 

measured by a CPC) and activation ratios for the supersaturations S = 0.148 (measured 
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on both the Pt. Sur and the Twin Otter) and S = 0.750 (measured on the Pt. Sur only) 

were compared. 

The fresh plume consisted of 97% organic material (Russell et al., 2012). Measured 

number concentrations in the fresh plume were a few thousand cm
-3

. During E1, large 

numbers (several 10,000 cm
-3

) of small particles were produced in the aging plume. The 

large number of particles compared to the marine background and findings from previous 

studies of SOA production from evaporating oil in the marine atmosphere (de Gouw et 

al., 2011) support the hypothesis that VOCs released in the smoke generation and/or 

evaporating from larger oil particles were photochemically processed and formed new 

SOA particles. Comparably large number concentrations were not observed in the foggy 

and cloudy conditions during E2. This can be due to reduced solar radiation (cloud and 

fog shading) and/or due to more limited availability of VOCs: given the large amount of 

surface area present in the form of fog droplets, VOCs may have rapidly diffused to the 

fog droplets instead of forming new particles. Moreover, small particles formed (to a 

lesser extent than during E1) from VOCs in spite of the adverse conditions, may have 

diffused to the fog droplets as well. Activation ratios at S = 0.148 and S = 0.750 were 

suppressed in the fresh plume for all conditions, but absolute CCN concentrations were 

elevated. The plume thus injected additional CCN into the marine atmosphere, in 

sufficient amounts to lead to cloud disturbances and a ship track visible in satellite 

imagery (Russell et al., 2012).  

In the aging plume, CCN characteristics differed depending on meteorological 

conditions: in the foggy and cloudy conditions during E2 and E3, overall particle 
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concentrations decreased while the activation ratio increased, each eventually 

approaching values comparable to the background. During E1, in sunny conditions, 

activation ratios decreased with the onset of new particle formation: The majority of the 

newly produced SOA particles did not initially act as CCN. With continuing plume age, 

however, absolute CCN concentrations increased, moderately so for S = 0.248 (from 129 

cm
-3

 in the fresh plume to 157 cm
-3

 in the most aged plume) but more dramatically for C 

= 0.750 (from 408 cm
-3

 in the fresh plume to 4553 cm
-3

 in the aged plume). 

Measurements of hygroscopic growth factors at three particle sizes (30, 75, and 150 nm) 

during E1 stand in contrast to this high CCN activity: growth factors remain around unity 

(no growth) at RH = 92%. This discrepancy shows that CCN activity (hygroscopicity at 

super-saturated conditions) does not necessarily imply hygroscopic growth 

(hygroscopicity at sub-saturated conditions). Growth factor distributions measured during 

E2, in foggy conditions, are bimodal for small particles (30 and 75 nm at 92%), 

indicating a not very numerous (compared to E1) hydrophobic particle population, 

presumably produced via gas-to-particle conversion from plume VOCs, externally mixed 

with the hydrophilic marine background aerosol. Contrary to E1, the growth factor 

distribution for the aged plume at a dry size of 150 nm shows a single mode of 

suppressed hygroscopic growth (GF = 1.4, background GF = 1.6), indicative of an 

internal mixture of hydrophilic marine background aerosol and organic components from 

the plume. These moderately hygroscopic 150 nm particles may be accumulation mode 

particles with a larger organic fraction than the background aerosol, due to VOC and 

small particle diffusion onto accumulation mode particles.  
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The bulk chemical composition of the plume aerosol shows a shift from less to more 

oxidized organic mass spectra (in particular through an increase in the organic marker 

m/z 44) with increasing plume age beyond the extent explicable by mixing of background 

aerosol into the plume. Since bulk chemical composition tends to be dominated by larger 

particles, this shift likely occurred in larger particles (accumulation mode and above). 

This is in agreement with the hydrophobic behavior observed for the small particles – 

more oxidized organic aerosols become more hydrophilic. The shift to more oxidized 

organic components is observed in both foggy and sunny conditions from the Pt. Sur, but 

not from the Twin Otter: from the airplane, the observed chemical composition change 

can be attributed to dilution alone. A possible explanation for this is the preferential 

vertical mixing of certain plume components over others, in particular of small particles 

over larger (more visible) particles: by design (its original purpose was to serve as a 

smoke screen in battle), the visible, “thicker” part of the plume tended to “hug the 

ground”.  

This study constitutes work in progress. Future work will encompass major refinements 

and additions: Comparison of size distributions from the Twin Otter with those form the 

Pt. Sur will shed light onto the question whether smaller particles had a propensity to mix 

upward, leaving the larger ones to perform their smoke screen duties. Size-resolved 

chemical composition from the Pt. Sur AMS will address the question of organic mass 

fractions in the 150 nm particles and whether it differs between foggy and sunny 

conditions. Additionally, impacts of organic aerosol sources other than the artificial 

plume on water uptake properties will be investigated.  
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1 Abstract 

Mining operations are potential sources of airborne metal and metalloid 

contaminants through both direct smelter emissions and wind erosion of mine tailings. 

The warmer, drier conditions predicted for the Southwestern US by climate models may 

make contaminated atmospheric dust and aerosols increasingly important, with potential 

deleterious effects on human health and ecology. Fine particulates such as those resulting 

from smelting operations may disperse more readily into the environment than coarser 

tailings dust. Fine particles also penetrate more deeply into the human respiratory system, 

and may become more bioavailable due to their high specific surface area. In this work, 

we report the size-resolved chemical characterization of atmospheric aerosols sampled 

over a period of a year near an active mining and smelting site in Arizona. Aerosols were 

characterized with a 10-stage (0.054 to 18 μm aerodynamic diameter) multiple orifice 

uniform deposit impactor (MOUDI), a scanning mobility particle sizer (SMPS), and a 
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total suspended particulate (TSP) collector. The MOUDI results show that arsenic and 

lead concentrations follow a bimodal distribution, with maxima centered at 

approximately 0.3 and 7.0 μm diameter. We hypothesize that the sub-micron arsenic and 

lead are the product of condensation and coagulation of smelting vapors. In the coarse 

size, contaminants are thought to originate as aeolian dust from mine tailings and other 

sources. Observation of ultrafine particle number concentration (SMPS) show the highest 

readings when the wind comes from the general direction of the smelting operations site. 

2 Introduction 

Mining operations are a potential source of particulate matter containing metal and 

metalloid contaminants, such as lead and arsenic. High winds and mining activities such 

as grinding, milling and mine tailings management create coarse particles ( 1 m 

diameter) through mechanical action while smelting and refining can result in ultrafine ( 

0.1 m) and accumulation-mode (0.1 - 1.0 m) particles by condensation of high 

temperature vapors and subsequent diffusion and coagulation (Jacob 1999). It has been 

estimated that 40% of the total atmospheric emissions of arsenic arise from smelting 

operations (Alloway and Ayres 1997).   

Particle diameter affects the fate and transport of the aerosols.  Small dust 

particles originating at a certain location easily can be transported thousands of miles 

before being deposited. For example, Wilkening et al. (2000) reported satellite remote 

sensing images of trans-Pacific transport of aerosols in April 1998, originating from a 

massive dust storm in the Gobi desert. Aerosols can affect ecosystem health and 
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biogeochemical cycles. Copper-containing aerosols have been found to exert toxic effects 

on marine phytoplankton (Paytan et al. 2009). Trace elements, including As, Pb and Cr, 

have been detected worldwide in cloud, fog, rain and snow, with mining activities in 

some cases cited as possible sources (Schemenauer and Cereceda 1992; Barbaris and 

Betterton 1996; Cherif et al. 1998; Rattigan et al. 2002; Mancinelli et al. 2005; Hutchings 

et al. 2009; Taylor et al. 2010). Furthermore, metal-containing aerosols can provide a 

catalytically active for heterogeneous reactions and significantly affect the cycles of 

atmospheric species (Dickerson et al. 1997). 

The effects of urban aerosols on human health are well documented (Ning and 

Sioutas 2010, and references therein), although the precise mode of action is not known. 

Particle diameter affects aerosol deposition efficiency in the human respiratory system 

with coarse particles mainly deposited in the upper respiratory tract while fine particles 

are capable of being transported and deposited deep in the lungs where they can then be 

transported to the blood stream by macrophages (Park and Wexler 2008; Valiulis et al. 

2008; Krombach et al. 1997).  Elevated blood lead levels and urinary arsenic have been 

observed in children living near nonferrous metal smelters, and this has been partly 

attributed to dust inhalation (Baker et al. 1977). 

We hypothesize that atmospheric transport of aerosols from mining operations is 

an important source of contaminants (such as arsenic and lead) in specific communities 

of the arid Southwest, and will become increasingly important with predicted regional 

climate change. We have sampled atmospheric aerosols for a year near an active copper 

mine and smelter located in Hayden, Arizona.  The main objective of our work was to 
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determine the concentrations of metal and metalloid contaminants as a function of 

particle diameter as a means to better understand potential sources, transport and human 

toxicity. 

The Hayden site is located approximately 50 miles northeast of Tucson, Arizona. 

It is comprised of two towns  Hayden and Winkelman  with a combined population of 

approximately 1200.  The site includes a concentrator, a smelter and tailings facilities.  It 

is located at the confluence of the Gila and San Pedro Rivers and is characterized by 

complex terrain that gives rise to unusual wind patterns. While not officially a Superfund 

site, it is currently administered through an Administrative Settlement Agreement and 

Order on Consent between EPA, ASARCO (the plant proprietor) and the Arizona 

Department of Environmental Quality.  In 2005, soil analysis showed that arsenic, lead 

and copper levels exceeded their respective residential soil remediation levels and in 

2008/9, topsoil was removed from over 260 residential properties that had relatively high 

concentrations of these elements. The Environmental protection agency has reported 

elevated concentrations of arsenic, lead, copper, chromium and cadmium in atmospheric 

air samples in Hayden and Winkelman (EPA 2008). 

3 Materials and Methods 

3.1 Sampling 

The main sampling site was located on the roof of the single-story Hayden High School 

building in Winkelman, Arizona, approximately 2 km from the mine tailings pile and 1 

km from smelting operations, the main smokestack, and slag pile (Figure 1). A 

meteorological station and an EPA PM10 monitor are collocated at this site. 
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Figure 1. Satelite map of Hayden-Winkelman with locations of mining and sampling 

operations. Top of the map is North and size of map is approximately 2.7 miles by 4.1 

miles. The smokestack is 1000 ft tall. Source: Google Maps. 

 

A ten-stage micro-orifice uniform deposit impactor, MOUDI (M110-R, MSP 

Corporation, Minneapolis, Minnesota) (Marple et al. 1991) was used to collect aerosol 

samples. The MOUDI was operated at an air flow rate of 30 L min
1

 for 96-hour 

sampling periods, which was determined to provide enough sample mass for subsequent 

analyses. The calibrated cut-points (d50-values) for the inlet and 10 stages of the MOUDi 

sampler are 18, 9.9, 6.2, 3.1, 1.8, 1.0, 0.55, 0.32, 0.18, 0.10 and 0.054 μm equivalent 

aerodynamic diameter.  The MOUDI was protected from the weather by a metal box that 

had a 13-mm wide gap around the perimeter to ensure unimpeded sampling of even the 
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coarsest particles.  

For comparison purposes, total suspended particulates (TSP) were collected on 

pre-cleaned glass fiber filters (1 m, 102 mm, Pall Corporation) with a portable high-

volume air sampler (CF-1002BRL, HI-Q Environmental Products Company, San Diego, 

California) operated at a flow rate of 400 L min
1

 for 24-hour sampling periods.  Samples 

were collected at three other field sites in southeast Arizona, including at the city of 

Green Valley, within one mile of a metal-free mine tailings pile; at the city of Wilcox, 

near a natural dry lake bed (playa), which is an important natural source of dust; and in 

Tucson, on the roof of the Physics and Atmospheric Sciences building of The University 

of Arizona, a typical urban environment.   

Teflon filter substrates (PTFE membrane, 2 μm pore, 46.2 mm, Whatman) were 

used in the MOUDI. The substrates were cleaned with deionized water and with 

methanol to remove any impurities. Teflon substrates were washed and dried in a 

particle-free laminar flow cabinet. They were transported to and from the field site with 

an impactor holder (MSP Corporation) for MOUDI substrates, and sealed envelopes for 

TSP filters. Occasionally, aluminum foil substrates (47 mm, MSP Corporation) were used 

in the MOUDI to facilitate microscopic analysis. A thin coating of heavy-duty silicone 

spray (MSP Corporation) was applied to prevent particle bounce. 

The aerosol number concentration as a function of diameter was measured using a 

Scanning Mobility Particle Sizer (SMPS 3936L, TSI Inc.) system (Wang and Flagan 

1990). The SMPS consists of an Electrostatic Classifier (TSI 3080) with a DMA 3081 
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and a butanol-based condensation particle counter (CPC 3772, TSI Inc.). The classifier 

was operated at a sheath flow rate of 3 L min
1

 and a sample flow rate of 0.3 L min
1

, 

scanning up for 240 seconds and retracing for 50 seconds, resulting in a collection 

diameter range from 14 to 749 nm. The aerosol was collected through a 5.6 m copper 

sampling tube (GC grade, Ohio Valley Specialty Chemical, ID 4.83 mm). The penetration 

efficiency with respect to laminar diffusion for a sampling tube of this length is estimated 

to be 57.2% for 14 nm particles and 81.9 % for 30 nm particles (Hinds 1999). Given the 

very low relative humidity at this desert location (below 20% for most of the 

measurement period), no diffusion drying system was used. 

Temperature, relative humidity, wind speed and wind direction were recorded 

with 5-second resolution by a weather station and data logger (CR800, Cambell 

Scientific, Logan, Utah). Wind speed and direction were analyzed using five-minute 

averages with WindRose Pro (Enviroware) software. 

3.2 Sample Extraction 

Substrates were transferred to sealed glass vials and extracted with aqua regia in a 

sonicator at 80°C for 60 min (Harper et al. 1983).  Fifteen mL of aqua regia (1.03 M 

HNO3 /2.23 M HCl trace metal grade) were used to extract the MOUDI substrates while 

40 mL were used for the larger TSP filters. Extract aliquots of 1.2 mL were diluted to 4 

mL with deionized water and then refrigerated prior to Inductively-Coupled Plasma Mass 

Spectrometry (ICP-MS) or Ion Chromatography (IC) analysis. The relative values of the 

field blanks were (As) 0.2 (Cd) 13.5, and (Pb) 8.3 expressed as the percentage of the 

annual mean maximum concentration found for any individual MOUDI size bin. The 
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average relative standard deviation of the field blanks were 1.1, 10.6, 7.2 for As, Cd, and 

Pb, respectively. These values were found from the average of 36 samples that were taken 

for the year long sampling program.  Blanks were subtracted from the field sample 

concentrations. 

3.3 Sample Analysis 

The ICP (Agilent 7500ce with an Octopole Reaction System) was tuned for robust 

plasma conditions to reduce matrix effects to 2% or less. Calibration standards are run 

every 20 samples and are certified AA or ICP standards from Aldrich made with milliQ 

water, 0.669 M HCl (Fisher, Trace-Metal Grade) and 0.309 M HNO3 (EMD, Omnitrace) 

to match MOUDI sample matrix. Additionally, NIST standard reference material (SRM 

1643e Trace Elements in Water) is analyzed with each set of data. The separate MOUDI 

fractions yield size-fractionated mass concentration data for toxic metals and metalloids 

(mainly As, Pb, Cd). Size-fractionated concentrations of metal and other species in 

atmospheric samples have been reported before (e.g., Allen et al. 2001) but, to our 

knowledge, not in relation to mining operations. 

 For gravimetric analysis, samples were weighed using EPA Class I equivalent 

methods on an ultra-microbalance (Mettler Toledo XP2U) to weigh substrates before and 

after sampling.  Mass loading on the substrates was used to convert concentrations from 

ng species/m
3
 of atmospheric air to ppm (mg species/kg dry solids). 

 Samples were characterized chemically and morphologically at University 

Spectroscopy and Imaging Facilities (USIF) of The University of Arizona using a 
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combination of Field-Emission Scanning Electron Microscope (Hitachi S-4800 Type II 

SEM) and Electron Dispersive Spectroscopy (ThermoNORAN NSS EDS). The substrates 

were coated with a 10 nm layer of platinum (Hummer 6 Sputtering Device). 

 The SMPS raw counts were processed through the TSI Aerosol Instrument 

Manager software, which includes a multiple charge correction and a correction for 

diffusion losses within the SMPS itself.  

4 Results and Discussion 

The concentrations of As and Pb observed in TSP at the Hayden site are consistently 

higher than those observed at other sites in southeastern Arizona (Figure 2).  Both arsenic 

and lead are at least 9 and 4 times higher, respectively, in Hayden than at Green Valley, 

Wilcox or Tucson, while cadmium is not significantly different. Though the Green Valley 

site is adjacent to mine tailings, independent analysis has shown that these tailings 

contain only background levels of As, Pb and Cd.  Even though the Hayden 

concentrations are elevated, lead, at 23 ng/m
3
, is below the EPA annual-average standard 

of 150 ng/m
3
 (EPA 2008a).  There are no standards for atmospheric arsenic in the US. 

The European Union has set a target value of 6 ng/m
3
 (annual average), which has been 

suggested for enforcement in 2012 (EU 2008). The World Health Organization 

(Krzyzanowski and Cohen 2008) has set a guideline for arsenic of 0.66 ng/m
3
, based on 

estimates that this concentration represents a 1:1,000,000 lifetime risk level. The EPA 

Regional Residential Air Screening Level for As (in PM10, not TSP) is 0.57 ng/m
3
, which 

is only slightly exceeded by Wilcox and is exceeded in Hayden by an order of magnitude 

(Figure 2). 
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Figure 2. Comparisons of As, Cd and Pb content in atmospheric air (TSP samples). 

Values are averages over ten 24-hour sampling periods at various sites in Southeast 

Arizona from July to December 2009. Error bars represent standard deviations over the 

ten sampling periods. 

 

The MOUDI measurements from December 2008 through November 2009 at the 

Hayden site for thirty six 96-hour sampling periods are summarized in Figure 3. 

Contaminant concentrations follow a bimodal distribution, with means around 0.3 μm 

and 7 μm diameter. Although there is a wide range of variability, the bimodal nature of 

the distribution is generally preserved in all samples (results not shown; see Figure 6 and 

discussion below for data from a single sampling period). The total arsenic and lead 

concentrations in the size fraction (< 1 μm) are 4.3±1.9 and 14.9±7.5 ng/m
3
, respectively 

and in the size fraction (>1 μm) are 1.6±0.8 and 6.2±1.7 ng/m
3
, respectively. It is clear 
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that the fine particle size (< 1 μm) fraction represents the most important contribution of 

these contaminants to atmospheric air at the site. 

 

Figure 3.  Annual averaged lead, arsenic and cadmium concentrations from MOUDI 

observations at the Hayden site for the period December 2008 through November 2009. 

Data represent average concentrations over thirty six 96-hour sampling periods; AF 

denotes after filter sample. 

 

To validate the MOUDI data, observed values of PM9.9 (i.e., the sum of all 

fractions  9.9 um diameter as obtained with the MOUDI sampler) were compared with 

the co-located EPA PM10 monitor and our TSP collector. Although the size fractions are 

not exactly coincident, the averaged results show excellent agreement (Figure 4).  A t-test 

for two sample sets assuming unequal variances was performed.  All sets proved to 
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accept the null hypothesis with p>0.05 except for the comparison of Cd – TSP.  Exact 

results from the statistics are as follows: MOUDI compared to TSP: p = 0.43 (As), 0.008 

(Cd), and 0.76 (Pb); MOUDI compared to PM10: p=0.17 (As), 0.49 (Cd), and 0.41 (Pb) 

with all values reported for two-tailed test.  Therefore, it can be inferred that the three 

measurements techniques are not statistically different, except for the TSP and MOUDI 

measurements of cadmium.   
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Figure 4. Comparisons of metal and metalloid content of MOUDI samples with PM10 

data from EPA, and TSP observations at the Hayden site. Samples were taken between 

December 2008 and November 2009 for 36 and 55 sampling periods for the MOUDI and 

PM10 monitor, respectively. The TSP concentrations were averaged for 18 sampling 

periods spanning July 2009 to March 2010. Sampling periods may not have occurred on 

the exact same days. For MOUDI samples, PM9.9 represents the average of the summed 

mass concentrations in the corresponding size range, and TSP represents the average total 

concentration. 

 

Measurements using the MOUDI over a full calendar year were broken down into 

a time series by particle diameter to observe possible seasonal changes. Figure 5 shows 

the monthly averaged concentrations for arsenic, cadmium and lead in different size 

ranges. These results emphasize that Pb, As and Cd are found predominantly in the fine 

particle size range. A seasonal dependence is observed for all PM diameters, with lower 
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concentrations obtained during the summer months (May-August) and higher during the 

winter. Precipitation rates were appreciably higher in the summer than for the rest of the 

year for the area, which might explain the lower concentrations in the summer months. A 

more likely explanation is the strong convective mixing and dilution that occurs during 

summer. 
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Figure 5.  Monthly averages of arsenic, cadmium, and lead PM x measured with the 

MOUDI sampler at the Hayden site from December 2008 to November 2009. The size 

ranges are defined as follows: PM>9.9 is the summation of cutpoint diameters 9.9 and 18 

m, PM3.1-9.9 is the summation of cutpoint diameters 3.1 and 6.1m, PM1-3.1 is the 

summation of cutpoint diameters 1 and 1.8m, and PM<1 is the summation of cutpoint 

diameters lower than 1m.  
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Metal and metalloid concentrations reported above have been expressed as ng of 

contaminant per unit m
3
 of air (MOUDI data for a representative single sampling period 

are shown in Figure 6). Gravimetric measurements of the total solid mass collected at 

each stage of the MOUDI sampler allowed us to calculate intrinsic solids concentrations 

(mg contaminant/ kg dry solid) for the contaminants. Figure 7 shows results 

corresponding to the data in Figure 6. In this particular example, maximum 

concentrations occur at cutpoint diameters of 0.32 and 18 m. According to Shacklette 

and Boerngen (1984), Western United States soils have a geometric mean of 5.5 ppm 

arsenic (range <0.10 to 97 ppm).  Surface soils taken from residential and non-residential 

sites in Hayden and Winkelman before remediation had levels for arsenic and lead of 60 

± 124 ppm and 1,939 ± 11,164 ppm, respectively (EPA 2008).  Mine tailings from the 

Hayden site were found to have 14.0 ± 6.8 ppm and 46.4 ± 33.7 ppm of arsenic and lead, 

respectively (EPA 2008). The results in Figure 7 show highly enriched concentrations in 

the range of particle diameters between 0.1 and 0.55 m, when compared to area soils 

and tailings. This suggests that soil and mine tailings are not the source of these particles. 

It is likely that these particles are a consequence of condensation and agglomeration of 

particles formed from smelting operation emissions. From the single sampling period 

discussed, a log-normal distribution plot was generated for particle size <1 m for As, Pb, 

and Cd (Figure 8).  The mean diameter of the distribution was found to be 0.17 m and 

the geometric standard deviation was 2.68. The near symmetry of the curves indicates a 

log-normal distribution for the concentration of the respective metals. Figure 9 shows the 

wind rose developed for the same sampling period. Relatively high wind speeds were 
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seen in the general direction of the mine tailings (WNW, Figure 1) for this MOUDI 

sampling period, which could have produced a higher collection of larger wind-swept 

particles when compared to the annual average. 

 

Figure 6. Lead, arsenic and cadmium concentrations from MOUDI observations at the 

Hayden site for a single 96-hour sampling period starting on October 14, 2009. 
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Figure 7. Solids concentrations of lead, arsenic and cadmium in MOUDI samples taken 

at the Hayden site for a 96-hour sampling period starting on October 14, 2009. These 

concentrations were obtained by dividing the concentrations in Figure 5 for each particle 

size range by the total mass of particles per unit air volume in the same size range. 
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Figure 8.  Log-normal plot of lead, arsenic and cadmium concentrations for particle 

diameters <1 m in MOUDI samples taken at the Hayden site for a 96-hour sampling 

period starting on October 14, 2009 (Figure 6).  From these results, the calculated mean 

diameter is 0.17 m and the geometric standard deviation is 2.68. 
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Figure 9.  Wind rose obtained from the weather station co-located with the MOUDI 

sampler for the 96-hour sampling period starting on October 14, 2009 (corresponding to 

data in Figures 6 to 8). The results show a relatively high frequency of high wind speeds 

(> 3 m/s) from the WNW direction, which corresponds with the orientation of the mine 

tailings with respect to the sampler. 

 

The annual-average (Figure 3) MOUDI coarse (>1 m) and fine (<1 m) size 

fraction data were compared to Hayden tailings analysis performed by the EPA in terms 

of arsenic to lead concentration ratios (EPA 2008).  The EPA reported tailings ratio was 

0.39 ±0.27 with a range of 0.19-0.84. From our measurements, the coarse aerosol ratio 

was 0.26±0.14 and the fine aerosol ratio was 0.29±0.20. These values suggest that arsenic 

and lead in aerosol are unlikely to have generated exclusively from mine tailings. It is 

somewhat surprising that the ratios for the two particle diameter fractions are so similar. 

Lead isotope ratios have been use for source apportionment in the past (e.g., Cheng et al. 

2010). We will quantify lead isotope ratios for our samples in future work. 
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Scanning electron microscopy images from MOUDI samples collected on 

aluminum foil filters are shown in Figure 10. Utilizing electron dispersive spectroscopy, 

the spherical particle in Figure 10 (a) was found to contain 21.19± 4.45 % lead by weight, 

and similar spherical particles were found to contain 10-20% lead by weight and 0-10% 

arsenic by weight.  The sphericity of the particle suggests that it was formed by gas-to-

particle transformation of a high temperature vapor. The particle in Figure 10 (a) has a 

diameter of about 500 nm, and it was collected on a stage with a cutpoint diameter of 

0.32 m. This accumulation range diameter also suggests a condensation/coagulation 

mechanism (Seinfeld and Pandis, 1998). Figure 10 (b) shows particles collected on a 

stage with a cutpoint diameter of 6.1 m. The irregular morphology of these particles 

suggests that they originated by mechanical action such as crushing, grinding or 

windblown dust.  

   

 (a) (b) 

Figure 10. Scanning Electron Microscope images from MOUDI stages with cutpoint 

particle diameter of (a) 0.32 m, particle depicted was identified to contain 21.19± 4.45 

% Pb by weight by Electron Dispersive Spectroscopy; and (b) 6.1 m. 
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A preliminary correlation analysis between metals and metalloids for each size 

range of the MOUDI has been performed to identify the number of possible sources that 

contribute to atmospheric contamination around the site. Tables 1 and 2 present inter-

element correlation matrices for particles with diameters <1 m and >1 m, respectively. 

The tables report linear correlation coefficients, R, between the concentrations of element 

pairs.  The results show that Al-Sc-Mg and Cd-Pb-As are strongly correlated for all 

particles.  The As, Cd, and Pb inter-dependence in the fine particle size fraction (<1 m), 

could indicate that these three elements come from the same source, possibly the smelting 

area.  This correlation, however, is also strong in the coarse particle size fraction (>1 m). 

However, this could be a consequence of coagulation of fine particles into larger particles 

and/or sedimentation on area soils where fine-sized particles deposit on coarse particles 

that then become wind-blown dust.  It is also suspected that the groups where Cu is 

present come from mining activity (i.e., mechanical action) and that the Fe-Mg, Cr-Fe, 

Al-Sc, Sc-Fe, and Mg-Al correlation may be of soil origin (e.g., tailings).  More specific 

information that leads to direct source apportionment can be gained by relating size-

resolved contaminant concentrations with wind patterns at the site, which we are 

currently investigating. 
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Table 1. Inter-element correlation matrix for particles < 1 m obtained from MOUDI 

samples for all the sampling periods.  Values represent the linear coefficient of correlation 

(R) between elements in pairs.  The shaded fields indicate the strongest correlations 

(R>0.7). 

  Be Mg Al Sc Fe Cu As Cd Pb 

Be   0.221 0.194 0.237 0.225 0.281 0.367 0.589 0.539 

Mg     0.859 0.845 0.741 0.545 0.082 0.086 0.094 

Al       0.887 0.473 0.506 0.023 0.109 0.157 

Sc         0.424 0.402 -0.051 0.05 0.103 

Fe           0.552 0.304 0.256 0.226 

Cu             0.596 0.643 0.686 

As               0.893 0.931 

Cd                 0.931 

Pb                   
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Table 2. Inter-element correlation matrix for particles < 1 m obtained from MOUDI 

samples for all the sampling periods.  Values represent the linear coefficient of correlation 

(R) between elements in pairs.  The shaded fields indicate the strongest correlations 

(R>0.7). 

  Be Mg Al Sc Fe Cu As Cd Pb 

Be   0.334 0.232 0.31 0.467 0.374 0.231 0.454 0.432 

Mg     0.895 0.916 0.864 0.443 -0.114 -0.116 -0.093 

Al       0.895 0.686 0.516 -0.02 -0.01 0.035 

Sc         0.774 0.472 -0.141 -0.114 -0.05 

Fe           0.507 -0.043 0.006 0.007 

Cu             0.513 0.584 0.618 

As               0.894 0.936 

Cd                 0.936 

Pb                   

 

Aerosol number distributions were measured continuously from March 17 

through May 20, 2009, and from September 30 through November 11, 2009 at the 

Hayden site, using the SMPS. With 288 5-minute scans per day, a high time resolution 

was achieved compared to the MOUDI 96-hour sample and the TSP 24-hour sample, 

which yields the short term evolution of the local aerosol size distribution. Figure 11 

shows the average of all size distributions over the entire spring measurement period. For 

comparison, size distributions from an urban location in the city of Tucson, averaged over 

a 17-day time period, are shown. The Tucson size distribution reflects the higher number 

concentrations that would be expected in an urban location. The Hayden size distribution 

shows lower overall concentrations, owing to the cleaner surroundings, but number 

concentrations in the ultrafine size range that are relatively high. Since the lifetime of 

such small particles is short (on the order of an hour for concentrations typically observed 



 

75 

at Hayden), this could indicate the influence of a local source (primary or gas-to particle 

conversion from smelting operations), as opposed to long range transport. Episodes of 

high concentrations of ultrafine particles (nucleation events) within daily cycles (Figure 

12) were observed frequently at the Hayden site. Similar observations of nucleation 

events have been made by Stanier et al. (2004 a,b) in Pittsburgh, PA,  and were attributed 

to sulfuric acid production. Sulfuric acid is a product of the smelting process in Hayden, 

which is thought to reach high concentrations in the ambient air. 
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Figure 11. Average SMPS size distribution over one MOUDI measurement period 

(March 17 through May 20, 2009) compared to an average (February 25 through March 

13, 2009) from the city of Tucson. 
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Figure 12. A full day of size distribution data (SMPS measurements for April 18, 2009). 

Note the relatively high concentrations of 14 – 50 nm particles, starting at 1 pm. 

 

The size resolved number concentrations were averaged by wind direction over 

the entire spring measurement period, using data from the weather station located at the 

site (Figure 13). The highest concentration of fine particles can be seen from the NW - N 

direction, which in relation to the SMPS is the general direction of the smelting 

operations (Figure 1). The lowest concentrations of fine particles were observed for 

winds from N to E, an area characterized by open desert, a river valley and little human 

influence. It is important to point out, however, that the topography of the 

Hayden/Winkelman site is complex, with two river valleys, hills and mountains 

channeling wind patterns. Figure 14 shows two wind roses, one located in Hayden and 

the other located less than two miles away in Winkelman at the sampling site (Figure 1), 
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from identical sampling periods. Note that they have wind patterns that are appreciably 

different.  

 

 

Figure 13. Aerosol number size distributions as a function of wind direction for the 

measurement period March 17 through May 20, 2009. 
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 (a) (b) 

Figure 14. Wind roses from two weather stations located within two miles of each other 

for December 2008 through November 2009: (a) Winkelman, where the MOUDI is 

located, and (b) Hayden, where the smelter is located. Differences show the complex 

terrain’s effect on wind patterns. 

 

 

A preliminary comparison of mass distributions between the SMPS and the 

MOUDI is shown in Figure 15. The detection ranges of the two instruments had an 

overlap in the size range from 54 to 320 nm. The SMPS number distributions were 

converted to volume distributions, averaged in time over the MOUDI sampling period 

and in size over MOUDI stage diameter ranges. A particle density of 1.5 g/cm
3
 was 

assumed to convert the volume distribution into a mass distribution. It can be seen that 

the general features of the mass distribution measured by the MOUDI is reproduced by 

the SMPS data. 
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Figure 15. Estimate of mass concentrations from and SMPS volume distributions 

assuming a density of 1.5 g/cm
3
 and using MOUDI gravimetric analysis 

 

5 Concluding Remarks 

The results presented in this work indicate that atmospheric aerosols in the vicinity of 

mining operations contain higher concentrations of arsenic, lead and cadmium than what 

would be expected from the natural background. A bimodal distribution with respect to 

particle diameter is seen for the three elements, with maximum concentrations occurring 

at a cutpoint diameter of 0.32 μm.  To our knowledge, this is the first time that size-

resolved characterization of metals and metalloids has been reported in the vicinity of 

mining operations. Evidence presented suggests that the fine particle diameter maximum 
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in species concentration corresponds to particles produced by vapor condensation and 

coagulation, which would be consistent with sources related to smelting operations that 

include emission of high-temperature vapors. Presence of arsenic, lead and cadmium in 

the coarse particle size range suggests a local source of windblown dust. The fact that 

correlation among contaminants is similar in both the fine and coarse particle size ranges 

might indicate a unique source, which could be the case if windblown dust particles 

acquire the contaminants by deposition of fine particles. 
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Abstract 

This study examines the nature of water-soluble organic aerosol measured in Pasadena, 

CA, under typical conditions and under the influence of a large wildfire (the 2009 Station 

Fire). During non-fire periods, water-soluble organic carbon (WSOC) variability was 

driven by photochemical production processes and sea breeze transport, resulting in an 

average diurnal cycle with a maximum at 15:00 local time (up to 4.9 μg C m
-3

). During 

the Station Fire, primary production was a key formation mechanism for WSOC. High 

concentrations of WSOC (up to 41 μg C m
-3

) in smoke plumes advected to the site in the 

morning hours were tightly correlated with nitrate and chloride, numerous aerosol mass 

spectrometer (AMS) organic mass spectral markers, and total non-refractory organic 

mass.  Processed residual smoke was transported to the measurement site by the sea 

breeze later in the day, leading to higher afternoon WSOC levels than on non-fire days. 

Parameters representing higher degrees of oxidation of organics, including the ratios of 
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the organic metrics m/z 44:m/z 57 and m/z 44:m/z 43, were elevated in those air masses. 

Intercomparisons of relative amounts of WSOC, organics, m/z 44, and m/z 43 show that 

the fraction of WSOC comprising acid-oxygenates increased as a function of 

photochemical aging owing to the conversion of aliphatic and non-acid oxygenated 

organics to more acid-like organics. The contribution of water-soluble organic species to 

the organic mass budget (10th - 90th percentile values) ranged between 27% - 72% and 

27% - 68% during fire and non-fire periods, respectively. The seasonal incidence of 

wildfires in the Los Angeles Basin greatly enhances the importance of water-soluble 

organics, which has implications for the radiative and hygroscopic properties of the 

regional aerosol. 

1. Introduction 

Organic compounds constitute roughly one half of atmospheric aerosol mass globally; 

this fraction can be even higher in urban areas. Between 40-85% of organic carbon 

measured in different locations worldwide has been shown to be water-soluble (Ruellan 

et al., 1999; Graham et al., 2002; Mayol-Bracero et al., 2002; Gao et al., 2003; Jaffrezo et 

al., 2005; Decesari et al., 2006). Water-soluble organic carbon (WSOC) species are 

directly emitted in primary particles, especially during biomass combustion, and 

produced as a result of reactions in the gas and aqueous phases (Miyazaki et al., 2006; 

Sullivan et al., 2006; Kondo et al., 2007; Weber et al., 2007; Ervens and Volkamer, 2010; 

Sorooshian et al., 2010; Timonen et al., 2010). WSOC has been suggested as a marker for 

secondary organic aerosol (SOA) in the absence of biomass burning (e.g. Docherty et al., 

2008). 
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The Los Angeles Basin has been the subject of many studies examining the transport and 

chemical evolution of atmospheric aerosols. In Pasadena, the setting of this work, 

particulate pollutant concentrations are governed by numerous production and transport 

processes. The meteorology in the basin is characterized by early morning inversions, 

which, through increasing surface heating over the course of the day, give way to a robust 

midday-afternoon sea breeze. Elevated pollution layers can form by horizontal and 

vertical displacement of the morning inversion layer and orographic uplift (Lu and Turco, 

1995), allowing for aerosol processing in air masses separated from surface pollution 

sources during the day. These pollution layers can remain aloft during the night and re-

entrain the next day through turbulent mixing in a deepening boundary layer, contributing 

to surface concentrations of aerosols (Husar et al., 1977; Blumenthal et al., 1978). 

Organic compounds are a major constituent of the local pollution and are emitted directly 

as well as produced via secondary processes. Hughes et al. (2000) found increasing 

relative contributions of organic compounds to increasing mass concentrations of total 

suspended particulates and fine particles due to chemical processing along a sea breeze 

trajectory in the Los Angeles Basin. More recent summertime measurements in the area 

showed that SOA is a major contributor to organic aerosol (Docherty et al., 2008), of 

which WSOC is an important component (Peltier et al. 2007). Owing to transport 

processes and spatial gradients in the oxidative capacity of the atmosphere, SOA is 

expected to contribute more to organic aerosol concentrations at inland areas than at the 

pollution source regions near the coast (Lu and Turco, 1995; Vutukuru et al., 2006). 

In the late summer to fall months (August-November), following hot and dry summers, 
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smoke from wildfires can be an additional component of the organic aerosol budget in the 

Los Angeles Basin (Phuleria et al., 2005). The impact of wildfires on urban aerosol 

physicochemical properties has been examined in other locations (Lee et al., 2008) but 

aerosol studies examining the superposition of biomass burning emissions and typical 

Los Angeles atmospheric conditions are limited. The issue is especially of interest as 

wildfires in the southwestern United States have been shown to occur more frequently 

and to last longer than only a few decades ago and are thus expected to be a major 

concern in a future drier and warmer climate (Westerling et al., 2006). 

An opportunity to study the nature of WSOC in the Los Angeles Basin in both the 

presence and absence of a major fire presented itself during the 2009 Pasadena Aerosol 

Characterization Observatory (PACO) field campaign. The Station Fire, which began on 

26 August 2009 in the Angeles National Forest and came as close as 10 km to the PACO 

field site, was the tenth largest wildfire in modern California history and the largest ever 

in Los Angeles County, burning an area of more than 600 km
2
 (California Department of 

Forestry and Fire Protection; http://bof.fire.ca.gov/incidents/incidents_archived). The 

overall PACO campaign is described in detail by Hersey et al. (2011). Here we report an 

analysis of the nature of particulate WSOC in Pasadena during a three-month period with 

an aim towards characterizing temporal concentrations, relative relationships with other 

organic aerosol metrics, sensitivity to meteorology and transport, and impact of the 

Station Fire. This work also provides a valuable database for comparison with subsequent 

field datasets collected from surface and airborne platforms during the 2010 CalNex field 

campaign (http://www.esrl.noaa.gov/csd/calnex/). 
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2. Methods 

2.1 Data 

During the PACO field study (May-September 2009), ground-based aerosol 

measurements were conducted on the roof of the Keck Building on the campus of the 

California Institute of Technology (Caltech). The focus of this work is the period from 

6 July 2009 to 16 September 2009. WSOC in PM2.5 was measured every six minutes with 

a particle-into-liquid sampler (PILS; Brechtel Mfg. Inc.) coupled to a total organic carbon 

(TOC) analyzer (Sievers Model 800 Turbo, Boulder, CO). The instrument design and 

operational details are discussed extensively elsewhere (Sullivan et al., 2006). Briefly, the 

PILS samples particles smaller than 2.5 m in diameter and passes them through an 

organic carbon denuder (Sunset Laboratory Inc.) to remove organic vapors. The particles 

are grown into droplets, which are collected by inertial impaction. The liquid then passes 

through a 0.5 m PEEK (polyetheretherketone) liquid filter and is transported to a TOC 

analyzer for quantification of WSOC. The reported WSOC levels are the difference 

between the measured and background concentrations. The overall measurement 

uncertainty is estimated to be approximately 10%. 

Inorganic and non-refractory organic sub-micrometer aerosol measurements were carried 

out with an Aerodyne Compact Time of Flight Aerosol Mass Spectrometer (C-ToF-AMS) 

(Drewnick et al., 2005; Murphy et al., 2009) during the non-fire portion of the study and 

a High-Resolution AMS (HR-AMS) during the Station Fire. AMS data used here include 

organic markers at specific mass-to-charge ratios (m/z) that serve as proxies for organics 

with a range of oxidation states: acid-like oxygenated organics (m/z 44 = COO
+
), 
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aliphatic and non-acid oxygenated organics (m/z 43 = C3H7
+
 and C2H3O

+
; 

m/z 55 = C3H3O
+
), aliphatic organics (m/z 57 = C4H9

+
), and a biomass burning tracer 

(m/z 60) (McLafferty and Turecek. 1993; Zhang et al., 2005; Aiken et al., 2008; Ng et al., 

2010, Alfarra et al. 2007). The PILS and AMS chemical measurements were time 

synchronized, accounting for sampling time delays in the PILS relative to the AMS 

(Sorooshian et al., 2006). Since the PILS sampled sub-2.5 µm particles while the AMS 

measured sub-micrometer particles, ratios of WSOC to AMS data represent an upper 

limit. 

Particle size distributions were measured with a cylindrical Scanning Differential 

Mobility Analyzer (DMA; TSI Model 3081) coupled to a Condensation Particle Counter 

(CPC, TSI Model 3760). Thirty-two days of hourly CO, O3 and PM2.5 measurements were 

obtained from ground sites in Pasadena (South Wilson Avenue), Upland, Burbank, and 

downtown Los Angeles (North Main Street) (http://www.arb.ca.gov) and are used to help 

interpret the WSOC data. Additional hourly meteorological data were obtained from the 

Mesowest database (http://mesowest.utah.edu/index.html). The stations used include the 

South Wilson Avenue station on the Caltech campus, the North Main Street station near 

downtown Los Angeles (~12.5 km southwest of measurement site), and the Santa Fe 

Dam station located ~15 km east of the measurement site. 

2.2 Fire Development and Influence on the Measurement Site 

The Station Fire burned over several weeks. Its spatial extent and exact location, and thus 

the influence it exerted on the measurement site, changed over that time period. Figure 1 
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shows the progression of the fire over several days. The fire perimeter was estimated 

from Moderate Resolution Imaging Spectroradiometer (MODIS) fire maps 

(http://firefly.geog.umd.edu/firemap/; Justice et al., 2002; Davies et al., 2009). The fire 

started on 26 August less than 10 km north of the sampling site and grew in areal extent 

over the next four days. It split into an eastern and a western part on 31 August. The 

western part quickly decreased in size while moving northward, was reduced to a 

relatively small remnant ~25 km northwest of the site by 2 September, and became 

unidentifiable by MODIS by 4 September. The eastern part remained sizeable, but moved 

farther eastward. Notable easterly wind patterns did not occur during the measurement 

period, making the eastern part of the fire an unlikely direct influence on the 

measurement site. 

The dataset was split into a “fire period” and a “non-fire period” by examining the 

MODIS fire maps and using the AMS m/z 60 concentration as a tracer for biomass 

burning. The “fire period”, consisting of the eight days between 26 August and 

2 September, was marked by frequent high spikes in the measured m/z 60 concentration, 

reaching values up to 1.4 µg m
-3

. The mean m/z 60 concentration during the fire period 

was 0.065 ± 0.122 µg m
-3

. During the remaining measurement days (“non-fire period”) 

the mean m/z 60 concentration was 0.013 ± 0.005 µg m
-3

. While m/z 60 (and 

levoglucosan) have been shown to decay with exposure to the hydroxyl radical 

(Hennigan et al., 2010), the systematically higher levels of this mass spectral marker 

during the Station Fire make it a robust tool to identify periods with fire influence. CO 

similarly exhibited contrasting behavior during non-fire and fire periods, with mean 

http://firefly.geog.umd.edu/firemap/
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concentrations of 0.13 ± 0.12 ppmv and 0.45 ± 0.50 ppmv, respectively. 

3. Results and Discussion 

3.1 PACO Study Background 

Hersey et al. (2011) provide a comprehensive summary of the physical and chemical 

properties of aerosols sampled at the PACO measurement site over the time period 

between 10 July and 4 August, which overlaps with the beginning of the period examined 

in this work. We briefly describe results from that study that are relevant to the 

interpretation of WSOC measurements during non-fire periods. Organic mass accounted 

for approximately 55% of the submicrometer AMS aerosol mass. Average organic 

carbon (OC) concentrations were greater by approximately 4% in the afternoons (15:00-

19:00 local time) than in the mornings (07:00-11:00 LT). Conversely, elemental 

carbon (EC) decreased by approximately 22% from the mornings to the afternoons. Both 

trends lead to an enhanced afternoon OC:EC ratio. It was concluded that production of 

primary organic carbon was relatively more important in the mornings while secondary 

production of organic carbon was more dominant in the afternoons. Size-resolved 

measurements showed that the afternoon submicrometer organic mass was bimodal with 

one modal vacuum aerodynamic diameter centered around 100-200 nm and another 

around 500-600 nm. Positive matrix factorization analysis showed that low-volatility and 

semi-volatile oxidized organic aerosol (LV-OOA and SV-OOA) accounted for 86% of 

organic aerosol, suggestive of a large oxidized organic fraction. This work will examine 

the nature and character of the water-soluble fraction of the organic aerosol. 
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3.2 Meteorological Setting and Origin of Air Masses 

Weather conditions were warm and dry during the entire WSOC measurement period 

(Fig. 2). Ambient temperatures ranged from approximately 15° to 40° C. Relative 

humidity (RH) usually dropped below 40% during the day but reached 100% in the early 

morning hours of many days. Temperatures averaged several degrees higher during the 

Station Fire period, while RH was around 20% lower, helping to sustain the duration and 

spread of the fire. Air mass back-trajectories calculated with the NOAA HYSPLIT model 

(Draxler and Rolph, 2003) showed that sampled air masses were generally of marine 

origin with brief continental exposure prior to reaching the sampling site.  

Since the western edge of the Los Angeles Basin is a major source region for pollutants 

(Lu and Turco, 1995), it is important to identify dominant wind patterns and transport 

times to Pasadena. Figure 3 shows the local wind characteristics at South Wilson Avenue 

(next to measurement site) and at several surrounding stations. The most common wind 

directions at all stations are southerly to westerly, a manifestation of the sea breeze. The 

diurnal development of wind at South Wilson Avenue starts with very calm air in the 

early mornings (and late evenings). During the late morning hours the wind tends to turn 

clockwise from the NE through S to the predominant afternoon sea breeze direction from 

the SW. Wind speeds increase during the development of the sea breeze. Thus, the 

stagnant air in the early morning is expected to be influenced by local sources and by 

accumulated residual pollution from the previous day. Over the course of the late 

morning, air masses from more polluted urban areas are transported to Pasadena and 

ultimately replaced by air masses of largely marine origin with anthropogenic influence, 
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carrying particles with a mix of fresh and aged components. The South Wilson Avenue 

Station measures systematically lower wind speeds than the surrounding stations, which 

is likely a local effect caused by buildings and trees in the immediate surroundings of the 

station. Wind speeds measured at that site are therefore assumed to represent a lower 

limit of the areal wind speed. A statistical analysis of wind speeds and directions between 

13:00-18:00 LT showed that the most common wind speeds were 4.5 m s
-1

 at North Main 

Street and 1.3 m s
-1

 at South Wilson Avenue. The most common wind directions were 

270° and 225°, respectively. The afternoon (13:00-18:00 LT) transport time of urban 

pollution from downtown Los Angeles to Pasadena is thus on the order of 1-2 hours, 

consistent with the estimate by Hersey et al. (2011) for the period between May and 

August 2009. Based on the most common afternoon wind speed at North Main Street, the 

transport time of anthropogenically-influenced marine air from the coast to Pasadena 

from a southwesterly direction is approximately two hours. 

3.3 WSOC Production Pathways and Relationship with Ozone 

Identifying the relative importance of primary and secondary production mechanisms of 

WSOC is difficult given the large variety of aerosol and precursor sources, the diurnal 

transport patterns and dynamic vertical structure of the boundary layer in the basin 

(Blumenthal et al., 1978; Vutukuru et al., 2006). WSOC concentrations measured on non-

fire days may be governed by all or a subset of the following mechanisms: 1. local 

primary production of WSOC; 2. local secondary production; 3. advection of existing 

WSOC that was either primarily or secondarily produced; 4. advection of precursor 

volatile organic compounds (VOCs), with WSOC production occurring during transport; 
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5. volatilization and subsequent oxidation into SOA of semivolatile primary organic 

aerosol (POA) (Robinson et al., 2007); and 6. re-entrainment of pollution layers aloft. 

The Station Fire adds another level of complexity by introducing additional sources of 

WSOC: direct emission and secondary production from precursors emitted in the fire.  

Previous work within the PACO campaign has shown that the temporal behavior of 

organic aerosol is closely related to that of O3, indicative of photochemical production of 

SOA (Hersey et al., 2011). In Pasadena, WSOC peaks after O3 on 16 out of 20 examined 

days with a typical time lag of 1.5-2.5 h. WSOC peaks occurred simultaneously or 

slightly before O3 peaks (0.5 h) on three days, and only on one day did the WSOC peak 

precede an unusually late O3 peak by hours. This points to a strong link between overall 

WSOC concentrations and photochemical processes.  

The variability of O3 concentrations at different ground sites in the Los Angeles Basin 

provides insight into the spatiotemporal behavior of photochemical processes and the 

photochemical potential at the Pasadena site. O3 concentrations measured at ground 

stations in Pasadena (South Wilson Avenue), Burbank, Upland and downtown Los 

Angeles (North Main Street) were examined for a period of 24 days in July (Fig. S1, 

supplementary material). In the prevailing sea breeze regime, transport of precursors 

from downtown Los Angeles (a classic pollutant source location) is expected to influence 

O3 concentrations at the measurement site. On 10 out of the examined 24 non-fire days, 

O3 peaked in downtown Los Angeles approximately an hour before it did in Pasadena, 

consistent with the transport times of 1-2 h, given most common mid-afternoon (13:00 to 

16:00 LT) wind speeds of 1.3 m s
-1

 in Pasadena and 3.6 m s
-1

 at downtown Los Angeles. 
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Peak O3 concentrations in Pasadena were consistently higher (22 out of 24 days) than in 

downtown Los Angeles, owing to advection of O3 from upwind locations  and additional 

time for photochemical processing of O3 precursors during transport. The farther 

downwind site of Upland is characterized by even higher and more delayed O3 peaks. 

This observed spatial O3 behavior and its implications for SOA production are consistent 

with the findings of Vutukuru et al. (2006) who showed that SOA levels in the basin are 

higher at inland sites (e.g. Azusa, Riverside) than at coastal sites. However, on six days 

O3 reached peak concentrations in Pasadena before it did in downtown Los Angeles (an 

average of 1.5 h earlier) and on six other days (one of which is discussed in the case 

study below), it peaked within the same hour as in downtown Los Angeles. These days 

were not associated with unusual wind directions or increased wind speeds. Local 

sources, downward mixing of elevated pollution layers from previous days in a 

deepening mixed layer, and/or unusually vigorous photochemical activity (as described 

by Hersey et al., 2011) could explain these "early" O3 peaks. Therefore, on any given day, 

advection of oxidants from downtown Los Angeles is not necessarily a requirement for 

photochemical activity in Pasadena.  

3.4 Cumulative WSOC Statistics 

During the non-fire period, the highest WSOC concentration measured was 4.9 µg C m
-3

. 

The observed concentration range is consistent with that of independent measurements in 

other urban areas (Jaffrezo et al., 2005; Sullivan et al., 2004, 2006; Kondo et al., 2007), 

including those in nearby Riverside during the summer of 2005 (Peltier et al., 2007). 

WSOC exhibits a weak correlation with solar radiation (r
2
 = 0.28) and somewhat higher 
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correlations with O3 (r
2
 = 0.35) and T (r

2
 = 0.44) (Table 1). The highest correlations 

between WSOC and AMS aerosol components were found for the following organic 

markers: m/z 43 (r
2
 = 0.49), total AMS organic mass (r

2
 = 0.47), and m/z 55 and 60 

(r
2
 = 0.45). The correlation of WSOC with m/z 57 (r

2
 = 0.20) is the lowest among the 

correlations with AMS organic markers. Although m/z 55 and m/z 43 are prominent 

components in traffic emissions, they are more related to oxygenated organics than the 

primary hydrocarbon-like organic aerosol (HOA) marker m/z 57 (e.g. Zhang et al., 2005); 

for example, they are in general less correlated with NOx and CO. WSOC exhibits little to 

no correlation with the inorganic compounds nitrate (NO3
-
), sulfate (SO4

2-
), chloride (Cl

-

), and ammonium (NH4
+
) (r

2
 < 0.08). 

During the fire period, the range of measured WSOC levels (0.8 - 40.6 µg C m
-3

) was 

consistent with that observed in other measurements with major biomass burning 

influence: 11 - 46 µg C m
-3

 (Mayol-Bracero et al., 2002), 2.2 - 39.6 µg C m
-3

 (Graham et 

al., 2002), 4.4 - 52.6 µg C m
-3

 (Decesari et al., 2006), and 0.57 - 18.45 µg C m
-3

 (Sullivan 

et al., 2006). The highest WSOC concentration, 40.6 µg C m
-3

, was measured in the 

morning of 30 August. WSOC correlations (r
2
) with most organic metrics (i.e. total AMS 

organic mass and m/z 44, 60, 43, and 55, but not m/z 57) ranged between 0.80 and 0.92 

(cf. 0.35 and 0.49 during non-fire periods). The systematically higher correlations during 

the fire period indicate that there was a dominating factor governing the variability of 

both organic and WSOC levels; since WSOC was highly correlated with m/z 60 

(r
2
 = 0.90), fire emissions were clearly influential. The correlation of WSOC with O3 is 

absent during the fire period, even though O3 concentrations are influenced by the fire 
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(peak concentrations in the diurnal average of 91.5 ppbv during the fire vs. 58.5 ppbv for 

the non-fire diurnal average; Fig. 2). This suggests that photochemical production is not 

the dominant process governing the large variability of WSOC concentrations during the 

fire. A high correlation was observed between WSOC and both NO3
- 
(r

2
 = 0.79) and Cl

-
 

(r
2
 = 0.57). Correlations with NH4

+
 and SO4

2-
 (r

2
 < 0.18) were poor. Fresh biomass 

burning emissions consist mainly of organic carbonaceous components and have been 

reported to have only minor contributions from inorganic species (Reid et al., 2005, Fuzzi 

et al., 2007, Grieshop et al., 2009); however, enhanced NO3
-
 concentrations have been 

observed in smoke plumes (Gao et al., 2003; Reid et al., 2005; Peltier et al., 2007). 

Potassium chloride is also thought to be a common constituent in biomass burning 

emissions (Posfai et al., 2003; Reid et al., 2005), which can explain the enhanced 

correlation of WSOC and Cl
-
 and provides support for a primary WSOC production 

mechanism. Reid et al. (2005) note that while SO4
2-

 is a secondary product of biomass 

burning, its production requires high RH. Enhanced RH also increases WSOC 

partitioning to the aerosol phase (Hennigan et al., 2008; 2009). However, ambient RH 

was low during the majority of the PACO study and especially low during the fire (Fig. 

2). Liquid-phase production of SO4
2-

 and organics could conceivably have taken place in 

pyrocumulus clouds formed by the fire, but given the lack of observed SO4
2-

 at the 

sampling site during smoke events and the low RH, it is unlikely that multi-phase 

processes played a key role in influencing surface WSOC levels during the fire period 

and also non-fire periods.  

During the fire period, the ratio of WSOC to organic mass ranged from 0.11 to 
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0.53 g C/g, with a 10
th

 percentile of 0.15 and a 90
th

 percentile of 0.40 g C/g. After 

converting the 10
th

 and 90
th

 percentile values to an equivalent organic mass concentration 

using a factor of 1.8 (Docherty et al., 2008), water soluble organics are estimated to 

account for between 27% and 72% (with an average of 47% ± 15%) of the organic mass. 

The WSOC:organic ratio range during the non-fire period is similar (10
th

/90
th

 = 0.15/0.38 

g C/g).After applying the 1.8 conversion factor to WSOC the 10
th

 - 90
th

 percentile 

range is 27% - 68% (average = 45% ± 16%).  

3.5 Diurnal WSOC Behavior 

3.5.1 Non-Fire Period 

During the non-fire period, the daytime diurnal average concentration of WSOC (Figure 

4) exhibits a maximum at 15:00 LT, around the same time as maxima in AMS organic 

mass, m/z 44 and m/z 43, but after O3 (13:00 LT) and solar radiation (14:00 LT) (Fig. 2). 

Since wind direction itself has a pronounced diurnal cycle, the afternoon peak in WSOC 

can be explained plausibly by both photochemical production and/or transport from 

downtown Los Angeles via the afternoon sea breeze (a complication in explaining diurnal 

variability of pollutants noted specifically for Pasadena by Blumenthal et al., 1978). The 

behavior of the HOA marker m/z 57 provides some insight: while it does show an 

increase starting at 06:00 and a local peak at 09:00, consistent with local rush hour traffic, 

its maximum concentration occurs at 13:00, when local primary emissions are expected 

to be lower than in the morning. Since all other organic metrics and total AMS mass also 

reach their highest concentrations with high temporal coincidence in the early afternoon, 

it is likely that transport from more polluted areas, including downtown Los Angeles, 
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plays the dominant role. From the peak at 15:00 until the evening hours, WSOC 

concentrations decrease, as do other organic metrics and total AMS mass. While dilution 

as a result of a deepening boundary layer can be a mechanism for daytime concentration 

decreases, the late onset of the decrease suggests that it is caused by the sea breeze: After 

initially transporting pollutants from source areas to Pasadena, the continuing onshore 

winds advect cleaner marine air. This advancing sea breeze front has been shown to 

produce strong gradients in pollutant concentrations in the Los Angeles Basin (Lu and 

Turco, 1995).  

Transport does not explain all features of diurnal WSOC behavior, however, and even 

when it dominates the observed concentrations at the measurement site, it is possible that 

the WSOC was secondarily produced upwind or during transport. In the diurnal average, 

WSOC concentrations (and m/z 44) do not show as steep of a decrease as organics and 

total AMS mass (Fig.4). The ratio WSOC:organic (Fig. 5) is relatively constant until 

14:00, but then begins to increase. A likely scenario for the relative increase of WSOC 

during the decrease of absolute concentrations of most every organic marker is the 

superposition of secondary production of WSOC by photochemical processing and 

transport. Advected marine air may exhibit enhanced WSOC:organic ratios and, in 

addition, the organic aerosol advected by the sea breeze ages and oxidizes while moving 

inland.  

Examples for these mechanisms governing WSOC concentrations on individual days can 

be seen in the time series in Fig. 6. On 7 July, sea breeze transport was dominant: there is 

strong covariance between WSOC, AMS organic mass and numerous m/z markers (43, 
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44, 55, 57, 60). All exhibit a smooth morning increase followed by an equally smooth 

afternoon decrease which coincides with increasing afternoon wind speeds and southerly 

to southwesterly wind direction. The ratio of WSOC:total AMS mass shows the same 

behavior, likely due to photochemical processing of the transported air. The afternoon 

increase in SO4
2-

 coupled with the decrease of organics can be attributed to the influx of 

marine air. On 11 and 15 July, in contrast, WSOC concentrations began to increase before 

the sea breeze was fully established, indicating that local photochemical production may 

have played a more important role. 

3.5.2 Station Fire Period 

During the fire period, organic mass fractions (organics:total AMS mass) were 

substantially higher than in the non-fire period (Fig. 5). The contribution of WSOC to 

organic mass was systematically elevated from the early morning hours through the late 

afternoon, with higher WSOC:organic ratios between 04:00-12:00 than at other times. 

Absolute WSOC concentrations peaked in the mornings. For 08:30 in the morning, the 

average WSOC concentration (Fig. 4) is higher by a factor of 10 than the non-fire 

average for the same time of day. The diurnal behavior of the biomass burning tracer 

m/z 60 matches that of WSOC (with the exception of a sharper decrease from 08:00 to 

12:00), providing evidence for the presence of biomass burning aerosols at the 

measurement site when WSOC increased in concentration. Boundary layer deepening 

over the course of the late morning and the onset of the sea breeze with its southwesterly 

winds directing smoke plumes away from the measurement site lead to a decrease in 

measured WSOC concentrations during the rest of the day. The afternoon peak of 
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diurnally-averaged WSOC at 15:00 that was evident during the non-fire period is barely 

visible given the high WSOC concentrations during earlier parts of the days; nonetheless, 

the diurnally-averaged WSOC concentration at this time of day exceeds that of the non-

fire period by a factor of 1.5. As organic precursors emitted in the fire were likely present 

in the entire Los Angeles Basin after several days of burning, residual and processed 

smoke are thought to have played an additional role in the usual transport of pollutants by 

the afternoon sea breeze.  

Day-to-day variability of WSOC concentrations and other aerosol constituents was high 

during the fire period (Fig. 7). The impact of the fire on the measurement site ranged 

from large increases of every measured quantity on 28, 30 and 31 August, to much 

reduced fire influence on 29 August and 1 September. This can be attributed to the 

dynamic development of the fire itself, as well as potential effects associated with wind 

and boundary layer depth. The connection between wind and smoke influence on aerosol 

composition is clearly visible in Fig. 7: using m/z 60 as a tracer for the smoke plume, it is 

evident that periods with low wind speeds and wind directions with a northerly 

component feature the highest smoke concentrations. Concentrations are higher in the 

morning hours than in the evenings (when wind speeds are equally low) because the 

boundary layer is shallowest in the morning and the smoke has had time to accumulate in 

stagnant conditions. Concentrations of m/z 60 decrease immediately as the wind direction 

shifts and the wind speed picks up in the developing sea breeze. During the heavily 

smoke-impacted mornings of 28, 30 and 31 August, WSOC shows a very tight 

correlation with m/z 60, NO3
-
, and Cl

-
, suggestive of primary production of WSOC in the 
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fire. Most other AMS measurements also vary in lockstep with WSOC, with the notable 

exception of SO4
2-

, which exhibited a poor correlation with WSOC and lower levels in 

the diurnal average than on non-fire days.  

In the afternoons of 28, 30 and 31 August, WSOC concentrations were about a factor of 

two higher than the non-fire average. Concentrations of m/z 60, while having dropped 

since the morning, were still elevated by a factor of two to three above average non-fire 

concentrations, an indicator that smoke distributed all over the Los Angeles Basin. CO 

Measurements from ground stations (Fig. S1, supplementary material) were used to 

confirm this wider impact of the fire: on 30 and 31 August, CO levels in downtown Los 

Angeles exceeded typical rush hour values by a factor of two to three showing that the 

fire had a direct influence on locations farther south and southwest of Pasadena. Thus, 

even when the afternoon sea breeze directed the smoke plume away from the site, it still 

transported residual smoke to the site. This residual smoke was subject to photochemical 

processing: Fig. 5 shows large systematic increases in the ratios m/z 44:43 and m/z 44:57 

between 09:00-15:00 while the absolute values of all organic measurements decreased 

(cf. Fig. 4). The larger increases of these ratios during the fire compared to non-fire 

conditions point to a more vigorous conversion of organics towards a more oxidized state 

at a relatively stable WSOC:organic ratio. Diurnal average O3 concentrations (Fig. 2) 

exhibit an earlier rise and a higher maximum than during the non-fire period, underlining 

the impact of the fire on the timing and magnitude of photochemical activity. The 

afternoon increases of m/z 44:57 and m/z 44:43 and the unusually high O3 concentrations 

(176 ppbv at 14:00 on 30 August and 124 ppbv at 10:00 on 31 August) are also clearly 
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visible in the time series for individual days (Fig. 7). Size distribution data (Fig. S2, 

supplementary material) show that the smoke events in the morning hours are associated 

with larger particles (modal diameter of about 150 nm) than typically observed during 

that time on non-fire days (modal diameter of 80 nm). In the afternoon, there is a distinct 

shift to smaller particles (around 40 nm) with a maximum concentration at approximately 

15:00, coinciding with an increase in WSOC concentrations owing most likely to 

photochemical production.  

3.6 Relationships between WSOC, AMS Organic, m/z 44, and m/z 43 

Primary emission in a fire is a very different source of WSOC than photochemical 

processing of precursor pollutants. The chemical nature of the WSOC measured in the 

morning smoke-plumes is therefore expected to differ from that measured in the 

afternoons. Since WSOC contains both hydrophobic and hydrophilic fractions (e.g. 

Sullivan and Weber, 2006), it is of interest to investigate the relative behavior of m/z 44, 

m/z 43, total AMS organic, and WSOC. Fire period morning-to-afternoon ratios (i.e. 

concentrations at 08:00 versus 14:00) of diurnally-averaged m/z 44, 43, 60, organic, and 

WSOC concentrations (shown in Fig. 4) are examined. The smallest morning-to-

afternoon ratio for any of these organic metrics was found for m/z 44 (1.9), followed by 

AMS organic (2.4), m/z 43 (2.7), and WSOC (3.3). The morning-to-afternoon ratio for 

m/z 60 was 9.6, confirming the much larger direct influence of the fire in the morning. 

Given the different morning-to-afternoon ratios of m/z 44 and 43, it is plausible that the 

afternoon WSOC contained constituents produced as a result of photochemical 

processing of smoke, with more of the non-acid oxygenates having been converted to 
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acid-like oxygenates.  

Recent studies have utilized m/z 44 and m/z 43 (Ng et al., 2010; Chhabra et al., 2011) to 

track the aging of organic aerosols in the atmosphere. For the PACO campaign, Hersey et 

al. (2011) conducted an analysis of f44 (m/z 44:total organic signal) versus f43 (m/z 43:total 

organic signal), where higher levels of f44 relative to f43 are thought to indicate a greater 

degree of organic oxygenation and lower volatility. Over the span of four months, they 

observed a high level of consistency in the overall degree of oxidation of the aerosol over 

a span of several months. Ng et al. (2010) conduct a related type of analysis (see their 

Fig. 5), suitable for incorporating measurements from instruments other than the AMS: 

Plotting f44 and the O:C ratio versus m/z 44:43, they observed that both f44 and the O:C 

ratio increase sharply at the beginning of oxidation and then plateau at larger m/z 44:43 

ratios, suggesting the existence of a maximum oxidation state of the aerosol. Following a 

similar approach, we examine the ratio of m/z 44:WSOC as a function of the m/z 44:43 

ratio for both the fire- and non-fire period (Fig. 8). The m/z 44:43 ratios range between 

0.6 - 2.7 (non-fire period) and 1.1 - 3.1 (fire period). In the mentioned plot in Ng et al. 

(2010, Figure 5), this is a range in which the O:C ratio and f44 are increasing rapidly prior 

to reaching a plateau. During both the fire-and non-fire period, the ratio m/z 44:WSOC 

grows as a function of m/z 44:43, indicating that the contribution of acid-like oxygenates 

to WSOC increases as the chemical functionality of the species contributing to m/z 44 

and 43 moves towards a more oxidized state. This is most clearly illustrated by the data 

representing the greatest influence by the fire (larger symbols in Fig. 8). The early 

morning smoke plumes advected to the measurement site exhibit relatively low values of 
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m/z 44:43. The m/z 44:WSOC ratio increases gradually as a function of m/z 44:43 and 

time of day, suggesting that conditions associated with transitioning from morning to 

afternoon hours (higher temperatures, O3, solar radiation) promoted processing of 

organics to contain more oxidized species.  

4. Conclusions 

This work examines a ground-based field dataset of WSOC in conjunction with 

numerous other aerosol, gas, and meteorological measurements. Two periods governed 

by the presence and absence of a major wildfire are separately examined with respect to 

WSOC and the processes governing its temporal variability at a fixed site in Pasadena, 

California. The PACO study showed that in the absence of biomass burning, changes in 

WSOC concentrations in Pasadena are largely driven by the diurnal sea breeze circulation 

and concurrent photooxidation of the transported airmasses. Initially, in the early 

afternoon, the sea breeze transports pollutants from the direction of the source-rich 

western Los Angeles area to Pasadena. Chemical processing of those air masses likely 

occurs while they are on their way and contributes to the temporal WSOC concentration 

gradient observed at the measurement site, in addition to the influx of WSOC that was 

already produced at upwind locations. Later in the afternoons, the continuing sea breeze 

brings in cleaner air masses. These processes cause a marked decrease in WSOC, but 

enhanced WSOC:organic ratios. Given our observations, photochemical processes are 

important for overall WSOC formation in the Los Angeles Basin, but cannot be assumed 

to dominate the observed variability at a single site. That variability is determined by a 

combination of transport and secondary formation processes, as well as factors we were 
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unable to quantify, such as the magnitude of residual WSOC levels in upwind areas and 

in layers aloft that may be re-entrained into a deepening boundary layer over the course 

of the day. 

During the Station Fire, WSOC concentrations and their contributions to total organic 

mass were substantially higher than on typical non-fire days. WSOC was produced via 

both primary and secondary pathways. Close covariance of WSOC with many other 

measured species (nitrate, chloride, total AMS organic aerosol mass) in smoke events 

(defined by unusually high m/z 60 concentrations in stagnant/northerly wind conditions) 

is a good indicator for primary (and potentially sufficiently fast secondary) production of 

WSOC in the fire emissions. Secondary production of WSOC becomes detectable after 

the initial morning smoke plumes are directed away from the sampling site and aged 

smoke from farther upwind makes its way back to the measurement site with the 

afternoon sea breeze. Increasing m/z 44:57 and m/z 44:43 ratios show the ongoing 

oxidation of the smoke-influenced air masses once they arrive back at the measurement 

site. Unusually high and early O3 concentration maxima indicate high photochemical 

activity, which may contribute to the increased WSOC concentrations observed outside of 

the direct smoke plume. Multiphase processes were not a dominant source of WSOC 

owing to low relative humidities during the entire study. 

A close examination of the relationship between WSOC, m/z 44, and m/z 43 provided 

insight into the contribution of various classes of oxygenated species to WSOC as a result 

of aerosol aging. The ratio of m/z 44:WSOC increased as a function of m/z 44:43 both 

during the fire- and the non-fire period, suggesting that non-acid oxygenates were being 
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converted to more acidic oxygenates, thereby enhancing the contribution of the latter to 

WSOC. 

This work has illustrated the complexity of factors governing WSOC levels at a fixed 

point in the Los Angeles Basin. A follow-up study using aircraft observations in the same 

region during the 2010 CalNex field campaign will extend the discussion of the relative 

importance of various factors (e.g. transport, meteorology, diverse sources) in governing 

concentrations and spatiotemporal variability in WSOC in this metropolitan center and 

outflow regions. 
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Table 1. Statistical summary of the relationships between WSOC (g C m
-3

) and other 

chemical and meteorological parameters (meteorological data from the Santa Fe Dam 

station).  

  

    Station Fire No Fire 

    r
2 

Slope Intercept n r
2 

Slope Intercept n 

AMS Total 
organic 

0.92 -1.05 0.34 1298 0.47 0.14 0.69 1557 

(μg m
-3

) m/z 60 0.90 40.16 1.88 1298 0.45 94.46 0.48 1557 

  m/z 44 0.84 3.04 -1.15 1298 0.35 0.95 0.94 1557 

  m/z 43 0.84 5.22 -1.45 1298 0.49 2.25 0.51 1557 

  m/z 55 0.80 9.47 -1.43 1298 0.45 3.79 0.61 1557 

  NO3
- 

0.79 4.30 -1.09 1298 0.00 -0.02 1.75 1557 

  Cl
- 

0.57 77.39 0.99 1296 0.03 -1.28 1.82 1557 

  m/z 57 0.47 1.24 0.60 1298 0.20 6.58 0.96 1557 

  NH4
+ 

0.18 7.06 0.54 1298 0.00 0.04 1.64 1557 

  SO4
2- 

0.14 -2.67 7.41 1298 0.08 0.14 1.40 1557 

                    

Gas CO(ppmv) 0.18 3.66 2.78 151 0.00 0.26 1.69 212 

  O3 (ppbv) 0.05 0.03 3.35 151 0.35 0.02 0.83 212 

  Nox(ppbv) 0.01 -0.01 4.77 151 0.03 -0.01 1.94 212 

                    

Meteorology Wind 
speed  
(m s

-1
) 

0.07 - - 144 0.11 - - 210 

  Solar 
radiation 
(W m

-2
) 

0.00 - - 148 0.28 - - 209 

  T (C)  0.01 - - 144 0.44 - - 209 

  RH (%) 0.00 - - 147 0.14 - - 209 
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Figure 1. Approximate spatial extent of the Station Fire by date (bordered areas). The fire 

area was estimated using fire maps by “Firefly” (University of Maryland; 

http://firefly.geog.umd.edu/firemap/). The blue marker in Pasadena represents the 

measurement site.  

 

http://firefly.geog.umd.edu/firemap/
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Figure 2. Diurnal meteorological parameters (Santa Fe Dam station) and O3 

concentrations during the fire- and non-fire periods. 
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Figure 3. Wind roses for the month of July for South Wilson Avenue and surrounding 

stations (data from Mesowest, http://mesowest.utah.edu/index.html). 

 

 

http://mesowest.utah.edu/index.html
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Figure 4. Diurnal averages of aerosol chemistry (m/z 60 shown for the fire period only).  
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Figure 5. Diurnally averaged ratios of different organic aerosol measurements during the 

fire and non-fire periods. 
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Figure 6. Time series of various measured and derived parameters during selected days 

outside the fire period. The symbol size for wind direction is proportional to measured 

wind speed (South Wilson Avenue station). 
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Figure 7. Time series of various measured and derived parameters during the Station Fire 

period. The symbol size for wind direction is proportional to measured wind speed (South 

Wilson Avenue station). 
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Figure 8. Summary of the ratio m/z 44:WSOC as a function of m/z 44:43 during (top 

panel) and outside (bottom panel) the Station Fire period. Symbols are color-coded by 

time of day, and in the Station Fire panel the symbol size is proportional to the tracer for 

biomass burning, m/z 60 (range = 0.03 – 0.9 g m
-3

).  
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Supplementary Material 

 

Figure S1: Ground station observations of PM2.5, CO and O3 for the non-fire (top) and 

fire (bottom) period. The location of four stations (http://www.arb.ca.gov) can be found 

on the map in Fig. 1. 

 

 

 

http://www.arb.ca.gov/
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Figure S2. Number (top) and volume (bottom) size distributions over the course of (left) 

10 July 2009, a day during the non-fire period, and (right) 31 August 2009, a heavily 

smoke-influenced day during the fire period. 

 

 

  



 

125 

 

APPENDIX C 

 

AEROSOL AND GAS RE-DISTRIBUTION BY SHALLOW CUMULUS CLOUDS: 

AN INVESTIGATION USING AIRBORNE MEASUREMENTS 

 

(In press for the Journal of Geophysical Research) 

 

Anna Wonaschuetz
1
, Armin Sorooshian

2,1
, Barbara Ervens

3,4
, Patrick Y. Chuang

5
, 

Graham Feingold
4
, Shane M. Murphy

3+
, Joost de Gouw

3,4
, Carsten Warneke

3,4
, Haflidi H. 

Jonsson
6
 

 

1. Department of Atmospheric Sciences, University of Arizona, Tucson, AZ 

2. Department of Chemical and Environmental Engineering, University of Arizona, 

Tucson, AZ 

3. Cooperative Institute for Research in Environmental Sciences, The University of 

Colorado, Boulder, CO 

4. Earth Systems Research Laboratory, NOAA, Boulder, CO 

5. Earth and Planetary Sciences, UCSC, Santa Cruz, CA 

6. Center for Interdisciplinary Remotely Piloted Aircraft Studies, Naval Postgraduate 

School, Monterey, CA 

 

 

 

 

 

 

 

Wonaschütz, A., A. Sorooshian, B. Ervens, P. Y. Chuang, S. M. Murphy, J. de Gouw, C. 

Warneke and G. Feingold: Aerosol and gas re-distribution by shallow cumulus clouds: an 

investigation using airborne measurements, J. Geophys. Res., 

doi:10.1029/2012JD018089, in press 

  



 

126 

Aerosol and gas re-distribution by shallow cumulus clouds: an 
investigation using airborne measurements 

Anna Wonaschuetz
1
, Armin Sorooshian

2,1
, Barbara Ervens

3,4
, Patrick Y. Chuang

5
, 

Graham Feingold
4
, Shane M. Murphy

3+
, Joost de Gouw

3,4
, Carsten Warneke

3,4
, Haflidi H. 

Jonsson
6
 

 

1. Department of Atmospheric Sciences, University of Arizona, Tucson, AZ, United 

States.  

2. Department of Chemical and Environmental Engineering, University of Arizona, 

Tucson, AZ, United States.  

3. Cooperative Institute for Research in Environmental Sciences, University of Colorado, 

Boulder, CO, United States. 

4. Earth Systems Research Laboratory, NOAA, Boulder, CO, United States.  

5. Earth and Planetary Sciences, UCSC, Santa Cruz, CA, United States. 

6. Center for Interdisciplinary Remotely Piloted Aircraft Studies, Naval Postgraduate 

School, Monterey, CA, United States. 

+
Now at: Department of Atmospheric Science, University of Wyoming  

 

Abstract 

Aircraft measurements during the 2006 Gulf of Mexico Atmospheric Composition and 

Climate Study (GoMACCS) are used to examine the influence of shallow cumulus clouds 

on vertical profiles of aerosol chemical composition, size distributions, and secondary 

aerosol precursor gases. The data show signatures of convective transport of particles, 

gases and moisture from near the surface to higher altitudes, and of aqueous-phase 

production of aerosol mass (sulfate and organics) in cloud droplets and aerosol water. In 

cloudy conditions, the average aerosol volume concentration at an altitude of 2850 m, 

above typical cloud-top levels, was found to be 34% of that at 450 m; for clear 
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conditions, the same ratio was 13%. Both organic and sulfate mass fractions were on 

average constant with altitude (around 50%); however, the ratio of oxalate to organic 

mass increased with altitude (from 1% at 450 m to almost 9% at 3450 m), indicative of 

the influence of in-cloud production on the vertical abundance and characteristics of 

secondary organic aerosol (SOA) mass. A new metric termed “residual cloud fraction” is 

introduced as a way of quantifying the “cloud processing history” of an air parcel. 

Results of a parcel model simulating aqueous phase production of sulfate and organics 

reproduce observed trends and point at a potentially important role of SOA production, 

especially oligomers, in deliquesced aerosols. The observations emphasize the 

importance of shallow cumulus clouds in altering the vertical distribution of aerosol 

properties that influence both their direct and indirect effect on climate. 

1. Introduction 

Clouds and aerosols are integral components of the climate system through their role in 

influencing atmospheric radiative transfer. They are intimately connected through 

microphysical and chemical processes in which they mutually modify each other’s 

properties and development in the atmosphere. Many of these interactions are still a cause 

of major uncertainty in model predictions of future climate. Since radiative effects of 

clouds and aerosols are altitude-dependent [e.g. Haywood and Shine, 1997, Liao and 

Seinfeld, 1998; Collins, 2001; Samset and Myhre, 2011], a detailed understanding of the 

vertical distribution of particle concentrations and properties is needed to quantify their 

effects on climate. A cloud type that can interact closely with aerosols from sources on 

the ground is the shallow cumulus, which is confined to the atmospheric boundary layer. 
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Shallow cumulus fields consist of small convective clouds with clear air in between. Over 

land, the annual average cumulus and shallow stratocumulus cloud amounts (i.e. the 

fraction of the sky-hemisphere covered by the clouds) are 4.6% and 12%, respectively 

[http://www.atmos.washington.edu/~ignatius/CloudMap/; Warren and Hahn, 2002]. 

Convective clouds have been found to re-distribute aerosols vertically, along with energy, 

moisture and gaseous constituents [Thompson et al., 1994; Smith and Jonas, 1995; Zhu 

and Albrecht, 2003; Jimenez-Escalona and Peralta, 2010; Langford et al., 2010, 2011]. 

The role of clouds in modifying trace gas budgets has been investigated in a number of 

studies [e.g. Yin et al., 2001; Barth et al., 2002, 2003; Peltier et al., 2008; Kim et al., 

2012]. It has been suggested that non-precipitating shallow cumulus clouds can transport 

aerosols and gaseous pollutants from the mixed layer to the free troposphere [Ching et 

al., 1988; Verzijlbergh et al., 2009]. Convective clouds are too small to be resolved in 

global models, and their parameterization is an area of ongoing development [Tost et al., 

2006; Arakawa et al., 2011]. Aerosol effects on convective clouds are often not explicitly 

expressed in general circulation models at all [Quaas et al., 2009]. Treatment of cloud 

effects on aerosols, such as modification of physicochemical properties is especially 

weak: it is either lacking entirely or hampered by uncertainties in the parameterization of 

convective clouds [Tost et al., 2010]. Airborne measurements of aerosol particles and 

associated gases in and around convective clouds can provide a better understanding of 

cloud effects on these constituents and can ultimately improve the treatment of cloud-

aerosol interactions in atmospheric models.  

Aerosol particles in and around clouds do not behave as a passive tracer, but undergo a 

http://www.atmos.washington.edu/~ignatius/CloudMap/
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continuous physical and chemical evolution. Most fundamentally, they play a crucial role 

in the development of the cloud itself by acting as cloud condensation nuclei (CCN). 

Critical to quantifying the CCN potential of aerosol particles is knowledge of their 

altitude-dependent size and composition, both of which can change through cloud-

processing. A number of studies have provided evidence for cloud modification of 

particle size distributions, composition (such as addition of sulfate mass), and optical 

properties [Ching et al., 1988; Leaitch, 1996; Isaac et al., 1998; Feingold and 

Kreidenweis, 2000; Herrmann et al., 2005; Mertes et al., 2005; Peter et al., 2006; 

Hayden et al., 2008; Jimenez-Escalona and Peralta, 2010]. Hygroscopic properties of 

CCN have been shown to be different below and above clouds as a result of varying 

composition [Hersey et al., 2009]. Clouds can play an important role in the modification 

of organic mass in aerosols. Together with inorganic compounds (such as nitrate, sulfate, 

ammonium, and chloride), the organic fraction of aerosol particles (“organic aerosols”), 

which can include thousands of organic compounds [e.g. Goldstein and Galbally, 2007], 

is one of the major contributors to sub-micrometer aerosol mass (20-90%) [Kanakidou et 

al., 2005]. Organic aerosols are either emitted directly (primary organic aerosol, POA) or 

produced in the atmosphere from gaseous precursors by chemical and/or physical 

processes (secondary organic aerosol, SOA), and tend to get converted to more oxidized 

forms as they age [Jimenez et al., 2009]. A number of field studies report elevated 

concentrations of organic compounds [Novakov et al., 1997; Heald et al., 2005, 2006] 

and water-soluble organic carbon (WSOC) [Duong et al., 2011] in aerosols aloft. 

Traditional atmospheric models underestimated observed total organic aerosol [de Gouw 
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et al., 2005; Morris et al., 2006; Volkamer et al., 2006] and altitude-dependent WSOC 

levels in the boundary layer and free troposphere [Heald et al., 2006; Carlton et al., 

2008]. The addition of processes involving semi-volatile organics leads to much better 

agreement in total SOA mass prediction [Hodzic et al., 2010]. Aside from gas-to-particle 

conversion, chemical processes in the aqueous phase in droplets and the water in 

deliquesced aerosol particles (“wet aerosol”) are a source of SOA [Blando and Turpin, 

2000; Chen et al., 2007; Carlton et al., 2008; Hennigan et al., 2008, 2009]. Such 

processes are explored by work involving modeling [e.g. Warneck, 2003; Ervens et al., 

2004, 2008; Gelencser and Varga, 2005; Lim et al., 2005; Chen et al., 2007; Ervens and 

Volkamer, 2010; Myriokefalitakis et al., 2011; Liu et al., 2012a] and laboratory 

experiments [e.g. Liggio et al., 2005; Carlton et al., 2006, 2007; Altieri et al., 2008; 

Corrigan et al., 2008; Perri et al., 2009; Volkamer et al., 2009; Sun et al., 2010; Lee et 

al., 2011; Zhao et al., 2012]. Recent findings concerning multiphase processes include: 

(i) uptake and chemical processing of gaseous organic species by wet aerosol particles 

and cloud droplets, with reaction products remaining in the particle phase after 

evaporation of the water [El Haddad et al., 2009; Ervens et al., 2011; Liu et al., 2012b; 

Ortiz-Montalvo et al., 2012]; (ii) changes in SOA characteristics via direct photolytic 

processing in cloud water [Bateman et al., 2011; Nguyen et al., 2012]; (iii) formation of 

oligomers in evaporating cloud droplets and wet aerosols [de Haan et al., 2009; Tan et 

al., 2009; Ervens and Volkamer, 2010]; and (iv) increasing contributions of organic acids, 

especially oxalate, to total non-refractory organic mass with increasing relative humidity 

[Sorooshian et al., 2010]. Based on these findings, aqueous-phase SOA sources are 
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relevant in air masses with clouds and high relative humidity. Their overall role in the 

vertical distribution of organic aerosol is currently uncertain [Heald et al., 2011], 

hampering the understanding of aerosol modification by clouds and thus the impact of the 

clouds on the aerosol direct and indirect effects on climate. Scaling relationships between 

sulfate and organic aerosol, which are used to estimate fluxes for different sources of 

organic aerosols [e.g. Goldstein and Galbally, 2007], may also be affected by this 

uncertainty. 

In this study, we examine the vertical distribution of aerosol physicochemical properties 

and selected gases in and around shallow cumulus clouds using airborne measurements 

from the 2006 Gulf of Mexico Atmospheric Composition and Climate Study 

(GoMACCS) in Houston, Texas. The moist atmospheric conditions and shallow cumulus 

fields encountered during this campaign provide a natural laboratory to investigate the 

role of wet aerosol and droplet processes in shaping the vertical variability of aerosol 

properties. We use cumulative statistics and focused case studies to address the following 

topics: (i) cloud re-distribution of aerosol particles, gases, and moisture; (ii) identification 

of above-cloud areas and their aerosol characteristics; (iii) cloud detrainment of aerosols; 

and (iv) the utility of a new metric for the degree of cloud influence on aerosols in cloud-

free air. Finally, measured chemical characteristics are compared to predictions from a 

cloud parcel model with a particular focus on the trends in predicted sulfate, oxalate and 

total organic masses formed in clouds and in humid air outside of clouds.  

2. Study Area and Background 

The Gulf of Mexico Atmospheric Composition and Climate Study (GoMACCS), an 



 

132 

intensive field campaign in the framework of the Second Texas Air Quality Study 

(TexAQS 2006) [Parrish et al., 2009], took place in Texas between August and October 

2006. The associated aerosol-cloud flight dataset, which we examine in this work, was 

collected in the greater Houston area in August and September of 2006. A map of the 

general area covered by the flights is shown in Figure 1. Houston is the fourth largest city 

in the United States [US Census Bureau, 

http://2010.census.gov/news/releases/operations/cb11-cn124.html] and a center of the 

petrochemical industry. Anthropogenic pollution and photochemical smog are major 

issues in the region. During GoMACCS, the local sub-micrometer aerosol mass was 

found to consist of 66% organic matter, 20% sulfate and 14% elemental carbon, with 

hydrocarbon-like organic aerosol dominating organic aerosol mass in the mornings and 

oxygenated organic aerosols prevailing in the afternoon [Bates et al., 2008]. Marine air 

influenced by ship emissions and Saharan dust was added to the local aerosol during 

periods of onshore flow [Bates et al., 2008]. SOA was shown to form in urban and 

industrial plumes in a TexAQS 2006 study focusing on clear to partly cloudy days in 

early fall (ambient relative humidity mostly below 70%) [Bahreini et al., 2009]. 

Houston’s late summer climate, the time period investigated in this study, is hot and 

humid with shallow cumulus activity on many days and incidence of late afternoon 

thunderstorms. The shallow cumulus clouds encountered during GoMACCS were 

impacted by anthropogenic emissions [Lu et al., 2008; Small et al., 2009]. Evidence of 

aqueous-phase processing of power plant plumes was found in a TexAQS 2006 model-

measurement intercomparison study [Zhou et al., 2012] as SO2 was rapidly removed from 
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the plumes by clouds. 

3. Data and Methods 

3.1. Research Flights and Measurements 

3.1.1. CIRPAS Twin Otter Aircraft  

During GoMACCS, twenty-two research flights (between 21 August and 15 September) 

were conducted by the Center for Interdisciplinary Remotely-Piloted Aircraft Studies 

(CIRPAS) Twin Otter. Flights took place during the day. Cloudy conditions dominated 

the vast majority of flights and flight segments. The aircraft flight path was usually 

designed to profile individual clouds and cloud fields. The typical flight strategy included 

level flight legs below, within and above the cloud, long transit legs to and from points of 

interest, and slant and spiral soundings. Typically, clouds were encountered at altitudes 

between ~ 500 and 2500 m. 

Inorganic and organic acid measurements were carried out with a Particle-Into-Liquid 

Sampler (PILS) [Sorooshian et al., 2006a]. The PILS grows sub-micrometer particles into 

droplets sufficiently large to be collected by inertial impaction. The collected liquid 

sample is then delivered to vials on a rotating carousel, and analyzed off-line with ion 

chromatography. The time resolution of PILS measurements was ~ 5 min. The PILS 

samples were analyzed for sulfate and water-soluble organic acids, a detailed listing of 

which is given by Sorooshian et al. [2007a]. The detection limits of the PILS are 0.1 g 

m
-3

 for inorganic ions and 0.01 g m
-3

 for organic acids [Sorooshian et al., 2007a]. The 

present study focuses on oxalate, as it is ubiquitous in cloud-processed aerosol [Crahan et 
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al., 2004; Yu et al., 2005; Sorooshian et al., 2006b, 2007a, 2007b], is thought to have no 

gas-phase production mechanism [Warneck, 2003], and can serve as a tracer for aqueous-

phase chemistry [Sorooshian et al., 2010]. Aerosol organic and inorganic non-refractory 

components were measured by a compact Time-of-Flight Aerosol Mass Spectrometer (c-

ToF-AMS, hereinafter “AMS”) [Drewnick et al., 2005] with a detection limit of 0.05 g 

m
-3

 [Murphy et al., 2009]. During flight legs through clouds, the PILS and the AMS 

periodically sampled behind a counterflow virtual impactor (CVI) inlet in order to 

chemically characterize droplet residual particles. A sub-isokinetic aerosol inlet was used 

outside of clouds. All composition measurements are reported for ambient temperature 

and pressure conditions. 

Dry particle size distributions (dp = 10 – 700 nm) were measured with a Dual Automated 

Classified Aerosol Detector (DACAD) [Wang et al., 2003], at an averaging time of 73 s 

per scan. Size distributions of larger particles (100 nm - 2.5 m) and cloud droplets (2.55 

– 42.7 m) were obtained every second with a Passive Cavity Aerosol Spectrometer 

Probe (PCASP, PMS Inc., modified by DMT Inc.) and Forward Scattering Spectrometer 

Probe (FSSP, PMS Inc.), respectively. Number concentrations of particles were measured 

by two condensation particle counters (TSI CPC 3010, dp > 10 nm; TSI CPC 3025, dp > 3 

nm; time resolution of both: 1 s). The CPC 3010 also sampled droplet residual particles 

downstream of the CVI. Liquid water content (LWC, PVM-100 probe [Gerber et al., 

1994]) and several other meteorological variables (temperature T, dew point Td, relative 

humidity RH, wind direction and wind speed) were measured at 1 s resolution. 

Comprehensive lists of all instruments onboard of the Twin Otter aircraft are given by Lu 
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et al. [2008] and Parrish et al. [2009]. 

3.1.2. NOAA WP-3D Aircraft  

The NOAA WP-3D aircraft, which flew in the vicinity of the CIRPAS Twin Otter 

during GoMACCS (flight days between 11 September and 12 October), provided detailed 

gas and aerosol measurements that are summarized by Parrish et al. [2009; see Table 

A1]. In the present study, organic and sulfate concentrations measured by a c-ToF-AMS 

[Bahreini et al., 2009] as well as gas-phase measurements of sulfur dioxide (SO2) and the 

volatile organic compounds (VOCs) acetone, methacrolein (MACR), toluene and methyl 

vinyl ketone (MVK) are used. These VOCs are directly emitted or are oxidation products 

of parent hydrocarbons and are precursors to SOA. For example, MVK and MACR are 

oxidation products of isoprene, which react with ozone or OH to form smaller, highly-

water soluble species (e.g. methylglyoxal, glyoxal) that partition to the aqueous phase to 

generate SOA [e.g. Ervens et al., 2004]. A subset of the available VOC measurements are 

used as input to a cloud parcel model in order to simulate the most efficient SOA 

formation pathways in the aqueous phase of cloud droplets and aqueous aerosol. VOC 

data were obtained via Proton-Transfer Reaction Mass Spectrometry (PTR-MS, Ionicon 

Analytik) [de Gouw and Warneke, 2007]. Sulfur dioxide measurements were carried out 

with a TECO 43C-TL pulsed fluorescence instrument [Ryerson et al., 1998].  

3.2. Satellite Imagery 

GOES visible and radar images [http://www.esrl.noaa.gov/csd/metproducts/texaqs/] were 

used to determine the position of the aircraft relative to cloud fields and to help interpret 
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the flight data in a larger spatial and temporal context. Successive images (every 30 

minutes) were used to gain insight into the pre-conditioning (high or sustained cloud 

development, little cloud activity, precipitation) of the atmosphere before individual 

flights. 

3.3. Data Processing, Vertical Profiles and Composite Analysis 

Total AMS mass was calculated as the sum of all constituents measured by the AMS. 

During the research flights, sampling occurred inside and outside of clouds. The only in-

cloud aerosol measurements used in this study are those of cloud droplet residual 

particles sampled downstream of the CVI (i.e. PILS, AMS, and CPC 3010) and will be 

directly identified as such in the remainder of this study. In-cloud time periods were 

identified based on LWC (> 0.05 g m
-3

) and FSSP droplet concentration (> 2 cm
-3

). For 

flight segments over the sea at low altitude, this last criterion had to be relaxed to FSSP 

droplet concentration > 7 cm
-3

 to account for sea spray. In particular, particle size 

distributions are only used when obtained outside of clouds. This restriction is needed to 

ensure data quality: aerosol measurements that require the physical sampling of particles 

can suffer from problems, such as well-documented droplet shatter effects [Weber et al., 

1998], when taken within a cloud.  

Mission-average vertical profiles of aerosol chemical composition and meteorological 

variables were created by calculating the mean of all data taken within a particular 

altitude increment. For the high time-resolution measurements (AMS and meteorological 

data), the altitude increments were 100 m. Approximately 75 data points entered the 

average in each 100 m altitude bin. For the lower time-resolution PILS measurements, 
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the increments were 300 m, with about 26 data points (out-of-cloud sampling) and nine 

(CVI sampling) data points in each altitude bin.  

Vertical profiles of particle size distributions averaged by cloudy and cloud-free 

conditions were examined for systematic differences. For this purpose, data subsets were 

created by distinguishing two categories: (i) “clear”: data collected outside of shallow 

cumulus fields; and (ii) “cloudy”: measurements conducted on cloudy days in cloud-free 

air above, within and below shallow cumulus fields during slant and spiral soundings. 

Examples of the design of these categories are shown in Figure S1. Size distribution 

measurements and auxiliary meteorological variables falling into each category were 

averaged by 100 m altitude increments. The average vertical profiles of the category 

“cloudy” are averages over the 15 individual true vertical profiles measured during 

ascents and descents of the aircraft between (but not through) the individual shallow 

cumulus clouds. Not every vertical profile covered all altitudes and, on average, about 5 

data points entered the average of each 100 m altitude bin. Ascents and descents over 

large altitude ranges were typically not conducted on completely cloud-free days, with 

the exception of Flights 8 (over the Gulf of Mexico) and 20 (over land). The statistical 

category “clear” therefore consists of data from completely cloud-free days as well as 

from flight legs through cloud-free areas (outside of shallow cumulus fields) on days that 

were not completely cloud-free. The number of data points entering the average in each 

100 m altitude increment was variable, ranging from two to 80, with an average of nine 

data points per altitude bin. Figure 2 shows the average vertical temperature, dew point, 

and total humidity profiles for the two categories. Total humidity q, defined as the total 
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mass of water vapor and liquid water per kilogram of moist air, was calculated from 

measurements of RH, ambient pressure, T and LWC. The profiles reflect the overall drier 

air in clear conditions and the higher RH at cloud-relevant altitudes in cloudy conditions. 

When comparing the T and Td profiles for the category “cloudy” with the mission-

average (“all data”), it is evident that any averages over the entire dataset are more 

representative of cloudy than of clear conditions.  

3.4. Residual Cloud Fraction 

The clouds investigated during GoMACCS were found to be heavily impacted by 

entrainment at altitudes above the first few hundred meters above cloud base [Lu et al., 

2008]. Air parcels in the immediate vicinity of a cloud are therefore expected to have 

mixed with the cloud in their recent past and thus contain cloud-processed aerosol. In 

order to quantify the “cloud-processing history” of an air parcel, a new metric, the 

residual cloud fraction (fRC) is introduced. It is defined along a flight leg at constant 

altitude through a shallow cumulus cloud field and calculated from the total humidity q. 

We assume that the air encountered along the level flight leg is at all times a mixture of 

two distinct air masses (with varying relative contributions): detrained in-cloud air and 

ambient, cloud-free background air. The lowest values of q found along that level flight 

leg are assumed to be representative of the ambient, cloud-free air, whereas the highest 

values of q represent the core region of the cloud at that altitude (i.e. in-cloud air). The 

residual cloud fraction is defined as 
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fRC = (q - qe)/(qc - qe)   with qe < q < qc     (1) 

 

where q is the measured total humidity (g kg
-1

), and qe and qc are representative total 

humidities for cloud-free and in-cloud air, respectively. The fRC thus relates the absolute 

humidity encountered at a particular point during a level flight leg to the characteristic 

total humidity inside the nearby clouds and, as opposed to RH, is independent of T. Low 

values of fRC in an air parcel indicate that it has not recently been part of a cloud, while 

higher values indicate an increased likelihood that it has undergone recent cloud 

processing. The reference values qe and qc were calculated as the 5
th

 percentile of out-of-

cloud specific humidity values and the 75
th

 percentile of in-cloud total humidity values. 

This choice of statistical parameters was largely in the interest of achieving “workable” 

numerical values of fRC. More specifically, in-cloud total humidity, defined as the sum of 

specific humidity and LWC, varies over a much larger range than out-of-cloud total 

humidity, for which LWC is negligible.  

3.5. Cloud Parcel Model 

Simulations of chemical processing of aerosols were performed with a cloud parcel 

model [Feingold and Heymsfield, 1992] in order to help interpret the observed aerosol 

chemical data. The model treatment of inorganic and organic multiphase chemistry is 

described in detail by Ervens et al. [2004]. Briefly, sulfate aerosol particles with a defined 

mass concentration size distribution are tracked on a moving size grid along trajectories 

passing through clouds. After activation of the particles into cloud droplets, the model 
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explicitly describes the uptake of gaseous soluble compounds into the droplets and SOA 

and sulfate production in the droplets from these precursors. The model runs in this study 

differ from those in previous studies in the following aspects: (i) The trajectories driving 

the model air parcels were derived from Large Eddy Simulation (LES) of shallow 

cumulus fields (as opposed to stratocumulus trajectories in prior studies [Sorooshian et 

al., 2006b]. The properties of these LES cumulus fields compared well with the cloud 

fields observed during GoMACCS [Jiang et al., 2008]. Two-hour segments of three LES 

trajectories, representative of observed cloud altitudes, were selected as model input. The 

trajectory segments were repeated in order to simulate multiple cloud cycles; one cloud 

cycle per trajectory was selected for analysis. (ii) A mechanism for SOA formation in 

aerosol water, described by Ervens and Volkamer [2010], was added for trajectory 

segments in which RH ≤ 95%. The mechanism includes oligomer formation, which is 

favored in the small water volumes in deliquesced aerosol particles. At RH > 95%, 

particles are assumed to be too dilute to allow for efficient oligomer formation. This RH 

limit was chosen somewhat arbitrarily; however, laboratory studies of aqueous aerosol 

SOA formation were performed at much higher solute concentration than encountered in 

the dilute particles above 95% RH. Thus, reaction parameters for this intermediate 

dilution regime are highly uncertain. Wet aerosol SOA formation in interstitial particles 

within clouds is not considered since these particles contain negligible amounts of liquid 

water.  

The initial concentrations of the gaseous precursors, SO2, toluene and isoprene, were 1.5, 

5 and 3 ppb, respectively. Initial mixing ratios of oxidants were 80 ppb for O3, 20 ppb for 
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NOx, 0.5 ppb for H2O2, and 0.2 ppb for HCHO. These values are typical for ‘downtown 

plumes’, identified by Bahreini et al. [2009]. The three precursors were not replenished 

over the course of the simulations. The initial aerosol population consists of ammonium 

sulfate particles in a total concentration of 10 g m
-3

, a fairly typical value for the region 

[Sorooshian et al., 2007a; Bates et al., 2008]. The reported sulfate refers to the sulfate 

that is predicted to have formed in cloud droplets upon initialization. Since sulfate 

formation scales with LWC, its formation in wet aerosol particles is not considered. Its 

contribution is expected to be negligible due to the much lower amount of water in wet 

aerosols than in cloud droplets. For wet aerosol SOA production, the produced species 

are ~ 20% oxalate and 80% oligomers, based on laboratory studies of photochemical 

aqueous phase processing of glyoxal [Lim et al., 2010]. This ratio has not been evaluated 

for atmospheric conditions; however, many laboratory studies agree that the fraction of 

oligomers exceeds that of small monomeric dicarboxylic acids in highly concentrated 

solutions such as aerosol water [e.g. Tan et al., 2009; Lim et al., 2010]. Since the 

branching ratio of oligomers to monomeric dicarboxylic acids is highly uncertain, we do 

not draw any strong conclusions on the source strength of oxalate formation in clouds 

versus wet aerosol. All aqueous SOA products are assumed to be further oxidized in the 

aqueous phase. Aside from this chemical sink, the model does not include any aerosol 

loss processes (e.g. deposition, dilution). These limitations of the parcel model might lead 

to an overestimate of predicted masses that are formed in aqueous phase. In reality, 

particles might be removed within clouds, or air might be diluted by cleaner and/or drier 

air, leading to decreased particle number concentrations and total mass.  
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4. Results and Discussion 

4.1. Vertical Profile of Particle Volume 

Vertical profiles of dry particle volume distributions for the cloudy and clear categories 

are shown in Figure 3. For the ascents and descents on cloudy days, the particle volume 

concentration in the accumulation mode is more evenly distributed than in the “clear” 

category over the examined altitude range. In the “clear” category, the accumulation 

mode volume is high in the lowest 2000 m and drops off above that level (Figure 3a). 

Average sub-micrometer volume concentrations in the two categories were calculated by 

integrating over the average volume distributions for selected altitudes. At an altitude of 

450 m, well below typical cloud base altitudes, the volume concentration for cloudy 

conditions was found to be 5.4 ± 0.9 µm
3
 cm

-3
; for clear conditions it was 7.3 ± 0.8 

µm
3
 cm

-3
. For an altitude of 2850 m, above typical cloud-top heights, the volume 

concentrations for cloudy and clear conditions were 1.8 ± 0.3 and 0.9 ± 0.2 µm
3
 cm

-3
, 

respectively. Thus, the sub-micrometer particle volume concentration aloft was found to 

be 34% of that close to the surface for cloudy conditions, compared to 13% for clear 

conditions. The “clear” category is characterized by somewhat higher overall particle 

concentrations, in particular at smaller sizes at lower altitudes. This is likely due to less 

efficient particle removal by wet deposition and scavenging than on cloudy days. Also, 

on clear days, gas-phase photochemistry may eventually lead to higher particle 

concentrations at lower altitudes not shaded by clouds. The masking effect of overall 

higher particle concentrations in clear conditions is removed by a normalization 

procedure: for each category, the average volume distributions in the individual altitude 



 

143 

bins were divided by the respective average volume distribution for the lowest 600 m. 

Figure 3b shows that the bulk of the accumulation mode volume during clear conditions 

is concentrated in the lower parts of the atmosphere, whereas it is higher (relative to the 

near-surface layers) in cloudy conditions. This effect is even more obvious in the 

difference (cloudy - clear) of the normalized volume for the two categories, presented in 

Figure 3c. The normalized volume difference for the accumulation mode (Figure 3c) 

yields largely positive values, a clear manifestation of relatively higher abundance of 

aerosol volume aloft on cloudy days. Negative values occur mostly at smaller particle 

sizes, particularly at lower elevations, and can be explained by more effective gas-phase 

photochemistry in clear conditions due to the absence of cloud shading, and by a less 

abundant liquid phase as a sink for precursor gases. The normalized volume difference 

has the largest positive values for accumulation mode particles. This indicates a change in 

the size distribution featuring a more pronounced and larger accumulation mode relative 

to the surface in cloudy conditions. Cloud processing can explain this change in the size 

distribution as it adds mass to the droplet mode [e.g. John et al., 1990; Ervens et al., 

2011; Hersey et al., 2011]. The high accumulation mode volume concentrations aloft 

relative to low layers in cloudy conditions likely result from the transport of particles and 

precursor gases from the near-surface regions to higher levels in updrafts associated with 

cumulus convection and from the added particle volume through cloud and aerosol 

aqueous phase processing.  

An alternative explanation could attribute the abundance of accumulation mode particles 

aloft simply to advection of different air masses: the air mass history in a meteorological 
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regime giving rise to cumulus convection could be a different one than that leading to 

clear conditions. In order to further explore this possibility, three-day HYSPLIT [Draxler 

and Rolph, 2012] back-trajectories based on three ending altitudes (500, 1000 and 3000 

m) were investigated for the times and locations entering the composite averages (Figure 

S2). The “clear” category tends to be associated with trajectories from the continent, 

whereas trajectories associated with the “cloudy” category usually spend at least some 

time over the ocean. The effect is less pronounced at the highest elevation (3000 m), 

where the largest difference between the two categories is found. Air masses from the 

land are expected to contain more rather than less overall particle volume than those 

coming from the sea [Bates et al., 2008]. For elevations above 2000 m, however, the 

observations in Figure 3 show the opposite behavior. Furthermore, on some days, the 

plane flew descents and ascents between clouds (the data of which entered the cloudy 

category) preceded or followed by flight legs outside of shallow cumulus fields 

(providing data for the clear category). This increases the likelihood that the presence and 

absence of clouds is indeed the most fundamental aspect dividing the clear and cloudy 

categories for the purpose of aerosol characterization. Entrainment of substantial amounts 

of accumulation mode aerosol from the free troposphere into the boundary layer is 

unlikely to explain the observations: particle concentrations in the free troposphere are 

too low (average sub-micrometer volume concentration for altitudes > 4000 m = 

0.55 ± 0.14 µm
3
 cm

-3
). Cumulus convection thus has a clear impact on the vertical 

distribution and higher-altitude abundance of accumulation mode particles. 
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4.2. Vertical Distribution of Aerosol Composition 

At cloud altitudes, aqueous-phase processing may influence particle concentrations and 

chemical composition. Vertical variability of chemical components and ratios between 

total non-refractory organic mass, sulfate and oxalate were examined for signs of such 

influences. Mission-average vertical profiles of chemical components measured behind 

the sub-isokinetic total aerosol inlet are shown in Figure 4. As discussed in Section 3.3 

and shown in Figure 2, such averages over the entire out-of-cloud dataset best represent 

the aerosol particle composition in cloudy (rather than clear) conditions. The absolute 

concentrations of sulfate, organic and oxalate show an even distribution up to an altitude 

of about 2500 m and a decline above that altitude (similar to the accumulation mode 

volume concentrations in Figure 3a). The sulfate and organic mass fractions (sulfate:total 

AMS mass and organic:total AMS mass, respectively) are relatively stable across all 

altitudes. In contrast, the relative contribution of oxalate to the organic mass increases 

with altitude and reaches a maximum at 3450 m (8.8% vs. 1.8% at 450 m), well above 

the altitude at which overall particle concentrations decrease. The ratio oxalate:sulfate
 

shows a similar behavior, increasing from 0.01 at 450 m to 0.09 at 2850 m. In the cloud 

droplet residual particles measured behind the CVI, oxalate:sulfate ranges from 0.01 – 

0.23. The ratios of oxalate:sulfate and oxalate:organic are higher than those measured 

downstream of the total aerosol inlet by factors of up to four and 13, respectively, 

showing a signature of in-cloud production of oxalate.  

The vertical profiles of oxalate:organic are an indicator of the influence of clouds on 

aerosol chemistry: the ratio is expected to be higher in the vicinity of clouds than in 
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cloud-uninfluenced aerosol due to the addition of cloud-processed particles and due to 

elevated RH (both a result of detrainment), which favors SOA formation in aerosol water. 

The ratio is highest in cloud droplet residual particles, corroborating this interpretation. 

The ratio of oxalate:sulfate follows a similar behavior as oxalate:organic in spite of the 

fact that sulfate is produced in the aqueous phase as well. The increase of oxalate:sulfate 

with altitude may be explained by different time scales of production and the vertical 

distribution of precursor gases. While sulfate is produced in a one-step mechanism 

(sulfur(IV) oxidation by H2O2 or O3), oxalate production requires multiple reaction steps 

(such as oxidation of glyoxal to glyoxylic acid, which gets further oxidized to oxalate) 

leading to longer formation time scales [Ervens et al., 2004]. Furthermore, SO2 is the 

direct precursor for sulfate whereas aqueous SOA precursors (glyoxal and methylglyoxal) 

are oxidation products of VOCs. The reaction mechanism for sulfate starts closer to the 

surface and earlier in the convective transport process than the mechanisms for aqueous 

SOA, whose precursors may only be available in higher layers. Sulfate formation rates, 

and the associated SO2 removal may be more efficient in the lower part of the clouds 

compared to VOC removal associated with SOA formation. As SO2 gets depleted with 

time and increasing cloud altitude, sulfate formation rates may slow down, whereas 

organic mass might be continuously produced over longer time and spatial scales in the 

cloud. These trends provide important insight into the impact of clouds on chemical 

composition. However, there is a need for more data especially at high altitudes (above 

clouds and free troposphere). Measurements at these altitudes contribute a small fraction 

to the total dataset in this study. In particular, ratios of chemical components, which, at 
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higher altitudes, are ratios of smaller numbers, should be better constrained in future 

studies by acquiring larger datasets. 

4.3. Influence of Clouds on Vertical Profiles: Case Studies 

Individual vertical profiles from measurements – the result of ascents and descents during 

three flights (Flights 8, 12, and 16) allow comparisons between different locations and 

environmental conditions.  

Case study 1 (Figure 5) is an investigation of aerosol largely uninfluenced by clouds. The 

two vertical profiles, measured during Flight 8, correspond to an ascent over the Gulf of 

Mexico, and a descent partially (lower 2500 m) over land, which took place on a clear, 

cloud-free and calm day (low vertical wind speeds at the higher altitudes in both 

profiles). Profile 1 features a well-defined marine boundary layer in the lowest 400 m 

with constant potential temperature θ, high RH, and relatively high turbulence in the 

vertical wind (w) profile. Marine concentrations (profile 1) of super-micrometer particles 

(PCASP volume) are comparable to those measured over land (profile 2), most likely a 

manifestation of sea spray aerosol. In contrast, sub-micrometer particle number 

concentrations (CPC) and volume (DACAD) concentrations are substantially lower in the 

marine profile than over land (Figures 6 and 7). Concentrations of sulfate are much lower 

than in the other case study flights, and oxalate remained below the detection limit for the 

marine profile. Low concentrations of total organic acids (mostly methanesulfonic acid) 

are reported instead. During the descent over land, oxalate was measured at the 

comparatively low concentration of 0.03 μg m
-3

.  
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Case study 2 (Flight 12, Figure 6) considers a day with high cloud activity: clouds were 

present in the area since sunrise and had been for the majority of the previous day (GOES 

visible), but precipitation was negligible. The structure of the boundary layer is clearly 

visible in the vertical profiles of θ, w, PCASP volume concentration, and q: a surface 

layer (high PCASP volume, turbulence, constant q and θ) reaches up to ~ 1000 m 

(increase of θ indicating increasing stability with a sharp decline in all other parameters), 

followed by a mixed layer up to ~ 2800 m, and the free troposphere above 2800 m 

(further sharp decline in several aerosol and meteorological parameters). Absolute 

concentrations of oxalate, sulfate, and organic mass are highest at typical cloud altitudes 

(oxalate concentrations up to 0.18 μg m
-3

). The ratio of oxalate:sulfate, oxalate:organic 

and organic:total AMS mass are highest in the free troposphere - oxalate:sulfate up to 

0.032, and organic mass fraction up to 0.51. The ratios of oxalate:sulfate and 

oxalate:organic increase throughout the mixed layer, consistent with in-cloud SOA 

formation. The decrease of the organic fraction (organic:total AMS mass) at mid-

elevations (~ 1000 – 3000 m) is most likely a function of fast in-cloud production of 

sulfate. The vertical profile of volume distributions shows that particle volume 

concentrations are high and the shape of the distribution is consistent across all altitudes 

until cloud-top.  

Case study 3 (Figure 7) directly investigates oxalate-enriched particles left behind by an 

evaporated cloud. Flight 16 included a spiral descent through an air mass that had 

previously been occupied by a cloud, as confirmed both visually and by GOES satellite 

imagery. Particle volume concentrations in the accumulation mode are consistently high 
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up to an altitude of about 3000 m, corresponding to cloud-top altitude during the rest of 

the flight. Just as in case study 2, the organic fraction experiences a decrease when the 

sulfate fraction increases at cloud altitudes, and absolute oxalate and sulfate 

concentrations are highest at cloud altitudes. Oxalate concentrations reached 0.41 µg m
-3

, 

among the highest oxalate concentrations measured in the entire campaign, pointing at a 

large contribution of cloud-processed particles to the encountered ambient aerosol. 

During the remainder of the flight, oxalate concentrations were below 0.2 µg m
-3

. Ratios 

of oxalate:organic, oxalate:sulfate and the organic fraction show an increase up to an 

altitude of 2000 m. 

Three key observations in the two cloudy profiles clearly show that clouds play a large 

role in re-distributing overall aerosol concentrations, moisture, sulfate, and organic 

aerosol mass: (i) Absolute concentrations of oxalate and sulfate are high at cloud-relevant 

altitudes, most likely a result of aqueous-phase production in clouds or wet aerosols; (ii) 

accumulation mode particle concentrations are evenly distributed up to cloud-top, 

confirming the overall vertical trend discussed in Section 4.1; and (iii) the ratio of oxalate 

to both organic and sulfate is highest in the free troposphere (case study 2). In an 

environment governed by shallow cumulus convection, this observation can be explained 

by detrainment of cloud-processed aerosol and potentially ongoing aging processes aloft 

(discounting an unknown organic aerosol source in the free troposphere itself). 

Convective re-distribution can transport oxidants such as ozone into higher layers [e.g. 

Langford et al., 2010, 2011], enabling further oxidative processing of aerosols. The 

possibility of cloud-top detrainment is further explored in the next section. 
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4.4. Observations above Cloud Top 

Two case studies, each examining a level flight leg above clouds, are examined for 

indications of cloud-top detrainment of particles, gases, and moisture. Time series of 

particle number concentrations and chemical composition during two flight legs just 

above cloud-top are shown in Figure 8. For both cases, the altitude of the aircraft was 

constant within 40 m. Liquid water content is low (< 0.015 g m
-3

), assuring that the 

aircraft did not dip in and out of cloud-tops, but was indeed at all times located above the 

cloud. Total humidity q was unavailable for Flight 16. 

Increases in sulfate, organic mass and particle number concentrations are encountered in 

two instances during the level leg in Flight 16. For Flight 6, similar spikes were observed 

in two consecutive overpasses above the same cloud-top location. Nucleation events are 

unlikely to be the reason for these spikes: they would cause a high small particle fraction, 

which would show in an increased difference between the concentrations measured by 

the two CPCs with different lower cutoff sizes. This was not observed (Figure 8). 

Furthermore, there is insufficient mass in nucleation mode particles to explain the 

observed jumps in the mass concentrations of the chemical constituents. The elevated 

concentrations of q (Flight 6) and sulfate indicate that these regions of high 

concentrations may be cloud-top detrainment zones. As shown in Figure 7, the cloud-top 

during Flight 16 is slightly over 3000 m. In the shallow cumulus regime, cloud top often 

marks the top of the boundary layer; therefore, the flight leg in Figure 8 shows an 

example of moisture and aerosol transport from the boundary layer into the free 

troposphere. The results of these case flights can be explained by clouds transporting 
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aerosols and converting soluble gases to SOA and sulfate. 

To further explore this last possibility, the vertical abundance of gases relevant to 

aqueous-phase aerosol production, along with concentrations of organic and sulfate, are 

examined. A case study from an independent flight by the NOAA WP-3D aircraft on 16 

September 2006 examines a stack of level flight legs with decreasing altitudes passing 

through a zone of elevated concentrations of SO2, acetone, toluene, and the sum of 

methyl vinyl ketone and methacrolein (MVK+MACR). Figure 9 clearly shows the 

presence of increased particulate sulfate and organic mass together with some of the 

precursors for their aqueous phase production. The zone extends through a vertical range 

of 1500 m. Convection in shallow cumulus fields, which were prevalent in the area 

during the time of the flight, likely caused the upward transport of the particles and 

precursor gases found in this zone. SOA above clouds may have been transported there or 

originated from formation of gas-to-particle conversion during transport of VOC plumes 

such as the one shown in Figure 9. The simultaneous presence of products and precursors 

of aqueous-phase processes through a wide range of altitudes (Figure 9) indicates that 

above-cloud SOA can be a result of aqueous phase processing of the VOCs followed by 

particle detrainment from the cloud-top or of gas-to-particle generation SOA above cloud 

top after detrainment of VOCs (Figure 8). These case study results provide additional 

support for cloud processes modifying vertical profiles of sulfate and organic aerosol, 

especially at cloud-relevant altitudes and higher. To assist future studies quantifying 

cloud effects on aerosol properties in cloud-free air, a new metric is introduced in the next 

section to quantify the “cloud processing history” of aerosols.  
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4.5. Residual Cloud Fraction and Chemical Composition  

The residual cloud fraction fRC (Eq. 1) was designed to estimate the “cloud history” of an 

air mass without the need to visually confirm the location of evaporated clouds. Cloud 

processing of aerosols should be visible as changes in chemical composition with varying 

fRC. Five suitable flight legs from Flights 14 and 22 were chosen to test fRC. Values for fRC 

in those flight legs ranged between 0.0 and 0.3. Figure 10 shows the behavior of organic, 

oxalate, and sulfate masses and selected ratios as a function of fRC. Absolute 

concentrations of all three components (top panel) and the organic mass fraction (center 

panel) increase with higher fRC and are accompanied by a decrease in the sulfate mass 

fraction (Figure 10, center panel). In as much as the basic assumption for fRC – the air 

along a level leg through a cloud is at all times a mix of in-cloud humid and out-of-cloud 

drier ambient air – is applicable, the increased organic mass fraction in air parcels with 

higher fRC can be a result of several processes: (i) higher organic mass fractions in 

particles detrained out of clouds, due to either in-cloud aqueous phase production or 

passive transport of aerosol with high organic fractions by the dynamic processes of 

cloud convection; (ii) production of SOA in aerosol water at high RH resulting from the 

detrainment of moisture from the cloud, with precursors either present in the ambient air 

or detrained out of the cloud; and (iii) entrainment of drier, free tropospheric aerosol 

(contributing to the “dry end” of fRC) with a lower organic mass fraction. However, this 

last explanation is unlikely, since organic mass fractions are not necessarily expected to 

be lower in the free troposphere than in the boundary layer (e.g. Figure 6). In either of the 

cases (i) and (ii), the re-distribution of aerosols or precursors by clouds is the key 
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mechanism explaining the changes in chemical characteristics of the aerosol with fRC.  

Similarly, discounting entrainment of free tropospheric air as argued above, the increase 

of absolute concentrations of organic and sulfate may be driven by (i) overall increased 

particle mass from upward transport of higher particle concentrations from atmospheric 

layers closer to the surface in the cloud convection, or (ii) aqueous phase production of 

sulfate and SOA. The increase of oxalate with fRC suggests that aqueous-phase production 

of aerosol mass is at least partly responsible for the increase in sulfate and organic 

concentrations and organic mass fractions. The decreasing trend in the sulfate mass 

fraction and the increase of oxalate:sulfate with fRC are likely a result of the different time 

scales of aqueous-phase production processes as discussed in section 4.2. The bottom 

panel of Figure 10 shows the corresponding increase of organic mass relative to sulfate, 

in addition to an increase in oxalate:sulfate. Thus, fRC is shown to be a useful tool to 

leverage in future work to study the degree of influence of cloud processing and cloud 

transport in shaping aerosol properties in clear air. This first investigation of fRC is 

somewhat limited by the constraint on the flight path, most importantly the condition that 

the plane reach a pocket of relatively dry background air along the same level leg that 

went through a cloud. Further investigations are warranted to build a greater inventory of 

data across a wider range of conditions. 

4.6 Model Predictions of Wet Aerosol and Droplet Chemistry 

The cloud parcel model was used to gain insight into the chemical signature of aqueous 

phase production of sulfate and oxalate. Despite great uncertainties regarding chemical 

mechanisms of SOA formation in aerosol water, our results point to an important role of 
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such processes in the vicinity of clouds where RH is high. Since the model results suggest 

that SOA production in aerosol water can be at least as efficient as in-cloud SOA 

production (despite the much smaller liquid water contents) due to different chemical 

pathways that favor oligomer formation [Ervens et al., 2011], these air masses may be a 

relevant source of SOA [Tan et al., 2009; Lim et al., 2010; Tan et al., 2010, 2012]. SOA 

mass produced in clouds is predicted to be composed of ~80% oxalate and ~20% 

pyruvate. A similar ratio was found in model simulations with different initial conditions 

and thus might be regarded as a typical branching ratio for a wide range of conditions 

[Ervens et al., 2004]. Figure 11 presents the model results for the second and third cloud 

cycles of three representative air parcel trajectories. For the actual southeastern Texas 

environment, it is unknown how many cloud cycles the aerosols experienced prior to 

sampling; but given the frequent and continuous formation of shallow cumulus clouds, it 

was presumably more than one. The altitudes reached by the model air parcels in the 

three representative trajectories are 1938 m (Trajectory 1), 1981 m (Trajectory 2) and 

2820 m (Trajectory 3). Only a minor fraction of the two-hour cycle is spent in clouds (7, 

3 and 12 minutes for Trajectories 1, 2, and 3, respectively; Figure 11a); thus, wet aerosol 

chemistry is at work for a much longer time than processes in cloud water. Absolute 

concentrations of oxalate only increase substantially during in-cloud sections and range 

between 0.5 and 2 g m
-3

 for the three trajectories at the end of their cycles (Figure 11b). 

The ratio of oxalate:sulfate shows a similar behavior and reaches maximum values of 

0.035 - 0.12 for the end of the cloud cycle. The increase of this ratio is the result of the 

longer formation time of oxalate relative to that of sulfate. The ratio approaches a 
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constant value as the precursors for both species get depleted. Model predictions of 

altitude-dependent oxalate:sulfate (~ 0.12 at 3000 m, Figure 11c) are in agreement with 

the measurements (~ 0.09 at 2800 m outside of clouds, up to ~ 0.2 in cloud droplet 

residual particles, Figure 4e). The model overpredicts absolute oxalate concentrations by 

about an order of magnitude (up to 2.1 g m
-3

) versus measured concentrations of up to 

0.41 g m
-3

 in the evaporated cloud of case study 3 (Section 4.3). This is due to the many 

physical loss mechanisms and exchange processes between the cloud and the ambient 

aerosol, which are not taken into account in the model. In addition, chemical oxalate 

sinks, such as the photolysis of iron-oxalate-complexes [Faust and Zepp, 1993], which 

might also cause a decrease of oxalate, are not included in the model.  

In this model study we imply that the findings from laboratory studies [Tan et al., 2009; 

Lim et al., 2010; Tan et al., 2010, 2012], in which a clear predominance of oligomer 

formation over oxalate formation in concentrated solutions (aerosol water) was observed, 

can be extrapolated to atmospheric conditions. The model predicts only minor formation 

of oxalate outside of clouds, supporting the use of oxalate as a cloud-processing tracer 

(Figure 11d). However, for total aqueous phase SOA (mostly oligomers), the model 

suggests that production in wet aerosol in the vicinity of clouds is more important in 

terms of mass production. Before the air parcel enters the cloud, organic concentrations 

reach as high as 2.8 g m
-3

 (Trajectory 3), as a result of wet aerosol processing (Figure 

11e). During transit through the cloud, the production of total organic mass (a 30% 

increase after cloud processing) is dominated by oxalate formation (increase by a factor 

of 2). In-cloud produced organic mass starts to dominate over wet-aerosol organic mass 
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in the later parts of the cycle (Figure 11f). This may partly be a result of further oxidation 

of oligomers in wet aerosols in the out-of-cloud time periods, acting as a sink for SOA. 

Oxalate and pyruvate, produced in cloud droplets, are also subject to further oxidation 

while dissolved in a cloud droplet, but not in wet aerosols, where they are likely present 

as salts. Since the in-cloud periods are much shorter than the out-of-cloud periods, further 

oxidation as a sink for oxalate and pyruvate is not very efficient. Note that SOA 

processing in wet aerosol is associated with large uncertainties since (i) kinetic data for 

oligomer oxidation are not readily available and (ii) it is assumed that oxalate forms salts 

in wet aerosol particles and is not further processed.  

The model predictions show that cloud processing can strongly alter the chemical 

composition and mass of the organic fraction in aerosols, which consequently alters the 

particle size distribution. The increase of oxalate mass after transit through the model 

cloud is in agreement with the measured high oxalate concentrations in the evaporated 

cloud (Figure 7) and the increased contribution of oxalate to the organic fraction in cloud-

droplet residual particles (Figure 4). The increasing trend of oxalate:sulfate with ongoing 

cloud processing in the model mirrors the increasing ratio of oxalate:sulfate as a function 

of altitude (Figures 4 and 6), in cloud droplet residual particles (Figure 4), and as a 

function of residual cloud fraction (Figure 10). This corroborates that both the vertical 

profiles and the high values of this ratio above cloud top are best explained by aqueous-

phase processing in cloud droplets. Furthermore, the model prediction of substantial SOA 

production in wet aerosols also points at a crucial role of shallow cumulus convection in 

the organic budget in the southeastern Texas atmosphere: the re-distribution of bulk 
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aerosol (Figure 3, 6 and 7) and precursor gases (Figure 9) to cloud-relevant altitudes 

exposes these “ingredients” to high RH in and around the shallow cumulus clouds. In the 

ensuing hygroscopic growth, oligomer formation (as predicted by the model) can add 

organic mass to the particles. The continuing cycle of convection and formation of 

shallow, non-precipitating clouds, which are soon subject to (partial) evaporation, leaves 

ample time and opportunity for this process to take its course. While the understanding of 

this SOA source is still in its infancy, our study compares for the first time the possible 

relative contributions of SOA formation in clouds versus aerosol particles on a process 

level. The findings suggest that the vertical profiles of oxalate are dominated by in-cloud 

processing, and that the overall organic profile may be heavily influenced by SOA 

formation in wet aerosols.  

5. Conclusions 

We investigated the role of shallow cumulus convection in aerosol re-distribution, aerosol 

and gas transport from the boundary layer into the free troposphere, and aqueous-phase 

sulfate and SOA formation, using in-situ aircraft measurements and cloud model 

predictions. Composite average vertical profiles of measured accumulation mode particle 

volume in cloudy and clear conditions were compared. In cloudy conditions, particle 

volume distributions showed a more even vertical distribution than in clear conditions. 

Averaged sub-micrometer particle volume in cloudy conditions showed a decrease by 

66% from near surface layers (below 450 m) to typical cloud-top altitudes (2850 m) as 

opposed to a decrease by 87% in clear conditions. Both averages and case studies of 

vertical profiles of aerosol chemistry showed that while absolute concentrations of the 
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chemical components generally decrease with altitude, organic and sulfate mass fractions 

remained largely constant throughout the altitudes. However, the ratios of the aqueous 

chemistry tracer oxalate to both sulfate and organic increased with altitude. This indicates 

that it is important to consider changes in organic functionality of particles as a function 

of altitude, which may influence their overall hygroscopic and radiative properties. Zones 

of possible cloud-top detrainment of moisture, aerosols and gaseous precursors of 

aerosols were identified. The presence of sulfate and SOA precursor gases at cloud-

relevant altitudes was confirmed, pointing to the important role that clouds play in 

promoting secondary aerosol formation in and above cloud tops and in the free 

troposphere. The residual cloud fraction was introduced as a metric for the extent to 

which an air mass has been influenced by nearby clouds. Organic mass fractions 

increased together with oxalate:organic and oxalate:sulfate as a function of residual cloud 

fraction. A cloud parcel model was used to gain insight into the importance of in-cloud 

sulfate and SOA formation and wet aerosol aqueous SOA production. The predictions of 

the cloud parcel model are in good agreement with observed trends of the ratio 

oxalate:sulfate in cloud droplet residual particles. The model results raise confidence in 

aqueous SOA formation being the best explanation for the observations. The comparison 

of model trends with observations indicate that in the Houston atmosphere, vertical 

profiles of oxalate are governed by in-cloud formation. The model further suggests that in 

addition to oxalate formation, which is only a small contribution to overall organic mass, 

oligomer formation in wet aerosols may contribute substantial amounts of aqueous SOA 

and heavily influence the vertical distribution of organics. 
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This study has shown that shallow cumulus clouds are instrumental in shaping the 

vertical profiles of aerosol chemical composition and size distributions, SO2 and SOA 

precursor gases. While each individual observation presented in this paper may be 

explicable by processes other than those connected to shallow cumulus convection, the 

combination of the observations is most easily explained by transport of aerosols to 

higher altitudes and into the free troposphere by shallow cumulus convection and 

production of SOA and sulfate mass in cloud droplets and wet aerosols.  
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Figure 1. Map of the study area and flight tracks for flights explicitly discussed. 

Numbered flights refer to CIRPAS Twin Otter flights, the flight track of the NOAA WP-

3D is shown in pink. 
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Figure 2. Vertical profiles for temperature (T), dew point (Td) for (a) the cumulative 

dataset (“all data”), (b) the meteorological category “cloudy”, (c) the category “clear”, 

and for (d) total humidity (q). Averages over all data most accurately represent cloudy 

conditions.  
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Figure 3. Average vertical profiles of aerosol volume distributions for ascents and 

descents in cloud-influenced air (“cloudy”) and for flights and flight legs in clear air 

(“clear”). Volume distributions were calculated from measured DACAD dry size 

distributions. (a) Aerosol volume distributions, (b) aerosol volume distributions 

normalized by low level (< 600 m) average volume distributions, and (c) difference in 

normalized volume between cloudy and clear conditions. In cloud-influenced air, the 

aerosol volume is more evenly distributed across the altitudes.  
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Figure 4. Average vertical profiles (mission average) of (a) AMS organic and sulfate 

mass concentrations, (b) PILS oxalate, and (c-e) selected ratios. Gray lines in (a) and (b) 

represent standard deviations. While absolute concentrations decrease with altitude, 

organic and sulfate mass fractions remain stable and ratios of oxalate to both organic and 

sulfate mass increase with altitude, regardless of whether droplet residual particles (CVI) 

or aerosol outside of clouds (main inlet) were sampled.  
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Figure 5. Vertical profiles of meteorological parameters and aerosol measurements for 

two descents during Flight 8. In Figures 5 - 8, sulfate concentrations derive from AMS 

measurements unless otherwise indicated. The first descent occurred over the Gulf of 

Mexico, the second partially over land, from an altitude of 2500 m to landing. Oxalate 

concentrations were below detection limit in these soundings, and total organic acid 

concentration is reported instead.  
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Figure 6. Vertical profiles of meteorological parameters and aerosol measurements for an 

ascent during Flight 12 (high cloud activity, over land). FSSP cloud droplet number 

concentrations are plotted for the entire flight, for the purpose of identifying the altitude 

range of the cloud layer, and were negligible during the actual ascent. 
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Figure 7. Vertical profiles of meteorological parameters and aerosol measurements for a 

descent through an evaporated cloud during Flight 16. Oxalate concentrations measured 

during the remainder of the flight are shown for comparison (open circles). FSSP plot as 

in Figure 6. 
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Figure 8. In above-cloud level legs, potential detrainment zones (shaded areas) are visible 

as large jumps in CPC particle concentrations, sulfate and organic concentrations, and, in 

the case of flight 16, total humidity q (q was unavailable for flight 6). 
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Figure 9. Concentrations of volatile organic compounds, AMS organic, and AMS sulfate 

from the NOAA WP-3D flight (16 September 2006) on a stack of level flight legs. A zone 

of elevated concentrations is observed at cloud-relevant altitudes. 
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Figure 10. Increase of organic, sulfate, and oxalate as well as selected fractions with 

increasing “cloud history” of the aerosol, indicated by increasing values of residual cloud 

fraction fRC. The presence of oxalate is a signature of aqueous phase processing of the 

aerosol in cloud-influenced air. Increases in organic mass fractions may originate from 

aqueous-phase processing in both cloud drops and wet aerosols. 
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Figure 11. Parcel model predictions of aqueous phase production of sulfate (in clouds) 

and SOA mass (in clouds and wet aerosol) along typical trajectories for cumulus 

convection. “Organic” and “Sulfate” refer to the aerosol masses formed in the aqueous 

phase. For Trajectories 1 and 2, the third cloud cycle is shown, for Trajectory 3, the 

second cloud cycle is shown. Products of in-cloud (subscript “cloud”) and wet aerosol 

(subscript “aer”) chemistry accumulate with time spent in the cloud cycle. In-cloud 

production dominates for oxalate, but not for other organic species. 
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Supplementary Material 

 

Figure S1.  Examples of selection of flight legs contributing to the “clear” and “cloudy” 

categories. Flight stretches through cumulus fields (blue bordered flight track) 

contributed to “cloudy” conditions, flight legs outside of cumulus fields (red bordered 

flight track) to “clear” conditions. In Flight 1 (top left panel), data from a slant descent 

contributed to the ”cloudy” category while the full duration of Flight 8 (bottom left panel) 

contributed to the “clear” category. Parts of Flight 10 contributed to either category (right 

panels). 
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Figure S2. Three-day HYSPLIT back-trajectories showing air mass origins for all of the 

examined flight stretches contributing to the “clear” (red) and “cloudy” (blue) conditions. 

“Clear” conditions tend to be associated with trajectories from the continent. Ending 

altitudes of the trajectories are provided in text boxes in each panel. 
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AEROSOL WATER-UPTAKE PROPERTIES IN AN AGING ORGANIC PLUME 

IN THE MARINE ATMOSPHERE 

 

(To be submitted to Atmospheric Chemistry and Physics) 

 

Anna Wonaschütz
1
, Matthew Coggon

2
, Armin Sorooshian

1,3
, Robin Modini

4
, Amanda 

Frossard
4
, Lars Ahlm

4
, Johannes Mülmenstädt

4
, Lynn M. Russell

4
, Zhen Wang

3
, Andrew 

R. Metcalf
2
, Haflidi Jonsson

5
, John H. Seinfeld

2 

 

1. Department of Atmospheric Sciences, University of Arizona, Tucson, AZ. 

2. California Institute of Technology, Pasadena, California. 

3. Department of Chemical and Environmental Engineering, University of Arizona, 

Tucson, AZ. 

4. Scripps Institution of Oceanography, University of California, San Diego, CA. 

5. Center for Interdisciplinary Remotely Piloted Aircraft Studies, Naval Postgraduate 

School, Monterey, CA 

 

  



 

183 

Aerosol water-uptake properties in an aging organic plume in 
the marine atmosphere 

 

Anna Wonaschütz
1
, Matthew Coggon

2
, Armin Sorooshian

1,3
, Robin Modini

4
, Amanda 

Frossard
4
, Lars Ahlm

4*
, Johannes Mülmenstädt

4
, Lynn M. Russell

4
, Zhen Wang

3
, Andrew 

R. Metcalf
2
, Haflidi Jonsson

5
, John H. Seinfeld

2 

 

1. Department of Atmospheric Sciences, University of Arizona, Tucson, AZ. 

2. California Institute of Technology, Pasadena, California. 

3. Department of Chemical and Environmental Engineering, University of Arizona, 

Tucson, AZ. 

4. Scripps Institution of Oceanography, University of California, San Diego, CA. 

5. Center for Interdisciplinary Remotely Piloted Aircraft Studies, Naval Postgraduate 

School, Monterey, CA 

 

* Now at Stockholm University, Stockholm, Sweden. 

Abstract 

During the Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE), large 

quantities of organic aerosol were produced and released into the marine atmosphere. In 

this study, the water uptake properties of the aging plume were studied and differences in 

their development between sunny and foggy conditions examined. In sunny conditions, 

new hydrophobic and CCN-inactive SOA particles were produced in large quantities 

(several 10,000 cm
-3

) immediately after release of the initial primary organic particles. In 

the aged plume (4 h), activation ratios remained suppressed (0.013 and 0.402 at S = 0.048 

and S = 0.0750, respectively) versus the background (0.190 and 0.661), but absolute 

CCN concentrations reached 4553 cm
-3

 (S = 0.750). The particles remained hydrophobic 

with growth factors near unity for RH = 92% and dry sizes of 30, 75 and 150 nm. Bulk 
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chemical composition (AMS) shows a shift in organic mass spectra towards more 

oxidized species (f44 increase from 1.1% 28.9% over the entire aging period), which 

likely occurred in larger primary plume particles and not in the newly produced SOA. In 

cloudy conditions, the production of hydrophobic SOA was much reduced. Values of f44 

in the plume increased from 0.7% (fresh) to 17% (plume age 1 h 45 min). Hygroscopic 

growth factors (RH = 92%) of 150 nm particles were around 1.4 (background aerosol: GF 

= 1.6) with a monomodal growth factor distribution, indicating an internal mixture of 

organics from the plume and hydrophilic background aerosol. VOCs from the plume 

likely diffused to preexisting particles and fog droplets and thus did not participate in new 

particle formation. Since the plume was produced in the same fashion throughout E-

PEACE, this study shows that meteorological conditions have a profound impact on size 

and mixing state of the aging organic aerosol. 

1. Introduction 

The interaction of atmospheric aerosol particles with water is a crucial factor affecting 

their evolution in the atmosphere. By taking up water, particles grow in size and 

experience modifications of their refractive index, which changes their ability to interact 

with solar radiation. Activation into cloud drops is a determining factor in the 

atmospheric lifetime of particles. Furthermore, cloud droplets and water in deliquesced 

aerosol particles provide an aqueous medium for chemical reactions, which can lead to a 

change in the chemical composition of the particles (Hegg, 1985; Blando and Turpin, 

2000; El Haddad et al., 2009; Ervens and Volkamer, 2010; Bateman et al., 2011). 

Organic compounds are known to have a profound impact on the water-uptake properties 
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of particles. An increased organic mass fraction in aerosol particles can reduce water 

uptake at relative humidities (RH) above the deliquescence RH (DRH) of salts, while 

simultaneously enabling hygroscopic growth at RHs below the DRH (e.g., Dick et al., 

2000; Hersey et al., 2009; Meyer et al., 2009). In the atmosphere, aging processes affect 

hygroscopic properties of the organic fraction of aerosols (commonly referred to as 

organic aerosols, OA). Organic components in fresh aerosols have been observed to 

decrease water uptake, but in aged aerosols, they can have the opposite effect (Saxena et 

al., 1995). Aging of aerosols broadly encompasses any changes in their chemical 

composition and physical properties during their lifetime in the atmosphere. For OA, 

important aging processes are the addition of organic mass through secondary production 

via gas-to-particle conversion and aqueous-phase production (e.g., El Haddad et al., 

2009; Ervens and Volkamer, 2010), and the continuing oxidation in photochemical and 

cloud processing (Jimenez et al., 2009). The transition from less oxidized to more 

oxidized organic compounds in OA increases hygroscopic growth factors (GF = 

dp,RH/dp,dry) (Massoli et al., 2010; Duplissy et al., 2011). The conversion of hydrophobic 

primary OA to hydrophilic particles has been shown to be rapid during the daytime in an 

urban environment (Wang et al., 2010). In recent years, hygroscopic growth and CCN 

activity have been described in terms of a single parameter connecting the hygroscopicity 

of particles in the sub- and the super-saturated regime (Petters and Kreidenweis 2007; 

Wex et al., 2008; Dusek et al., 2011). However, observations of several aerosol types, 

including biomass burning aerosol (Petters et al., 2009; Dusek et al., 2011), laboratory-

generated SOA (Wex et al., 2009), primary marine organic aerosol (Ovadnevaite et al., 
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2011) and urban ambient aerosol (Hersey et al., 2012), have shown discrepancies 

between low hygroscopic growth factors and high CCN activity. The role of organic 

compounds in changing water-uptake properties of aerosols is clearly not fully 

understood. 

The marine environment is well suited to study the aging of organic aerosols. In 

continental locations, with numerous anthropogenic and natural aerosol sources, fresh 

and aged organic aerosols are often found in the same air mass. Over the ocean, in 

contrast, sources of organic aerosols are more limited. Continental outflow is often the 

most important source of OA (Hawkins et al., 2010), however, primary and secondary 

marine sources can be relevant as well (Gantt and Meskhidze, 2012). An important 

marine primary organic aerosol source is bubble-bursting, which transfers dissolved or 

film-forming organic substances into the particle phase (e.g., Middlebrook et al., 1998; 

O’Dowd et al., 2004, Cavalli et al., 2004, Leck and Bigg, 2005, Facchini et al., 2008a). 

Proposed marine sources of secondary organic aerosols (SOA) include biogenic amines 

(Facchini et al., 2008b; Dall’Osto et al., 2012), isoprene oxidation above phytoplankton 

blooms (Meshkidze and Nenes, 2006; O’Dowd and de Leeuw, 2007) and aqueous-phase 

production in marine stratus clouds (Crahan et al., 2004; Hersey et al., 2009; Sorooshian 

et al., 2010). In the absence of such sources, marine background aerosol typically shows a 

hygroscopic mode with growth factors around 1.6 – 1.79 at 90% (Swietlicki et al., 2008 

and references therein). In continental outflow (e.g., Hawkins et al., 2010; Hegg et al., 

2010), free tropospheric air masses and during episodes of fresh biogenic aerosol 

production (Swietlicki et al., 2008; Allan et al., 2009; Hersey et al., 2009; Mochida et al., 
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2011), less hygroscopic and hydrophobic modes are encountered. Hygroscopic growth 

factors and the activation ratio (the ratio of cloud condensation nuclei at a given 

supersaturation to the total measured particle number concentration, CCN/CN) have been 

shown to increase with the age of the continental air mass (Massling et al., 2007; Furutani 

et al., 2008). Anthropogenic disturbances such as emissions from ship traffic and oil spills 

constitute further sources of organic aerosols in the marine atmosphere. The injection of 

container ship exhaust particles consisting of a mix of hydrocarbon-like organic aerosol 

and sulfate (Murphy et al., 2008) is a ubiquitous human impact on atmospheric 

composition (Eyring et al., 2009). During the Deepwater Horizon oil spill, hydrocarbon-

like SOA was found to derive from intermediate volatility organic compounds evaporated 

from the oil surface (de Gouw et al., 2011). Most of these particles acted as CCN at 

supersaturations > 0.3, but were characterized by low hygroscopicity in the sub-saturated 

regime (Moore et al., 2011). 

In this study, we report measurements of hygroscopic growth factors and CCN 

concentrations in an artificial, purely organic plume injected into the marine atmosphere. 

We compare the aging of the plume and its impact on hygroscopic properties in cloudy 

and in sunny conditions. This study aims to improve the process-level understanding of 

changes in water-uptake properties by creating a rare “mixture experiment” between 

laboratory and field conditions. Manipulating samples of ambient aerosols in laboratories 

is a routine procedure. In contrast, in this study, a well-defined aerosol is generated in 

atmospherically-relevant quantities and exposed to true atmospheric conditions. 
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2. Methods 

2.1 The E-PEACE field campaign 

The Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) was a field campaign 

conducted off the coast of California in July and August of 2011. Its general aim was to 

study aerosol-cloud-radiation interactions through the controlled emission of known 

aerosols into the marine stratocumulus deck and measurement of its effects from ship, 

aircraft and satellite measurement platforms. A detailed description of the experiment and 

its first results is given by Russell et al. (2012). The location of the experiment is shown 

in Figure 1. In this study, we investigate the aging of an organic plume produced on and 

emitted from the Research Vessel (R/V) Pt. Sur on its 11-day research cruise. To create 

the plume, a paraffin-type oil was vaporized into a thick smoke (“organic plume”) 

(Russell et al., 2012) using smoke generators at the ship’s stern (Figure 2). The properties 

of the organic plume and its interactions with the marine environment were measured 

from two platforms: the Center for Interdisciplinary Remotely-Piloted Aircraft Studies 

(CIRPAS) Twin Otter aircraft and an instrument container on the Pt. Sur itself. The plume 

particles were created at a rate of 10
11

–10
13

 s
-1

, with a size range of the primary particles 

ranging between 100 nm and 8 m (Russell et al., 2012). Their chemical composition 

(AMS measurements) was found to be 97% organic, thus distinguishing itself from other 

cargo ship exhaust plumes, which typically contain 50% sulfate (Russell et al., 2012) and 

the background marine aerosol, which was found to contain between 40 and 60% 

organics (Figure 8). 

On its research flights, the Twin Otter coordinated its route with the Pt. Sur during smoke 
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production and tracked the plume downwind. Typically, the aircraft performed zigzag 

crossings along the length of the plume, capturing increasing plume ages with increasing 

distance from the Pt. Sur. The zigzag crossings were then repeated at increasing altitudes 

to investigate the plume’s vertical transport and mixing into the stratocumulus clouds. 

Aerosol sampling onboard the Twin Otter was performed through two inlets: a sub-

isokinetic total aerosol inlet (Hegg et al., 2005), sampling ambient aerosol, and a newly 

designed counterflow virtual impactor (CVI, Brechtel Manufacturing, Inc.) (Shingler et 

al., 2012) for in-cloud sampling of cloud droplet residual particles. The majority of 

aerosol instruments alternated between the two inlets based on whether the aircraft was in 

cloud or not, while others sampled from the sub-isokinetic inlet only. 

The Pt. Sur instrument container was located at the ship’s bow. A common inlet sampled 

ambient aerosol, which was dried in diffusion driers before distribution to the 

instruments. During the majority of the cruise, ambient background aerosol was 

measured. On several occasions, however, the Pt. Sur turned into its own fresh plume and 

tracked it downwind. While the Twin Otter flight time was limited to approximately 4.5 

hours, including the commute to and from the ship’s location, the Pt. Sur had the 

opportunity to track the aging ship plume for several hours longer. Plume tracking by the 

Pt. Sur, in turn, was limited by the ship’s maximum speed, which was exceeded by 

typical wind speeds on most days, such that the ship was only able to catch up with the 

aged plume on three days (16-18 July).  

2.2 Instrumentation 

A complete list of all instruments located on the two platforms is given by Russell et al. 
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(2012). The instruments whose data are used for this study are summarized in Table 1. 

Types of measurements that were taken on both the Pt. Sur and the Twin Otter are 

denoted with the subscripts “PS” and “TO”, respectively. On the Pt. Sur, hygroscopic 

growth factors were measured using a Hygroscopic Tandem Differential Mobility 

Analyzer (HTDMA, Brechtel Manufacturing, Inc.) (Sorooshian et al., 2012). The system 

consisted of a dry DMA (DMA 1, RH < 8%) selecting particles with dry sizes of 30, 75, 

150 and 300 nm, a humidifier, in which the dry particles were exposed to RHs of 40, 70, 

85 and 92%, and a second, humidified DMA (DMA 2), which measured the final number 

size distribution. CCN concentrations for supersaturations ranging between 0.07 - 0.88 

were measured using a CCN counter (“CCNPS” custom design, miniaturized after Roberts 

and Nenes (2005)). Non-refractory inorganic (ammonium, sulfate, nitrate, chloride) and 

organic chemical composition was measured with a High Resolution Time-of-Flight 

Aerosol Mass Spectrometer (“AMSPS”, Aerodyne Research, Inc.). Water soluble organic 

carbon (WSOC) was quantified with a Particle-Into-Liquid Sampler (PILS, Brechtel 

Manufacturing, Inc.) coupled to a total organic carbon analyzer (Sievers Model 800) 

(Sullivan et al., 2006; Wonaschuetz et al., 2011). Sub-micrometer particle size 

distributions were obtained from a Scanning Differential Mobility Analyzer  (“DMAPS”, 

Brechtel Manufacturing, Inc.). A condensation particle counter (“CPCPS”, CPC 3010, 

TSI, Inc.) measured particle number concentrations. Meteorological conditions, including 

ambient temperature (T), wind direction (corrected for the ship’s movement), wind speed 

and relative humidity (RH) were measured routinely, along with ship-specific data such 

as heading and speed. Additional visual observations (e.g., fog, rain, other ships) were 
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noted in deck logs.  

On the Twin Otter, CCN concentrations for supersaturations between 0.16 – 0.76 were 

measured with a CCN Spectrometer (“CCNTO”, Droplet Measurements Technologies, 

Inc.). Sub-micrometer particle size distributions were measured with a Scanning 

Differential Mobility Analyzer (“DMATO”, Models 3081 and 3010, TSI, Inc.). Particle 

chemical composition (ammonium, sulfate, nitrate, chloride, organic as well as the 

organic markers m/z 44, m/z 43 and m/z 57) was obtained with a Compact Time-of-

Flight AMS (Aerodyne Research, Inc.) (Drewnick et al., 2005). Particle number 

concentrations were measured by two CPC’s for particles larger than 10 nm (“CPCTO”, 

CPC 3010, TSI, Inc.) and for particles larger than 3 nm (“UF-CPC”, CPC 3025, TSI, 

Inc.). Meteorological conditions and cloud properties as well as the aircraft’s movements 

(e.g., heading, speed, altitude) were measured every second. Flight logs recorded the 

progression of each flight. 

2.3 Data processing and quality control 

For Twin Otter AMS data, detection limits for each species were defined as twice the 

standard deviation of blank measurements. A collection efficiency of 0.45 was applied to 

the vast majority of the measurements. For the Pt. Sur data, a collection efficiency of 0.5 

and a detection limit of 0.01 g m
-3

 were applied. Measurements below the detection 

limit were removed. Total non-refractory mass concentrations were calculated as the sum 

of organic and inorganic concentrations. For the WSOC measurements the detection limit 

was 0.1 g C m
-3

. WSOC concentrations were converted into WSOM concentrations 
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using two different conversion factors, which were estimated based on literature values 

(Turpin and Lim, 2001): 1.4 for the Pt. Sur organic plume, and 1.8 for the marine 

background aerosol.  

For HTDMA data, an important potential source of uncertainty is the variability of RH in 

DMA 2 (Swietlicki et al., 2008). For quality control, RH in DMA 2 and its variability in 

time (over the duration of a scan) and space (along the DMA 2 column) were calculated 

from flow rates, temperatures, and RH measured in the sample flow out of the humidifier, 

the sheath flow in DMA 2 at the beginning of the DMA 2 column (these two flows were 

humidified separately), and of T in the excess flow at the end of the DMA 2 column. 

Scans were accepted if they fulfilled the following criteria: (i) flow rates were within 

25% of the set point, (ii) combined humidifier and sheath air RH variability over the time 

of a scan did not exceed ± 1.5%, (iii) the temperature gradient over the length of the 

DMA2 did not exceed ± 1 C. 

2.4 Auxiliary data 

Hysplit backtrajectories (Draxler and Rolph, 2012) ending at the ship’s location and at an 

altitude of 50 m were calculated for every third hour of the Pt. Sur cruise. GOES visible 

satellite images were collected every 15 minutes and overlaid onto plots of the Pt. Sur 

track to confirm and complement the visual observations of clouds from the Pt. Sur and 

the Twin Otter. Maps of surface temperature, wind, pressure and 500 mb geopotential 

height were obtained from the website of NOAA/OAR/ESRL Physical Science Division 

(http://www.esrl.noaa.gov/psd/data/composites/day/). 
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2.5 Synoptic conditions and plume characterization events 

Synoptic conditions during the cruise were characterized by two different regimes, as 

determined by 500 mb geopotential height charts 

(http://www.esrl.noaa.gov/psd/data/composites/day/): the first (“Regime 1”), from the 

beginning of the cruise until 19 July was governed by a mid-latitude trough north of the 

cruise region, the second (“Regime 2”) by the re-establishment of a seasonally typical 

subtropical ridge to the south. Regime 1 was characterized by somewhat lower surface 

temperatures. HYSPLIT back-trajectories (Draxler and Rolph, 2012) show that during 

Regime 1, air masses arrived from the NW (Figure S1, supplementary material). During 

the regime change (18 July – 19 July), an episode of back-trajectories from the West is 

apparent, in conjunction with a surface low-pressure center just north of the cruise area. 

Backtrajectories parallel to the coast are dominant during Regime 2. 

For this study, three plume characterization periods on separate days were chosen for 

comparison. Plume Event 1 (“E1”) took place on 17 July 2011. This day was one of only 

two cloud-free days during the Pt. Sur cruise. GOES visible images show that clouds 

were present in the early morning but started to evaporate around 10:00 LT. The general 

area around the Pt. Sur’s location was cloud free by 13:00. Relative humidity dropped 

from 91% around sunrise (5:54) to 80% at noon and further to an all-cruise minimum of 

70% by 18:00. Ambient temperature in the same time frame ranged between 13.6 and 

15.7 °C. Smoke production on the Pt. Sur began at 6:45 and ended at 11:15. The wind 

direction measured on the Pt. Sur during smoke production and tracking was between 

300° and 350°, with an average wind speed of 3.7 ± 0.9 m s
-1

. Smoke properties were 



 

194 

measured during the time periods 11:20 – 11:32, 11:36 - 13:01, and 15:02 - 15:39. Marine 

background properties were calculated by averaging over the time period between 9:38 

and 10:51, when the ship was heading into the wind, i.e., the ship’s bow with the 

instrument van was well upwind of the smoke. 

The age of the plume encountered during tracking was estimated using the average wind 

speed and calculating the transport time from the location of the last smoke production to 

the ship’s locations during the three time periods of plume sampling. The plume age thus 

estimated represents a lower boundary as the smoke encountered at a particular point may 

have been produced at a time earlier than the last smoke production. Furthermore, for 

plume sampling by the Twin Otter, the time required for the smoke to mix vertically is 

not taken into account. The low wind speed on 17 July allowed plume tracking by the Pt. 

Sur for several hours. Figure 3a shows the ship track as the plume was sampled. As 

discussed in section 4.1, the organic mass fraction in the fresh plume was 97 %. Based on 

this, the plume was identified through AMSPS measurements for which the ratio of 

organic:sulfate exceeded five. The plume ages at the three points of interest were 

estimated to be A1 = 6 min, A2 = 1.6 h and A3 = 4.2 h. Figure 3b shows the zig-zag 

plume crossings performed by the Twin Otter at a flight altitude of around 70 m.  

Similarly, the plume was identified by organic:sulfate > 5. The plume was sampled in the 

time periods 11:04 – 11:07 and 10:18 – 10:20 with estimated plume ages of A1 < 1 min 

and A2 = 1.6 h. Sampling periods between the plume crossings were used to calculate 

background averages. 

In contrast, on 18 July, the day of Plume Event 2 (“E2”), it remained cloudy throughout 
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the day. In addition, thick fog was noted in the deck logs (the ship’s fog horn was used) 

from 4 am to noon and again from 8 pm to midnight. Relative humidity remained close to 

100% during most of the day and only dropped below 95% between 12:25 pm and 6:20 

pm, with a minimum of 92%. Ambient temperature ranged between 14.6 and 16.4 °C. 

Smoke was produced in two stages, from 6:45 to 7:40 and again from 9:00 to 9:30. 

Background measurements were performed in the time periods 4:00 - 6:15 and 9:12 - 

9:32. Intermittent smoke sampling at the plume’s edge occurred between 6:15 and 8:30. 

The center of the plume was tracked successfully between 9:30 and 10:45. The typical 

wind speed during smoke production and plume tracking was 5.4 ± 1.3 m s
-1

, with a 

direction between 190° - 240°. The Pt. Sur track during smoke sampling is shown in 

Figure 4a. The plume ages investigated were A1 = 2 min and A2 = 37 min. 

Since CCNTO measurements were not available during E1 or E2, an additional plume 

event E3 on 21 July was investigated. During E3, the Pt. Sur was not able to track the 

plume due to the high wind speeds of  7.5 ± 1.6 m s
-1

. In other aspects, the meteorological 

conditions were comparable to E2: it was cloudy, RH was high (between 90 - 92%), and 

drizzle was noted in the flight logs. Ambient temperatures varied between 12.8 and 13.3 

°C. The wind direction during plume tracking was between 315° and 350°. The smoke 

was produced between 5:40 am and 10:40 am. The Twin Otter flight tracked the plume 

(Figure 4b) at an altitude of about 85 m. Plume crossings at 9:48 and 9:56 – 9:57 were 

investigated, measurements of the background performed as in E1. Plume age A1 was 9 

min, A2 58 min.  
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3. Results and Discussion 

3.1 Secondary organic aerosol formation 

A striking difference between the aged plume in the sunny case E1 and the foggy and 

cloudy cases E2 and E3 can be seen in the particle number concentrations (black/white 

marker boundaries in Figures 3 and 4, time series in Figure 6). During E1, particle 

concentrations of several 10,000 cm
-3

 were observed at all three plume ages. Even at A3, 

at which point the plume was 4 h old, they still exceeded 10,000 cm
-3

. The temporal 

coincidence of these high number concentrations with the chemical signature of the 

plume (organic:sulfate > 5) and the absence of comparably high concentrations at any 

other time during the cruise make it highly unlikely that the particles derived from any 

source other than the Pt. Sur plume. Figure 5 shows representative size distributions for 

the different plume ages during E1 and E2, as well as a marine background distribution 

typical for the respective day. For E1, it is obvious that the high number concentrations 

are governed by particles in the fine and ultrafine size ranges. In the intermediate age A2, 

a dominant mode at dp = 45 nm obscures the presence of any other modes. At the oldest 

plume age A3, a nucleation mode with a modal diameter of 17 nm is the dominant 

feature. These high concentrations of nucleation mode particles at A2 and A3 cannot be 

sustained hours after primary production of the oil plume and are a clear indicator of 

continuing new particle formation. Given the initial composition of the plume, it is likely 

that volatile organic compounds (VOCs) were also produced, along with the primary 

particles in the smoke plume, and formed SOA in the aging plume. SOA formation from 

photo-oxidation of VOCs is a well-documented process (Turpin et al., 1991; Pandis et al., 
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1992). Alternatively, VOCs may have evaporated from larger primary plume particles and 

formed SOA after photo-oxidation, in a process similar to the one described by Robinson 

et al. (2007). SOA can be formed by condensation of VOCs onto pre-existing particles, 

but VOCs are also suspected to participate in the initial nucleation of particles (dall’Osto 

et al., 2012). The extremely high concentration of particles, well above anything observed 

in the marine background, indicates that new particles were formed directly from VOCs.  

During E2, number concentrations initially reached close to 30,000 cm
-3

, but dropped 

below 10,000 cm
-3

 within five minutes and soon approached levels only about 40% above 

the background. The size distribution during plume age A2 (Figure 5) is distinctly 

bimodal with a nucleation mode at 18 nm and an equally pronounced accumulation mode 

at 116 nm. Since the smoke was produced the exact same way during all events E1 – E3, 

the absence of the high number concentrations during E2 and E3 (Figure 4) and the 

different size distribution characteristics during E2 (Figure 5) must be a result of either 

different sampling circumstances or the different meteorological conditions. It is 

conceivable that different locations within the plume may have different particle size 

characteristics, and different parts of the plume may have been sampled on the different 

days, however, the total mass concentrations (see Figure 6) were high and comparable 

between the events and corresponding ages, indicating that in every case, the center of the 

plume was sampled.  

Figure 5 also shows that the background size distribution is shifted to larger particles 

compared to E1. Several explanations for this are at hand: diffusion of smaller particles to 

fog droplets, the presence of droplet-mode particles at diameters between 150 and 200 
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nm, and reduced new small particle formation though photochemical processes in 

reduced solar flux. The plume may be subject to modifications in similar processes: 

Newly-formed particles may have diffused onto fog droplets, which provided ample 

surface area for diffusion, instead of growing into the 45 nm mode seen in Figure 5a. 

Likewise, VOCs may have diffused into fog droplets instead of forming new particles. 

Furthermore, if photo-oxidation of plume VOCs was responsible for SOA formation on 

17 July, cloud and fog shading may have slowed such reactions down on 18 July. 

3.2 CCN concentrations 

The development of CCNPS concentrations and activation ratios during plume sampling 

periods E1 and E2 is shown in Figure 6. Table 2 summarizes typical values of CN and 

CCN concentrations as well as activation ratios during the plume events E1, E2 and E3 

for two different supersaturations. During all three events, the fresh plume (A1) is 

characterized by moderately increased particle concentrations (several thousand cm
-3

 

versus several hundred cm
-3 

in the background) and suppressed activation ratios. Absolute 

CCN concentrations during A1 and A2 are 20% increased versus the background at the 

lower supersaturation of 0.148, and up to twice as high as in the background at the higher 

supersaturation of 0.75. Evidently, the plume added a substantial number of CCN to the 

marine background aerosol. As reported by Russell et al. (2012), this amount was 

sufficient to create an observable ship track in the marine stratocumulus deck. 

During E1, the onset of new particle formation at 11:32 is accompanied by a dramatic 

reduction in the activation ratio (Figure 6), a result of the order of magnitude increase in 

CN concentrations between A1 and A2. Absolute CCN concentrations at A2 are lower 
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than those for the fresh plume for S = 0.148. This is probably governed by the earlier part 

of A2 (before noon, Figure 6), during which most of the newly produced particles were 

not acting as CCN. Newly formed organic particles are likely too small to act as CCN 

and may only grow into the relevant size ranges as the plume ages (A2, after 12:00). In 

the most aged plume (A3) during E1, activation ratios at S = 0.148 are still lower (0.013) 

than for the fresh plume (0.038), but have increased substantially for S = 0.75, with 

absolute CCN concentrations of over 4500 cm
-1

. The size distribution for A3 shown in 

Figure 5a, while dominated by a nucleation mode, shows a large increase in particles of 

30-100 nm size over the background, presumably consisting of aged SOA particles. 

These larger particles are more likely to activate into drops than the numerous ultrafine 

particles in the nucleation mode and are likely responsible the high CCN concentrations 

observed. During E2, new particle formation did not dominate CN concentrations (Figure 

6) in any way comparable to E1. Therefore, activation ratios are only initially suppressed, 

and increase as CN concentrations decrease. The Twin Otter observations during E3 

(Table 2) show a higher activation ratio during A1 than comparable observations by the 

Pt. Sur. A likely explanation is dilution of the plume during upward transport. At A2, 

while the chemical signature of the plume is still visible at A2 (Figure 4), CCN 

concentrations and activation ratios are indistinguishable from the background.  

3.3 Hygroscopic growth factors 

Given the CCN activity of the plume particles described above, an interesting question 

arises as to whether specific trends are repeated in the hygroscopic growth data for the 

sub-saturated regime. Growth factor distributions at RH = 92% are shown in Figure 7 for 
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the available plume ages during E1 and E2 and three dry particle sizes (30, 75 and 150 

nm). During E1, growth factor distributions show one hydrophobic mode for all three 

sizes and for both A2 and A3. Modes describing the marine background aerosol are 

masked by the high particle concentrations in the plume. The lack of hygroscopic growth 

is not surprising for particles with a dry size of 30 nm, as they presumably consist of 

fresh SOA. However, the absence of hygroscopic growth for particles with a dry size of 

75 nm at A3 is less expected: as discussed in Section 3.2, particles of this size are likely 

the main contributors to the high CCN concentrations observed at A3 (Table 2). The 

absence of hygroscopic growth is an indicator that in this case, hygroscopic growth in the 

sub-saturated regime may not be a good predictor of CCN activity in the super-saturated 

regime.  

During E2, ambient particle concentrations were much lower in both the plume and the 

background. Furthermore, HTDMA scans of 30 and 75 nm particles were made during 

the intermittent plume sampling period between 6:10 and 8:30 (see also Figure 6). This 

allows for scans in which the marine background is not completely masked by the plume 

particles. The bimodal growth factor distributions at dry sizes of 30 and 75 nm clearly 

show the presence of hydrophobic small particles that are externally mixed with the 

marine background aerosol, which shows growth factors between 1.5 and 1.7. These 

latter values are typical for the marine boundary layer (Swietlicki et al., 2008, and 

references therein). At a dry size of 150 nm, however, the growth factor distribution 

during E2 is distinctly different from that during E1, featuring a monomodal distribution 

with slightly suppressed hygroscopic growth (1.4 as compared to 1.6 in the background), 
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as opposed to the mostly hydrophobic behavior in E1. The single mode indicates the 

presence of an internal mixture, possibly with organics from the plume leading to the 

suppressed growth. As discussed in Section 3.1, in cloudy conditions, VOCs likely 

diffused to fog droplets instead of forming new particles. A fraction of the VOCs may 

also diffuse to pre-existing hydrophilic accumulation mode particles, leading to the 

observed slightly reduced growth factors. With more VOCs available during E1, the 150 

nm particles observed in sunny conditions may have grown out of smaller organic 

particles through condensation of VOCs, and contain a higher organic mass fraction than 

the 150 nm particles during E2, and consequently be more hydrophobic. Chemical 

composition measurements, discussed in the next section, were used to further explain the 

observed hygroscopic properties. 

3.4 Chemical composition 

The plume itself consists mostly of organics, as shown in Figure 8 and found by Russell 

et al. (2012). The trend towards decreasing overall organic mass fractions in the aging 

plume is most likely simply due to plume dilution. The chemical composition of the 

plume at the different ages during both sampling events, however, indicates changes in 

organic functionality as the plume ages. The increases in the contribution of m/z 44 to 

organic (f44) from 1.1% at A1 to 28.9% at A3 during E1 and from 0.7% at A1 to 17% at 

A2 during E2 are indicative of oxidation during aging. Mixing of oxidized organics into 

the plume from the background aerosol is not a sufficient explanation for the change in 

chemical composition, since the absolute mass concentration of m/z 44 (2.4 g m
-3

 at 

E1/A2, 0.85 g m
-3

 at E2/A2 and 1.6 g m
-3

 at E1/A3) by far exceed background 



 

202 

concentrations (0.4 g m
-3

 on 17 July and 0.46 g m
-3

 on 18 July). These results stand in 

contrast to the findings by Murphy et al. (2011) for an aging container ship plume, which 

showed no change in the organic mass spectrum attributable to processes other than 

dilution. The contribution of m/z 44 is higher at age A2 in the foggy conditions (f44 = 

0.167) than on the sunny day (f44 = 0.068). This indicates that the new SOA particle 

formation, which contributes much more to E1 than to E2, is not the dominating source 

of oxidized organics in the aged plume. The mass concentrations measured by the AMS 

are usually more representative of larger particles, thus oxidation of the organic fraction 

in existing particles may be the main source of m/z 44 at plume age A2. The lack of 

hygroscopic growth of small particles (dp,dry = 30 and dp,dry = 75 nm) in the aged plume 

(Figure 7) supports this conclusion, since increasing contributions of m/z 44 would be 

expected to increase hygroscopic growth (Massoli et al., 2010; Duplissy et al., 2011). 

When splitting the organic fraction into water soluble and water-insoluble organic matter 

(Figure 9), it is evident that WSOC contributions follow a similar trend as m/z 44 during 

E1. During E2, however, the fraction of WSOM is lower at A2 than during E1.  

The chemical composition of the fresh plume (A1) measured on the Twin Otter (AMSTO) 

during its plume crossings (Figure 10) is in excellent agreement with that measured by 

the AMSPS. Total mass concentrations are lower by an order of magnitude, presumably 

owing to the altitude of the plume sampling. The aged plume (A2) measured aloft does 

not show the same increase in f44 as when measured near the surface. This indicates a 

potential fractionation of the plume caused by preferential upward mixing of some of its 

components. Intended originally as a military smoke screen, the visible part of the plume, 



 

203 

by design, had a tendency to “hug the ground”. It is therefore likely that the lighter 

gaseous VOCs mixed upward more easily than larger plume particles and that the 

chemical measurements on the Twin Otter were more representative of the newly 

produced SOA. 

4. Summary and conclusions 

This work has shown substantial differences in the aging behavior of an organic plume 

when released into different meteorological conditions. New particle formation, most 

likely SOA from VOCs produced in the plume production or evaporated from larger oil 

particles, was sustained for several hours in sunny conditions. Little new particle 

formation was observed in the aged plume in foggy conditions. In fog, VOCs and small 

particles can easily diffuse to fog droplets, which thus act as an effective sink for both. 

Additionally, photo-oxidation of plume VOCs leading to SOA and potentially new 

particle formation may be less efficient due to the reduced solar flux on a cloudy and 

foggy day. The majority of fresh plume particles did not act as CCN and activation ratios 

were therefore suppressed. Absolute CCN concentrations in the fresh plume, however, 

were found to be elevated in both sunny and cloudy conditions. In sunny conditions, 

plume particles with dry sizes of 30 and 75 nm, arising from SOA formation, did not 

show hygroscopic growth (RH = 92%), and are therefore likely not responsible for 

increasing f44 fractions, which were observed in the aged plume. Hydrophobic particles of 

these dry sizes were also observed in cloudy conditions. The new SOA particles did show 

significant CCN activity, in particular at higher supersaturations and thus constitute an 

example of an aerosol with different water-uptake behavior in the sub- and the 
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supersaturated regime. Particles with a dry size of 150 nm were hydrophobic on the 

sunny day, but showed appreciable suppressed growth (GF = 1.4 versus a background GF 

of 1.6) on the foggy day. Diffusion of VOCs or smaller organic aerosols onto pre-existing 

hydrophilic accumulation mode particles is a likely reason for this behavior. The 

hydrophobic 150 nm particles on the sunny day may have grown out of the 

photochemically produced SOA and therefore contain higher organic mass fractions than 

150 nm particles on the cloudy day. 

We conclude that meteorological conditions have a profound influence on the nature of 

aging processes. Size and mixing state of the aged organic plume are shown to be very 

different depending on the presence or absence of sun or fog. Hygroscopic properties in 

both the sub- and the supersaturated regime are affected by these changes in aerosol 

characteristics.  
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Table 1: Instruments on the R/V Pt. Sur and the CIRPAS Twin Otter 

  Pt. Sur (PM 10) Twin Otter (PM 1 and CVI) 

Measurement Instrument  
Size 

range 
Time 

resolution Instrument  
Size 

range 
Time 

resolution 

Particle size 
distribution 

Scanning 
DMA 

10 - 
946 nm 

5 min Scanning 
DMA 

13 - 
890 nm 

2 min 

Number 
concentration 

CPC >10 nm 1 s CPC >10 nm  1 s 

        UF CPC > 3 nm 1 s 

Chemical 
composition 

High 
Resolution 
ToF - AMS 

< 1m 4 min Compact 
ToF-AMS 

< 1 m < 1 s 

PILS - TOC < 1 m 6 min   < 1 m   

CCN 
concentrations 

CCN 
counter 

  9 s CCN 
spectrometer 

  1 s 

Hygroscopic 
growth 

HTDMA  30, 75, 
150, 

300 nm 

~ 5 min       
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Table 2: CN and CCN concentrations and activation ratios for two different 

supersaturations during E1, E2 and E3. “PS” stands for Pt. Sur, “TO” for Twin Otter. 

Measurements of A2 during E1 were made around noon. 

  CN CCN CCN/CN 

Platform/ 
event PS/E1 PS/E2 TO/E3 PS/E1 PS/E2 TO/E3 PS/E1 PS/E2 TO/E3 

Super-
saturation S = 0.148 

A1 3455 2434 1425 129 99 186 0.038 0.041 0.183 

A2 36980 1021 549 98 120 171 0.003 0.118 0.312 

A3 12544     157     0.013     

Background 425 216 591 81 97 179 0.190 0.469 0.303 

Super-
saturation S = 0.750 

A1 2055 3949   408 215   0.249 0.055   

A2 37722 860   584 364   0.016 0.483   

A3 10259     4553     0.402     

Background 421 175   279 145   0.661 0.836   
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Figure 1: General area of the E-PEACE field campaign off the coast of California. The 

Pt. Sur routes and Twin Otter flights tracks for the days examined in this study are shown. 
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Figure 2: Smoke plume production on the Pt. Sur as seen from the Twin Otter. Photo 

courtesy of Armin Sorooshian.  
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Figure 3: Plume sampling by (a) the Pt. Sur and (b) the Twin Otter on 17 July 2011. The 

plume location is identified by values of organic:sulfate > 5 (green markers). Black 

borders indicate high particle number concentrations likely associated with SOA 

production. A1, A2 and A3 designate the three plume ages shown in Table 2. 
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Figure 4: Plume sampling by (a) the Pt. Sur on 18 July 2011 and (b) the Twin Otter on 21 

July 2011. Plume location as in Figure 3. CPC concentrations are much lower due to 

reduced SOA formation. 
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Figure 5: Representative size distributions from DMAPS of the plume on a) 17 July and b) 

18 July. The red distribution pertains to the right y-axis, the others to the left y-axis. 

Small particle concentrations are orders of magnitude higher in the sunny conditions on 

17 July. 
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Figure 6: CNPS, CCNPS and activation ratio time series at supersaturations S between 0.07 

and 0.88 for the plume sampling events (a) on 17 July and (b) 18 July. Gray shading 

indicated the plume sampling events E1 (a) and E2 (b). On 18 July, the plume was 

sampled intermittently between 6:15 and 8:30. During E1, SOA production leads to CN 

concentrations at the upper detection limit of the CPC’s, and much reduced activation 

ratios, but increased absolute CCN concentrations. 
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Figure 7: HTDMA growth factor distributions for RH = 92% and three dry sizes (30, 75 

and 150 nm), and plume ages A2 and A3 measured on the Pt. Sur on (a) 17 July and (b) 

18 July. During E1, particles of all three dry sizes remain hydrophobic. During E2, 150 

nm particles exhibit hygroscopic growth.  
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Figure 8: Plume chemical composition measured by AMSPS for the three plume ages and 

marine background aerosol. 
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Figure 9: As in Figure 8, with the organic fraction split into water-soluble (WSOM) and 

water-insoluble organic matter (WIOM). 
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Figure 10: Plume chemical composition measured by AMSTO for two plume ages and 

marine background aerosol. 
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Supplementary Material 

 

 

 

Figure S1: Three-day HYSPLIT back-trajectories (ending altitude: 50 m) taken every 

three hours show air mass origins during the cruise. Three distinct groups of trajectories, 

governed by synoptic conditions, are apparent. 

 


