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ABSTRACT 

 

Atmospheric aerosols impact the quality of our life in many direct and indirect ways. Inhalation 

of aerosols can have harmful effects on human health. Aerosols also have climatic impacts by 

absorbing or scattering solar radiation, or more indirectly through their interactions with clouds. 

Despite a better understanding of several relevant aerosol properties and processes in the past 

years, they remain the largest uncertainty in the estimate of global radiative forcing. The 

uncertainties arise because although aerosols are ubiquitous in the Earth’s atmosphere they are 

highly variable in space, time and their physicochemical properties. This makes in-situ 

measurements of aerosols vital in our effort towards reducing uncertainties in the estimate of 

global radiative forcing due to aerosols. This study is an effort to characterize atmospheric 

aerosols at a regional scale, in southern Arizona and eastern Pacific Ocean, based on ground and 

airborne observations of aerosols. Metals and metalloids in particles with aerodynamic diameter 

(Dp) smaller than 2.5 μm are found to be ubiquitous in southern Arizona. The major sources of 

the elements considered in the study are identified to be crustal dust, smelting/mining activities 

and fuel combustion. The spatial and temporal variability in the mass concentrations of these 

elements depend both on the source strength and meteorological conditions. Aircraft 

measurements of aerosol and cloud properties collected during various field campaigns over the 

eastern Pacific Ocean are used to study the sources of nitrate in stratocumulus cloud water and 

the relevant processes. The major sources of nitrate in cloud water in the region are emissions 

from ships and wildfires. Different pathways for nitrate to enter cloud water and the role of 

meteorology in these processes are examined. Observations of microphysical properties of 

ambient aerosols in ship plumes are examined. The study shows that there is an enhancement in 
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the number concentration of giant cloud condensation nuclei (Dp > 2 µm) in ship plumes relative 

to the unperturbed background regions over the ocean.  
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INTRODUCTION 

 

Atmospheric Aerosols  

Aerosols are technically defined as liquid or solid particles suspended in a gas. However, in its 

common usage in the discipline of atmospheric sciences, the term refers mainly to particulate 

matter suspended in air. Atmospheric aerosols consist of particles with diameters (Dp) varying 

from a few nanometers to several tens of micrometers. Based on their size, particles have 

significantly different microphysical, chemical and optical properties. Thus, the distinction 

between different size ranges is crucial in characterizing these particles. There are three major 

size modes of particles. The major production and deposition mechanisms are different for each 

of the modes. The smallest particles (Dp less than 10 nm) are called the nucleation mode 

particles, while particles with Dp between 10 nm and 100 nm are called the Aitken mode 

particles. Both these modes account for the largest fraction of the number concentration in the 

atmosphere. Particles with Dp between 0.1 μm and 2.5 μm are the accumulation mode particles 

which account for the majority of the surface area and considerable mass of particles. The total 

mass of atmospheric particles is dominated by the coarse mode particles (Dp greater than 2.5 μm) 

(Seinfeld and Pandis, 2006).   

 

Aerosols are released into the atmosphere from a range of both natural and anthropogenic 

sources. Aerosols can be emitted directly as particles (primary aerosols) or through gas-to-

particle conversion mechanisms (secondary aerosols). Natural sources include plants, 

microorganisms such as bacteria and fungi, natural wild fires, volcanoes, sea-spray and wind-
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blown dust from Earth’s surface, mainly in arid and semi-arid regions. On a global scale, arid 

and semi-arid regions provide approximately 2000 Tg of airborne mineral particles per year 

(Wallace and Hobbs, 2006). Major anthropogenic sources of aerosols include industrial and 

residential fuel combustion, human caused biomass burning and re-suspension of dust from land 

tilling and on-road traffic. While anthropogenic activities produce only about 20 percent (by 

mass) of the aerosols from natural sources (Wallace and Hobbs, 2006); their contribution to the 

global aerosol optical depth is 48 percent (Satheesh and Moorthy, 2005).  

 

Depending on the source, the chemical composition of atmospheric aerosols varies widely. 

Components of tropospheric aerosols are sulfate, nitrate, sodium, chloride, metals, metalloids, 

carbonaceous matter and water. The carbonaceous fraction could be either elemental carbon (i.e. 

soot) or organic carbon. The composition, similar to size, plays an important role in deciding the 

properties of the particles and therefore, their impacts. Once airborne, both the size and chemical 

composition of particles can change. As particles age in the troposphere, they could change in 

size and composition through coagulation with other particles, condensation or evaporation of 

volatile species, chemical reaction with other atmospheric components, or activation into 

droplets (fog or cloud) in the presence of water vapor. Removal of particles from the atmosphere 

occurs through wet (rain out) or dry deposition. Depending on their size and solubility the 

lifetimes of particles in the troposphere can be 3-10 days (Andreae and Rosenfeld, 2008).  

 

Atmospheric aerosols impact humans in several ways. The most direct impact of atmospheric 

aerosols is on human health. Studies suggest that ultrafine particles cause alveolar inflammation 

in susceptible individuals, increase severity of lung diseases and may explain the observed 
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increase in cardiovascular deaths (Seaton et al., 1995 and references therein). Vehicle traffic has 

been related to increased risk of wheeze among children (Andersson et al., 2011). The 

physiological impacts of inhaled particles depend both on their size and composition. 

Respiratory effects due to particulate matter are stronger in case of fine particles, especially fine 

sulfate particles, than for coarse particles (Schwartz, 2000). Combustion emissions are 

particularly harmful because they are dominated by particles smaller than 2.5 μm, and are 

composed of toxic metals (Lighty et al., 2000). Schwartz et al. (1999) showed that coarse 

particles from wind-blown dust were not associated with risk of mortality. Atmospheric aerosols 

also impact human welfare by reducing visibility, more importantly in places with scenic beauty. 

For this purpose the Interagency Monitoring of Protected Environments (IMPROVE) network 

was established in 1965 to monitor visibility in national parks and wilderness areas across 

continental United States.  

 

Atmospheric aerosols have multiple climatic impacts as well. Aerosols alter Earth’s radiation 

budget by reflecting or absorbing the incoming shortwave solar radiation. While some aerosols 

increase atmospheric reflectivity, others are strong absorbers of incoming solar radiation. Light-

absorbing aerosols resulting from biomass burning and fossil fuel consumption lead to heating of 

the atmosphere and cooling of the surface. Over the Indian Ocean, the increased emissions of 

absorbing aerosols have been found to enhance the lower atmospheric solar heating by 

approximately 50 percent (Ramanathan et al., 2007). Black soot deposition on snow cover 

reduces surface reflectivity which may have contributed to the thinning of the Arctic sea ice and 

melting of land ice in the Northern Hemisphere by increasing solar heating (Hansen and 

Nazarenko, 2004).  
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Aerosols can also alter atmospheric reflectivity indirectly through their interaction with clouds. 

In Earth’s atmosphere, cloud droplets cannot be formed in the absence of foreign particles due to 

fundamental thermodynamic constraints. Expansion chamber experiments have found that for 

cloud droplets to be spontaneously formed in the absence of ions and other impurities, a relative 

humidity of about 800% is required (Wilson, 1900). However, such high relative humidity 

conditions are not found in the real atmosphere. Aerosols provide the surface for water vapor to 

condense on and hence, are called cloud condensation nuclei (CCN). The ability of particles to 

act as CCN depends on their size and chemical composition. An increase in the number of CCN 

implies an increase in the surface area available for water vapor to condense on. Hence, an 

increase in CCN leads to an increase of cloud droplet number at fixed liquid water content, and 

consequently an increase in optical thickness of clouds (Twomey, 1974). Therefore, increase in 

particle concentration leads to increase in the reflectivity of clouds, and hence, in the reflectivity 

of the atmosphere.  

 

A more indirect effect of particles on clouds is through the alteration of the microphysical 

properties of clouds. Increases in aerosol concentrations can increase the cloud cover fraction by 

reducing drizzle (Albrecht, 1989). Alternatively, a subset of particles, called giant CCN (Dp 

varies from a few microns to a few tens of microns), can accelerate the rate of precipitation in 

clouds (Feingold et al., 1999). Additionally, aerosols can also affect ecosystems through wet and 

dry deposition (Farmer, 1993; Jickells et al., 2005).  
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Role of Meteorology  

Meteorology influences the state and transport of aerosols, and consequently the strength of 

aerosol impacts. Thus, atmospheric aerosols cannot be studied in seclusion. The influence of 

meteorology must be considered in related atmospheric processes. The most evident way in 

which meteorological conditions affect aerosols is through wind transport of aerosols. High wind 

conditions have been known to transport particles in bulk across the Pacific Ocean from Asia to 

western United States (Husar et al., 2001). Dry (low relative humidity) conditions lead to low 

soil moisture, making it easier to blow crustal dust from Earth’s surface. Crustal dust from 

disturbed soils alone can decrease the net radiation at Earth’s surface by 1 W m
-2

 and an increase 

in atmospheric heating that may affect atmospheric dynamics (Tegen et al., 1996).Whereas, high 

humidity in the atmosphere can cause particles to grow by water vapor condensation, and 

thereby, reduce visibility. The aqueous medium allows for multi-phase chemistry which can 

change the composition and size of the aerosols. 

 

Particle concentrations near the surface also depend on the height of boundary layer.  The 

boundary layer is defined as the portion of the troposphere that is directly influenced by surface 

processes. This layer is, generally, well-mixed. As the surface gets warmer this layer gets deeper, 

leading to a dilution of particle concentration near surface. Since the height of the boundary layer 

depends on surface temperature, particle concentrations at a location have a diurnal cycle as well 

as a seasonal cycle.  

 

The direct impact of particles on clouds is based on their role as CCNs in the formation of cloud 

droplets. However, there have been cases with lower cloud reflectivity despite an increase in 



15 

 

particle concentration below cloud. Chen et al. (2012) found that the change (increase or 

decrease) in cloud reflectivity in response to ship emissions depends on the mesoscale cloud 

structure, free tropospheric humidity and cloud top height.  

 

Motivation for the Present Study  

Large uncertainties exist in the estimate of global aerosol properties despite a better 

understanding of some of the relevant atmospheric processes. Much of this uncertainty arises 

from the high spatial and temporal variability of aerosols. While we constantly try to improve the 

global circulation models based on our understanding of atmospheric processes, it is important to 

evaluate the performance of these models to ensure that we are, in fact, reducing the 

uncertainties. This makes the role of in-situ observations of ambient aerosols vital in 

initialization and validation of these models. 

 

The high variability in aerosol concentration arises due to their localized sources and short 

lifespan in the atmosphere. Based on their sources, aerosols also vary widely in their physical 

and chemical properties. One of the methods used to improve model performance is to compare 

their output to observational studies. However, a direct comparison between the models and 

observations is complicated by the differences in meteorological conditions between the 

observational studies. Measuring particles at a regional scale removes some of this variability. 

Not only does this allow for better identification of natural and anthropogenic sources, it also 

helps constrain the meteorology through the knowledge of climatology for the region. The focus 

of this work is to characterize ambient aerosols across southern Arizona and over the eastern 

Pacific Ocean and the impact of aerosols on marine stratocumulus clouds based on in-situ 
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measurements of ambient particles and cloud water. The persistent summertime stratocumulus 

cloud deck and a constant marine traffic in the study region provides a tailor-made venue to 

probe the influence of aerosols, both natural and anthropogenic, on clouds.  

 

The first study (Appendix A) utilizes the long-term ground measurements of particles from the 

IMPROVE (Interagency Monitoring of Protected Visual Environments) network across southern 

Arizona to characterize the spatial and temporal variability of toxic metals and metalloids in 

airborne particles. Natural and anthropogenic sources of these elements are identified and the 

variability in their mass concentrations at different temporal scales (weekly, monthly and inter-

annual) is studied at seven IMPROVE sites.  

 

The following two studies are based on airborne measurements of aerosol and cloud properties. 

The study described in Appendix B utilizes data collected during two aircraft campaigns – E-

PEACE (Eastern-Pacific Emitted Aerosol Cloud Experiment) in 2011 and NiCE (Nucleation in 

California Experiment) in 2013. NiCE had additional ground measurements of ambient particles 

near the central California coast. The study investigates the sources of nitrate in stratocumulus 

cloud water, and the role of meteorology in the relevant processes. In the study described in 

Appendix C, data from MASE-II (second Marine Stratus/Stratocumulus Experiment), 2007 has 

been used in addition to the above mentioned two aircraft campaigns. Since all campaigns were 

conducted over the eastern Pacific Ocean, off the coast of Monterey, California during the same 

time of the year (July-August), any seasonal or spatial variability between the observations is 

removed. Number concentrations of particles of different sizes below cloud bases are used to 

investigate if ships contribute to giant CCN in the marine environment.  
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SUMMARY OF PRESENT STUDY 

 

The methods, results and conclusions of the present study have been included in papers in the 

appendices of the dissertation. The main findings in each of the papers have been summarized 

below.  

 

Appendix A: Spatiotemporal distribution of airborne particulate metals and metalloids in a 

populated arid region 

 

(This paper has been published in “Atmospheric Environment”) 

 

Southern Arizona is a rapidly growing region characterized by high fine soil concentrations and a 

high density of both active and abandoned mining and smelting sites. This work statistically 

analyzes ground measurements of aerosol composition and concentration at seven sites to study 

the spatial and temporal concentration trends in airborne particulate metals and metalloids in the 

region. The data has been obtained from the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) network. Additionally, meteorological data from three sites in the 

region were obtained from the Arizona Meteorological Network to study the role of meteorology 

in the intra-annual variation of particulate metals and metalloids.  

 

My work in this paper comprises of the use of various statistical methods of data analysis to 

study the sources and variations in the concentrations of metal and metalloid contaminants at 

different temporal scales. Many of these contaminants have both natural and anthropogenic 

sources. Pair-wise correlations between the contaminants were computed to identify their major 
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sources. For every site, the concentrations of all considered contaminants were averaged by 

month and the day of the week to study their seasonal and weekly variations at each site. The 

southwestern United States has two dry seasons: summer (April through June) and fall (October 

through November); and two wet seasons: monsoon (July through September) and winter 

(December through March). The monthly averages at the different sites were also compared to 

examine the spatial variation of these contaminants in the region. To study the long-term 

seasonal variation the seasonal averages of the concentrations at each site were linearly regressed 

against the period of data availability at the respective sites. In order to quantify the behavior of 

these contaminants during high dust periods, dusty periods were identified based on the 

assumption that fine soil concentration increases by at least two-fold during a dust event. 

 

Three major sources of atmospheric metals and metalloids in the study region were found to be 

crustal dust, smelting and combustion. Crustal contaminants in the region are most abundant in 

the summer (AMJ) followed by fall (ON), as a result of dry meteorological conditions which 

favor dust emissions. These crustal elements were found to have a distinct weekly cycle with a 

minimum on the weekend, suggesting a strong anthropogenic influence on their concentrations 

in the atmosphere. The highest concentrations of As are observed at Tonto and Queen Valley, 

while the highest Cu, Zn and Pb levels are found in Phoenix, followed by Tonto and Queen 

Valley. All of the above mentioned contaminants are co-emitted in smelting and mining 

activities, indicating that these sites are most susceptible to emissions from nearby active mining 

and smelter operations in the region. Long-term analysis indicates that air quality in the region 

has improved due to closure of smelters, but that active mining/smelter operations and other 

emissions promoted by a growing population adversely influence air quality at specific sites. 
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Additionally, periods of high fine soil concentration in the region are often accompanied by the 

enhancement of concentrations of metals and metalloids in the atmosphere, more so at urban 

sites (Phoenix and Tucson).  
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Appendix B: On the nature of nitrate in stratocumulus cloud water: airborne measurements 

during the 2011 E-PEACE and 2013 NICE studies 

 

(Accepted for publication in “Atmospheric Environment”) 

 

Nitrate (NO3
-
) is a key inorganic anion in cloud water that can alter both the chemical and 

microphysical properties of clouds and adversely impact ecosystems through rainwater. The 

mean direct radiative forcing (RF) for nitrate containing particles has been estimated to be -0.10 

W m
-2

 at the top of atmosphere. However, a large uncertainty exists in this estimate due to 

relatively small number of studies on the subject (Forster et al., 2007). The present study 

examines the sources and transport of NO3
- 

in stratocumulus clouds over the eastern Pacific 

Ocean off the California coast based on both airborne and ground measurements. The Eastern 

Pacific Emitted Aerosol Cloud Experiment (E-PEACE) was conducted between July and August, 

2011 over the Pacific Ocean off the coast of northern California to study aerosol-cloud 

interactions. The Twin Otter aircraft, with a payload of instruments to measure the 

physicochemical properties of both ambient aerosols as well as clouds, was used for this purpose. 

The Nucleation in California Experiment (NiCE) was conducted between July and August 2013 

over the same region and with nearly the same payload on the aircraft, to study (i) the 

dependence of cloud properties on the environment, and (ii) nucleation events from urban 

pollution, animal husbandry and biogenic emissions.  
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My contribution in this work is the analysis of the airborne and ground measurements collected 

during the two campaings, E-PEACE and NiCE, in order to study the nature of nitrate in a 

marine atmosphere highly influenced by marine traffic and continental emissions. The cloud 

water collected through the modified Mohnen slotted-rod cloud water collector was chemically 

analyzed using ino chromatography (IC) and inductively coupled plasma mass spectroscopy 

(ICP-MS). In order to identify how particles impact the composition of clouds, measurements of 

ambient aerosol composition were utilized, in addition to cloud water measurements. Number 

concentrations of particles below cloud were obtained from a condensation particle counter 

(CPC) and a passive cavity aerosol spectrometer probe (PCASP). Composition of sub-micron 

aerosols were obtained from a compact time-of-flight aerosol mass spectrometer (C-ToF-AMS), 

and a particle-into-liquid sampler (PILS) coupled to IC (Sorooshian et al., 2006). During NiCE, 

ground measurements of size-resolved aerosol composition were made at a few kilometers from 

the coast in Marina, CA with a 10-stage micro-orifice uniform deposit impactor (MOUDI). 

Additionally, a parcel model was used to simulate the vertical distribution of nitrate within 

clouds for comparison with observations.  

 

The major sources of NO3
- 
in the study region are ship and continental emissions. The extent of 

smoke influence on clouds is dictated by the stability of the atmosphere above clouds. Nitrate 

enters clouds primarily through the dissolution of HNO3 which is often not neutralized 

completely in an acidic environment. Evaporation of cloud water could be a significant loss 

mechanism for NO3
-
. Nitrate

 
is driven to the coarser size mode due to the presence of sea salt and 

Si-enriched particles, which may rapidly enhance its wet and dry deposition in the region. 

Despite being a NH4
+
-limited region, sub-cloud sub-micrometer particulate NO3

-
 concentrations 
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are not anti-correlated with SO4
2-

 due to the presence of other cations such as Ca
2+

, K
+
, Mg

2+
, 

Na
+
, and diethylamine that collectively accounted for up to 100% of the water-soluble cation 

mass in individual flights. The nitrate-to-sulfate mass ratio quickly decreases with cloud height 

due to the more efficient formation of in-cloud sulfate formation as compared to HNO3 

formation and uptake. In more turbulent clouds, as encountered during biomass burning events, 

sulfate and nitrate precursors are entrained from above and spatial trends in nitrate-to-sulfate 

ratios cannot be predicted based on the assumption that cloud depth can be equated with 

processing time scales from cloud base towards cloud top. The model simulations have been run 

by Barbara Ervens.  
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Appendix C: Evidence of Giant Cloud Condensation Nuclei Enhancement in the Plume of Ships 

 

 

Giant cloud condensation nuclei (GCCN) are a subset of aerosols that have been defined in this 

study as particles with aerodynamic diameters larger than 2 μm. The impacts of GCCN on cloud 

microphysical properties have been studied extensively (Johnson, 1982; Feingold et al., 1999; 

Hudson et al., 2011). These studies found that GCCN and ultra-GCCN (Dp > 20 μm) are 

positively correlated with drizzle in warm clouds. Rain or drizzle in warm clouds depends on the 

growth of cloud droplets. Droplets grow initially by condensation of water vapor and 

subsequently by collision and coalescence with other droplets. Giant CCN can effectively form 

droplets with radii > 19 μm, at which point their collision efficiency is high enough to initiate 

rain (Klett and Davis, 1973).  

 

This study utilizes airborne measurements of microphysical properties of ambient aerosols 

behind marine vessels, collected during three field campaigns – the second Marine 

Stratus/Stratocumulus Experiment (MASE II) in 2007, the Eastern-Pacific Emitted Aerosol 

Cloud Experiment in 2011, and Nucleation in California Experiment (NiCE) in 2013. All three 

campaigns were conducted over roughly the same region of the Eastern Pacific Ocean, off the 

coast of Monterey, California during July-August, with nearly identical assembly of instruments. 

My contribution to this paper includes the analysis of data from various instruments utilized in 

all the three campaigns. Three instruments were used to measure particle number concentrations 

in different size ranges. A condensation particle counter (CPC) measured bulk number 

concentrations of particles with Dp > 10 nm. Size-resolved number densitites were measured by a 
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passive cavity aerosol spectrometer probe (PCASP; Dp range: 0.1 – 2.6 μm) and a cloud aerosol 

spectrometer (CAS; Dp range: 0.61 – 61.4 μm). Hence, the CPC and PCASP measurements of 

particle number concentrations are dominated by nucleation and accumulation mode particles, 

while CAS measures mostly particles with diameters exceeding a micron.  

 

Nine case flights were examined to compare the GCCN number concentrations behind ships to 

those in the background region unperturbed by the ships. A majority (65%) of the cases showed 

an increase in GCCN number concentrations. A potential source for GCCN in ship plume could 

be sea-salt production from bursting of air bubbles created by the motion of the ship over water, 

in which case, the GCCN enhancement may depend on the ship activity (or speed) and 

dimensions. A second potential source from ships is their exhaust. The number concentration of 

GCCN in ship emissions are likely influenced by various factors such as the type of engine, fuel 

type, speed of the vessel and the strength of the emissions measured. 

 

It is well-known that ship plumes comprise of a large number of sub-micron particles that lead to 

an increase in cloud albedo, an effect theoretically proposed by Twomey (1974). Thus, the 

presence of GCCN in the ship plumes may have a significant influence on the cloud properties, 

implying a possible over-estimation of the aerosol indirect effect. 
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Highlights  

 Spatiotemporal analysis of PM2.5 elemental composition in southern Arizona 

 Concentrations of crustal elements exhibit a distinct day-of-week pattern 

 There have been significant reductions in toxic species concentrations since 1988 

 Toxic element concentrations are enhanced during ‘dust events’ in urban areas 

 Phoenix has the highest concentrations of airborne Cu, Zn, and crustal elements 

Abstract 

A statistical analysis of data from the Interagency Monitoring of Protected Visual 

Environments (IMPROVE) network of aerosol samplers has been used to study the spatial and 

temporal concentration trends in airborne particulate metals and metalloids for southern Arizona. 

The study region is a rapidly growing area in southwestern North America characterized by high 
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fine soil concentrations (among the highest in the United States), anthropogenic emissions from 

an area within the fastest growing region in the United States, and a high density of active and 

abandoned mining sites. Crustal tracers in the region are most abundant in the summer (April – 

June) followed by fall (October – November) as a result of dry meteorological conditions which 

favor dust emissions from natural and anthropogenic activity. A distinct day-of-week cycle is 

evident for crustal tracer mass concentrations, with the greatest amplitude evident in urban areas. 

There have been significant reductions since 1988 in the concentrations of toxic species that are 

typically associated with smelting and mining. Periods with high fine soil concentrations 

coincide with higher concentrations of metals and metalloids in the atmosphere, with the 

enhancement being higher at urban sites.  

 

Keywords: Desert; Aerosol; Arizona; Arsenic; Lead; Dust 

1. Introduction 

Atmospheric aerosol particles impact the planet’s radiation balance, the hydrologic cycle, 

public health and welfare, and biogeochemical cycling of nutrients. Aerosol particles act as 

carriers for potentially harmful contaminants and beneficial nutrients to ecosystems. Potential 

health effects of aerosol particles are linked to their physicochemical properties that govern their 

transport patterns, method of deposition, and ultimate health impact upon deposition. Of most 

concern for health effects are fine particles (mean aerodynamic diameter < 2.5 µm), as they are 

most effective at penetrating the extrathoracic, conducting, and pulmonary airways of the human 

body upon inhalation (Park and Wexler, 2008). While the size and hygroscopicity of particles 

will largely govern where particles deposit upon inhalation, knowledge of their composition is 

critical for predicting their ultimate health effect upon deposition. 



32 

 

Metals and metalloids, of which many are considered by the Environmental Protection 

Agency (EPA) to be air toxins (e.g., arsenic (As), lead (Pb), nickel (Ni), chromium (Cr), 

manganese (Mn)), are commonly found in ambient particles. They are natural components of 

crustal materials (e.g., wind-blown dust) and are also generated from high-temperature processes 

(smelting and fossil fuel combustion) (Thornton, 1991; Alloway, 1995; Reheis et al., 2009; 

Schauer et al., 2006; Navarro et al., 2008; Ettler et al., 2014). The transport of contaminants via 

particles is spatially more extensive than by other means such as waterways (e.g., surface and 

ground water) (Csavina et al., 2012). Metal and metalloid contaminants can also be found in rain 

and snow (e.g., Barbaris and Betterton, 1996; Cheng et al., 2011), indicating that sources of 

particles enriched with metals and metalloids can influence distant regions via the role of 

particles in serving as cloud condensation nuclei (CCN) and ice nuclei (IN) and depositing via 

precipitation. Concentrations of crustal-derived species (calcium, magnesium, potassium, 

sodium) peak between March and June in both PM2.5 and precipitation in the southwestern 

United States (Southwest), indicative of the role of dust as both CCN and IN (Sorooshian et al., 

2013). If toxic species, or even fungi, allergens, and pathogens, are associated with such dust 

particles that can deposit as precipitation, they have the potential to adversely impact downwind 

ecosystems and biota inhabiting those areas. 

The potential link between atmospheric aerosol particles, especially soil dust, and 

harmful metals and metalloids is a concern for arid and semi-arid regions that cover 

approximately one-third of the global land area. The long lifetime of metals in soils (Alloway, 

1995; Kelly et al., 1996) provides a significant residence time frame for these contaminants to be 

transported to downwind sites via soil erosion and atmospheric transport, followed by 

subsequent deposition (Galloway et al., 1982; Johnson et al., 1994). In North America, the region 



33 

 

most impacted by soil dust is the Southwest (Malm et al., 2004), which includes the focus region 

of this study (Figure 1). Naturally unvegetated or anthropogenically disturbed soil surfaces, such 

as dry lakes (“playas”), dry washes, gravel pits, large construction sites and fields (after harvest) 

can be major sources of wind-blown dust. Mine tailings in particular can provide large 

uncovered surfaces for dust emissions and contain higher concentrations of metals and 

metalloids than other soil surfaces (Boulet and Larocque, 1998). While regulations and initiatives 

for dust emission suppression (e.g., revegetation, surface moistening) are in place for active 

mines, mine tailings in abandoned mining sites are allowed to dry and can stay unvegetated for 

decades (Mendez and Maier, 2008), thus becoming sources of contaminated dust (Moreno et al., 

2007).  

Southern Arizona is an ideal setting to study the pervasiveness of metals and metalloids 

in the atmosphere, especially in relation to transported fine soil, because of significant 

anthropogenic emissions from a rapidly growing population and high density of inactive and 

active mines and smelters (Figure 1). Numerous mines are close to the metropolitan areas of 

Tucson and Phoenix with populations of over one and four million (U.S. Census Bureau, 2009), 

respectively. Measurements in the vicinity of an active copper smelter and mine tailing near the 

town of Hayden, Arizona (85 km north of Tucson) have shown that soil dust particles acquire 

contaminants such as Pb and As by deposition of fine particles from the smelting operations 

(Csavina et al., 2011; Sorooshian et al., 2012). Anderson et al. (1988) conducted single particle 

measurements near the town of Chandler, Arizona (~30 km southeast of Phoenix) and also 

suggested that smelter particles can settle and contaminate local soil dust. Similar reasoning can 

explain enhanced levels of Pb, Cu, Zn and Cd (cadmium) in soils in Australia (Mount Isa, 

Queensland) near mining and smelting operations (Taylor et al., 2010; Mackay et al., 2013). 
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Toxic levels of metals have also been observed near smelters in desert grassland (Dawson and 

Nash, 1980) and in waterways next to mine tailings (Gomez-Alvarez et al., 2009).  

The goal of this study is to examine the spatiotemporal variations in particulate 

concentrations of metal and metalloid species across southern Arizona, with an emphasis on 

evaluating the potential role of fine soil in carrying harmful toxins stemming from anthropogenic 

activity. In a companion paper, Sorooshian et al. (2011) presented a decade-long (2000 – 2009) 

analysis of aerosol composition across southern Arizona focusing on major components 

(inorganics, carbonaceous components and fine soil). In the context of that work, metals and 

metalloids, including silicon (Si), aluminum (Al), iron (Fe), titanium (Ti), zinc (Zn), Pb, Cr, 

vanadium (V), selenium (Se), Ni, rubidium (Rb), Mn, strontium (Sr), copper (Cu) and As, 

accounted for approximately 5-20% of the PM2.5 mass concentration, which constitutes a 

sizeable component of the regional particles that warrants attention in the current study. This 

work aims to address the following questions: (i) which metal and metalloid contaminants have 

common sources in the region?; (ii) which sites have the highest airborne metal and metalloid 

concentrations in southern Arizona?; (iii) how have concentrations of these species changed in 

southern Arizona between 1988 and 2009?; and (iv) are metal and metalloid concentrations 

enhanced in the atmosphere during periods of high fine soil concentrations?  

2.  Materials and Methods 

2.1 EPA IMPROVE 

 This study utilizes aerosol composition data from the Interagency Monitoring of 

Protected Visual Environments (IMPROVE) network (Malm et al., 1994; 

http://views.cira.colostate.edu/web/). IMPROVE aerosol monitoring stations are located 

primarily in National Parks and Wilderness Areas and collect ambient aerosol on filters over a 
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period of 24 h every third day. Prior to 2000, sampling was conducted semiweekly, on 

Wednesday and Saturday. The change in sampling frequency in 2000 was argued to not have 

influenced trend analysis in previous work with the condition that Wednesday and Saturday are 

near the mass concentration mean of the weekly cycle of a particular aerosol constituent being 

examined (Murphy et. al., 2008, 2011); the same condition is leveraged in the current study for 

the specific species and sites examined in Section 3.3 (“Long-term Trend Analysis”). Samples 

are analyzed for ions, metals, organic carbon (OC) and elemental carbon (EC). Among the 

elemental measurements, x-ray fluorescence (XRF) is used for Fe and heavier elements while 

particle-induced x-ray emission (PIXE) is used for elements Na to Mn. Fine soil concentrations 

reported in this study are calculated using the following equation (Malm et al., 2004):  

 

Fine Soil (µg m
-3

) = 2.2[Al] + 2.49[Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti]   (1) 

 

Species mass concentrations discussed in this study are from the fine fraction of aerosols (PM2.5). 

Sampling protocols and additional details are provided elsewhere 

(http://vista.cira.colostate.edu/improve/Publications/SOPs/UCDavis_SOPs/IMPROVE_SOPs.ht

m). This study uses data between 1988 and 2009 for seven ground stations in southern Arizona 

(Figure 1); data for Queen Valley/Phoenix, Saguaro West and Organ Pipe are only available 

since 2001, 2002 and 2003, respectively.   

 

2.2 Meteorology  

Meteorological data were obtained from three selected ground-based stations in the 

Arizona Meteorological Network (http://ag.arizona.edu/azmet/): Willcox, Tucson and Maricopa 
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(Figure 1). Monthly averages of ambient temperature, soil temperature (4.8 cm below surface), 

relative humidity (RH), maximum wind speed and precipitation are calculated for the period 

2000 – 2009 (Figure S1 in Supplement).  

 

2.3 Geographical Background, Site Descriptions, and Meteorology 

Characteristic landscapes of southern Arizona are the Sonoran Desert in the west, and 

basin and range terrain (including the Chiricahua Mountains) in the east (Figure 1). The Phoenix 

IMPROVE site (33.5038° N, -112.0958° W; 338 m ASL) is located within the metropolitan area 

and is the most influenced by urban pollution. The two next-closest IMPROVE sites to Phoenix 

are the Tonto National Monument (33.6494° N, -111.1088° W; 786 m ASL), which is separated 

by a mountain range and approximately 90 km to the east/northeast, and Queen Valley (33.2939° 

N, -111.2857° W; 658 m ASL), which is ~60 km to the east (and ~45 km south of the Tonto 

site). The Saguaro National Monument (32.1742° N, -110.7372° W; 933 m ASL) and the 

Saguaro West sites (32.2486° N, -111.2178° W; 718 m ASL) are located in the eastern and 

western sections of Saguaro National Park, respectively, and are separated by the Tucson 

metropolitan area. The two sites are 50 km apart and influenced by the Tucson urban plume 

(Sorooshian et al., 2011). The Organ Pipe site (31.9506° N, -112.8016° W; 505 m ASL) is 

located in Organ Pipe Cactus National Monument just north of the U.S.-Mexico border. The 

distance to any urban center with more than 50,000 inhabitants is > 170 km. Similarly, 

Chiricahua National Monument (32.0089° N, -109.3891° W; 1570 m ASL) is a relatively remote 

site located in the Chiricahua Mountains. The nearest urban center is Tucson, approximately 150 

km to the west.  The nearest major potential aerosol sources are the Willcox Playa and the 

Apache Power Plant, which are ~45 km to the west. 
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Major active copper mining districts within the study area are located in and around 

Miami (~35 km southeast of Tonto), the Silverbell Mountains (~30 km west of Saguaro West), 

Ray (~32 km southeast of Queen Valley) and near Sahuarita and Green Valley (~35 km south of 

Saguaro West and the same distance southwest of Saguaro National Monument) (Figure 1). 

Farther away, major open pit mines are also located near Clifton/Morenci (120 km north of 

Chiricahua) and the Mexican towns of Cananea and Nacozari (140 km and 180 km south of 

Chiricahua, respectively). Tailings from inactive mines (underground mines and small open pit 

mines, with the last activity beyond a decade ago) are ubiquitous in the region (Figure 1). Active 

copper smelters are located in Hayden (~60 km to the southeast of Queen Valley), Miami, 

Nacozari and Cananea.  

The climate in this region is arid with hot summers and mild winters (data shown in 

Supplement Figure S1). Temperatures reach their maximum and minimum values usually in July 

and December, respectively. The average wind speed is highest between April and July, with 

speeds during this time often exceeding the threshold (> 5 - 15 m s
-1

) needed for dust emissions 

from a variety of surface types (Leinen and Sarnthein, 1989). The seasonal cycle of precipitation 

is characterized by two modes: the first between November and March and the second during the 

summertime monsoon rainfall that typically occurs between July and September. Precipitation 

data reveal the overwhelming importance of these summer storms relative to all other months. 

Relative humidity similarly exhibits two modes: one in winter and another due to the arrival of 

monsoon moisture between July and September. Monthly trends in mixing layer heights for the 

three sites indicate that, on average, the mixing layer is highest between July and August (~1500 

m AGL) and lowest in January (~300 - 400 m AGL). The boundary layer is deeper by a factor of 
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three to five in the summer months as compared to winter months, which results in substantial 

dilution of aerosol species concentrations in the summer (Sorooshian et al., 2011). 

3. Results and Discussion 

3.1 Species Correlations 

 Pair-wise correlations between metals and metalloids were examined to identify their 

sources. Since most sites except Phoenix had similar correlation patterns, Table 1 reports a 

representative correlation matrix for one of these other sites, specifically Tonto (others in Tables 

S1-S5 in Supplement). In Tonto, three sub-groups of aerosol constituents emerge with statistical 

significance at the 95% confidence using a two-tailed Student’s t-Test. Aluminum, Ca, Fe, Mn, 

Rb, Si, Sr and Ti were found to be positively correlated suggesting a common source, 

specifically fine soil. Correlations among Al, Ca, Fe, Mn, Rb, Si, Sr and Ti have previously been 

attributed to crustal and soil origins in the Southwest (Moyers et al., 1977). Henceforth, these 

chemical species, which compose the major elements in soil and crustal rock (Seinfeld and 

Pandis, 2006), are referred to as ‘crustal’ tracers. Arsenic, Cu, Pb, Se and Zn comprise another 

major group of species suggestive of a common source. Moyers et al. (1977) showed previously 

that atmospheric Cu, Pb and Zn particles were correlated with each other in Tucson. These 

species are known to be associated with smelter emissions (Nriagu, 1989), which is likely to be a 

source in the study region due to the presence of smelting activity (Figure 1). Chromium, V and 

Ni compose another group that can be categorized as ‘combustion’ tracers as they are typically 

associated with fossil fuel combustion and oil industrial practices (Nriagu, 1989), which results 

in higher concentrations near urban centers (Malm and Sisler, 2000).  

Phoenix exhibits slightly different inter-relationships between contaminants due most 

likely to it being the site with the largest urban influence (Table 2). Similar to the other sites, a 
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group emerged with crustal tracers, including Al, Ca, Fe, Mn, Rb, Si, Sr and Ti.  Arsenic, Cu, Pb, 

Se, V, and Zn form a second group of contaminants that nearly resembles the ‘smelter’ group in 

Tonto. Unlike Tonto, Fe, Ti and V are also positively correlated with the ‘smelter’ group species 

because they have common anthropogenic sources (smelter and vehicular emissions), emissions 

of which likely are more potent near Phoenix. Unlike Tonto, the third group only comprises Cr 

and Ni, while V is now correlated to ‘smelter’ group tracers. The names of the sub-groups 

(‘crustal’, ‘smelter’, ‘combustion’) do not preclude the possibility that other sources for these 

species exist. The groups of contaminants in this section will now be examined in more detail to 

determine how species mass concentrations vary according to location and seasonally-dependent 

parameters such as meteorology and mixing layer height.  

 

3.2  Spatiotemporal Variation  

The temporal and spatial variations in metals and metalloids were examined using 

monthly-averaged concentrations during four seasons: Summer (April to June, AMJ), Fall 

(October to November, ON), Monsoon (July to September, JAS) and Winter (December to 

March, DJFM). There are differences in the seasonal concentration cycles of As, Cu, Pb and Zn. 

Arsenic and Cu concentrations usually peak in winter months indicative of a combination of 

urban pollution being concentrated in a shallower mixing layer and more winter-driven 

emissions that contain these species (e.g., wood-burning; Nriagu et al., 1989). Lead and Zn 

exhibit some of these characteristics, but, depending on the site, their concentrations are also 

higher between March and May. The highest concentrations of several crustal species (Si, Fe, Al, 

Ti, Mn, Rb and Sr) occur during two major temporal modes each year: summer (April - June) 

and fall (October - November) (Figure 2). 



40 

 

The spatial distributions of species in the region are different despite having similar 

sources. Based on IMPROVE data between 1995 - 1998, Malm and Sisler (2000) reported that 

the highest nationwide levels of As were measured at Chiricahua, while the highest Cu levels 

were observed at Tonto. The high As levels in Chiricahua were attributed to copper smelter 

emissions, mainly from the Cananea and Nacozari smelters in northern Mexico. In contrast to 

those earlier data, the highest Cu (and also Zn and Pb) levels in this study are found to be in 

Phoenix followed by Queen Valley and then Tonto (Figure 2). The source for these elements that 

impacts these sites is most likely copper smelters located to the east of these sites as also 

suggested by Anderson et al. (1988) for measurements they conducted near Phoenix. Tonto and 

Queen Valley have the highest concentrations of As due to close proximity to active mining and 

smelter operations, and independent in-situ measurements have confirmed that high 

concentrations of Pb and As are associated with emissions from mining and smelting operations 

in the nearby town of Hayden (Csavina et al., 2011). Phoenix has the highest concentrations of 

crustal species, followed by Saguaro West and Saguaro National Monument. The highest 

concentrations of V occur between June and August at all sites except in Phoenix, where V 

concentration peaks in winter likely due to increased anthropogenic emissions by the largest 

population center in the study region. It is uncertain as to what explains the unique annual cycle 

of V as it is most abundant during the monsoon with the heaviest rainfall and highest moisture 

levels. Principal Component Analysis (PCA) was also used to examine the spatial distribution of 

the metals and metalloids during each of the four seasons. However, the eigen values obtained 

were not statistically significant due to the high correlation among the species. Therefore, the 

discussion of the PCA has been included in the Supplement; those results are in general 

agreement with conclusions drawn from Figure 2. 
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Concentrations of all metals and metalloids were plotted as a function of the day of week 

to further investigate the influence of anthropogenic activities that typically follow a weekly 

cycle. Previous work has shown that the regional average concentrations of crustal species like 

Si, Ca, Ti and Fe in Arizona exhibit a distinct weekly cycle with a maximum on Thursday and a 

minimum on Sunday (Murphy et al., 2008); weekend effects of this nature have been 

documented in other arid and semi-arid regions such as in India (Kulshrestha et al., 2009) and 

Iran (Crosbie et al., 2014). Figure 3a shows that this weekly variation in Si concentration holds 

for each of the seven sites in this study. Additionally, the increase from Sunday to Thursday is 

the greatest at urban sites, specifically Phoenix (82%) and Saguaro West (77%), and the least at 

remote sites, especially Chiricahua (23%). Other crustal elements like Rb (which has no other 

known anthropogenic source, Figure 3b), Al, Fe, Ti, Mn and Sr also follow the same weekly 

pattern further confirming that this weekly pattern is a consequence of anthropogenic activities 

(e.g., vehicular traffic, construction) that are enhanced near urban sites (Garg et al., 2000; Rauch 

et al., 2000). For example, Ti and Fe are known to be associated with tailpipe emissions and the 

wearing of tires, brakes, and engines (Lough et al., 2005). In addition, urban road dust, which is a 

major source of aerosol in Phoenix, specifically has been shown to be more enriched in Fe and Ti 

as compared to rural road dust (Apeagyei et al., 2011). Manganese has anthropogenic sources 

such as coal/oil combustion and vehicular emissions (Samara and Voutsa, 2005). Similar to Si, 

weekly cycles of all the other crustal species also have the largest variation from Sunday to 

Thursday in Phoenix and Saguaro West. However, other non-crustal elements, like Pb, As, Cu, 

Zn, Se, V and Ni, exhibit a different weekly cycle at each site (see Pb and As in Figures 3c-d), 

suggestive of controlling factors that do not follow the typical work week.   
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3.3 Long-term Trend Analysis 

Long-term seasonal trends (AMJ, JAS, ON, DJFM) are examined for the IMPROVE 

stations in the study region over their entire periods of data availability (Chiricahua, Tonto and 

Phoenix in Table 3; other sites shown in Table S8 of Supplement). An analogous analysis for the 

major inorganic and carbonaceous components showed long-term reductions in sulfate, 

elemental carbon and organic carbon, attributable to the closure of regional copper smelters and 

other implemented source controls for pollutants such as SO2
 
(Matichuk et al., 2006; Sorooshian 

et al., 2011). This study shows that Chiricahua and Tonto have experienced statistically 

significant reductions in As during all seasons since 1988 (seasonal range: 0.18 – 0.33 ng m
-3

 y
-1

 

and 0.03 – 0.10 ng m
-3

 y
-1

, respectively). Statistically significant reductions in As also occurred 

at the other sites (except Phoenix) depending on the season (0.01 – 0.23 ng m
-3

 y
-1

). While Se 

levels have decreased at every site regardless of the season, Pb and Cu showed both reductions 

and increases depending on site and season, but with more consistent reductions at Tonto, 

Chiricahua, and Saguaro National Monument. Iron levels increased in Queen Valley (6.24 ng m
-3

 

y
-1

 in ON), Organ Pipe (6.36 ng m
-3

 y
-1

 in ON) and Saguaro National Monument (1.17 – 3.36 ng 

m
-3

 y
-1

 across all seasons), but decreased at Phoenix and Saguaro West during JAS (8.89 and 

16.81 ng m
-3

 y
-1

, respectively). The reductions in As, Cu, Pb and Se are at least partly due to 

source controls noted above. 

 

3.4 Metal and Metalloid Behavior during Periods of Increased Fine Soil Concentrations 

Dust particles have been shown to be effective transportation vehicles for contaminants 

from industrial activities in the region (Csavina et al., 2011). Owing to the high density of 

mining and smelting operations in the region, it is hypothesized that metals and metalloids 
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commonly associated with these activities (Cu, Zn, As and Pb) increase in concentration 

simultaneous with fine soil. We provide a characterization of metal and metalloid concentrations 

during ‘dust events’, which are defined here as being when the fine soil concentration during a 

day is at least twice that of the preceding measurement from three days before. The average 

number of ‘dust events’ that occur in a year for the various sites ranges between 3 – 7.3 per year 

(Table 4). The frequency of such events is highest in Organ Pipe (7.3) and the lowest in Queen 

Valley (3). Metal and metalloid enhancement is quantified as the ratio of a concentration during 

a ‘dust event’ day to the average concentration during the adjacent measurement periods (i.e., 

average of two data points where one is from three days before and the other three days after). 

Most of these events are accompanied by an enhancement of metal and metalloid concentrations. 

Four of the most toxic and abundantly found metals/metalloids in the region are Pb, As, Cu and 

Zn. More than 50% of the events were characterized by an enhancement in the concentration of 

at least one of these four contaminants. Sites with more urban influence (Phoenix, Saguaro 

National Monument and Saguaro West) exhibit significantly higher frequencies of ‘dust events’ 

with enhanced metal/metalloid levels than the other sites. Zinc was enhanced most frequently 

(41% - 81% of the total events) along with fine soil, while As was the least frequently enhanced 

contaminant (10% - 27% of the total events; Table 4).  

Thirty six hour back-trajectories with an ending altitude of 10 m above ground level were 

computed with the NOAA HYSPLIT model (Draxler and Rolph, 2012) for these events at each 

site. The direction for each trajectory was obtained by dividing the region into four equal sectors 

to investigate the relationship between air mass source origin and the increase of contaminant 

concentrations during such events. For every site, the majority (45 to 50%) of the ‘dust events’ 
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coincided with air masses approaching from the west; however, the enhancement of 

contaminants during the events is unrelated to the direction of where air masses came from.  

4. Conclusions 

 This study has examined the spatial and temporal concentration trends in airborne 

particulate metals and metalloids for seven IMPROVE sites in southern Arizona. The results of 

the study, following the order of questions posed in Section 1, are summarized below.  

 

(i) Three major sub-groups of atmospheric metals and metalloids with positively correlated mass 

concentrations exist with at least one major common source for each group being crustal matter 

(e.g., Al, Ca, Fe, Mn, Rb, Si, Sr, Ti), smelting (e.g., As, Cu, Pb, Se, Zn) and combustion (e.g., 

Cr, Ni). Crustal species in the region are most abundant in the summer (AMJ), as a result of dry 

meteorological conditions which favor dust emissions, and also between October and November 

most likely due to meteorology and anthropogenic sources of dust such as roadways and 

construction. These species follow a distinct weekly cycle with a minimum concentration on 

Sunday and a maximum on Thursday, with the largest cycle amplitudes at urban sites with the 

most anthropogenic activity (i.e., Phoenix and Tucson). Some components of natural dust 

diverge in their seasonal concentration profiles owing to inputs from anthropogenic sources (Fe, 

Ti, Cr, Pb, Mn and Ni). 

 

(ii) Phoenix has the highest concentrations of crustal species, followed by Saguaro West and 

Saguaro National Monument. The highest concentrations of As are observed at Tonto and Queen 

Valley, while the highest Cu, Zn and Pb levels are found in Phoenix and followed by Queen 

Valley. 
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(iii) Reductions in As and Se levels were identified across the study region, with general 

reductions also evident for Cu and Pb for most sites and seasons. These results indicate that 

source controls such as with the closure of regional smelters have been effective, but that active 

mining/smelter operations and other emissions promoted by a growing population continue to 

have an impact across the region.  

 

(iv) Periods of high fine soil concentration in the region are often accompanied by the 

enhancement of concentrations of metals and metalloids, especially at urban sites (Phoenix and 

Tucson). The enhancement of these species during high fine soil concentration periods is found 

to be unrelated to the trajectory of transported air in the preceding 36 h.  

 

The results of this work indicate that Arizona represents a region vulnerable to the 

impacts of airborne metals and metalloids as a result of the abundance of dust aerosol and 

anthropogenic emissions. The ubiquity of metal and metalloid contaminants in the region is not 

just a local issue as the particles enriched with these contaminants can undergo long-range 

transport and potentially participate in cloud drop formation, thereby influencing distant regions 

via deposition.  
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Table 1. Mass concentration correlation matrix for Tonto National Monument, which is 

representative of all other southern Arizona IMPROVE sites except for Phoenix. The text labels 

represent at least one major common source for sub-groups of metal and metalloid contaminants 

in the atmosphere. Correlation coefficients in bold are statistically significant at 95% confidence 

with a two-tailed Student’s t-Test.  

 

 
Al Ca Mn Rb Si Sr Ti Fe Cu As Pb Se Zn Cr Ni V

Al 1.00

Ca 0.93 1.00

Mn 0.87 0.82 1.00

Rb 0.57 0.62 0.53 1.00

Si 0.98 0.95 0.84 0.63 1.00

Sr 0.76 0.83 0.67 0.78 0.80 1.00

Ti 0.95 0.91 0.90 0.62 0.94 0.76 1.00

Fe 0.95 0.95 0.85 0.64 0.97 0.81 0.93 1.00

Cu -0.08 -0.08 -0.05 0.00 -0.08 -0.08 -0.09 -0.09 1.00

As -0.11 -0.12 -0.04 -0.02 -0.12 -0.13 -0.09 -0.13 0.68 1.00

Pb -0.05 -0.06 -0.04 0.13 -0.06 -0.04 -0.06 -0.07 0.67 0.62 1.00

Se -0.13 -0.17 -0.15 -0.04 -0.15 -0.16 -0.16 -0.16 0.46 0.37 0.46 1.00

Zn 0.04 0.05 0.05 0.21 0.03 0.07 0.02 0.04 0.64 0.63 0.61 0.33 1.00

Cr 0.05 0.01 0.22 0.22 -0.01 0.05 0.14 0.07 0.07 0.27 0.10 0.04 0.06 1.00

Ni 0.03 0.04 0.06 0.02 0.02 0.02 0.03 0.03 0.00 0.02 0.00 0.00 0.07 0.24 1.00

V 0.21 0.17 0.44 0.17 0.16 0.13 0.31 0.17 0.06 0.21 0.07 -0.03 0.06 0.72 0.20 1.00
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Table 2. Mass concentration correlation matrix for Phoenix. The text labels represent at least one 

major common source for sub-groups of metal and metalloid contaminants in the atmosphere. 

Correlation coefficients in bold are statistically significant at 95% confidence with a two-tailed 

Student’s t-Test.  

 

 
Al Ca Rb Si Sr Mn Ti Fe As Cu Pb Se Zn V Cr Ni

Al 1.00

Ca 0.92 1.00

Rb 0.90 0.82 1.00

Si 0.98 0.92 0.89 1.00

Sr 0.31 0.37 0.21 0.30 1.00

Mn 0.71 0.75 0.63 0.72 0.30 1.00

Ti 0.83 0.90 0.73 0.83 0.39 0.79 1.00

Fe 0.77 0.88 0.67 0.77 0.41 0.82 0.97 1.00

As -0.01 0.03 0.02 -0.01 0.14 0.14 0.14 0.19 1.00

Cu 0.26 0.39 0.14 0.24 0.30 0.48 0.63 0.69 0.45 1.00

Pb 0.19 0.28 0.16 0.17 0.26 0.38 0.49 0.55 0.62 0.78 1.00

Se -0.12 -0.14 -0.06 -0.13 0.00 -0.04 -0.06 -0.03 0.59 0.24 0.41 1.00

Zn 0.28 0.41 0.19 0.24 0.26 0.50 0.60 0.68 0.30 0.71 0.68 0.14 1.00

V 0.39 0.54 0.32 0.37 0.34 0.52 0.72 0.77 0.28 0.67 0.59 0.12 0.69 1.00

Cr 0.22 0.27 0.16 0.23 0.06 0.27 0.31 0.33 0.14 0.25 0.20 0.04 0.28 0.28 1.00

Ni 0.24 0.28 0.16 0.22 0.07 0.23 0.28 0.29 -0.06 0.18 0.12 -0.07 0.28 0.24 0.61 1.00
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Table 3. Linear regression trends (slope units are ng m
-3

 year
-1

) for selected IMPROVE stations 

as a function of season (other station data are shown in Table S8 of Supplement). Data 

availability: Chiricahua National Monument: 1988 - 2009, Tonto National Monument: 1988 - 

2009, Phoenix: 2001 - 2009. Correlations that are statistically significant at 95% confidence with 

a two-tailed Student’s t-Test are in bold. Blank values indicate insufficient data availability. 

 

Slope r
2 Slope r

2 Slope r
2 Slope r

2

Slope r
2 Slope r

2 Slope r
2 Slope r

2

Slope r
2 Slope r

2 Slope r
2 Slope r

2

-0.04 0.09

Se: -0.01 0.58 -- -- -0.03 0.39 -0.02 0.52

Pb: -0.01 0.05 -- -- -0.14 0.25

Cu: 0.10 0.19 -- -- 0.35 0.07 0.22 0.33

Fe: -8.89     0.33 -- -- -8.52 0.04 -2.32 0.02

Phoenix

Monsoon (JAS) Fall (ON) Winter (DJFM) Summer (AMJ)

As: -0.02 0.22 0.02 0.10 -0.03 0.21 -0.01 0.22

-0.08 0.32

Se: -0.01 0.46 -0.01 0.12 0.00 0.06 -0.01 0.42

Pb: -0.24    0.60 -0.15 0.26 -0.18 0.42

Cu: -0.12 0.58 -0.12 0.19 -0.17 0.44 -0.04 0.23

Fe: 1.03    0.15 0.64 0.05 1.33 0.33 2.18 0.14

Tonto

Monsoon (JAS) Fall (ON) Winter (DJFM) Summer (AMJ)

As: -0.07 0.54 -0.07 0.30 -0.10 0.62 -0.03 0.78

56.10 0.04 0.97 0.22 1.25 0.07

-0.10 0.57

Se: 0.81 0.08 -0.02 0.47 -12.90 0.50 -0.01 0.48

Pb: -0.16 0.52 -0.23 0.62 -0.14 0.65

Chiricahua

Monsoon (JAS) Fall (ON) Winter (DJFM) Summer (AMJ)

As: -0.18 0.52 -0.27 0.29 -0.33 0.47 -0.18 0.63

Cu: 0.20 0.03 -0.17 0.50 -0.15 0.54 -0.12 0.63

Fe: 1.11 0.22
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Table 4. ‘Dust event’ frequency for each site computed over their entire measurement period, the 

fraction of those cases which were accompanied by enhancement of at least one of the four 

metal/metalloids shown (Pb, As, Cu and Zn), and the fraction of events that exhibited an increase 

in the concentration of each specific metal/metalloid.  

Site
 'Dust event' frequency 

(per year)

Pb 

(%)

As 

(%)

Cu 

(%)

Zn 

(%)

Chiricahua 7 42 21 37 49

Organ Pipe 7.3 49 10 55 63

Queen Valley 3 35 27 41 41

Tonto 6.4 43 15 38 59

Saguaro West 7.1 56 16 63 81

Saguaro NM 4 52 18 54 73

Phoenix 6.8 70 22 68 78

63%

78%

55%

64%

89%

82%

88%

Fraction of cases with 

metal/metalloid enhancement
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FIG 1. Geographic location of southern Arizona IMPROVE stations (orange markers), with 

altitudes above sea level reported in parentheses. Locations of selected mines, prospects, 

quarries, and processing mills and plants (including abandoned mines) are shown as black dots 

(State of Arizona Department of Mines and Mineral Resources, 

http://mines.az.gov/Publications/AzmilsMap.pdf); the emissions strength of metals and 

metalloids from these sites is uncertain. Also shown are the location of major active copper 

mining and smelting operations (blue markers) (http://www.admmr.state.az.us/), and 

meteorological stations close to the IMPROVE sites (purple markers). 
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FIG 2. Monthly-averaged mass concentrations (1 = Jan; 12 = Dec) of PM2.5 constituents at seven 

sites in southern Arizona between 2000 – 2009 (note though that for Queen Valley/Phoenix, 

Saguaro West and Organ Pipe, data are only available since 2001, 2002 and 2003, respectively). 

“L” and “R” denote the left and right y-axis, respectively. 
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FIG 3. Weekly cycles of (a) silicon, (b) rubidium, (c) lead and (d) arsenic at the seven 

IMPROVE sites in southern Arizona. The y-axis in each of the figures is the mass concentration 

at each site normalized by the mean concentration of the given element measured at the 

respective site during the period between 2000 and 2009 (note though that for Queen 

Valley/Phoenix, Saguaro West and Organ Pipe, data are only available since 2001, 2002 and 

2003, respectively). C – Chiricahua; P – Phoenix; OP – Organ Pipe; T – Tonto; QV – Queen 

Valley; SW – Saguaro West; SNM – Saguaro National Monument. Other crustal species like Al, 

Fe, Ti, Mn and Sr also follow the same weekly cycle as Si and Rb; non-crustal species, similar to 

Pb and As, do not have a distinct weekly cycle in the region. 
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Abstract 

This study examines the sources of NO3
- 
in stratocumulus clouds over the eastern Pacific Ocean 

off the California coast using airborne and surface measurement data from the Eastern Pacific 

Emitted Aerosol Cloud Experiment (E-PEACE; 2011) and Nucleation in California Experiment 

(NiCE; 2013). Average NO3
-
 air-equivalent concentrations in cloud water samples categorized as 

having been influenced by ship (2.5 µg m
-3

), strong marine emissions (2.5 µg m
-3

) and fires (2.0 

µg m
-3

) were more than twice that in the background cloud water (0.9 µg m
-3

). During periods 

when biomass burning plumes resided above cloud top, 16 of 29 cloud water samples were 
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impacted due to instability in the entrainment interface layer with NO3
-
 levels reaching as high as 

9.0 µg m
-3

. Nucleation scavenging of chloride depleted sea-salt is a source of cloud water NO3
-
, 

with the lowest Cl
-
:Na

+
 ratio (1.5) observed in ship-influenced samples. Surface aerosol 

measurements show that NO3
-
 concentrations peak in the particle diameter range of ~0.5 to 2.0 

μm, similar to Na, Cl
-
 and Si, suggesting that drop activation of crustal particles (e.g., sea salt 

and dust) could be an important source of NO3
-
 in cloud water.  The contrasting behavior of NO3

-
 

and SO4
2-

 is emphasized by the NO3
-
:SO4

2-
 mass concentration ratio which is highest in cloud 

water (by more than a factor of two) followed by above cloud aerosol, droplet residual particles, 

and below cloud aerosol. Trends of a decreasing NO3
-
:SO4

2-
 ratio with altitude in clouds are 

confirmed by parcel model studies due to the higher rate of in-cloud sulfate formation as 

compared to HNO3 uptake by droplets.  

 

1. Introduction 

Nitrate (NO3
-
) is a key inorganic anion in cloud water that can alter microphysical properties in 

clouds, influence aqueous-phase processes in drops and affect ecosystems after wet deposition. 

The uptake of nitric acid (HNO3) by aerosol particles enhances their cloud drop nucleating 

ability and can lead to increases in both cloud drop number concentration and cloud albedo (Xue 

and Feingold, 2004; Makkonen et al., 2012); uptake of HNO3 by cloud drops can also increase 

the hygroscopicity of cloud droplet residual particles after drop evaporation (Henning et al., 

2014). Negative radiative forcing from nitrate-containing particles has been projected by global 

aerosol models to increase due to future elevated levels of nitrate precursors (Liao et al., 2006; 

Bauer et al., 2007). It is important to understand the factors governing nitrate concentrations in 

marine clouds.  
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The goal of this study is to use airborne chemical measurements off the California coast 

to identify sources of NO3
-
 in marine cloud water and factors that dictate the strength of their 

influence on NO3
-
 concentrations. Airborne measurements from two flight campaigns, NiCE and 

E-PEACE, have been utilized to evaluate processes through which NO3
-
 enters cloud water 

(nucleation scavenging and uptake of gas-phase HNO3). The persistent summertime 

stratocumulus cloud deck in the study region provides a tailor-made venue for this type of 

investigation, as it is impacted by a number of different sources enriched with NO3
-
 precursors 

such as ships, wildfires, and continental anthropogenic emissions. This study benefits from the 

rapid sampling of cloud water to provide a high level of spatiotemporal resolution, especially 

vertically in clouds.  

2. Experimental Methods 

2.1 Flight Campaign Descriptions 

2.1.1 Nucleation in California Experiment (NiCE), 2013  

 The Center for Interdisciplinary Remotely – Piloted Aircraft Studies (CIRPAS) Twin 

Otter conducted 23 flights during the Nucleation in California Experiment (NiCE) between July 

and August in 2013 over the Pacific Ocean off the central California coast (34°N - 43°N, 119°W 

- 126°W). Two major aims of NiCE were to study (i) the dependence of cloud properties on 

environmental conditions, and (ii) nucleation events from urban pollution, animal husbandry and 

biogenic emissions. During NiCE, a number of wildfires occurred near the California-Oregon 

border, smoke from which was transported into the study region with the potential to impact 

clouds.  

2.1.2 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE), 2011 
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Thirty research flights were conducted with the Twin Otter during the Eastern Pacific 

Emitted Aerosol Cloud Experiment (E-PEACE), conducted between July and August in 2011, to 

study aerosol-cloud-precipitation-radiation interactions in the same region as NiCE with a nearly 

identical instrument payload. A general overview of the E-PEACE campaign is provided by 

Russell et al. (2013). The present study is primarily based on measurements made during NiCE; 

however, data from E-PEACE are included to provide additional statistics and thus more 

confidence for a subset of the results.  

2.2 Airborne Measurements 

Twin Otter measurements focused on microphysical properties of particles and clouds in 

addition to meteorological variables. Nearly all flights consisted of level legs below cloud, in 

cloud (cloud base, mid-cloud, cloud top) and above cloud. Cloud water was collected using a 

modified Mohnen slotted-rod cloudwater collector (Hegg and Hobbs, 1986). These samples were 

collected over a 10 – 30 min duration in high-density polyethylene bottles. The collector was 

inserted upwards through a port at the top of the aircraft during cloud passes. A total of 119 and 

87 samples were collected in NiCE and E-PEACE, respectively. The collection efficiency of the 

collector is inversely related to the speed of the aircraft with little correlation with drop mass 

mean diameter up to ~35 μm (Hegg and Hobbs, 1986). Samples were tested for pH (Oakton 

Model 110 pH meter calibrated with pH 4.01 and pH 7.00 buffer solutions) and treated with 5 µL 

chloroform to prevent subsequent biological processing. Detailed analysis of chemical 

composition was conducted with ion chromatography (IC; Thermo Scientific Dionex ICS – 2100 

system) and inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700 Series). 

Tables S1-S2 (Supplement) report limits of detection, precision, and cloud water blank sample 

concentrations for species measured by the IC. The charge balance of ionic species measured by 



63 

 

the IC in cloud water samples exhibits a best-fit slope (positive charges on y-axis) of 1.02 ± 0.01 

(Figure S1 in Supplement). Elemental concentrations reported by the ICP-MS are the averages 

over three measurements, with standard deviations less than 3%. The limits of detection of all 

species were in the ppt level. More details about these techniques are provided elsewhere 

(Sorooshian et al., 2013; Wang et al., 2014).     

Sub-micrometer non-refractory aerosol composition measurements were conducted with 

a compact time-of-flight aerosol mass spectrometer (C-ToF-AMS, Aerodyne) (Drewnick et al., 

2005). In clear air, particles were sampled through a sub-isokinetic aerosol inlet (Hegg et al., 

2005). When in clouds, the C-ToF-AMS sampled cloud drop residual particles downstream of a 

counterflow virtual impactor (CVI). The efficiency of drop entry into the CVI increases with 

drop size with a Dp,50 of 11 μm, but there is decreasing transmission efficiency with increasing 

drop size inside the inlet mainly owing to inertial deposition (Shingler et al., 2012). Shingler et 

al. (2012) reported that the Dp,50 of the CVI was sufficiently low to sample the majority of the 

drop distribution during flights in the study region with the exception of periods near cloud 

bases, especially when influenced by ship plumes. Droplet number concentration, Nd (cm
-3

), was 

measured by a cloud aerosol spectrometer (CAS), and liquid water content (LWC) was obtained 

with a PVM-100 probe (Gerber et al., 1994). Sub-cloud particle number concentrations in the 

diameter ranges 0.01 – 1.0 μm and 0.1 – 2.6 μm were obtained using a condensation particle 

counter (CPC 3010; TSI Inc.) and a passive cavity aerosol spectrometer probe (PCASP), 

respectively.  

While the NO3
-
 fraction of sea salt is negligible, the non-sea salt (NSS) fraction of SO4

2- 

in cloud water is calculated using Na
+
 concentrations (SO4

2-
:Na

+
 is ~ 0.25 by weight for sea salt; 

Seinfeld and Pandis, 2006). Henceforth, SO4
2- 

refers to NSS SO4
2-

. Liquid-phase concentrations 



64 

 

of cloud water species were converted to air-equivalent concentrations by multiplication with the 

average LWC measured during the cloud water collection time. A threshold LWC value of 0.02 

g m
-3

 is used to define periods in clouds.  

2.3 Ground Measurements 

Size-resolved aerosol composition measurements were conducted during NiCE ~4 km 

from the coast in Marina, CA with a 10-stage micro-orifice uniform deposit impactor (MOUDI; 

M110-R, MSP Corporation; Marple et al., 1991). The 50% cut-off sizes of the MOUDI, 

assuming flat impaction surfaces, are 0.056, 0.1, 0.18, 0.32, 0.56, 1.8, 3.2, 5.6, 10 and 18 μm in 

aerodynamic diameter. The cut sizes for the Teflon filters (PTFE membrane, 2 μm pore, 46.2 

mm, Whatman) may be slightly modified depending on their surface roughness (Marjamaki and 

Keskinen, 2004; Fujitani et al., 2006). The samples were collected over a duration of 96 h with a 

flow rate of 30 L min
-1

. The filters were cut in half and only one half was extracted for chemical 

characterization of the samples. Extractions were performed by using 10 mL of milli-Q water in 

sealed glass vials that were sonicated at 30 °C for 20 min. Extracts were refrigerated prior to 

being analyzed with ICP-MS and IC. MOUDI species examined here include NO3
-
, SO4

2-
, Cl

-
, 

Na and Si, where concentrations of only the latter two are from ICP-MS. 

 

3. Results and Discussion 

3.1 Major Emissions Sources (NiCE Data) 

Nitrate was the fourth most abundant water-soluble species in cloud water during NiCE, 

after Na
+
, Cl

-
 and SO4

2-
. Average NO3

-
 air-equivalent concentrations in the study region (1.5 ± 

1.6 μg m
-3

) are similar in magnitude to those measured in North Atlantic marine clouds 

influenced by continental European air masses (2.1 ± 1.2 μg m
-3

; Borys et al., 1998), the 
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southeast Pacific Ocean (~ 0.7 μg m
-3

; Benedict et al., 2012) and off the southern California 

coast (~0.6 μg m
-3

; Straub et al., 2007).  

NiCE cloud water data are further grouped into four major categories (“ship”, “fire”, 

“low Cl
-
 marine” and “high Cl

-
 marine”) for a quantitative comparison between the different 

sources (Table 1). Cloud water samples with sub-cloud (immediately below cloud base) 

maximum CPC concentrations > 900 cm
-3

 and vanadium (V) > 1 ng m
-3

 are classified in the ship 

category; measurements in the region have identified V as a ship exhaust tracer (Coggon et al., 

2012). In addition to visual and olfactory evidence, samples with above-cloud maximum PCASP 

concentrations > 1000 cm
-3

 are considered in the fire category; biomass burning plumes during 

NiCE produced particles with diameters predominantly above 100 nm, which is the lower size 

limit of the PCASP. Despite the presence of smoke above the clouds, not all cloud water samples 

shared evidence of smoke, as discussed in Section 3.2.3. Hence, the fire group was divided 

further into two sub-groups: samples with and without smoke entrainment. The remainder of the 

samples were influenced predominantly by marine emissions; those exhibiting Cl
-
 concentrations 

exceeding 11 μg m
-3

 (i.e. average measured during NiCE) were identified as “high Cl
-
 marine ” 

while the rest were categorized as “low Cl
-
 marine”. These latter samples do not necessarily 

represent pristine conditions since the majority of the study region is influenced by aged 

anthropogenic emissions, mainly from ships (Coggon et al., 2012). While not a specifically 

designated category, continental emissions (biogenic and anthropogenic) other than from fires 

can also influence the regional clouds (Coggon et al., 2014). Air-equivalent NO3
-
 concentrations 

in cloud water samples characterized as “high Cl
-
 marine” (2.5 ± 1.9 μg m

-3
), “ship” (2.5 ± 2.1 

μg m
-3

) and “fire” with entrainment (2.0 ± 2.2 μg m
-3

) are more than twice those than in “low Cl
-
 

marine” category (0.9 ± 0.7 μg m
-3

). Nitrate in samples with smoke entrainment reached values 
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as high as 9.0 µg m
-3

; however, fire samples not characterized by smoke entrainment exhibited 

comparable NO3
- 
levels to “low Cl

-
 marine” samples.  

Table 1 also reports chemical mass concentration ratios intended to further support the 

sample grouping criteria, as each emission source is characterized by specific tracer species that 

are used in the ratios. Oxalate and NSS K
+
 are commonly used as chemical tracers for biomass 

burning emissions. However, NSS K
+
 exhibited highest concentrations in ship influenced 

samples, whereas oxalate was highest in fire samples and thus chosen as the fire tracer. Ratios of 

[Oxalate]:[Na
+
] and [Oxalate]:[V] are used to distinguish fire samples from “high Cl

-
 marine” 

(high Na
+
) and ship samples (high V), respectively. Average values of both ratios are the highest 

in fire influenced samples, while [Oxalate]:[Na
+
] and [Oxalate]:[V] are lowest in the “high Cl

-
 

marine” and ship categories, respectively. Therefore, the ratio results show that the 

categorization criteria are suitable to distinguish between samples clearly influenced by either 

fires, ships, or strong marine emissions. It is worth noting that the most acidic samples were in 

the ship (pH = 4.1) and fire influenced (pH = 4.1) categories (Table 1). 

3.2 Pathways of Nitrate into and out of Cloud Water 

3.2.1 Nucleation Scavenging and Chloride Depletion 

Nitrate can enter cloud drops through drop activation of NO3
-
-containing particles. Nitric 

acid is known to replace Cl
-
 in sea salt (NaCl) to form NaNO3 and release gaseous HCl (Seinfeld 

and Pandis, 2006). The average mass ratio of Cl
-
:Na

+
 was lower than the ideal value of 1.8 

(composition of natural sea salt; Seinfeld and Pandis, 2006) in all categories except “low/high Cl
-
 

marine” (Table 1). This is suspected to be a result of chloride depletion by strong acids like 

HNO3 and H2SO4. The ratio was the lowest (1.5) in the ship category due to substantial NOx 

emissions and low ammonia concentrations resulting in higher amounts of  HNO3. Cloud water 
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NO3
-
 increased as a function of cloud water sodium (Na

+
) under low ship influence (indicated by 

V) during both campaigns (Figure 1). In cases of direct ship emissions (V > 1 ng m
-3

), NO3
- 

concentrations in cloud water were much higher due to the likely dissolution of HNO3. The 

linear relationship between NO3
-
 and Na

+
 is supportive of chloride-depleted sea salt being a 

potential pathway for cloud water NO3
-
 via nucleation scavenging, assuming the source of Na

+
 in 

cloud water is sea salt. Crustal dust naturally contains Na
+
, which is ~1.9% of Si by mass 

(Seinfeld and Pandis, 2006); even if the highest Si air-equivalent concentration measured in 

cloud water during NiCE (0.44 µg m
-3

) is assumed to be from continental wind-blown dust, the 

contribution of dust to cloud water Na
+
 would be less than 1% of the total Na

+
 measured in the 

cloud water samples. It is noted here that some of the displaced HCl may be scavenged by cloud 

droplets before removal by dry or wet deposition to the sea surface.  

 The cloud water data suggest that nitric acid partitions to crustal particles, which can 

activate into drops, and the NiCE MOUDI data allow for confirmation that NO3
-
 is contained in 

such particles. The mass concentrations of NO3
-
, Na, Cl

-
 and Si peak between ~0.5 and 2.0 μm 

(Figure 2). Elemental Na mass concentrations measured by ICP-MS are used here (instead of 

Na
+
) to include all sources of Na. Figure 2 suggests that NO3

-
 is associated with sea salt and Si-

enriched particles. While Na and Cl
-
 are the major components of sea salt, Si and Na are 

components of crustal dust in addition to various other sources such as fly ash, ship emissions, 

and biomass burning (Furutani et al., 2011). The role of these crustal particles as a sink for HNO3 

is especially important when ammonium nitrate formation is not favored such as in the study 

region, which is characterized by slight acidity (Table 1). 

 

3.2.2 Nitrate:Sulfate Ratio In and Around Clouds 
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The concentration ratio of NO3
-
 to SO4

2-
 offers insights into the extent to which 

partitioning to cloud drops is more important relative to nucleation scavenging of cloud 

condensation nuclei (CCN) containing these species. For instance, one airborne-based study in 

the vicinity of Ohio indicated that NO3
- 
enters cloud water predominantly through partitioning of 

gaseous HNO3, whereas SO4
2-

 enters mostly through nucleation scavenging (Hayden et al., 

2008). That study found the highest NO3
-
:SO4

2-
 ratios in bulk cloud water, followed by cloud 

droplet residual particles and sub-cloud particles. Drewnick et al. (2007) separately showed that 

for Mt. Åreskutan in central Sweden the NO3
- 

fraction in droplet residual particles was much 

larger than in ambient particles in contrast to SO4
2-

, which exhibited a higher mass fraction in 

ambient particles. They suggested that particles predominantly comprised of NO3
- 

were more 

efficiently activated to form cloud drops relative to those enriched with SO4
2-

; furthermore, they 

concluded that scavenging of vapors (e.g., HNO3) by drops was not responsible for their results. 

Different conclusions in these two studies motivate an analysis of how this chemical mass 

concentration ratio varies inside and outside of clouds in our study region.   

During E-PEACE and NiCE, the highest values of NO3
-
:SO4

2- 
were measured in cloud 

water as compared to C-ToF-AMS measurements outside of cloud and downstream of the CVI in 

cloud (Figure 3). It is noted that C-ToF-AMS NO3
-
 generally was below detection limits on 

cloud-free days in the marine boundary layer. The peak ratio in cloud water could be a result of 

(i) an increase in cloud water NO3
- 

through uptake of HNO3, or (ii) NO3
-
 in coarse and/or 

refractory particles that served as CCN not measured by the C-ToF-AMS. The average NO3
-

:SO4
2-

 ratio in cloud water was higher during NiCE (2.45 ± 2.8) as compared to E-PEACE (0.4 ± 

1.1) due largely to higher NO3
-
 concentrations from biomass burning that occurred only during 

NiCE. Sulfate concentrations were more comparable in both experiments (0.78 and 1.12 μg m
-3
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in NiCE and E-PEACE, respectively). The NO3
-
:SO4

2- 
ratio above cloud tops was consistently 

higher than that below clouds (4.3 times higher for both campaigns combined) due to more sub-

cloud SO4
2-

 from stronger sources such as ships and dimethylsulfide, and enhanced NO3
-
 from 

biomass burning residing above cloud top in the case of NiCE. Average C-ToF-AMS NO3
-
 

(SO4
2-

) levels above and below cloud were 0.40 (0.69) and 0.14 (0.92) μg m
-3

 for NiCE, 

respectively, and 0.04 (0.42) and 0.05 (1.23) for E-PEACE. Although higher than the sub-cloud 

average value, the NO3
-
:SO4

2-
 ratio in cloud droplet residual particles was considerably lower 

than that in cloud water (80% lower during E-PEACE and 79% lower during NiCE). This is 

most likely the result of volatization of NO3
-
, unlike SO4

2-
(Hayden et al., 2008); the heated air 

stream in the CVI inlet ranged between approximately 30-35 °C.  

 

3.2.3 Case Studies of Biomass Burning Influence on Cloud Water Nitrate 

Flight 16 measurements during NiCE (N16), conducted on 29 July 2013, were influenced 

by smoke from the Big Windy and Whiskey Complex forest fires in southwest Oregon. Biomass 

burning releases NOx that is photochemically oxidized to HNO3, which could then be neutralized 

by alkaline species. Nitric acid can partition to particles, such as those in the coarse size range 

(Figure 2), and be transported over long distances (Ruellan et al., 1999). The concentration of 

super-100 nm particles in the free troposphere was enhanced (maximum concentration = 4608 

cm
-3

) due to wildfire smoke (Figure 4a). Although cloudy areas sampled during the flight had a 

thick layer of smoke above them, the cloud water samples were not influenced by the smoke to 

the same extent. Three cloud water samples (#90, #96 and #97), roughly within ~ 30 - 50 km of 

each another, are discussed to illustrate this point. Samples 96 and 97 (unlike Sample 90) 

exhibited significantly higher concentrations of NO3
-
, K, Ca, Mn, Al, Cl

-
 and oxalate (Figure 5). 
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These species have been measured in emissions from biomass burning in other regions (Hays et 

al., 2002; Wonaschütz et al., 2011). The higher concentrations of Al and Ca in Samples 96 and 

97 relative to Sample 90 are also consistent with the lofting of soil dust during wildfires 

(Clements et al., 2008; Kavouras et al., 2012). 

The smoke above clouds must be entrained into the clouds in order to alter cloud 

properties. Entrainment of the biomass burning plume in Samples 96 and 97 resulted in an 

increase in number concentration of super-100 nm particles below cloud top (Figure 4a). 

Entrainment of free tropospheric air into clouds is governed by the stability of flow in a narrow 

layer immediately above the cloud top, called the entrainment interface layer (EIL). The EIL is 

treated here as a ~20 m thick layer above the cloud tops (Haman et al., 2007). Enhanced 

turbulent flow in the EIL promotes more entrainment of free tropospheric air into the clouds. 

Atmospheric turbulence is quantified by the gradient Richardson Number, Ri, which accounts for 

both static and mechanical instabilities: 

                                                         (1) 

 

where g is acceleration due to gravity (9.8 m s
-2

), θv is the virtual potential temperature (K), u 

and v are components of the horizontal wind (m s
-1

) in the EIL, and z is the thickness of the EIL 

(~20 m from cloud top). When applied to a layer of finite thickness, this is called the bulk 

gradient Richardson Number, Rib. If Rib < 0, the layer is statically (or thermally) unstable and 

leads to convection within the layer. If Rib > 0, the layer is statically stable but if it gets lower 

than the critical value (Rc) of 0.25, non-turbulent flow will become turbulent due to mechanical 

instability. Once Rib becomes greater than the termination value (RT) of 1, the flow will become 

non-turbulent (Stull, 2003). For Sample 90, which was collected between 10:43 and 10:53 (Local 

   22

z
v

z
u

zg
Ri

v

v


















71 

 

Time, LT), the EIL was non-turbulent (Rib is 1.7). In contrast, Samples 96 and 97, which were 

collected later in the day (13:08 – 13:15 and 13:29 – 13:43 LT, respectively), were obtained in 

the presence of high shear in horizontal winds in the EIL. The Rib value for Samples 96 and 97 

was 0.29 and 0.21, respectively, and thus the EIL above these two samples was turbulent (Figure 

4b), resulting in entrainment of the free tropospheric smoke into the cloud. It must be noted here 

that there is a hysterisis effect in the behavior of turbulent flow because Rc < RT. Hence, relevant 

to the categorization in Table 1, for samples with Rib values between 0.25 and 1, and samples 

with missing meteorological measurements, the vertical distributions of PCASP number 

concentration were used to identify turbulence and thus entrainment. 

 

3.3 Vertical Profiles of the Nitrate:Sulfate Ratio in Clouds 

3.3.1 Model Set-up  

 To explore processes affecting the relative concentration of nitrate and sulfate in clouds, a 

parcel model is used to simulate the ascent of an air parcel along a trajectory of a typical 

stratocumulus cloud, as derived from large eddy simulations (Ervens et al., 2004). The model is 

initialized with aerosol size distributions (~20 < Dp < ~900 nm) that represent the source 

characteristics (Table S3). These particles are activated into cloud droplets according to Köhler 

theory, near cloud base when the air is supersaturated with respect to water vapor. At each model 

time step, the trajectory prescribes temperature, pressure, and total water mixing ratio in the 

ascending air parcel. The simulations start just below cloud base (RH ~ 99%). Below a threshold 

of LWC of 0.01 g m
-3

, only chemical processes in the gas phase are considered which include the 

oxidation of volatile organic compounds and NOx by OH and O3; above this limit, uptake of 

soluble gases and their processing in the aqueous phase are simulated. Initial conditions for “low 
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Cl
-
 marine”, “ship” and “fire”, as encountered during NiCE, are summarized in Table S3 

(Supplement). The resulting drop size distribution is treated explicitly, and the chemical 

composition of each drop size class is a result of the dissolution of the initial CCN (ammonium, 

sulfate, nitrate), the trace gases that are taken up (e.g., HNO3, SO2) and the chemical reactions in 

each droplet (i.e., sulfate formation as a function of S(IV), H2O2 and H
+
 concentration). To be 

noted here is that the drop size spectrum changes over the course of the simulation since droplets 

grow during their ascent in a cloud. The drop size distributions for all three cases near cloud 

base, in the middle of the cloud and at cloud top are shown in Figure S2 (Supplement), together 

with the averaged measured drop size distribution. The initial aerosol population is tracked on a 

moving mass grid where mass addition occurs due to HNO3 uptake and formation of sulfate 

mass upon S(IV) oxidation in the aqueous phase by H2O2 and ozone. We do not include SO2 

oxidation by OH radicals in the gas phase since it has been shown that in the presence of clouds 

the conversion of S(IV) into sulfate in the aqueous phase by H2O2 and O3 is much more efficient 

than in the gas phase (e.g., Cautenet and Lefeivre, 1994). 

 

3.3.2 Comparison of Observed and Predicted Nitrate:Sulfate Ratios 

Figure 6 compares the observed (from NiCE) and predicted NO3
-
:SO4

2-
 ratios for the 

three cases as a function of cloud normalized height (0 = base, 1 = top); individual SO4
2-

 and 

NO3
-
 concentrations are reported in Figure S3a, while HNO3 levels (with and without uptake by 

drops) are shown in Figure S3b. The simulated cloud thickness was ~200 m, which is similar to 

the average thickness of clouds during NiCE. Figure 6a shows a decrease in the NO3
-
:SO4

2-
 ratio 

with height due to rapid oxidation of S(IV) in cloud water. Once this precursor is consumed, the 

ratio is predicted to increase a little due to continuous NOx oxidation and is mostly caused by 
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HNO3 uptake into cloud water. The majority of HNO3 is scavenged by the cloud droplets, mostly 

near cloud base (Figure S3b). The formation of sulfate occurs on longer time scales (Figure S3a), 

which can be explained by the multistep pathway (i.e. uptake of SO2 and oxidants and 

subsequent aqueous reaction) as opposed to the direct uptake of HNO3.   

As compared to the other two conditions, measurements of the NO3
-
:SO4

2-
 ratio for the 

fire (with entrainment) category exhibited a larger deviation from the predicted ratio in the top 

half of clouds. This can be explained by the enhanced turbulent cloud structure leading to 

entrainment of biomass burning plumes from cloud top. The parcel model assumes that air 

including all precursor gases is transported upwards from cloud base and does not take into 

account any additional entrainment processes for trace gases other than water vapor. For such 

convective cases, the spatial trend of NO3
-
:SO4

2-
 can be equated to its temporal evolution and can 

be used as a measure of aerosol processing due to multiphase processes. This assumption might 

be valid for cloud evolution in marine air and ship plumes but fails if turbulent processes lead to 

mixing of both (processed) aerosol particles and trace gases throughout the cloud volume.  

 

4. Conclusions 

This study examines factors governing NO3
- 

concentrations in eastern Pacific Ocean 

marine clouds with field measurements. The main findings include the following:  

(i) The average NO3
- 
air-equivalent concentrations in cloud water samples categorized as having 

been influenced by ship (2.5 µg m
-3

), strong marine emissions (2.5 µg m
-3

) and fires (2.0 µg m
-3

) 

were more than twice that in the background cloud water (0.9 µg m
-3

). Interrelationships between 

NO3
-
, Na

+
 and V show that dissolution of HNO3 in cloud drops and nucleation scavenging of 

NO3
- 
-containing particles are both important sources of this species in cloud water. 
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 (ii) Particulate NO3
-
 in the study region was preferentially found in particles with diameters 

between ~0.5 and 2.0 μm, similar to Na, Cl
-
 and Si, suggesting that drop activation of crustal 

particles (e.g., sea salt and dust) could be an important source of NO3
-
 in cloud water. Nucleation 

scavenging of chloride depleted sea-salt is a source of cloud water NO3
-
, with the lowest Cl

-
:Na

+
 

ratio (1.5) observed in ship-influenced samples. 

(iii) The average ratio of NO3
-
:SO4

2-
 was significantly higher in cloud water than below cloud 

sub-micrometer particles (by a factor of ~11.4 for both campaigns combined), further supporting 

the proposition that NO3
-
 enters clouds through the dissolution of HNO3 and activation of coarse 

and/or refractory particles not measured by the C-ToF-AMS. The NO3
-
:SO4

2-
 ratio in cloud 

droplet residuals was found to be ~80% lower than that in cloud water in both campaigns due to 

NO3
-
 volatilization during drop evaporation. The ratio above cloud tops was consistently higher 

than below clouds (4.3 times higher for both campaigns) due to stronger SO4
2-

 sources below 

cloud mainly from shipping and dimethylsulfide and elevated NO3
-
 above cloud from biomass 

burning. 

(iv) During periods when biomass burning plumes resided above clouds, instability in the 

entrainment interface layer caused 16 of 29 cloud water samples to exhibit higher NO3
-
, with air-

equivalent concentrations reaching up to 9.0 µg m
-3

. 

(v) In the study region, the NO3
-
:SO4

2-
 mass ratio quickly decreases with cloud height due to the 

more in-cloud sulfate formation as compared to HNO3 uptake. In more turbulent clouds, as 

encountered during biomass burning events, vertical trends in the NO3
-
:SO4

2-
 ratio cannot be 

predicted due to cloud top entrainment and the model limitation that cloud depth is equated with 

processing time scales.  
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Abstract 

Airborne observational data of ambient aerosols from three field experiments – the second 

Marine Stratus/Stratocumulus Experiment (MASE II) in 2007, the Eastern-Pacific Emitted 

Aerosol Cloud Experiment (E-PEACE) in 2011, and the Nucleation in California Experiment 

(NiCE) in 2013 are presented. Particle number concentrations behind ships were measured with a 

condensation particle counter (CPC), passive cavity aerosol spectrometer probe (PCASP) and 

cloud aerosol spectrometer (CAS). The number concentrations of giant cloud condensation 

nuclei (diameter > 2 μm) were found to be higher behind the ships relative to the background 

marine atmosphere. This enhancement in GCCN may be produced by the ship exhaust and the 

sea-salt production due to the motion of the ship through water. The results suggest the GCCN 

enhancement behind ships may depend on the characteristics of the ships such as their size, fuel-

type, plume strength and speed. 
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1. Introduction 

It is well-known that ship emissions affect microphysical and chemical properties of 

clouds. The increase in the number of cloud condensation nuclei (CCN) from ship exhaust not 

only increases cloud albedo but also reduces precipitation from warm clouds at fixed liquid water 

content. Hence, changes in aerosol concentrations can lead to significant changes in the regional 

energy balance. The potential of aerosol particles to affect cloud properties, and thereby impact 

climate, is especially important in the case of stratocumulus clouds for two reasons. First, 

globally, stratocumuli account for a significant fraction (34%) of the sky (Warren et al., 2014). 

Second, since they are low-altitude warm clouds they radiate longwave radiation at a higher 

temperature, and hence, significantly contribute to the regional radiation budget. Additonally, 

cloud water influenced by ships has enhanced levels of chemicals typically associated with ship 

emissions (Coggon et al., 2012; Wang et al., 2014), which can affect ecosystems after wet 

deposition.  

 Cloud brightening from ships is generally estimated based on the knowledge that ship 

emissions are characterized by large numbers of sub-micron particles. Several observational 

studies of particulate emissions from various kinds of marine vessels have shown the size 

distribution of these particles to be below roughly 1-2 μm (Petzold et al., 2010; Russell et al., 

2013; Cappa et al., 2014). There are fewer measurements of coarser particles, often referred to as 

giant CCN (GCCN) in ship plumes. The definition of GCCN used in the literature varies widely 

from particles with an aerodynamic mean diameter Dp >  2 μm (Yin et al., 2000) to Dp > 10 μm 

(Feingold et al., 1999). Particles with Dp >  20 μm are defined as ultra-giant CCNs (Colon-

Robles et al., 2006; Posselt et al., 2008).  



82 

 

 Although sea-salt originates primarily from bursting of bubbles (Blanchard et al., 1980), 

a ship can generate giant sea-salt particles in its wake and potentially emit such particles in the 

stack plume. These GCCN could have a competing effect on cloud reflectivity to that of the 

smaller CCNs from ship exhaust. Giant CCNs have been shown to enhance precipitation in 

warm stratocumulus clouds with their largest influence being in cases with high CCN 

concentrations (e.g., Feingold et al., 1999).  

 

2. Experimental Methods 

The present study is based on measurements made by the Center for Interdisciplinary 

Remotely – Piloted Aircraft Studies (CIRPAS) Twin Otter during three flight campaigns 

including flights probing ship emissions off the central coast of California. These experiments 

were focused on examining aerosol-cloud-precipitation-radiation interactions. The second 

Marine Stratus/Stratocumulus Experiment (MASE-II) in July 2007 included 16 research flights 

with a general overview provided by Lu et al. (2009). Thirty research flights were conducted 

during the Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE; Russell et al., 2013) 

between July and August in 2011. Nine of those flights were coordinated with research vessel 

Point Sur to study the effect of controlled ship and smoke emissions on warm marine clouds. 

Twenty three flights were conducted during the Nucleation in California Experiment (NiCE) 

between July and August in 2013.  

The Twin Otter carried a nearly identical assembly of instruments in these three 

experiments that measured physical and chemical properties of both ambient aerosols and 

clouds. This study utilizes measurements of aerosol particles below cloud base. Particle number 

concentrations in the different size ranges were observed with the condensation particle counter 
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(CPC 3010; TSI Inc.; Dp > 10 nm), passive cavity aerosol spectrometer probe (PCASP; Dp range: 

0.1 – 2.6 μm) and cloud aerosol spectrometer (CAS; Dp range: 0.61 – 61.4 μm). Hence, the CPC 

and PCASP measurements of particle number concentrations are dominated by nucleation and 

accumulation mode particles, while CAS measures particles larger than a micron. Liquid water 

content (LWC) was measured with a PVM-100 probe (Gerber et al., 1994). Composition of non-

refractory sub-micron particles was measured with a compact time-of-flight aerosol mass 

spectrometer (C-ToF-AMS) (Drewnick et al., 2005). Additionally, sub-2.5 µm water-soluble 

aerosol composition measurements were conducted in MASE II and NiCE, using a particle-into-

liquid sampler (PILS, Brechtel Manufacturing Inc.) coupled to ion chromatography (Sorooshian 

et al., 2006). Information on the ships followed during the experiments was obtained from the 

marine traffic website (https://www.marinetraffic.com/en/).  

In this study, particles with a diameter larger than ~2 μm have been considered as GCCN. 

To quantify the GCCN number concentration behind ships, a total of nine case research flights 

(RF) were selected from the three campaigns. Each of the RFs tracked a moving ship either in 

straight legs in the plume (ship exhaust) or in a zig-zag path transecting the plume behind the 

ship. The flight paths for two of the case flights, E-PEACE RF 11 and RF 24, are shown in 

Figure 1. The paths are color-coded with CPC number concentrations to indicate the presence of 

ship plumes. Ship plumes were identified based on the number concentration in the smallest size 

bin of PCASP (0.11 μm to 0.12 μm). The number concentration in this size range jumped by an 

order of magnitude in the plume relative to outside of the plume. This jump in particle 

concentration was less dramatic on days with multiple vessels in the vicinity of the measurement 

region owing to higher background concentrations. Measurements spatially away from the plume 

and unaffected by the ship have been considered to be the background control region, to which 
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the plume region is compared. All measurements in the control regions had CPC number 

concentrations < 500 cm
-3

. The GCCN number concentrations used in this study are averages 

over 20 seconds in the straight legs and over variable time periods (3 s to 20 s) in cross-wind 

transects depending on the spatial spread of the ship plume. To ensure all measurements 

considered are below cloud base, only data with corresponding LWC less than 0.01 g m
-3

 have 

been included in the study.  

 

3. Results 

 Giant CCN number concentrations in ship plumes were compared to those in the control 

regions at similar altitudes over the ocean from nine research flights (Table 1). It must be noted 

here that the plume regions may also coincide with the wake of the ship in water depending on 

the direction of ship movement relative to the wind direction.  

The increase in sea-salt particles with increase in near-surface wind speeds has been 

recorded in several past studies (Fitzgerald, 1991 and references therein; O’Dowd et al., 1993; 

Colon-Robles et al., 2006). Therefore, including the ratio of GCCN number concentration in 

plume to that in control region minimizes the effect of low-level wind speed on giant sea-salt 

production.  The majority of the measurements (65%) showed a ratio greater than one. Although 

some ratios are only slightly above one, the corresponding difference in number concentration is 

considerable (i.e., 0.21 cm
-3 

or 2 x 10
5
 m

-3
). This is a sufficiently large number of GCCN to have 

a significant effect on cloud properties. Feingold et al. (1999) found that GCCN (defined by Dp > 

10 μm) at a concentration of 10
-3

 cm
-3

 could reduce the albedo of stratocumulus clouds by 23%.   

The higher number of GCCN in ship plumes relative to adjacent control regions could be 

from either the ship exhaust or sea-salt production from bursting of air bubbles created by the 
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motion of the ship over water. Bubble bursting has been well-established as the primary 

production mechanism for sea-salt particles in the marine atmosphere in previous studies 

(Blanchard et al., 1980). The Monterey Area Ship Track (MAST) experiment tested the 

hypothesis that sea-salt from ship wakes can produce ship tracks in clouds (Durkee et al., 2000). 

Samples of air in ship plumes were collected in grab bags fitted with a cyclone to remove 

particles larger than 3.5 μm. Salt particle size distributions in these samples were measured with 

a sodium particle-sizing spectrometer. The study did not find a significant increase in sea-salt 

particles in ship wakes and hence, concluded that sea-salt did not contribute to the formation of 

ship tracks in clouds. However, during MASE-II RF6, chloride concentration in particles smaller 

than 2.5 μm from the PILS was found to be higher in the straight legs behind the ship (0.18 ± 

0.36 μg m
-3

) than that at similar altitudes (30 – 40 m above sea level) in the rest of the study 

region (0.02 ± 0.03 μg m
-3

) (Figure 2). This suggests that higher sea-salt amounts in the plume 

region relative to control regions may stem from the motion of ships’ propellors through water. 

Thus, GCCN number concentrations in the marine atmosphere may potentially depend on the 

dimension and activity of the ship. The GCCN enhancement in plume relative to control appears 

to increase with the length of the vessel (Figure 3a). The length of the vessel has been used as a 

proxy for vessel size. The relationship between GCCN enhancement and vessel activity, 

indicated by the vessel speed, is not as straightforward. This relationship is complicated by other 

vessel parameters discussed below. 

The second potential source of GCCN from ships is their exhaust. Aside from potential 

impacts on cloud properties, another consequence of these particles from ships is that they can 

potentially evaporate and those subsequent vapors can promote secondary organic aerosol (SOA) 

formation, which has been observed to occur in the marine boundary layer (Wonaschütz et al., 
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2013). The number concentration of GCCN in ship emissions is likely influenced by various 

factors such as the type of engine, fuel type, speed of the vessel and the strength of the emissions 

measured. Lack et al. (2009) studied particulate emissions from more than 200 commercial 

shipping vessels and found that the emissions were a function of the fuel sulfur-content, engine 

type and vessel activity, details of which are summarized in Table 1 for our study along with the 

corresponding average GCCN ratio (plume:control) observed. While the speed of the vessel is 

suggestive of its activity, the maximum particle number concentration measured by the CPC 

indicates the strength of the plume as observed by the Twin Otter. The maximum amount of 

sulfate (measured by the C-ToF-AMS) in sub-micron particles measured in the plume is 

indicative of the sulfur-content in the fuel. The corresponding mass fractions of sulfate were, 

however, not very  high. This is because ship emissions in the region also have considerable 

amounts of organic matter (Murphy et al., 2009; Coggon et al., 2012). The maximum sulfate 

mass concentrations were found to not be linearly related to the maximum CPC number 

concentrations. If the amount of sulfate is assumed to increase with increasing plume strength, 

the results suggest that the fuel types in each of the vessels in this study may be different. The 

GCCN enhancement was found be higher for high-sulfate cases (Figure 3b). For similar plume 

strengths, indicated by the maximum particle number concentration measured by CPC, the 

cargos have higher sulfate than tankers. This also suggests, that depending on the vessel type, the 

fuel type is also different.  

While the ship-specific factors above may explain the variability in the total GCCN 

number concentrations between case flights, they may also control the size distributions of 

GCCN. Cappa et al. (2014) showed that particulate emissions from the NOAA ship Miller 

Freeman shifted to smaller sizes at slower vessel speeds. The average ratio of size distribution of 
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the number concentrations of GCCN to that in the control region for the two case flights, E-

PEACE RF 11 and RF24, are shown in Figure 4. Despite similar ratios of GCCN in plume to 

control in both cases, the size distributions of GCCN are significantly different.  

4. Conclusion  

 There is evidence of an enhancement in GCCN number concentration behind ships. This 

enhancement is suspected to be from some combination of the wake of ships and directly from 

their exhaust. Thus, the GCCN number concentration behind ships possibly depends on various 

ship parameters that describe its motion in water and dictate the characteristics of its exhaust. 

While the relationships between GCCN in ship plume and several characteristics of ships have 

been explored in this study, a rigorous statistical treatment has not been possible due to the 

limited availability of cases. Future efforts should thus focus on designing in-situ measurements 

to quantify the influence of the various properties of marine vessels on the number concentration 

of GCCN in the marine environment.  

 A small increase in the number of GCCN can have a considerable impact on the 

properties of warm marine stratocumulus clouds. Therefore, ignoring the presence of GCCN in 

ship plumes might lead to an over-estimation of cloud brightening due to large number of sub-

micron particles in the plumes. Future work will look at the perturbation in cloud properties due 

to the presence of GCCN in ship plumes. 
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Table 1: The average number concentrations of GCCN (Dp > 2 μm), measured by the CAS 

probe, in the plume region behind a ship and in the background control region (CPC number 

concentration < 500 cm
-1

) for each of the case flights. The ratio indicates the enhancement of 

GCCN concentration in the plume region relative to the control. The LWC corresponding to 

these measurements was less than 0.01 g m
-3

. Low-level wind speed is measured below 100 m 

altitude above sea surface. The sulfate mass fraction corresponds to the maximum sulfate mass 

concentration in sub-micron particles. 

Campaign, Flight
Altitude 

(m) 

Low-

level 

Wind 

(m s
-1

)

Plume 

(cm
-3
)

Control 

(cm
-3
)

Ratio of 

Plume:Control

Vessel 

Type

Dimensions 

(m x m)

 Speed 

(m s
-1

)

Max. 

CPC 

(cm
-3
)

Max. 

Sulfate 

(μg m
-3
)

Sulfate 

Mass 

Fraction

MASE 2, RF 6 20 10.8 3.34 2.50 1.34 Cargo 347 x 42 11.3 36000 391.4 0.70

E-PEACE, RF 5 76 3.9 0.59 1.07 0.55 Tanker 228 x 33 7.0 49000 6.2 0.48

E-PEACE, RF 11 78 2.5 7.59 7.40 1.03 Cargo 263 x 32 11.9 47000 4.8 0.50

E-PEACE, RF 12 44 2.2 0.81 0.75 1.08 Cargo 171 x 27 6.4 18000 3.4 0.47

E-PEACE, RF 13 79 12.1 2.71 3.15 0.86 Tanker 273 x 48 6.8 53000 6.8 0.53

E-PEACE, RF 15 76 4 0.86 1.07 0.80 Cargo 335 x 42 12.9 5000 11.1 0.75

E-PEACE, RF 24 76 5.7 5.00 4.85 1.03 Cargo 294 x 32 11.3 42000 2.8 0.39

E-PEACE, RF 25 85 4.9 1.64 1.38 1.33 Cargo 299 x 40 11.5 53000 20.4 0.46

NiCE, RF 2 26 7.7 2.00 1.80 1.31 Cargo 363 x 44 11.3 31000 NA NA
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Figure 1. Flight path for (a) E-PEACE RF 11 and (b) E-PEACE RF 24, color-coded with CPC 

number concentration (cm
-3

) to show the location of ship plumes. The particle number 

concentrations in plume measured by CPC reaches a maximum of approximately 42000 cm
-3

 and 

47000 cm
-3

 during RF11 and RF 24, respectively.    
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Figure 2. Chloride mass concentration along the flight path during MASE 2 RF 6, as measured 

by PILS. Higher Cl
-
 levels in the plume of the ship relative to the undisturbed control region 

suggest there are higher sea salt concentrations. The flight path is color-coded with CPC number 

concentration to identify the ship plume region. The square markers show Cl
-
 mass 

concentrations obtained from PILS. The cross marks denote measurements in the straight leg 

below cloud base behind the ship as compared to samples collected in cross-wind legs that 

represent less time in the plume and more time in adjacent control regions. 
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Figure 3. Ratio of GCCN (Dp > 2 μm) number concentration in the plume of a vessel to that in 

control region, as measured by CAS, as a function of length and type of vessel (C: Cargo and T: 

Tanker). The length of the vessel is used as a proxy for size of the vessel. (a) The markers are 

color-coded with vessel speed. (b) The markers are colored by the plume strength (maximum 

CPC particle number concentration (cm
-3

) and sized by the maximum sub-micron sulfate (range: 

2.8 to 391.4 μg cm
-3

) measured by the C-ToF-AMS (proxy for fuel type). 
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Figure 4. Ratio of particle concentration (measured by CAS probe) in the ship plume to that 

measured in control region during E-PEACE RF 11 (red solid line with circular markers) and E-

PEACE RF 24 (black dashed line with square markers). For size bins with zero concentration in 

control measurement (i.e. denominator of ratio), the absolute particle concentrations (cm
-3

) are 

instead shown with the hollow markers (red and black) corresponding to the right y-axis.   

 


