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Professor Lynn M. Russell, Chair 
Professor Greg C. Roberts, Co-Chair 

Marine boundary layer (MBL) clouds are an important, though uncertain, part 

of Earth’s radiative budget. Previous studies have shown sources of aerosol particles in 

the remote MBL consist of primary sea spray, secondary organic and inorganic vapors 

derived from the ocean, entrainment from the free troposphere, and anthropogenic 

pollution. The potential for these particles to become cloud condensation nuclei (CCN) 

is largely dependent on their hygroscopic properties. Furthermore, when clouds form, 

physical processes can alter the optical properties of the cloud. This dissertation aims to 

identify variations in aerosol sources that affect MBL CCN concentrations and physical 



xix 

processes throughout the cloud lifetime that influence cloud optical properties. Ambient 

measurements of marine particles and clouds were made throughout two campaigns in 

the north Pacific and four campaigns in the north Atlantic. Both clean marine and 

polluted clouds were sampled. Dry MBL particles were measured to identify their 

chemical composition and size distribution, which is necessary to identify their potential 

to be CCN active. The organic hygroscopicity influenced CCN concentrations and cloud 

optical properties significantly for particles that were mostly organic, such as ship stack 

and generated smoke particles. For a typical range of organic hygroscopicity the amount 

of reflected solar radiation varied by 0.02-0.07 for polluted conditions and less than 0.01 

for clean conditions (where 1.0 reflects all solar radiation). Simulated droplet spectral 

width was shown to be more representative of observations when using a weighted 

distribution of cloud base heights and updraft velocities, and increased the albedo up to 

0.02. Cloud top entrainment and decoupling of the MBL were found to account for a 

decrease in cloud radiative forcing. Cloud top entrainment was corrected for 

homogeneous entrainment and accounted for a decrease in radiative forcing of up to 50 

Wm-2. Clustering of individual marine aerosol particles resulted in the identification of 

particle types derived from dimethyl-sulfide (DMS) oxidation. Two particle types were 

identified to come from DMS oxidation products and accounted for approximately 25% 

and 65% of CCN at 0.1% supersaturation during the winter and summer, respectively.



1 

Introduction 

Aerosol particles play an important role in the global radiative balance due to 

their ability to absorb and reflect light, and act as cloud condensation nuclei (CCN).  

Furthermore, marine aerosol particles are of particular importance because of their role 

in regulating the energy budget over the oceans, which cover over 70% of the earth.  In 

the marine boundary layer, clouds are often formed by weak updrafts that cause the air 

to cool, leading to water vapor supersaturation. The water vapor then condenses onto 

particles to form cloud droplets. As the albedo, or reflectivity, of the ocean is below 0.1 

under most conditions  [Li et al., 2006], most solar radiation that reaches the ocean 

surface is absorbed; an albedo of 1.0 means that all solar radiation is reflected.  By 

contrast, marine clouds have high albedos and significantly reduce the amount of 

shortwave radiation that reaches the ocean surface. Since, marine clouds are a 

significant part of the global radiative balance, it is critical to accurately model them to 

predict future changes in climate.  

Marine cloud shortwave radiative forcing is influenced by a range of variables, 

such as cloud droplet number concentration (CDNC), droplet size, entrainment drying, 

drizzle and meteorological conditions. To simulate the CDNC, many case studies 

assume the boundary layer is well mixed, though, studies have shown, this is not always 

the case [Bates et al., 1998; Kunz et al., 2002; Milroy et al., 2012; Raes et al., 2000; 

Russell et al., 1998]. If the boundary layer is decoupled, then the boundary layer is not 
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well-mixed, and the particle distribution measured at the sea surface is not 

representative of the particle distribution that activate to form a cloud in the decoupled 

layer. For a particle to activate and become a cloud droplet, the supersaturation must 

reach the critical supersaturation of the particle. The atmosphere is considered 

supersaturated when the relative humidity exceeds its equilibrium value (100%). A 

particle’s critical supersaturation is dependent on its chemical composition and size 

[Kohler, 1936].  Furthermore, the cloud supersaturation must remain at or above the 

critical supersaturation for a sufficient amount of time for the particle to grow to droplet 

sizes [Chuang et al., 1997].  Ultimately, the evolution of the supersaturation in a cloud 

is a function of the adiabatic cooling rate and the condensation rate. The cooling rate is 

affected by the updraft velocity, where high updraft velocities enhance the rate of 

adiabatic cooling and lead to higher water vapor supersaturations in the cloud. Models 

have shown that the CDNC and cloud droplet size distributions are better represented 

by a distribution of updraft velocities rather than a single updraft velocity [Conant et 

al., 2004; Peng et al., 2005; Snider et al., 2003]. Previous work has also shown that 

correctly reproducing the cloud droplet size distribution is important to accurately 

simulate the cloud optical properties [Hsieh et al., 2009; West et al., 2014]. There are 

several processes that can alter the cloud microphysical properties.  For example, drizzle 

scavenges droplets, coalescence alters the size distribution and concentration, and cloud 

top entrainment warms and dries out the top of the cloud, leading to droplet evaporation 

[Burnet and Brenguier, 2007; Mellado, 2017].  All of these processes reduce the CDNC 

and some reduce the cloud liquid water content, both of which decrease the cloud 
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albedo. Models are often used to identify what physical and chemical processes are 

important for reproducing observations. To accurately model cloud radiative forcing, 

models must account for the processes altering cloud microphysical properties. 

Particle and CCN concentrations in the marine boundary layer are typically 

small, relative to continental or polluted air.  Pollution in the marine boundary layer 

from ship stacks or continental air can greatly enhance particle concentrations [Chuang, 

2006; Hegg et al., 2010; Hudson and Noble, 2014; McFiggans et al., 2006; Russell et 

al., 2013; Sanchez et al., 2016; Twohy et al., 2013]. Particles derived from pollution and 

continental sources typically contain mostly organic components and have low 

hygroscopicities relative to inorganic constituents [Hawkins et al., 2010; Hegg et al., 

2010; Leaitch et al., 2010]. However, the high particle concentrations, produced by 

pollution and continental sources, often result in higher CCN concentrations than in 

clean marine conditions.  

Natural sources of marine particles include sea salt, organic components, and 

dimethyl sulfide (DMS) [Frossard et al., 2014a; Quinn and Bates, 2011]. The sea salt 

particles are emitted directly from the ocean as primary aerosol particles and are highly 

hygroscopic and readily active CCN [Bates et al., 2012; Frossard et al., 2014a; 

Frossard et al., 2014b; Middlebrook et al., 1998; Murphy et al., 1998; Quinn et al., 

2014; Quinn et al., 2017; Rinaldi et al., 2010]. DMS is emitted from the ocean as a gas 

that can form methansulfonic acid and sulfur dioxide through photochemical oxidation 

and aqueous processing [Ayers et al., 1991; Pandis et al., 1994]. These DMS oxidation 

products enhance CCN concentrations by condensing onto existing particles, increasing 
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their size and enhancing their hygroscopicity by the addition of sulfate mass [Riipinen 

et al., 2012; Russell et al., 1994].  DMS oxidation products also nucleate to form new 

particles that will subsequently grow to CCN-size aerosol particles [Almeida et al., 

2013; Clarke et al., 1998; Covert et al., 1992; Pirjola et al., 2000; Warren and Seinfeld, 

1985].  These nucleation events have been observed to typically occur in the free 

troposphere above the marine boundary layer [Clarke, 1993; Clarke et al., 1998; Raes 

et al., 1997]. The organic component of marine particles can be directly emitted from 

the ocean as primary particles or condense to form secondary particles. Organics have 

low hygroscopicities compared to sulfate and sea salt; however, they can account for a 

significant fraction of the CCN concentrations [Leaitch et al., 2010]. Marine CCN 

concentrations are often limited by the low particle concentrations in the marine 

boundary layer. 

This dissertation focuses on three key aspects of aerosol interactions with marine 

clouds including, source apportionment of aerosols and CCN, microphysical processes 

that affect the CDNC, and physical processes that alter cloud optical properties. One 

chapter focuses on both polluted marine conditions and clean marine conditions (marine 

air that is not influenced by anthropogenic pollution or continental aerosol) and the other 

two chapters focus only on clean marine conditions. The first two chapters utilize an 

aerosol-cloud-parcel model (ACPM) [Russell and Seinfeld, 1998] to identify processes 

important for accurately simulating the CDNC and cloud droplet size distributions, 

which are necessary to calculate the cloud optical properties. The third chapter uses 

Kӧhler theory to estimate the CCN concentration, which uses particle size distribution 
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and chemical composition to estimate CCN concentrations.  Kӧhler theory assumes the 

particles are in equilibrium with water vapor, such that kinetic limitations (i.e., water 

vapor diffusion) of activated CCN particles are ignored [Chuang et al., 1997; Kohler, 

1936; Russell and Seinfeld, 1998]. 

Chapter 1 utilizes measurements collected in the marine boundary layer off the 

coast of California and on Mt. Soledad in San Diego as part of the Eastern Pacific 

Emitted Aerosol Cloud Experiment (EPEACE) and the Stratocumulus Observations of 

Los-Angeles Emission Derived Aerosol-Droplets (SOLEDAD) campaigns.  The main 

objective that tied these two projects together was to identify the contribution of 

continental and anthropogenic aerosol particle emissions on marine clouds and identify 

differences in observed and simulated cloud microphysical and optical properties. In 

this chapter, simulated droplet size distributions from the ACPM are compared with 

observed droplet size distributions from clean marine and polluted marine conditions. 

Also, the effect of the organic hygroscopicity and particle size distribution on both clean 

marine and polluted conditions were examined to identify changes in CCN 

concentration and overall cloud albedo [Sanchez et al., 2016].  

Chapter 2 utilizes the ACPM for a closure study that combines ground-based, 

satellite, and unmanned aerial vehicle (UAV) measurements collected during the Impact 

of Biogenic versus Anthropogenic emissions on Clouds and Climate: towards a Holistic 

UnderStanding (BACCHUS) campaign. The objective of this study was to compare 

observed cloud optical properties with simulations and identify physical processes that 

promote closure. Cloud shortwave radiative forcing was overestimated for cases with 
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cloud-top entrainment or at the top of a decoupled boundary layer. Closure of cloud 

optical properties was improved after accounting for these processes [Sanchez et al., 

2017]. 

Chapter 3 focuses on the source apportionment of different marine particle types 

that are identified by their measured individual particle chemical composition. The 

measurements were collected during the second Western Atlantic Climate Study 

(WACS2) and the first and second North Atlantic Aerosol and Marine Ecosystems 

Study (NAAMES1 and NAAMES2). A similar objective between these studies was to 

identify marine biological contributions to marine aerosol particle concentrations. Two 

particle types are shown to form from DMS oxidation products and be an important 

source of CCN. One DMS particle type is the result of the condensation of DMS 

oxidation products onto existing particles, and the other is from the nucleation of DMS 

oxidation products to form new sulfate particles. The contribution of DMS derived 

particles to the CCN concentration is found to vary by season [Sanchez et al., 

Submitted].  
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Chapter 1 

Meteorological and Aerosol Effects on Marine 

Cloud Microphysical Properties 

Meteorology and microphysics affect cloud formation, cloud droplet 

distributions and shortwave reflectance. The Eastern Pacific Emitted Aerosol Cloud 

Experiment (E-PEACE) and the Stratocumulus Observations of Los-Angeles Emissions 

Derived Aerosol-Droplets (SOLEDAD) studies provided measurements in six case 

studies of cloud thermodynamic properties, initial particle number distribution and 

composition, and cloud drop distribution. In this study, we use simulations from a 

chemical and microphysical aerosol-cloud parcel (ACP) model with explicit kinetic 

drop activation to reproduce observed cloud droplet distributions of the case studies. 

Four cases had sub-adiabatic lapse rates, resulting in fewer activated droplets, lower 

liquid water content (LWC) and higher cloud base height than an adiabatic lapse rate. 

A weighted ensemble of simulations that reflect measured variation in updraft velocity 

and cloud base height was used to reproduce observed droplet distributions. Simulations
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show organic hygroscopicity in internally mixed cases causes small effects on cloud 

reflectivity (CR) (<0.01), except for cargo ship and smoke plumes, which increased CR 

by 0.02 and 0.07, respectively, owing to their high organic mass fraction. Organic 

hygroscopicity had larger effects on droplet concentrations for cases with higher aerosol 

concentrations near the critical diameter (namely polluted cases with a modal peak near 

0.1 µm). Differences in simulated droplet spectral widths (k) caused larger differences 

in CR than organic hygroscopicity in cases with organic mass fractions of 60% or less 

for the cases shown. Finally, simulations from a numerical parameterization of cloud 

droplet activation suitable for GCMs compared well with the ACP model, except under 

high organic mass fraction.  
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1.1 Introduction 

Clouds play an essential role in the climate system.  Cloud reflectivity (CR) is 

determined by microphysical properties, such as cloud droplet number concentration 

(CDNC), size distribution, cloud thickness, and liquid water content (LWC). 

Atmospheric chemical transport models and aerosol-cloud modules embedded in 

General Circulation Models (GCMs) predict CDNC and a single volumetric or effective 

droplet size resulting from the activation of aerosols. Though knowledge of the cloud 

droplet size distribution is important for accurately estimating CR, many atmospheric 

models do not include this level of detail.  Clouds form when aerosols undergo 

activation in conditions of water vapor supersaturation.  The aerosol characteristics that 

are important in cloud droplet activation are size, concentration, and chemical 

composition. A key property of aerosol-cloud interactions related to aerosol chemical 

composition is hygroscopicity. 

The basis of microscale models for simulating the formation of liquid-phase 

clouds is a solution of the conservation equations for energy and water vapor.  As an air 

parcel cools to below the dew point, water vapor becomes supersaturated, and droplets 

start forming on those particles that can act as cloud condensation nuclei (CCN). Not 

all aerosol particles are CCN. Particles with greater mass have more soluble mass and 

reduced curvature effects, enhancing their ability to become CCN; hydrophilic particles 

are more water soluble, increasing their effectiveness as CCN. Each particle therefore 

requires exposure to a characteristic level of supersaturation to act as a CCN. The 

supersaturation, s, that develops in clouds is set by a dynamic balance between adiabatic 
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cooling (that increases s) and condensation upon existing droplets (that decreases s). 

During the initial phases of cloud formation, cooling dominates, s increases and drives 

the formation of droplets. A point is reached, however, where water vapor condensation 

becomes dominant, s is reduced and droplet nucleation ceases. The point of maximum 

supersaturation, smax, is therefore the quantity that determines how many particles can 

act as a CCN. Because of this, CDNC and size are dependent on updraft velocity, aerosol 

size distribution, and chemical composition.  Globally, regimes have been identified in 

which cloud formation is controlled mainly by updraft velocity and others in which 

formation is governed by CCN properties [Reutter et al., 2009]. For example, at high 

aerosol number concentrations characteristic of polluted conditions and low updraft 

conditions, CDNC is more sensitive to changes in updraft velocity or supersaturation 

[McFiggans et al., 2006]. Previous work has shown that CDNC is better represented in 

models with a more realistic distribution of updraft velocities, rather than a single 

updraft value [Conant et al., 2004; Peng et al., 2005; Snider et al., 2003]. Hudson et al. 

[2014] found strong evidence from measurements showing variations in CDNC that 

were due to the steep slope of the CCN concentration with supersaturation, providing 

observational evidence for a case in which CDNC is sensitive to updraft velocity. Global 

climate models have also been used to show that a characteristic velocity cannot 

reproduce the indirect aerosol effects of a distribution of updraft velocities and that the 

uncertainty in the width of the vertical velocity distribution can perturb the radiative 

flux by  up to 0.4 W m-2 [West et al., 2014]. Variations in updraft velocity can contribute 

to the broadening of the cloud droplet distribution [Hsieh et al., 2009], as each updraft 
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leads to a different droplet size distribution. The droplet size distribution needs to be 

modeled accurately to estimate cloud optical properties. The droplet size is also a 

function of LWC, so the resolution of LWC is important for accurate modeling of cloud 

systems. Finally, since cloud thickness is also important for cloud optical properties, 

cloud base height needs to be simulated accurately.  Cloud base height is a function of 

several variables, one of which is lapse rate [Li et al., 2013]. The value of the lapse rate 

varied to show the sensitivity of cloud droplet distribution to both lapse rate and cloud 

base height. 

Activation of inorganic salt particles is a well-understood parameterized process 

in models. In general, however, organic compounds constitute a substantial fraction of 

atmospheric aerosols. Studies focusing on analysis of organic aerosol properties have 

shown that organic components exhibit a wide range of water solubility. Unlike that of 

most inorganic aerosol components, the hygroscopicities of organic compounds are less 

constrained.  Laboratory studies have demonstrated that purely organic particles can act 

as CCN [Cruz and Pandis, 1997; Novakov and Corrigan, 1996; Raymond and Pandis, 

2002]. Studies have also shown that organic hygroscopicity can increase when 

internally mixed with even a small fraction of inorganic components if the inorganic 

water content modifies slightly soluble organic compounds into dissolved compounds 

[Collins et al., 2013; Shulman et al., 1996]. Cruz and Pandis [2000] showed evidence 

of several organic-salt mixtures in which there was no change in the individual water 

absorption of each component, indicating that simple volume mixing rules could be 

applied. Wang et al. [2010] showed that CCN concentrations were within 20% when an 
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internal mixture was assumed. However, these lab experiments investigating internal 

mixture thermodynamic interactions have used mixtures containing only a few known 

compounds. The thermodynamics of more complex organic-containing mixtures is not 

well understood, although several approaches have been used with success [Ming and 

Russell, 2004; Petters et al., 2015]. In addition, the available measurements of organic 

ambient aerosol composition are typically not quantified by individual molecules. Given 

this support for volume mixing and the lack of organic molecular composition that 

would be needed to support another approach, the ACP model simulations have relied 

on the assumption of volume mixing.  

 Modeling the cloud droplet activation of mixed inorganic-organic aerosols 

representative of real-world air masses remains a frontier area of cloud physics.  This is 

in part owing to compositional heterogeneity of particle types, leading to an externally-

mixed aerosol population.  Near urban regions, Tandem Differential Mobility Analyzer 

(TDMA) [Massling et al., 2009; Tiitta et al., 2010], single particle mass spectrometry 

[Healy et al., 2014], and optical microscopy [Moffet et al., 2010] show evidence of 

multiple particle populations, especially in regard to their carbonaceous content. In 

continental outflow [Hawkins et al., 2010; Hegg et al., 2010; Leaitch et al., 2010], free 

tropospheric air masses and fresh biogenic aerosol production [Allan et al., 2009; 

Hersey et al., 2009; Mochida et al., 2011], less hygroscopic and hydrophobic modes of 

particles are observed. To accurately represent the effects of aerosol chemical 

composition on activation of cloud droplets, it is important to know the contribution of 

organic mass to each population.  In understanding cloud formation and properties in 
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different regions of the atmosphere, it is important to compare the results of detailed 

simulations with actual measured aerosol and cloud properties. 

 In this work, the comparison of models of marine cloud formation with actual 

field measurements of organic aerosols and cloud droplets is of particular interest. We 

focus on observations from two field studies, the Eastern Pacific Emitted Aerosol Cloud 

Experiment (E-PEACE) and Stratocumulus Observations of Los-Angeles Emissions 

Derived Aerosol-Droplets (SOLEDAD).  Each of these experiments was carried out in 

the Eastern Pacific off the coast of California, in a region characterized by ship exhaust 

and smoke from land-based fires, as well as natural marine aerosol sources, such as 

bubble bursting at the ocean surface [Facchini et al., 2008; Frossard, 2014; Leck and 

Bigg, 2005; Quinn et al., 2014] and oxidation of dimethyl sulfide (by hydroxyl radicals) 

to produce sulfuric acid.  

We use a detailed chemical and microphysical aerosol-cloud parcel (ACP) 

model with explicit kinetic droplet activation to simulate observed cloud droplet 

distribution and composition. Novel aspects of this modeling study include the 

extensive nature of the measured constraints (on not only cloud thermodynamic 

properties but also initial particle number distribution and composition) as well as 

resulting cloud drop distribution and composition that are available from these two 

eastern Pacific stratocumulus experiments. These detailed case studies allow evaluation 

of the extent to which the model effectively represents processes of cloud droplet 

formation. To identify the effect of lapse rate and updraft variation on droplet spectral 

widths (k), distributions of each are used as model inputs. Also, to identify 
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the contribution of organic components to droplet formation, we simulate the effect of 

smoke-generated plumes, a cargo ship plume, and background aerosol. We then 

evaluate the sensitivity of the predictions to the organic aerosol fraction and to the 

hygroscopicity of the aerosol. In addition, ACP model simulations are compared to 

those from a numerical GCM parameterization of cloud droplet activation [Betancourt 

and Nenes, 2014; Fountoukis and Nenes, 2005; Nenes and Seinfeld, 2003] to evaluate 

the accuracy of the more efficient approach in the GCM. Finally, to put the 

meteorological and microphysical effects in context of radiative forcing, we investigate 

the sensitivity of cloud reflectance (at measurement heights) to simulated droplet spectra 

for six cases. 

1.2 Methods 

This section summarizes measurements from two field campaigns, E-PEACE 

off the coast of California in July and August of 2011 and SOLEDAD in May and June 

of 2012 located 1km from the coast, and the models used to simulate the observations. 

1.2.1 E-PEACE  

E-PEACE consisted of a 12-day research cruise on the R/V Point Sur (12 to 23 

July) and 30 research flights on the Center for Interdisciplinary Remotely-Piloted 

Aircraft Studies (CIRPAS) Twin Otter aircraft (8 July to 18 August). Both the ship and 

aircraft were equipped with an array of instruments to provide detailed meteorological 

and aerosol measurements [Russell et al., 2013]. The two E-PEACE case studies 

considered here occurred on 16 July (EJL16) and 10 August (EAG10). Each case  



21 

Figure 1.1: Below-cloud dried particle number distributions with log normal fits for 
each case study. The pie charts show measured submicron and molecular composition 
from an SP2, refractory Black Carbon (rBC), and an AMS with scaled NaCl [Modini et 
al., 2015] and organic mass (OM). The 16 July submicrometer measurements of aerosol 
size and composition were collected on the R/V Point Sur (1717-1722 LT) with a SEMS 
and HR-ToF-AMS, respectively; 10 August submicrometer measurements of aerosol 
size and composition were collected on the CIRPAS Twin Otter (1710-1716 LT) with 
a scanning DMA and C-ToF-AMS respectively. The SOLEDAD submicrometer 
measurements of aerosol size and composition from 01 (1200-1650 LT) and 13 (0800-
1050 LT) June were collected on Mt. Soledad with a SEMS and HR-ToF-AMS, 
respectively.  E-PEACE measurements also include PCASP measurements for 
supermicron aerosol sizes (0.1-10 µm).  The size distribution and composition in this 
figure are used as input for the cases shown in Table 1. 
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includes a background ‘B’ case (EJL16B, EAG10B) and a plume ‘P’ case (EJL16P, 

EAG10P). The EJL16P case included release of organic smoke from two U.S. Army-

issued smoke generators to produce concentrated plumes of particles consisting of 

vaporized and condensed paraffin oil [Russell et al., 2013; Wonaschuetz et al., 2013]. 

In the EAG10P case the Twin Otter aircraft sampled exhaust from a cargo ship. 

1.2.1.1 R/V Point Sur Ship Measurements 

A vertical inlet, shielded from sea spray, on the forward deck of the R/V Point 

Sur was used to sample air. Aerosols were dried in diffusion driers before delivery to 

instruments. A Scanning Electrical Mobility Sizer (SEMS, Model 138, 2002, BMI, 

Hayward, CA) was used to measure the number size distribution of submicrometer (0.01 

- 0.9 μm diameter) particles. Supermicrometer particle size distributions were measured

using an Aerodynamic Particle Sizer (APS 3321, TSI Inc., St. Paul, MN, size range 0.5–

20 μm). The total number concentration of aerosol particles was tracked with a 

condensation particle counter (CPC 3010, TSI Inc., St. Paul, MN) to monitor 

contamination from the R/V Point Sur stack and from nearby ships. Submicrometer 

particles were separated from supermicrometer particles with a cyclone (sharp cut 

cyclone SCC 2.229, BGI Inc. US), then analyzed with a high-resolution time-of-flight 

aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc., Billerica, MA) to 

measure non-refractory inorganic (sulfate, ammonium, nitrate, chloride) and organic 

components [DeCarlo et al., 2006]. For the HR-ToF-AMS, a collection efficiency of 

0.6 and a detection limit of 0.01 µg m-3 were applied [Wonaschuetz et al., 2013]. 

Refractory black carbon was measured with a single-particle soot photometer (SP2, 
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DMT, Boulder, CO), which has a particle size range of 80-300 nm; refractory black 

carbon concentrations were negligible during E-PEACE and are not included.  In the 

absence of fresh emissions from ships [Wonaschuetz et al., 2013], past measurements 

in the same study region have suggested that the aerosol is internally mixed in the size 

range of 150-200 nm [Hersey et al., 2009]. Plumes were considered to be a second 

(internally mixed) aerosol population separate from the background populations 

[Modini et al., 2015]. Figure 1.1 (upper two panels) shows surface-level measurements 

of aerosol size distribution and chemical composition during E-PEACE. 

 

Figure 1.2: Measured, fitted and simulated profiles of temperature (T), liquid water 
content (LWC), cloud droplet number concentration (CDNC), volume mean diameter 
(Dv), and supersaturation (SS) profiles for the CIRPAS Twin Otter flights and ACP 
model runs for the 10 August and 16 July cases during E-PEACE. The simulations 
shown are the EJL16B-sa and EAG10B-ad cases from Table 1. For comparison, the 
adiabatic lapse rate is also shown as a red dashed line.  The observations did not include 
cloud top for 16 July.   
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1.2.1.2 CIRPAS Twin Otter Flight Measurements 

On the CIRPAS Twin Otter, similar instruments as those on the R/V Point Sur 

were used to measure dried aerosol concentrations and properties at various heights 

(Figure 1.2). Cloud droplet residuals were sampled with a Counter-flow Virtual 

Impactor (CVI) inlet. Details of this inlet are provided by [Shingler et al., 2012]. 

Scanning Differential Mobility Analyzers (models 3081 and 3010, TSI, Inc., St. Paul, 

MN), with time resolutions of 110 s, and a passive cavity aerosol spectrometer probe 

(PCASP 0.1 – 10 μm, PMS Inc., Boulder, Co) were used to measure aerosol size 

distributions. Multiple CPCs (model 3010 and 3025, TSI, Inc., St. Paul, MN) measured 

total aerosol concentration. A compact time-of-flight aerosol mass spectrometer (C-

ToF-AMS, Aerodyne Research Inc., Billerica, MA) measured inorganic and organic 

composition in mass spectrum mode. The C-ToF-AMS had a time resolution of 8-12 s, 

a size range of 60-600 nm, and a collection efficiency of 0.53 [Coggon et al., 2012]. A 

CCN counter operating in Scanning Flow CCN Analysis mode [Moore and Nenes, 

2009] was used to estimate the maximum supersaturation by comparing the measured 

CDNC to the CCN at supersaturations between 0.1% - 0.8%. A cloud aerosol 

spectrometer (CAS) and cloud droplet probe (CDP, DMT, Boulder, CO, [Lance et al., 

2010]) measured in-cloud droplet number distributions. Feingold et al. [2013] showed 

that autoconversion and accretion rates are negligible for values of LWC and CDNC 

that are lower than 0.3 g m-3 and 50 - 200 cm-3 (respectively) or 0.5 g m-3 and 200 - 700 

cm-3 (respectively). Thus, since the values of LWC and CDNC are lower for the case 

studies used here, droplet number loss by collision-coalescence can be neglected. 
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Figure 1.3: In cloud measurements of CDNC, LWC, Dv, w, T and CB for each case. 
CDP and CAS measured CDNC, Dv and LWC for E-PEACE 16 July and 10 August 
cases, respectively. Fog Monitor measurements are used for SOLEDAD CDNC, Dv and 
LWC. Cloud base measurements for both SOLEDAD and E-PEACE cases are detected 
with a ceilometer. Cloud base (CB) measurements for E-PEACE 10 August and vertical 
velocity measurements for SOLEDAD are not available. Only about 2% of all in-cloud 
measurements are shown here as these times were identified as consistent conditions for 
use in initializing the SOLEDAD and E-PEACE cases. Due to the high variability in 
SOLEDAD cloud measurements, only the cyan-highlighted sections were used for the 
SOLEDAD cases.
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Standard meteorological variables (temperature, wind speed and direction, relative 

humidity, pressure) were measured. Relevant cloud measurements are shown in Figure 

1.3, wherein the altitude at which observations were made is compared to model 

predictions (145 m and 325 m for EJL16 and EAG10), shown in Table 1.1. Of these 

measurements, only those within one standard deviation of mean CDNC were averaged 

to represent the observed droplet distribution to reduce errors in distribution width 

associated with non-representative (high or low) CDNC. Consequently, for EJL16, 42% 

and 21% of the measurements in the time series match the background and plume, 

respectively.  For EAG10, 68% and 16% of the measurements in the time series match 

the criterion used for the background and plume, respectively. 

1.2.2 SOLEDAD 

The SOLEDAD campaign consisted of ground-based measurements located 

near the peak of Mt. Soledad, 251 m above sea level, and about 1 km from the Pacific 

coast. Measurements collected for 49 days (1 May to 18 June, 2012) include: particle-

cloud partitioning of refractory black carbon [Schroder et al., 2014], and salt particle 

contributions to cloud droplets [Modini et al., 2015]. Measurements on 1 June and 13 

June, 2012, of two cloud events contained sufficient observations for characterizing 

droplet size and composition of the stratocumulus clouds.  Chemical composition and 

aerosol size distribution (Figure 1.1) used to initialize the models were collected inside 

the instrument container; instruments for cloud measurements were mounted on top. We 

assumed particle composition was internally mixed and independent of size because 

size-dependent AMS measurements were below detection limit for the relevant 
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sampling periods and no measurements of bulk mixing state were carried out. Two inlets 

were used to sample ambient aerosols: the high-flow rate isokinetic inlet continuously 

collected air containing both interstitial aerosols and cloud droplets and a counterflow 

virtual impactor (CVI) was used to sample only cloud droplet residuals [Noone et al., 

1988; Schroder et al., 2014]. The CVI inlet for droplet residuals was mounted atop the 

container and was only used during cloud events. During periods with no clouds, all 

instruments sampled through the isokinetic inlet. Two single-particle soot photometers 

(SP2, DMT, Boulder, CO) were used to measure refractory black carbon: one 

continuously measured from the isokinetic inlet and the other measured from the 

residual inlet during cloud events. 

The SEMS measured submicrometer particle number size distributions from the 

total inlet at all times, while a Scanning Mobility Particle Sizer (SMPS Model 3034, 

TSI, St. Paul, MN) was used on the CVI inlet during cloud periods and on the total inlet 

during non-cloud periods. The same HR-ToF-AMS used on E-PEACE was used on Mt. 

Soledad to measure aerosol composition on the residual inlet during cloud events to 

obtain the chemical composition of cloud droplet residuals and on the total inlet during 

non-cloud periods. A fog monitor (FM-100, model 100, DMT, Boulder, CO) was 

mounted on top of the instrument container to provide cloud in-situ measurements of 

droplet size and concentration, as well as LWC. Figure 1.3 shows time series of LWC 

and CDNC for both the SOLEDAD June 1 ambient ‘A’ (SJN01A) case and the June 13 

ambient (SJN13A) case. Both LWC and CDNC are highly variable with maximum 

hourly standard deviations of 0.09 g m-3 and 52 cm-3 for SJN01A and 0.13 g m-3 and 58 
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cm-3 for SJN13A, respectively. The short, cyan-highlighted periods in Figure 1.3 

represent the time periods averaged and compared to model simulations.  These time 

periods were selected because LWC and CDNC were above the detection limit and 

fairly constant, whereas the remainder of the measurements were quite variable. From 

the selected time periods, the mean and standard deviation in CDNC was 148±19 cm-

3and 137±8 cm-3 for the SJN01 and SJN13 cases, respectively. CDNC was within one 

standard deviation of the subset mean for SJN01 (6.4%) and SJN13 (9.8%), 

respectively. The measurements were made close to the cloud base. Consequently, small 

changes in the cloud base height caused large changes in CDNC and LWC. The higher 

CDNC was chosen because it was more consistent and likely represented the CDNC 

after maximum supersaturation (Figure 1.10).   

1.2.3 Aerosol-Cloud Parcel (ACP) Model  

The aerosol dynamics model is based on a fixed-sectional approach to represent 

the (dry) particle size domain, with internally-mixed chemical components and 

externally-mixed types of particles.  Using measured aerosol types (or “populations”), 

the model is described by the number of particles each with an internal mixture of 

compounds at each size. The model employs a dual moment (number and mass) 

algorithm to calculate particle growth from one size section to the next for non-

evaporating compounds (namely, all components other than water) using an 

accommodation coefficient of 1.0 [Raatikainen et al., 2013].  The dual moment method 

is based on Tzivion et al. [1987] to allow accurate accounting of both aerosol number 

and mass.  This algorithm incorporates independent calculations of the change in 
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particle number and mass for all processes other than growth. The model includes a 

dynamic scheme for activation of particles to cloud droplets.  Liquid water is treated in 

a moving section representation, similar to the approach of Jacobson et al. [1994], to 

allow the accurate calculation of evaporation and condensation of water in conditions 

of varying humidity. In subsaturated conditions, aerosol particles below the cloud base 

are considered to be in local equilibrium with water vapor.  The initial relative humidity 

at sea level for the simulations ranged from 91%-98%.  

In E-PEACE and SOLEDAD, we assumed there was no gas-to-particle growth 

below cloud, so below-cloud condensation was neglected, with the exception of water 

for which subsaturated liquid-vapor equilibrium was assumed.  For the relatively short 

simulations used here (<2 h) at marine concentrations (<400 cm-3), coagulation, 

scavenging, and deposition of the aerosol were included in the model but their effects 

were negligible. The particle size distributions of the background aerosol for the E-

PEACE and SOLEDAD cases were modeled as one internally mixed particle type.  The 

plumes were included in the models as separate particle types from the background 

aerosol. The inorganic ion (NH4
+, NO3

-, SO4
2-) mass fractions measured with the HR-

ToF-AMS were apportioned to molecular mass fractions of ammonium nitrate, 

ammonium sulfate, ammonium bisulfate, sulfuric acid, or nitric acid using the 

simplified ion pairing scheme of Gysel et al., [2007]. Inorganic ion concentrations and 

molecule concentrations for each case study are in Tables 1.4 and 1.5, respectively.  

The parcel model is constrained by measured temperature profiles, cloud base 

height, and updraft velocities whenever available (Figures 1.2 and 1.3). The simulations 
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used fixed updraft velocities, based on the calculation that at low updrafts, there is a 

negligible feedback effect due to small evolved heat of condensation and negligible 

density and viscosity changes in the non-drizzling air parcel below 500 m. For E-

PEACE, vertical profiles of temperature and pressure measured by the CIRPAS Twin 

Otter were used to provide measured lapse rates. For SOLEDAD, lapse rates were not 

measured so both adiabatic and sub-adiabatic conditions were simulated. To account for 

release of latent heat in the cloud, the vertical temperature gradient was calculated as 

𝑑𝑇 =  − (
𝑔𝑤𝑑𝑡+𝐿𝑑𝑤𝑙

𝑐𝑝
),        (1.1) 

where dT is change in temperature, g is acceleration due to gravity,  w is updraft velocity, 

dt is time step, L is latent heat of water condensation, wl is liquid water mixing ratio, 

and cp is specific heat of water [Bahadur et al., 2012]. A ceilometer (Model CL31, 

Vaisala) was used to measure cloud base height on the R/V Point Sur during E-PEACE 

and on Scripps Pier (1 km west of the sampling site) during SOLEDAD. Updraft 

velocities used for E-PEACE simulations were measured on the CIRPAS Twin Otter 

during E-PEACE; for SOLEDAD, updraft velocities were estimated (as described in 

section 1.3.1.1). More detailed model mechanics are given by Russell and Seinfeld 

[1998] and Russell et al. [1999]. 

1.2.4 GCM Parameterization  

The second model used in this study is the parameterization of cloud droplet 

formation [Betancourt and Nenes, 2014; Fountoukis and Nenes, 2005; Nenes and 

Seinfeld, 2003] that was designed to be numerically efficient for use in GCMs. It is 
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based on a generalized sectional representation of aerosol size and composition. The 

parameterization can be used with internally or externally mixed aerosols with size-

varying composition, and it can include the effects of surface-active compounds, 

insoluble compounds, and slightly soluble compounds. The model uses minimal 

empirical information and is applied in a two-step process. It first accounts for the 

aerosol number and chemical composition modeled with modified Kohler theory to 

provide critical supersaturations for each aerosol bin; it next uses an updraft velocity to 

express a cooling rate and compute the maximum supersaturation using a semi-

analytical approach. To calculate the condensation rate of water vapor in the 

supersaturation balance equation, the “population splitting” approach is adopted – 

which determines the size of droplets at the point of maximum supersaturation in the 

cloudy updraft. This differential growth of the larger droplets relative to the smaller 

droplets is important because it affects the estimated surface area for water vapor 

condensation and supersaturation. Once the maximum supersaturation, smax, is 

computed, the CDNC is then equal to the CCN with critical supersaturation less than 

smax. The model takes into account the “inertial” mechanism for kinetic limitation 

described by Nenes et al. [2001], as well as a series of corrections to account for the 

effects of large particles to preclude errors in maximum supersaturation [Barahona et 

al., 2010; Betancourt and Nenes, 2014]. For a large range of CCN activation conditions, 

the parameterization does not require empirical information. 
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1.2.5 Model Initialization 

Both the ACP model and GCM parameterization are initialized by 

measurements below or before cloud occurrences and are compared to in-cloud 

measurements from the two field campaigns. The initial and simulated values are 

provided in Table 1.6. To initialize the E-PEACE case studies, number concentrations 

were obtained from merged APS and SMPS measurements on 16 July and from merged 

scanning DMA and PCASP measurements on 10 August. The method described by 

Khlystov et al. [2001] was used to merge the distributions from submicrometer and 

supermicrometer instruments.  Consistent with the available chemical and physical 

measurements, these simulations were initialized with one internally mixed aerosol 

population except for the plume cases which consisted of an external mixture of the 

background (marine) aerosol population and the plume aerosol population. The modeled 

aerosol chemical constituents are ammonium sulfate, ammonium bisulfate, ammonium 

nitrate, nitric acid, sulfuric acid, sodium chloride, refractory black carbon, and organic 

carbon.  

Aerosol compositions were obtained from 30-minute averaged bulk submicron 

MS mode HR and C ToF-AMS measurements. Salt concentrations of NaCl, were 

calculated from the components measured by the AMS, scaled by XRF and IC sea salt 

concentrations for E-PEACE and SOLEDAD, respectively [Modini et al., 2015]. 

Sulfate molecules were apportioned using the molar ratio of sulfate to ammonium ions 

[Nenes et al., 1998]. SP2 measurements, averaged over 5 h, were used for refractory 

black carbon mass concentrations.  Aerosol hygroscopicities as represented by the 
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kappa parameter (κ) were calculated from CCN spectra measurements. Inorganic 

hygroscopicities (κinorg) have been measured in laboratory experiments [Petters and 

Kreidenweis, 2007] using the molecular concentrations to then calculate the inorganic 

contribution to particle hygroscopicity. The organic hygrospopicity (κorg) was then 

evaluated from the equation 

κ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = κ𝑖𝑛𝑜𝑟𝑔χ𝑖𝑛𝑜𝑟𝑔 + κ𝑜𝑟𝑔χ𝑜𝑟𝑔     (1.2) 

where χorg and χinorg are the organic and inorganic volume fractions, respectively. There 

is uncertainty in the hygroscopicity of the organic fraction because its components are 

not specific identified molecular compounds and because the hygroscopicity of many 

organic molecules (or their mixtures) has not been measured [Petters et al., 2015].  For 

these reasons, we consider a range of values for κorgχorg in different simulations. 

Refractory black carbon has a hygroscopicity of zero and would have no contribution 

to the measured hygroscopicity.  Finally, meteorological inputs consisted of observed 

temperature, pressure and relative humidity profiles were used to initialize the model. 

The meteorological profiles determined the cloud base temperature and pressure as well 

as the subsequent forcing on the cloud supersaturation. 

1.2.6 Cloud Reflectivity 

Cloud reflectivity (CR) was estimated using the following equation [Bohren and 

Battan, 1980; Geresdi et al., 2006] 

𝐶𝑅 =
(√3(1−𝑔)𝜏)

(2+√3(1−𝑔)𝜏)
, (1.3) 

where 𝜏 is the cloud optical depth defined as 
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𝜏 = 2ℎ𝐶𝐷𝑁𝐶𝜋𝑟𝑒
2;        (1.4) 

and h is the cloud height or thickness re is the cloud effective radius, and g, the 

asymmetric scattering parameter, is approximated as 0.85 based on Mie scattering 

calculations for supermicron cloud drops. A CR of 1.0 reflects all visible light and a CR 

of 0.0 reflects no visible light. 

Cloud reflectivity (CR) is largely dependent on CDNC and cloud droplet size 

distributions. Cloud droplet effective radius can be approximated as a weighted mean 

radius of the cloud droplet size distribution  

𝑟𝑒 = (
3𝐿𝑊𝐶

4𝜋𝑘𝐶𝐷𝑁𝐶𝜌𝑤
),        (1.5) 

where LWC is liquid water content, 𝜌𝑤 is density of water, and k is the spectral 

parameter that represents the reciprocal of the cloud droplet spectrum width [Hsieh et 

al., 2009]. For example, a monodisperse droplet distribution would have k=1 and a 

broader droplet distribution is characterized by k <1. The spectral parameter k is 

calculated as 

k = (
𝑟𝑣

𝑟𝑒
)

3

       (1.6) 

where 𝑟𝑣 is the effective volume radius and 𝑟𝑒 is the effective radius [Hsieh et al., 2009]. 

In this manuscript, cloud reflectivity calculations are calculated from cloud base to the 

measurement height (Table 1.1) in the cloud and thus do not represent cloud-top-

reflectivity. This approach provides values that are more representative of average cloud 

properties and avoids the influence of cloud-top-entrainment. 
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1.3 Results 

1.3.0 Initialization of Case Studies 

These case studies included six different measured compositions and aerosol 

size distributions to identify different CCN distributions that initialize the modeled 

droplet activation. The aerosol composition and aerosol number size distributions with 

lognormal fits are shown in Figure 1.1.  

Each of the two SOLEDAD cases was internally mixed in one approximately-

lognormal aerosol mode, which was consistent with a mixture of coastal pollution and 

sea spray particles suspended in the atmosphere long enough (i.e. “aged”) to be 

internally mixed. The higher concentration of nitrate in cloud than out of cloud shows 

that secondary aerosol formation from cloud processing contributes to the overall 

aerosol population.  The SJN01A case contained over 50% organics by mass and a 

concentration of 2290 cm-3. The SOLEDAD June 13 ambient (SJN13A) case was less 

polluted with 1430 cm-3, a much lower organic mass fraction and was primarily 

ammonium sulfate by mass. SJN01A was the only case with a significant amount of 

refractory black carbon (8% by mass).  

The E-PEACE particle number distributions contained multiple modes that were 

fit to lognormal distributions (Figure 1.1) and used to initialize the two models. The 

EJL16B and EAU10B cases had compositions with a large mass fraction of NaCl and 

lower aerosol number concentrations (160 and 360 cm-3, respectively). The EAG10P 

contained mostly organic components with sulfuric acid and particle concentrations of 

1940 cm-3. The E-PEACE intentionally-generated smoke plume case (EJL16P) 
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consisted of nearly 100% organic components with a mean particle concentration of 

1790 cm-3. The composition of the E-PEACE background aerosol was modeled as an 

internally mixed distribution of the chemical compounds (Figure 1.1). The E-PEACE 

“background” cases consisted of one particle type, and the “plume” cases had two 

particle types that represented the generated smoke or cargo ship emissions and the 

background aerosol. 

The vertical temperature profiles for initializing simulations were linear fits of 

the observed temperatures for the E-PEACE cases (Figure 1.2). The meteorological 

profiles determined the cloud base temperature and pressure as well as the subsequent 

forcing on the cloud supersaturation. The same temperature profile was used for the 

background and plume cases on each day. The observed temperature profile for EJL16B 

and EJL16P (on 16 July 2011) was sub-adiabatic, but the temperature profile for 

EAU10B and EAU10P (on 10 August 2011) was adiabatic. For the SOLEDAD cases, 

temperature was only measured at Scripps Pier (14m ASL) and at the summit (251 m 

ASL), so the temperature profile below and in-cloud was calculated for both adiabatic 

and sub-adiabatic conditions.  Temperature soundings at airports to the north and south 

were not consistent with measured surface temperatures at the Mt. Soledad site due to 

local differences and could not be used. Figure 1.2 also shows LWC, CDNC, and mean 

volumetric cloud droplet diameter (Dv) for both measurements and simulations of the 

background cases. The CDNC profile for the EJL16B in Figure 1.2 stopped at 145 m 

because the droplet concentration decreased to zero above 145 m, indicating that the 

Twin Otter aircraft left the cloud. Based on measured lapse rates and observed mean 
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cloud base height, the ACP model reproduced the observed LWC in both E-PEACE 

cases (Table 1.1). CDNC increased rapidly in observations and model simulations above 

cloud base and remained relatively constant throughout the rest of the cloud. The Dv 

increased with height and agreed well between observations and model simulations, as 

summarized in Table 1.1. Table 1.1 also shows three different simulations for each of 

the two July 16 E-PEACE cases to illustrate the effect of assuming an adiabatic lapse 

rate, compared to the observed sub-adiabatic lapse rate. These are discussed further in 

section 1.3.1.1.  

1.3.1 Thermodynamic Constraints on Cloud Droplet Formation, 

Growth, and Distribution 

The ACP model predicted activation and condensational growth of cloud 

droplets in clouds formed for each case study. In the ACP simulation, the parcel rose 

vertically at a fixed updraft velocity from the ocean surface to cloud top, with cooling 

controlled by the measured lapse rate. Changes in updraft velocity due to condensation 

had negligible effects on drop distributions for the cases studied here, so fixing the 

updraft velocity had little effect on the predicted drop distribution. The particles took 

up water and grew in diameter as the relative humidity increased below cloud, 

sometimes increasing the diameter by a factor of 2 from dry conditions to 90% relative 

humidity, consistent with measurements [Wonaschuetz et al., 2013]. Differences in 

droplet number and size relative to equilibrium calculations emerge because faster-

growing particles reduce the water vapor available for slower-growing particles. Within 

the first several meters above the cloud base, the particles activate rapidly, and the 
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maximum supersaturation is reached (Figure 1.2). For the remainder of the in-cloud 

ascent, activated droplets continued to grow to larger sizes but no additional particles 

were activated (Figure 1.2). The detailed measurements of thermodynamic and 

microphysical properties sufficiently constrain the simulated cloud droplet size 

distributions to match the mean measured CDNC within 6% and the mean diameter 

within 10% for five of the six cases (Table 1.1), thus demonstrating “closure” or 

consistency of the measured composition with the measured CCN spectra and the 

inferred and modeled supersaturation.  

To understand the role of cloud thermodynamic variability on cloud reflectivity, 

one can evaluate the sensitivity of each simulated drop distribution to the measured 

cloud base height (and associated lapse rate) and updraft velocity. CDNC greatly 

influences cloud reflectivity, and CDNC is sensitive to other variables, such as updraft 

velocity, aerosol concentration, the hygroscopicity parameter κ, and aerosol distribution 

parameters [McFiggans et al., 2006; Reutter et al., 2009; Rissman et al., 2004; Twomey, 

1977 ]. Table 1.2 includes CDNC relative sensitivities to aerosol concentration (Na) and 

updraft velocity (w), as well as sensitivities to κorg, and the dry lapse rate (Гd). The LWC, 

CDNC, Dv, and CR are shown in Figure 1.4 as a function of lapse rate, updraft velocity, 

and organic hygroscopicity (κorgχorg, Equation 1.2).  Error bars in Figure 1.4 represent 

25th and 75th quartiles. SOLEDAD updraft velocities were not measured and are 

therefore estimated from measurements (this is further explained in section 1.3.1.1). 

Lapse rate measurements, organic hygroscopicity (κorgχorg) for EAG10P and EJL16P, 

and updraft velocity for SJN01A and SJN13A, have insufficient measurements to define 
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quartiles.  The effects of lapse rate and updraft velocity on droplet distribution for the 

case studies are discussed below.  

Table 1.2: Calculated sensitivities of CDNC to Xi (∂ln CDNC/∂ln Xi,), where Xi is org, 
Гd, w, Smax, or Na. 

Polluted (Na > 1000 cm-3) Clean (Na < 1000 cm -3) 
EJL 16P EAG10P SJN01A SJN13A EJL 16B EAG10B 

org (0.05 
to 0.20) 

0.4 0.10 0 0 0.07 0.05 

Гd (-7 to -
9.8 K km-

1) 

1.61 0 0.91 .90 1.54 0 

W (0.1 to 
0.3 m s-1) 

0.74 0.58 0.60 0.68 0.24 0.51 

Ju ly 16 (Na range:160-1790 cm-3) August 10 (Na range: 
360-1940 cm-3)

Na 0.35 0.34 

1.3.1.1 Variability in Lapse Rate 

As a non-entraining air parcel rises through the atmosphere, temperature 

decreases adiabatically. At the cloud base, the parcel reaches saturation and water 

condenses and releases latent heat, which decreases the magnitude of the lapse rate. The 

reduced moist (in-cloud) lapse rate is caused by cooling which also provides additional 

water for condensation as the parcel rises above the cloud base.  
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To show the relationship between different lapse rates and cloud base heights, 

the lapse rate was varied for the sub-adiabatic E-PEACE cases EJL16P and EJL16B to 

be adiabatic (Table 1.1); the other cases were tested with a sub-adiabatic lapse rate 

(Table 1.1). Equation 1.1 was used to estimate the moist adiabatic lapse rate for E-

PEACE cases. SOLEDAD cases used a prescribed lapse rate that resulted in the 

measured LWC at the height of measurement. To simulate a sub-adiabatic lapse rate, 

part of the first term in Equation 1.1, which represents an adiabatic lapse rate of -9.8 

K/km (𝑔/𝑐𝑝), was changed to be sub-adiabatic (> -9.8 K/km). The measured in cloud 

lapse rate (-2.2 K/km) and cloud base height (70 m) are used for EJL16P-sa (“sa” for 

“sub-adiabatic lapse rate”) and EJL16B-sa cases. These simulations both reproduce 

measured mean CDNC and LWC within one standard deviation. In EJL16P-al and 

EJL16B-al (where “al” indicates “adiabatic lapse rate”), the measured cloud base height 

of 70 m was used but the in-cloud lapse rate was set to be adiabatic (a moist lapse rate 

of -4.4K/km as calculated by Equation 1.1). In both EJL16P-al and EJL16B-al 

simulations, CDNC and LWC are much larger than measured values. Simulations 

EJL16P-ad and EJL16B-ad (where “ad” indicates “adiabatic lapse rate and cloud base 

height”) used both the adiabatic cloud base height of 28 m and moist lapse rate of -4.4 

K/km. The adiabatic lapse rate simulated a much lower cloud base height, consistent 

with the findings of Craven et al. [2002]. These simulations produced an even larger 

LWC but similar CDNC as for runs EJL16P-al and EJL16B-al.  The simulations also 

showed that the measured sub-adiabatic lapse rate, used in simulations EJL16B-sa and 

EJL16P-sa, caused the parcel of air to reach saturation at a higher altitude and produced 
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a corresponding decrease in the moist lapse rate. This sub-adiabatic moist lapse rate 

resulted in lower supersaturations, which caused the measured CDNC and LWC to be 

lower than that of an adiabatic case. The reduction in CDNC due to sub-adiabatic lapse 

rates was consistent with Leaitch et al. [1996], who compared the maximum CDNC 

(associated with parcels having adiabatic lapse rates to the observed average CDNC) 

and observed CDNC associated with sub-adiabatic lapse rates for stratocumulus clouds 

in the North Atlantic.  This result also explains why the adiabatic form of the simplified 

GCM parameterization [Betancourt et al., 2012; Nenes and Seinfeld, 2003] produces 

larger CDNC than was measured for sub-adiabatic cases (EJL16B-sa and EJL16P-sa), 

as shown in Figure 1.4 F,J. Another reason the [Nenes and Seinfeld, 2003] 

parameterization does not compare well to the ACP model for the EJL16P case is that 

this is an unusual case with comparatively high concentrations of large (~1 micron 

diameter) organic smoke particles. In this case, the empirical data used in the 

parameterization when CDNC is sensitive to kinetic limitations [Nenes and Seinfeld, 

2003] was not a good representation of the EJL16P aerosol, specifically of the smoke 

plume particles. The ACP model and GCM parameterization agree well for the 

EAG10B-ad and EAG10P-ad cases, largely because the lapse rate measured was 

adiabatic. However, the GCM parameterization could be adjusted to use a sub-adiabatic 

lapse rate. The simulations EAG10B-sa and EAG10P-sa, using a sub-adiabatic lapse 

rate of -8 K/km, produced a lower moist lapse rate and resulted in underestimating Dv 

and LWC. A sub-adiabatic lapse rate of -7 K/km could not be used to compare to 

measurements for the 10 August cases because it led to cloud formation above the  
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Table 1.3: Observed and Simulated Spectral Parameter (k). 

 
 
 

observed cloud base height. These sub-adiabatic cases had the same CDNC as the “al” 

case. This result differs from the other cases because the lapse rate is closer to adiabatic 

and because the updraft velocity is higher. Figure 1.4F shows that CDNC is less 

sensitive at higher updraft velocities, as seen in Rissman et al. [2004]. The SOLEDAD 

cases used simulated updraft velocity and lapse rate because there were no measured 

updraft velocities or meteorological profiles. This information was estimated with the 

ACP model by matching the simulated results of LWC and CDNC to the observed 

values. The results from a pure adiabatic lapse rate and a sub-adiabatic lapse rate of -7 

K/km were simulated and are also shown in Table 1.1. For both SOLEDAD cases, the 

simulations with sub-adiabatic lapse rate predicted fewer cloud droplets and less LWC 

 E-PEACE  
16 Jul 

Background 
(EJ L16B) 

 

E-PEACE  
16 Jul 
Smoke  
Plume 

(EJ L16P) 
 

E-PEACE  
10 Aug 

Background 
(EAG10B) 

 

E-PEACE  
10 Aug 
Cargo 
Plume 

(EAG10P) 
 

SOLEDAD 
01 Jun 

Ambient 
(SJN01A) 

 

SOLEDA
D 

13 Jun 
Ambient 
(SJN13A) 

 
Observations 0.84±0.05  

 
0.87±0.04  

 
0.90±0.03 

 
0.93±0.02 

 
0.71±0.03 

 
0.72±0.01 

 
Simulations 
 
Single 
Updraft 
Velocity 
 

 
0.98 

 
0.98 

 
1.00 

 
1.00 

 
0.72 

 
0.89 

PDF of 
Updraft 
Velocities 
 

0.96 0.87 0.96 0.93 - - 

PDF of Cloud 
Bases 
 

0.98 0.96 0.97 0.96 0.62 0.81 

PDF of 
Updraft 
Velocities and 
Cloud Bases 

0.89 0.81 0.93 0.87 - - 
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than simulations with an adiabatic lapse rate, similar to the E-PEACE cases. CDNC is 

most sensitive to changes in lapse rate for the EJL16P, EJL16B, SJN01A and SJN13A 

cases as shown in Table 1.3.The remaining cases, EAG10P and EAG10B, show no 

sensitivity to lapse rate possibly due to the low aerosol bin resolution.  

The sub-adiabatic lapse rates may result from mixing. Cloud top-entrainment 

can cause deviations from the moist adiabatic profile, but typically those effects are 

most evident close to the top of the cloud [Nicholls and Leighton, 1986]. The sub-

adiabatic temperature profile in the cases shown here extends to below cloud base. Also, 

the clouds were only simulated up to the measurement heights, which were several tens 

of meters below the cloud top, so that cloud top effects were likely minimal. Therefore, 

effects of cloud top entrainment are small but the reflectivity is biased slightly low. 

In Figure 1.4A-D, different simulated lapse rates are shown to vary CDNC, 

LWC, and CR. The reasons for these dependencies are the same as in the previous 

paragraph. Variation of CDNC and LWC cause variation in Dv (Figure 1.4C) and CR 

(Figure 1.4D). Measurements from SOLEDAD were taken close to cloud base at an 

average of 45 m and 80 m above cloud base for SJN01A and SJN13A, respectively. 

LWC and CDNC correlated well on both days (Figure 1.10), which further suggests that 

measurements were taken near cloud base because, as shown in Figure 1.2 for EJL16B 

and EAG10B, CDNC quickly reached its maximum value above cloud base. It is 

possible that the decreased cooling rate was caused by a sub-adiabatic lapse rate, leading 

to a decrease in CDNC. The sub-adiabatic cases for both SOLEDAD cases (Table 1.1) 

had simulated LWC and CDNC that were within one standard deviation of observations  
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Figure 1.5: Cloud droplet size distributions are presented for the cases in Table 1. Each 
case contains cloud droplet distribution measurements as black squares with a 
lognormal fit. Blue distributions are simulation results based on a single updraft 
(constrained by CCN spectra behind the CVI, equivalent to the measured CDNC). Light 
blue distributions also use the same single updraft velocity; however, the cloud base in 
the simulation is adjusted so the peak measured fits correspond to simulation peaks. 
Green and solid red distributions are simulation results for a probability distribution of 
updrafts and cloud base respectively.  Dashed red distributions simulated droplet 
distributions using minimum and maximum measured cloud base heights for cases 
without ceilometer measurements. Finally, magenta distributions are simulation results 
for the combined probability distribution of updrafts and cloud base heights. The inner 
pie represents the simulated composition and the outer pie represents the measured 
composition. 
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for 6% of all in-cloud droplet measurements, consistent with sub-adiabatic lapse rates. 

E-PEACE cases had a much smaller variation in number concentration (Figure 1.3);

however, they had significant variations in LWC and cloud base height. To identify the 

effect of LWC variation due to lapse rate variation, a probability distribution function 

(PDF) of measured cloud base heights (Figure 1.12) was used in the ACP model to 

estimate k (Table 1.3). Variability in cloud base height (or lapse rate) alone broadens 

the cloud droplet distribution, but it is still narrower than observed for all cases with the 

exception of the SJN01A case (Table 1.3, Figure 1.5). Table 1.3 shows that four of the 

six cases are estimated to have droplet spectral widths within observed error when using 

a distribution of updrafts or cloud base heights rather than a single updraft and cloud 

base height. The SJL13A case does not have updraft measurements, so variability in k 

with cloud base height could not be calculated. The SJL01A case had a simulated k 

value from a single updraft and cloud base height that was within 2% of the observed k 

value.  

The SJL01A case had measurements close to cloud base where supersaturation 

is at maximum. Hsieh et al [2009] found that the k value at the height of maximum 

supersaturation is a good representation of the k value throughout the cloud; therefore, 

that constant updraft simulation k is comparable to observations for SJL01A, consistent 

with the result of Hsieh et al [2009]. 

1.3.1.2 Variability in Updraft Velocity 

Variations in updraft velocity have the potential to broaden the cloud droplet 

distribution. Updraft velocity controls the maximum supersaturation, which in turn 
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determines the smallest (and least hygroscopic) particles that can activate. In fast 

updrafts, there is less time available for water vapor uptake by aerosols, which causes 

higher supersaturation and activation of more particles. CDNC increases with updraft 

velocity, as shown in Figure 1.4F. As noted by Chuang [2006] and McFiggans et al. 

[2006], CDNC is more sensitive to updraft velocity variation in polluted cases (Table 

1.2). Updraft velocity also affects droplet size (Dv in Figure 1.4G) as a consequence of 

increased CDNC for a given constant LWC.  

Since updraft velocity affects CDNC (and, for constant LWC, drop size), 

variability in updraft velocity results in broadening of the observed cloud drop 

distribution. Simulated cloud droplet distributions always produce narrower droplet 

distributions (larger k) than measured when applying a constant updraft and lapse rate. 

Figure 1.5 consists of droplet size distributions from the ACP model for each case, as 

well as the observed cloud droplet distribution. Figure 1.5 shows that using an ensemble 

of updrafts instead of a single updraft to simulate observed k values is better at 

reproducing the droplet spectral parameter k than a single updraft, which agrees with 

the findings of Hsieh et al. [2009]. Since the SOLEDAD cases did not include vertical 

velocity measurements, it was not possible to include a droplet distribution using a PDF 

of measured updraft velocities.  The simulated distribution with a single updraft velocity 

for SJL01A in Figure 1.5 matched the observed droplet distribution width well, unlike 

the other cases. This is possibly because the measurements were close to cloud base, 

and the broadening of the droplet distributions due to variations in updraft velocity and 

lapse rate at cloud base is not significant till higher altitudes.   
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1.3.1.3 Combined Variability of Cloud Base Height (Lapse Rate) and Updraft Velocity 

We have shown that updraft velocity variability and cloud base height variability 

both increase droplet distribution width (decrease k). However, using either a 

distribution of cloud base heights or updraft velocities, but not both, is not sufficient to 

broaden the distribution of k values to observed values for the E-PEACE background 

cases (Table 1.3). By incorporating variability of both cloud base height and updraft 

velocity, the simulated droplet distributions best approximate the observed distributions 

and spectral parameter for background cases. The combined influence of both variables 

on the distribution width creates a broader distribution than when each is considered 

separately. Simulated E-PEACE plume cases have distributions broader than those 

observed. It is possible that the measured updraft velocity and cloud base height 

distributions are not representative because the small horizontal area may include only 

a subset of the measured updraft distribution. Chuang [2006] showed that in polluted 

cases small variations in the updraft velocity can cause large variations in CDNC. For 

the EJL16P case, for example, the distribution of updrafts produced a simulated CDNC 

that exceeded the measured values by a factor of three. However, for all other cases a 

distribution of updrafts produced CDNC within one standard deviation of the measured 

CDNC. 

1.3.2 Effects of Organic Composition and Hygroscopicity on Cloud 

Droplet Formation, Growth, and Distributions 

Aerosol hygroscopicity can also play a role in determining CDNC [Petters and 

Kreidenweis, 2007]. Figure 1.5 shows in-cloud droplet composition as measured and 
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simulated (inner and outer circles, respectively) in the cloud. The inorganic and organic 

fractions of the measured and simulated compositions are of roughly similar 

magnitude, but noticeable differences exist in each case. In-cloud aqueous uptake or 

production of sulfate, nitrate, and organic compounds can explain discrepancies 

between predicted and measured composition [Charlson et al., 1987; Hayden et al., 

2008; Modini et al., 2015; Prabhakar et al., 2014; Sorooshian et al., 2015; Sorooshian 

et al., 2013; Youn et al., 2015]. The lack of gas-phase measurements precludes a 

detailed analysis; however, we note that during E-PEACE Twin Otter cloud droplet 

residual particle measurements, downstream of the CVI, suggest dissolution of 

precursor vapors and in-cloud production of such compounds [Prabhakar et al., 2014; 

Sorooshian et al., 2015; Sorooshian et al., 2013; Youn et al., 2015]. 

Organic aerosol component hygroscopicity has been shown to have a small 

effect on CDNC in non-polluted situations [Dusek et al., 2006], whereas in polluted 

cases CDNC can be strongly affected [Hegg et al., 2010; Twohy et al., 2013]. To 

investigate the sensitivity of CDNC to the organic component, the GCM 

parameterization and ACP model were initialized with a range of typically observed κorg 

values (0.01-0.3). These were multiplied by the organic aerosol volumetric fraction to 

obtain the hygroscopicity due to organics (κorgXorg, Figure 1.4I-L). The CDNC 

sensitivity to κorg is largest for the EJL16P and EAG10P cases (Figure 1.4J, Table 1.2). 

All of the calculated sensitivity values to κorg are all smaller than κ sensitivities reported 

by Reutter et al. [2009], likely because κorg represents only a small fraction of the total 

κ. The only exception is the EJL16P case, which consists entirely of organic 
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components, such that κorg = κ. The plume cases exhibit the largest effect because of a 

high organic volume fraction, a high aerosol concentration, and the largest degree of 

external mixing from the background aerosol. EJL16P, for which the aerosol was 

entirely organic (Figure 1.1), showed the greatest change in simulated CDNC 

(increasing by a factor of 6) with organic hygroscopicity.  EAG10P exhibited the second 

greatest increase in CDNC at 34%. Background aerosol organic hygroscopicity has little 

effect on CDNC, with an increase of only 17% and 10% over the tested κorg range for 

EJL16B and EAG10B, respectively, because the background aerosols were mostly 

inorganic and internally mixed.  The highly hygroscopic salt and sulfate particles 

produce high total hygroscopicity, even when the organic hygroscopicity is low, 

because the organic volume fraction itself was low. High aerosol hygroscopicity caused 

rapid uptake of water, preventing further activation of droplets despite increases in 

organic hygroscopicity [Modini et al., 2015].  The variation in CDNC due to κorg 

significantly affects other cloud properties such as Dv and CR (Figure 1.4I-L).  Ervens 

et al. [2010] found that different assumptions for organic solubility and mixing state for 

marine conditions often lead to similar CDNCs, so reasonable closure could be achieved 

with assumptions that were not representative of the actual aerosol composition. This is 

in agreement with our results for the ambient background cases in which the organic 

hygroscopicity has little effect on the CDNC. Results from VanReken et al. [2003] show 

that closure was observed within 20% with the broad assumption that all the aerosol 

was composed entirely of ammonium sulfate, indicating that in the cases they studied 

the CDNC is not very sensitive to even the total hygroscopicity of marine 
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aerosols. External mixtures are necessary for the plume cases because assuming a 

completely internally mixed aerosol population was shown to overestimate droplet 

concentration in polluted conditions where there is a greater fraction of less hygroscopic 

aerosol [West et al., 2014]. 

The organic composition and hygroscopicity are important if the organic volume 

fraction is sufficiently large and mainly externally mixed. κorg does not have a strong 

influence on changes in CDNC for background cases because of low concentrations just 

below critical diameters. CDNC is not predicted to increase much in the background 

cases; the change in critical diameter for all cases was 5 nm or less for an increase in 

κorg of 0.1, except for EJL16P. In fact, the EJL16B case exhibited the largest change in 

critical diameter (5 nm), for an increase in κorg of 0.1, even though CDNC increased the 

least in the E-PEACE cases. In terms of the effect of κorg on CDNC, the CDNC can 

increase only as much as the concentration between the two critical diameters 

representing the two different κorg values (Figure 1.11). To test the effect of aerosol 

concentrations in this narrow size range (marked on Figure 1.11) on CDNC, the bin 

concentrations were changed to be a fraction of the measured value for size bins below 

the critical diameter for κorg = 0.01. Figure 1.6 illustrates how aerosol number 

concentration between the critical diameters (indicated in Figure 1.11) is essential in 

understanding the effect κorg can have on CDNC. In Figure 6a, the EAG10P case 

represents the maximum concentration presented, while the lowest concentration 

represents a 95% decrease in the sub-critical diameter concentration at a κorg of 0.01. 

Figure 1.6a illustrates that an increase in CDNC due to a change in κorg is largely  
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Figure 1.6: Simulated cloud droplet number concentrations for 10 August cargo ship 
plume (top) and Background (bottom) are shown as a function of κorg and concentration 
in bins below critical diameter when κorg =0.01. Red dots indicate the combination of 
κorg and concentration in bins below critical diameter for each simulation. 

 
 

dependent on the concentration between the two critical diameters associated with the 

two κorg values, as shown in Figure 1.11. Figure 1.6b represents the EAG10B case. The 

change in CDNC with κorg is also shown to decrease with a below-critical-diameter 

concentration at a κorg of 0.01. From overall concentrations tested in Figure 1.6b, the 

change in CDNC is much smaller than in the plume case (Figure 1.6a) because there are 
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fewer particles in the bins below the critical diameter. This suggests that κorg is most 

influential on CDNC for plumes or polluted areas in which the critical diameter falls 

near the peak of an aerosol mode.  

In the two E-PEACE background cases and two SOLEDAD ambient cases, the 

uncertainty and variability in organic composition and hygroscopity are unlikely to 

contribute significantly to differences between the measured and simulated droplet 

number distribution (and its spectral width, k) or the droplet concentration. The organic 

fraction was largest in plume sources, wherein organic hygroscopicity exhibits a larger 

effect than in background and ambient aerosol cases. Furthermore, the low aerosol 

concentrations in the background cases were such that changes in hygroscopicity have 

little effect on droplet concentration. Even with high aerosol concentrations, such as in 

the ambient SOLEDAD cases where the inorganic fraction is high and the inorganic 

contribution to the aerosol hygroscopicity is much larger than the organic contribution, 

any change in organic hygroscopicity had no significant effect on CDNC and size. 

1.3.3 Impacts of Thermodynamic and Composition Properties on 

Cloud Reflectivity 

Updraft velocity, organic aerosol hygroscopicity, and lapse rate can affect 

CDNC and LWC, both of which influence ultimate CR. CR calculations were completed 

for each case corresponding to variations in κorg and k. Spectral parameter comparisons 

were calculated from a single ACP model run with one updraft velocity, several model 

runs from a PDF of updrafts, a PDF of cloud base heights, and the k value of measured 

distributions (Table 1.3). For all cases, droplets above 2 µm in diameter were used to  
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Figure 1.7: Calculated cloud reflectivity (CR) as a function of the spectral parameter (k) 
using the observed CDNC (panel A) and as a function of CDNC using the observed k 
(panel B). Error bars represent the CR as a function of kobs ± one standard deviation 
(panel A) and CDNCobs ± one standard deviation (panel B). CR is calculated as a 
function of κorg (κorg values of 0.01 and 0.3 shown as higher and lower CR, respectively) 
using the observed k (panel C). CR was unaffected by κorg for the SJN01A and SJN13A 
cases, resulting in a single point instead of a range. Each case is represented by the same 
colors as in Figure 4. 

calculate k except for the EJL16P case. In the EJL16P only droplets above 5 µm in 

diameter were used to calculate k because some aerosol particles exceeded 2 µm, but 

did not activate and were not counted as cloud droplets.  

k values are mainly constant in model predictions and observations, with the 

exception of those near cloud base where particles activate and their classification as 

droplet or interstitial is ambiguous. The SOLEDAD measurements were carried out near 
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cloud base, which is thought to be why the observed spectral parameter k was lower 

than in the E-PEACE cases (Table 1.3).  

Applying a PDF of updrafts and cloud base heights (due to variable lapse rates) 

instead of a single value improves the agreement between observed and simulated k and 

improves CR estimates. Applying a PDF of updrafts and cloud base heights also affects 

CDNC, even though it can be modeled well with a single updraft and cloud base height. 

To observe the influence of k and CDNC separately, in Figure 1.7a we used the observed 

CDNC and simulated k to calculate CR; in Figure 1.7b, we used the simulated CDNC 

and observed k. Error bars in each plot express one standard deviation of the observed 

CDNC or k. As shown in Figure 1.7b, all cases lie within the error bars, except the 

EJL16P case because CDNC is highly sensitive to updraft velocity. When the CR is a 

function of k, many cases lie outside the error bars. The influence of k on CR can also 

be compared to the κorg effect on CR (Figure 1.7c). With the exception of the two plume 

cases, the change in CR for κorg from 0.01 to 0.3 is much smaller than the effect of the 

simulated range of k on CR. Overall, the use of a distribution of updrafts and lapse rates 

broadened the droplet spectral width, reducing differences between observed and 

simulated CR, with the exception of the SJL01A, in which measurements were close to 

cloud base [Hsieh et al., 2009]. 

1.4 Conclusions 

 This work presents a comparison of predictions of two models of aerosol 

activation and subsequent cloud droplet evolution with measurements from two field 

studies carried out over the Pacific Ocean off the coast of California and on the 
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California Pacific coast, E-PEACE in 2011 and SOLEDAD in 2012.  One model is a 

comprehensive size-resolved aerosol-cloud parcel model (ACP), and the second is a 

global climate model (GCM) parameterization of aerosol activation and cloud 

formation. Four aerosol cases were analyzed from E-PEACE: a generated organic 

smoke plume, a cargo ship plume, and two cases of background marine aerosols. The 

two SOLEDAD cases had aerosol compositions and concentrations characteristic of 

polluted marine conditions. The model was initialized with aerosol composition taken 

from HR-ToF-AMS and size distribution measurements. Vertical profiles of 

meteorological parameters and aerosol size distributions were also used as model inputs.  

Four of the cases were characterized by a sub-adiabatic lapse rate, which led to fewer 

droplets owing to decreased maximum supersaturation, lower LWC, and higher cloud 

base height.  Such comparisons are important in order to assess the extent to which 

models can replicate actual atmospheric conditions. Predictions of cloud microphysical 

properties depend on a number of key variables, including ambient lapse rate, aerosol 

size distribution, chemical composition, and updraft velocity; the lack of agreement 

between predictions and observations often reveals uncertainties in the governing 

physical processes because these variables are not sufficiently constrained by 

measurements. 

For the E-PEACE cases, a weighted ensemble of simulations that reflect the 

measured variation in updraft velocity and cloud base height reproduced the observed 

droplet distributions within 9%, excluding the case of the generated organic smoke 

plume. Vertical velocity was not measured in SOLEDAD, so an estimated updraft of 
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0.05 m s-1 was used (reproducing CDNC observations with errors of 1% and 6%). A 

distribution of cloud base heights and updraft velocities produced simulations with a 

broader cloud droplet distribution than achieved using a single updraft or cloud base 

height.  

In comparing simulated and measured cloud droplet composition, differences 

suggest a possible role of in-cloud uptake or production of sulfate, nitrate, and organic 

components. To examine the CDNC sensitivity to the aerosol organic fraction, 

simulations were initialized with a range of organic hygroscopicities (Table 1.2). The 

organic fraction in marine background aerosols tends to be too low for organic 

hygroscopicity to affect CDNC because background particles contain internally mixed 

hygroscopic salts. However, generated smoke and cargo ship plume aerosols, which 

have a substantial organic fraction and a large aerosol concentration near the critical 

diameter of cloud active aerosol, exert a large effect on CDNC. CDNC in such plumes 

is strongly dependent on the value of the aerosol hygroscopicity, κorgχorg, due to both 

the high organic fraction and aerosol concentration.  κorgχorg in the SOLEDAD 

experiment showed no effect on CDNC, even at the high aerosol concentrations present, 

because the prevalent inorganic hygroscopic fraction dominates cloud activation. To 

explore the role of aerosol size and its combined effect with κorgχorg, we varied the 

aerosol concentration in the size bin(s) just below the critical diameters to show that an 

increase in CDNC, due to a change in κorgχorg is largely dependent on the difference in 

concentration near the critical diameters. In other words, κorgχorg has the strongest 

influence on CDNC when the critical diameter falls near the peak of an aerosol mode. 
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In addition, droplet size, CDNC, and droplet distribution width (k) affect cloud 

reflectivity (CR). Changes in organic hygroscopicity are found to have little or no effect 

on CR, with the exception of a case with a fresh smoke plume (EJL16P; section 3.3), in 

which CDNC increased by a factor of 6 (to 300 cm-3 from 49 cm-3), causing an increase 

in CR from 0.09 to 0.16 (where a CR of 1.0 reflects all visible light), due to its high 

fraction of externally mixed organics. A case with a cargo ship plume (EAG10P; section 

3.3) had the second greatest increase in CDNC with increasing κorg. However, the cloud 

droplet concentration was already high (277 cm-3) compared to other cases so the 

increase in CDNC of 35% had little effect on CR, increasing it from 0.26 to 0.28. The 

difference in cloud k values caused a change in CR ranging from ~0.01 to 0.03 for all 

case, when the CDNC is equal to the observed value, while organic hygroscopicity 

caused a difference of <0.01 in CR for the cases without fresh plumes.  
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1.6 Appendix 

Table 1.4: Measured chemical components used in the Gysel et al. [2007] ion pairing 
scheme. 

EJL 16B EJL 16P EAG10B EAG10P SJN01A SJN13A 
NO3

- 0.02 0.00 0.32 0.34 1.04 0.32 

NH4
+ 0.10 0.00 0.20 0.66 0.08 1.24 

SO4
2- 1.26 0.00 1.20 34.82 1.44 2.8 

Table 1.5: Molecular composition derived from AMS chemical composition using the 
Gysel et al. [2007] ion pairing scheme, ion chromatography (NaCl), and SP2 
measurements (BC). 

EJL 16B EJL 16P EAG10B EAG10P SJN01A SJN13A 

OM 1.12 22.34 1.46 54.53 3.76 2.24 

(NH4)2SO4 0.00 0.00 0.00 0.00 0.00 3.86 

NH4HSO4 0.70 0.00 1.23 4.26 0.55 0.00 

H2SO4 0.70 0.00 0.18 31.93 0.99 0.00 

HNO3 0.03 0.00 0.32 0.35 1.05 0.00 

NH4NO3 0.00 0.00 0.00 0.00 0.00 0.41 

rBC 0.00 0.00 0.00 0.00 0.56 0.00 

NaCl 0.14 0.00 0.24 0.00 0.16 0.17 



62 

1.6.1 Model initialization and simulation values 

Measurements used to initialize the ACP model and GCM parameterization are 

given in Table 1.6. Also, simulated values from the ACP model and GCM 

parameterization are given in Table 1.6. The aerosol distribution parameters used for 

each case is presented in Table 1.7, using the equation: 

𝑑𝑁

𝑑𝑙𝑛𝐷𝑝
=

𝑁

(2𝜋)1 2⁄ 𝑙𝑛(𝜎𝑔)
𝑒𝑥𝑝 (−

(ln(𝐷𝑝)−ln (𝐷̅𝑝𝑔))
2

2𝑙𝑛2(𝜎𝑔)
) (1.7) 

where 𝐷𝑝 is diameter, 𝐷̅𝑝𝑔 is the geometric mean diameter, N is the total droplet 

concentration, and 𝜎𝑔 is the geometric mean diameter. 
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Table 1.6: ACP model and GCM parameterization initial conditions and simulated 
values. 

In itial  conditions 

ACP model GCM par ameter ization  

Temperature  Vertical profile (Figure 1.8) At cloud base (Figure 1.8) 

Relative  humidity Vertical profile (Figure 1.8) - 

Pressure Vertical profile (Figure 1.8) At cloud base (Figure 1.8) 

Updraft velocity Yes (Table 1.1, Figure 1.10) Yes (Table 1.1) 

Cloud Base Yes (Table 1.1) - 

Aerosol distr ibution  Mass size distribution 

(Figure 1.9) 

Number size distribution  

(Figure 1.1) 

Aerosol chemical 
composition  

Compound specific mass size 
distributions (Figure 1.9) 

Aerosol hygroscopicity 
(κ) 

(Table 1.5) 

Simulated values 

ACP model GCM par ameter ization  

Supersaturat ion Vertical profile Maximum value 

Cloud droplet Vertical profile of particle 
and drop size distributions 

Number concentration 
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Figure 1.8: Temperature (top left), pressure (top right) and relative humidity (bottom) 
vertical profiles. 



65 

Figure 1.9: Mass size distributions for each molecular species included. 
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Table 1.7: Lognormal fit parameters for measured initial aerosol number size 
distributions; the E-PEACE particle size distributions were fit with multiple aerosol 
modes. 

Mode total 
concentr ation  (cm-3) 

Geometr ic mean  
diameter  (nm) 

Geometr ic 
dispersion 

EJL 16B 128,19,9,6 51,152,318,633 1.50,1.28,1.37,1.16 

EJL 16P 860,740 65,586 1.73,1.56 

EAG10B 160,170,33 44,104,318 1.24,1.40,1.34 

EAG10P 1500, 80 53, 265 1.48,1.36 

SJN01A 2310 80 2.45 

SJN13A 1440 95 2.2 

1.6.2 SOLEDAD LWC and CDNC measurements 

Figure 1.10 shows measured LWC vs CDNC for the SJL01A and SJL13A cases. 

LWC increases with altitude so many of the low LWC measurements are close to cloud 

base. 

Figure 1.10: Measured CDNC and LWC correlate for the SJL01A (left) and SJL13A 
(right) cases. 
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Figure 1.11 illustrates the measured and modified distributions to show how the 

measured distribution was adjusted to decrease concentrations and add higher resolution 

at aerosol sizes close to the critical diameter in Figure 1.6. D1crit represents a critical 

diameter for κorg=0.01 (the lowest simulated κorg in Figure 1.6).  D2crit represents a 

critical diameter for κorg > 0.01.  

Figure 1.11: Observed aerosol size distribution for EAG10B (green). Modified aerosol 
size distribution for EAG10B, decreasing the concentration of aerosol below D1crit to 
50% of the observed value. 

1.6.3 EPEACE measured updraft velocity distribution. 

Updraft velocity was measured at a frequency of 1 Hz for the EPEACE cases. 

Histograms of the updraft velocity are shown for each day in Figure 1.12. The 

measurements show a negative bias for the 16 July cases. The 10 August case has a 
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positive bias in updraft measurements.  Both cases are consistent with the ranges 

observed in past observational studies [Lenschow and Stephens, 1980]. 

Figure 1.12: In cloud measured updraft velocity distribution for EPEACE cases on July 
16 (left) and August 10 (right). Measurements were corrected for the motion of the Twin 
Otter aircraft. Aircraft velocity was consistent throughout horizontal legs, minimizing 
spatial bias. Model was initialized with updraft velocities at values > 0.05 m s-1. 
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Table 1.8: Relevant findings from previous publications relating to vertical velocity 
variability in stratocumulus cloud regimes. 

Publication  Relevant Findings 

Observation s 

Lenschow and Stephens 
[1980] 

Convective thermals are found to cover 40% of area 
and have a large divergence in vertical velocity. 

Nicholls [1989] Variance in convective motion due to cloud top 
radiative cooling and entrainment mixing is similar to 
motion in other convective layers. 

Snider and Brenguier 
[2000] 

Positive correlation of updraft velocity and droplet 
concentration in level-flight traverse; larger correlation 
for larger CCN. 

Feingold et al. [2003] Droplet size is correlated with cloud turbulence. 

[McFiggans et al. , [2006] CDNC sensitivity to updraft velocity was higher for 
polluted conditions. 

Ghate et al. [2010] Surface buoyancy effects vertical velocity distribution 
skewness. 

Hudson and Noble [2014] Strong dependence of CCN on supersaturation 
indicates large CDNC dependency on vertical 
velocity.  

Modeling 

Stevens et al. [1996] Droplet diameter dispersion was explained by updraft 
velocities. 

Rissman et al. [2004] Composition can be more influential on CDNC than 
updraft velocity, in particular in clouds with higher 
supersaturations. 

Erlick et al. [2005] Vertical velocity fluctuations cause droplet spectrum 
broadening in stratocumulus due to updraft 
acceleration. 
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Table 1.8 (Continued): Relevant findings from previous publications relating to vertical 
velocity variability in stratocumulus cloud regimes. 

Reutter et al. [2009] Distinguished aerosol and updraft-limited regimes; 
changes in CDNC are more sensitive to vertical 
velocity than other variables. 

Hsieh et al. [2009] Observed droplet spectral widths were better 
represented by a distribution of updraft velocities 
rather than a single value. 

Zhu et al. [2010] Variance and skewness in vertical velocity can depend 

on internal and external forcing on the boundary layer. 

Feingold et al. [2013] Updraft variance has strong effects on autoconversion 

rates. 

West et al. [2014] Single characteristic velocity cannot reproduce the 

cloud radiative effects of a distribution of vertical 

velocities. 

This work Observed lapse rate and distribution of updraft velocity 
reproduced observed droplet spectrum for constrained 
case studies.  

Updraft distribution and lapse rate affected cloud 

droplet distributions more than organic hygroscopicity.  
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Chapter 2 

Top-down and Bottom-up aerosol-cloud-closure: 

towards understanding sources of uncertainty in 

deriving cloud radiative flux 

Top-down and bottom-up aerosol-cloud shortwave radiative flux closures were 

conducted at the Mace Head atmospheric research station in Galway, Ireland in August 

2015.  This study is part of the BACCHUS (Impact of Biogenic versus Anthropogenic 

emissions on Clouds and Climate: towards a Holistic UnderStanding) European 

collaborative project, with the goal of understanding key processes affecting aerosol-

cloud shortwave radiative flux closures to improve future climate predictions and 

develop sustainable policies for Europe. Instrument platforms include ground-based, 
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unmanned aerial vehicles (UAV)3, and satellite measurements of aerosols, clouds and 

meteorological variables. The ground-based and airborne measurements of aerosol size 

distributions and cloud condensation nuclei (CCN) concentration were used to initiate 

a 1D microphysical aerosol-cloud parcel model (ACPM).  UAVs were equipped for a 

specific science mission, with an optical particle counter for aerosol distribution 

profiles, a cloud sensor to measure cloud extinction, or a 5-hole probe for 3D wind 

vectors.  UAV cloud measurements are rare and have only become possible in recent 

years through the miniaturization of instrumentation. These are the first UAV 

measurements at Mace Head. ACPM simulations are compared to in-situ cloud 

extinction measurements from UAVs to quantify closure in terms of cloud shortwave 

radiative flux. Two out of seven cases exhibit sub-adiabatic vertical temperature profiles 

within the cloud, which suggests that entrainment processes affect cloud microphysical 

properties and lead to an overestimate of simulated cloud shortwave radiative flux. 

Including an entrainment parameterization and explicitly calculating the entrainment 

fraction in the ACPM simulations both improved cloud-top radiative closure.  

Entrainment reduced the difference between simulated and observation-derived cloud-

top shortwave radiative flux (RF) by between 25 W m-2 and 60 W m-2. After accounting 

for entrainment, satellite-derived cloud droplet number concentrations (CDNC) were 

within 30% of simulated CDNC.  In cases with a well-mixed boundary layer, RF is no 

greater than 20 W m-2 after accounting for cloud-top entrainment, and up to 50 W m-2 

3 The regulatory term for UAV is Remotely Piloted Aircraft (RPA). 
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when entrainment is not taken into account. In cases with a decoupled boundary layer, 

cloud microphysical properties are inconsistent with ground-based aerosol 

measurements, as expected, and RF is as high as 88 W m-2, even high (> 30 W m-2) 

after accounting for cloud-top entrainment. This work demonstrates the need to take in-

situ measurements of aerosol properties for cases where the boundary layer is decoupled 

as well as consider cloud-top entrainment to accurately model stratocumulus cloud 

radiative flux. 
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2.1 Introduction 

One of the greatest challenges in studying cloud effects on climate are that the 

clouds are literally out of reach. Many ground-based measurement sites have a long 

historical record that are useful for identifying climatological trends, however, it is 

difficult to quantify such trends in cloud microphysical and radiative properties at these 

stations based solely on remote sensing techniques such as radar and lidar. In-situ 

aerosol measurements at the surface are often used to estimate cloud properties aloft, 

but the simulations used to estimate above surface conditions require many idealized 

assumptions such as a well-mixed boundary layer and adiabatic parcel lifting. Satellites 

have the advantage to infer cloud properties over a much larger area than ground-based 

observations; however, they can only see the upper most cloud layer and satellites need 

in-situ observations to improve their retrievals. In this study, we combine ground-based 

and airborne measurements with satellite observations to determine cloud radiative 

properties and compare these results to an aerosol-cloud parcel model (ACPM) to 

identify sources of uncertainty in aerosol-cloud interactions.  

The atmospheric research station at Mace Head has been a research platform for 

studying trace gases, aerosols and meteorological variables since 1958 [O'Connor et al., 

2008]. The station is uniquely exposed to a variety of air masses, such as clean marine 

air and polluted European air. Over the long history of observations and numerous field-

campaigns held at the Mace Head research station, few airborne field experiments have 

been conducted.  During the PARFORCE campaign in September 1998, aerosol and 

trace gas measurements were made to map coastal aerosol formation [C D O'Dowd et 
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al., 2001]. During the second PARFORCE campaign in June 1999, measurements of 

sea spray plumes were made on an aircraft installed with a Lidar [Kunz et al., 2002]. In 

the NAMBLEX campaign in August 2002, flights were conducted to measure aerosol 

chemical and physical properties in the vicinity of Mace Head [Coe et al., 2006; Heard 

et al., 2006; Norton et al., 2006]None of the research flights thus far have studied 

aerosol-cloud interactions and cloud radiative properties at Mace Head.   

For ground-based observations, it is often assumed that measured species are 

well-mixed throughout the boundary layer. Often this assumption is valid and many 

observational studies have shown that models which use ground-based measurements 

can accurately simulated cloud droplet number concentrations (CDNC) [Conant et al., 

2004; Fountoukis et al., 2007; Russell and Seinfeld, 1998], making bottom-up closure a 

viable method for predicting cloud properties.  Closure is defined here as the agreement 

between observations and model simulations of CDNC and cloud-top shortwave 

radiative flux. This well-mixed boundary layer simplification, however, has been shown 

to be inaccurate in many field experiments (e.g., the Atlantic Stratocumulus Transition 

Experiment (ASTEX) [Albrecht et al., 1995]; and the Aerosol Characterization 

Experiments, ACE1 [Bates et al., 1998] and ACE2 [Raes et al., 2000]. Previous studies 

at Mace Head have shown that decoupled boundary layers were observed with scanning 

backscatter lidar measurements [Kunz et al., 2002; Milroy et al., 2012]. Such decoupled 

layers often contain two distinct cloud layers, distinguished as a lower layer within the 

well-mixed surface-mixed layer and a higher decoupled layer between the free 

troposphere and surface-mixed layer [Kunz et al., 2002; Milroy et al., 2012; Stull, 1988]. 
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General characteristics associated with decoupled boundary layers are a weak inversion, 

a decrease in aerosol concentration relative to the surface-mixed layer, and more 

commonly occurring in relatively deep marine boundary layers ( > 1400 m) [Jones et 

al., 2011]. Dall’Osto et al [2010] showed the average height of the surface-mixed layer, 

over Mace Head, varies from 500 m to 2000 m, and the decoupled layers have heights 

ranging from 1500 m to 2500 m. Marine boundary layer decoupling is often seen in the 

tropics and has been attributed to processes that involve cloud heating from cloud-top 

entrainment, leading to decoupling of the boundary layer [Albrecht et al., 1995; Bates 

et al., 1998; Bretherton et al., 1997; Stevens, 2002; Zhou et al., 2015]. In addition, 

Bretherton and Wyant [1997] have shown that the decoupling structure is mainly driven 

by a high latent heat flux that results in a large buoyancy jump across the cloud base. 

This high latent heat flux is attributed to easterlies bringing air over increasing SST, 

where the boundary layer becomes deeper and more likely to decouple [Albrecht et al., 

1995]. The cloud layer drives the turbulent motion and a zone of negative buoyancy 

flux develops below cloud. The turbulent motion is driven by radiative cooling at cloud 

top, causing air to sink [Lilly, 1968]. The zone of negative buoyancy exists because the 

deepening of the boundary layer causes the lifting condensation level of the updraft and 

downdraft to separate. This is important because latent heating in the cloud contributes 

significantly to the buoyancy in the cloud [Schubert et al., 1979]. If this zone of negative 

buoyancy flux becomes deep enough, it is dynamically favorable for the cloud layer to 

become decoupled from the cloud layer [Bretherton et al., 1997]. Bretherton and Wyant 

[1997] also show that drizzle can have a substantial impact on enhancing the negative 
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buoyancy flux below cloud, but drizzle is not necessary for decoupling mechanism they 

proposed. Other factors, such as the vertical distribution of radiative cooling in the 

cloud, and sensible heat fluxes, play less important roles. Turton and Nicholls [1987] 

used a two-layer model to show that decoupling can also result from solar heating of the 

cloud layer; however, only during the day. Furthermore, Nicholls and Leighton [1986] 

showed observations of decoupled clouds with cloud-top radiative cooling and the 

resulting in-cloud eddies do not mix down to the surface (further suggesting radiative 

cooling plays a less important role). Russell et al. [1998] and Sollazzo et al. [2000] 

showed that, in a decoupled atmosphere the two distinct layers have similar 

characteristics (e.g., aerosol and trace gases composition), with different aerosol 

concentrations that gradually mix with each other, mixing air from the surface-mixed 

layer into the decoupled layer and vice versa.  These previous studies also show that 

aerosol concentrations in the decoupled layer are lower than those in the surface-mixed 

layer implying an overestimation in cloud shortwave radiative flux when using ground-

based aerosol measurements.   

Satellite measurements of microphysical properties, such as CDNC, have the 

potential to be independent of ground-based measurements, and therefore be reliable for 

studying decoupled clouds. Satellite estimates of CDNC have only become possible 

recently due to the increased resolution in measurements [Painemal and Zuidema, 2011; 

Rosenfeld et al., 2014; Rosenfeld et al., 2012; Rosenfeld et al., 2016]. Therefore, current 

measurements still require ground-based validation until the method is further 

developed.  
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The focus of this manuscript is on the top-down closure between satellite 

retrievals and airborne measurements of cloud microphysical properties, as well as, 

traditional bottom-up closure coupling below and in-cloud measurements of cloud 

condensation nuclei (CCN), updraft, and cloud microphysical properties. In-situ 

measurements of CDNC are not available so bottom-up closure is expressed in terms of 

cloud-top shortwave radiative flux rather than CDNC and top-down closure of satellite 

CDNC is compared to ACPM simulated CDNC. The methods section describes how 

observations were collected, as well as the methods for estimating CDNC with satellite 

measurements and calculating shortwave radiative flux with the ACPM. The results 

section summarizes the bottom-up and top-down closure for coupled and decoupled 

clouds and quantifies the differences in cloud shortwave radiative flux for cases that 

were affected by cloud-top entrainment. 

2.2 Methods 

The August 2015 campaign at the Mace Head research station (Galway, 

Ireland; 53.33ºN, 9.90ºW) focused on aerosol-cloud interactions at the north 

eastern Atlantic Ocean by coupling ground-based in-situ and remote sensing 

observations with airborne and satellite observations.  This section summarizes 

the measurements used for this study and the model used to simulate the 

observations. 
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2.2.1 Ground-based measurements 

At the Mace Head research site, aerosol instruments are located in the laboratory 

at about 100 m from the coastline. They are connected to the laminar flow community 

air sampling system, which is constructed from a 100 mm diameter stainless-steel pipe 

with the main inlet at 10 m above ground level, so that samples are not impacted by 

immediate coastal aerosol production mechanisms, such as wave breaking and 

biological activity [Coe et al., 2006; Norton et al., 2006; C O'Dowd et al., 2014; C D 

O'Dowd et al., 2004; Rinaldi et al., 2009]. The performance of this inlet is described in 

Kleefeld et al.[2002]. Back trajectories during the period of the experiment show that 

the origin of air masses is predominantly from the North Atlantic; therefore, the air 

masses sampled at Mace Head generally represent clean open ocean marine aerosol. 

Mace Head contains a variety of aerosol sampling instrumentation, spanning particle 

diameter range of 0.02 µm and 20 µm. Size spectral measurements are performed at a 

relative humidity < 40% using Nafion driers.  Supermicron particle size distributions 

were measured using an Aerodynamic Particle Sizer (APS, TSI model 3321, 0.5 < Dp 

< 20 µm). The remaining submicron aerosol size range was retrieved from a scanning 

mobility particle sizer (SMPS, 0.02 < Dp <0.5 µm), comprised of a differential mobility 

analyzer (DMA, TSI model 3071), a condensation particle counter (TSI model 3010, 

Dp > 10 nm), and a Kr-85 aerosol neutralizer (TSI 3077).  Cloud condensation nuclei 

(CCN) measurements were performed with a miniature Continuous Flow Stream-wise 

Thermal Gradient Chamber, which measures the concentration of activated CCN over 

a range of supersaturations [Roberts and Nenes, 2005]. During this study, the 
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supersaturation range spanned 0.2% to 0.82%.  Aerosol hygroscopicity was calculated 

using -Köhler theory [Petters and Kreidenweis, 2007] with the sampled CCN 

concentrations at a particular supersaturation and corresponding integrated aerosol 

number concentration at a critical diameter [Roberts et al., 2001]. Figure 2.1 shows time 

series of CCN spectra and aerosol number size distributions throughout the campaign. 

The ground-based remote sensing measurements utilized in this study are the MIRA36, 

35.5 GHz Ka-band Doppler cloud radar [Goersdorf et al., 2015; Melchionna et al., 

2008] to obtain vertical velocity distributions at cloud-base and the Jenoptik CHM15K 

ceilometer [Heese et al., 2010; Martucci et al., 2010] to obtain cloud base height. 

Figure 2.1: Time series for the month of August 2015 at Mace Head Ireland of 
ground-based CCN concentrations (top) and merged SMPS and APS number size 
distributions (bottom). 
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Table 2.1: UAV research flights conducted at Mace Head, Ireland and measured 
parameters in 2015. Flight start and end times are in UTC. Suomi NASA Polar-orbiting 
Partnership satellite overpasses occurred at approximately 13:00 UTC. Measurements 
include relative humidity (RH), temperature (T), pressure (P), 3-dimensional wind 
vectors (3D Winds), optical particle counter (OPC) and cloud sensor measurements of 
cloud droplet extinction. 

Date Flight Start 
Time 

End 
Time RH T P 3D Winds OPC Cloud 

30-Jul 4 12:41 13:19 x x x x 
30-Jul 5 14:00 14:44 x x x x 
30-Jul 6 16:04 16:42 x x x x 

01-Aug 7 11:30 12:13 x x x x 
01-Aug 8 12:35 13:16 x x x x 
01-Aug 9 14:00 15:20 x x x x 
01-Aug 10 15:54 16:43 x x x x 
05-Aug 11 11:47 12:29 x x x x 
05-Aug 13 13:36 14:26 x x x x 
05-Aug 14 14:42 15:29 x x x x 
06-Aug 16 11:55 12:37 x x x x 
06-Aug 17 13:51 15:16 x x x x 
10-Aug 19 13:41 14:10 x x x x 
10-Aug 20 14:42 15:45 x x x x 
10-Aug 21 16:00 16:45 x x x x 
11-Aug 23 12:00 12:47 x x x x 
11-Aug 24 13:11 14:05 x x x 
11-Aug 25 14:25 15:10 x x x x 
11-Aug 26 15:29 16:22 x x x 
11-Aug 27 16:58 17:33 x x x 
15-Aug 29 12:19 13:03 x x x x 
15-Aug 30 13:46 14:31 x x x 
15-Aug 31 15:08 16:14 x x x x 
16-Aug 32 12:30 13:20 x x x x 
16-Aug 33 13:40 14:00 x x x x 
17-Aug 34 11:30 12:24 x x x x 
17-Aug 35 13:45 14:34 x x x x 
21-Aug 36 12:21 13:12 x x x 
21-Aug 37 13:40 14:25 x x x x 
21-Aug 38 15:17 16:26 x x x x 
21-Aug 39 16:53 17:27 x x x x 
22-Aug 40 9:29 10:12 x x x x 
22-Aug 41 10:47 11:37 x x x x 
22-Aug 42 12:52 13:53 x x x x 
22-Aug 43 14:22 14:59 x x x x 
27-Aug 45 10:21 11:10 x x x x 
27-Aug 46 11:27 12:13 x x x x 
27-Aug 47 13:11 13:45 x x 
27-Aug 48 15:09 15:23 x x x x 
27-Aug 49 17:20 17:50 x x x x 
28-Aug 50 14:25 14:49 x x x x 
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2.2.2 UAV vertical profiles 

The UAV operations were conducted directly on the coast about 200 meters 

from the Mace Head research station. UAVs were used to collect vertical profiles of 

standard meteorological variables, temperature (IST, Model P1K0.161.6W.Y.010), 

pressure (Bs rep Gmbh, Model 15PSI-A-HGRADE-SMINI), and relative humidity 

(IST, P14 Rapid-W), as well as aerosol size distributions with an optical particle counter 

(OPC, Met One Model 212-2), cloud droplet extinction [Harrison and Nicoll, 2014], 

updraft velocity at cloud base with a 5-hole probe.  A list of the various UAV flights 

and their instrumentation is given in Table 2.1. Measurement errors for the relative 

humidity and temperature sensors are ± 5% and ± 0.5 ºC respectively. As RH sensors 

are not accurate at high RH ( > 90%), the measured values have been scaled such that 

RH measurements are 100% in a cloud.  At altitudes where the UAV is known to be in-

cloud (based on in-situ cloud extinction measurements) the air mass is considered 

saturated (RH ~ 100%).  The temperature and relative humidity sensors are protected 

from solar radiative heating by a thin-walled aluminum shroud positioned outside of the 

surface layer of the UAV.  A helical cone, mounted in front of the sensors, ejects 

droplets to protect the sensors.  The temperature measurements for both cases in which 

cloud-top entrainment is explored (see section 2.3.2) are verified to remain in 

stratocumulus clouds throughout the ascents and descents, and are not affected by 

evaporative cooling.  The temperature and relative humidity measurements were used 

to initialize the ACPM below cloud. The UAVs were flown individually in separate  



93 

Figure 2.2: OPC concentrations with particle diameters (Dp) greater than 0.3 um (left) 
from 11 UAV research flights, listed in Table 2.1, plotted against APS concentrations 
(Dp > 0.3 um) at Mace Head Research Station (red circles). Error bars represent ±1 
standard deviation. The points are fit with a linear regression (blue line). OPC data was 
averaged between 40 and 80 m asl. Averaged OPC and APS number size distributions 
averaged for the 11 flights (right). 

missions up to 1.5 hours and each UAV was instrumented to perform a specific science 

mission (referred to here as aerosol, cloud, 3D winds).  

The OPC measured aerosol number size distributions in eight size bins between 

0.3 and 10 µm diameter.  Aerosols were sampled via a quasi-isokinetic shrouded inlet 

mounted on the nose of the UAV.  Aerosols samples were heated upon entering the 

UAV (ΔT > 5 K due to internal heating by the electronics), reducing the relative 

humidity of the sampled air to less than 60% and decreased with height ( < 50% above 

150 m) before aerosol size was measured. Figure 2.2 shows a two-instrument 
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redundancy cross check between ground-based APS and UAV OPC measurements 

(collected between 40 m agl and 80 m agl) of aerosol sizes are in agreement (r2 = 0.48). 

In-cloud extinction was measured in-situ using a miniature optical cloud droplet 

sensor developed at the University of Reading  [Harrison and Nicoll, 2014]. The sensor 

operates by a backscatter principle using modulated LED light which is backscattered 

into a central photodiode.  Comparison of the sensor with a Cloud Droplet Probe (DMT) 

demonstrate good agreement for cloud droplet diameters >5µm [Nicoll et al., 2016]. 

The extinction measurements were used to calculate cloud-top shortwave radiative flux 

and is further discussed in section 2.2.4. 

Finally, a 5-hole probe for measuring 3-dimentional wind vectors was mounted 

on a third UAV. The 3D wind vectors are determined by subtracting the UAV motion 

given by an inertial measurement unit (IMU) from the total measured flow obtained by 

differential pressures in the 5-hole probe [Calmer et al., 2017; Lenschow and Spyers-

Duran, 1989; Wildmann et al., 2014].  UAV  5-hole probe measurements were collected 

along 6 km long straight and level legs at cloud base. Normalized cloud radar vertical 

velocity distributions are compared to vertical wind distributions obtained from the 

UAV in Figure 2.3. The positive updraft velocities in Figure 2.3 are used to initialize 

the ACPM to produce simulated cloud droplet size distributions throughout the depth 

of the cloud. The droplet distributions for each updraft velocity are averaged and 

weighted by the probability distribution of the measured positive velocities. Differences 

in results when using the cloud radar updrafts versus the UAV 5-hole probe updrafts 

(Figure 2.3) are discussed in section 2.3.1.2. 
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Figure 2.3: Normalized observed vertical velocity distributions measured by the cloud 
radar and UAV for each case presented in Table 2.2.   
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2.2.3 Satellite measurements 

Research flights with the UAV were conducted in conjunction with satellite 

overpasses to compare retrieved CDNC and maximum supersaturation (Smax) with 

ACPM simulated values using the Suomi NASA Polar-orbiting Partnership satellite. 

The satellite estimations of CDNC and Smax are based on methods described by 

Rosenfeld et al.[2014; 2012; 2016], which are briefly summarized in the following 

paragraph. The case selection criteria for satellite observations required the overpass to 

occur at a zenith angle between 0º and 45º to the east of the ground track, to have 

convective development that spans at least 6 K of cloud temperature from base to top 

(~1 km thick), and to not precipitate significantly. In-situ observations were often of 

thin clouds (< 1 km thick), and the satellite observations consist primarily of the more 

developed clouds in the same system. 

To obtain CDNC, cloud droplet effective radius profiles were extracted from the 

Suomi NASA Polar-orbiting Partnership satellite. Figure 2.4 shows an image from the 

Suomi visible infrared imaging radiometer suite on 21 August overlapped on a map of 

western Ireland. The vertical profile in figure 2.4 shows satellite retrieved and ACPM 

simulated effective radius.  To estimate the CDNC, the satellite effective radius (Figure 

2.4) is first converted to mean volume radius (rv) using a linear relationship [Freud et 

al., 2011]. Next, it is assumed that any mixing that occurred between the cloud and 

cloud-free air was inhomogeneous; this implies that the actual rv is equal to the adiabatic 

rv. CDNC can be calculated by dividing the adiabatic water content in the cloud by rv

[Beals et al., 2015; Rosenfeld et al., 2012]. The cloud base height and pressure was used 
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to calculate the adiabatic water content. Cloud base height and pressure were obtained 

from the height of the NCEP reanalysis of the cloud base temperature, as retrieved from 

satellite. The cloud base height was validated against the ceilometer. Freud et al. [2011] 

showed that the inhomogeneous assumption resulted in an average over-estimate in 

CDNC of 30%, so the CDNC is reduced by 30% to account for the bias with the 

assumption. Finally, to calculate Smax the cloud base updraft velocity, from the UAV or 

cloud radar, is needed and when paired with the CDNC, it can be used to empirically 

calculate Smax [Pinsky et al., 2012; Rosenfeld et al., 2012]. The methodology was 

validated by Rosenfeld et al. [2016]. 

2.2.4 Aerosol-cloud parcel model simulations 

A detailed description of the aerosol-cloud parcel model (ACPM) is presented 

in Russell and Seinfeld [1998] and Russell et al. [1999]. The ACPM is based on a fixed-

sectional approach to represent the (dry) particle size domain, with internally mixed 

chemical components. Aerosols are generally internally mixed at Mace Head because 

there were no immediate strong sources of pollution. The model employs a dual moment 

(number and mass) algorithm to calculate particle growth from one size section to the 

next for non-evaporating compounds (namely, all components other than water) using 

an accommodation coefficient of 1.0 [Raatikainen et al., 2013]. The dual moment 

method is based on Tzivion et al. [1987] to allow accurate accounting of both aerosol 

number and mass, and incorporates independent calculations of the change in particle 

number and mass for all processes other than growth. The model includes a dynamic 

scheme for activation of particles to cloud droplets. Liquid water is treated in a moving 
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Figure 2.4: Suomi NPP satellite RGB composite image for 21 August 2015 (left).  
Mace Head Research Station and UAV flight location are indicated by the yellow star.  
The white polygon represents the zone for retrieving cloud properties – which is 
represented by the profile of cloud effective radius (right). Effective radius profiles are 
presented for both the Suomi NPP satellite (red) and the ACPM (blue). 

section representation, similar to the approach of Jacobson et al. [1994], to account for 

evaporation and condensation of water in conditions of varying humidity. In sub-

saturated conditions, aerosol particles below the cloud base are considered to be in local 

equilibrium with water vapor pressure (i.e., relatively humidity < 100%).  

Coagulation, scavenging, and deposition of the aerosol were included in the 

model but their effects are negligible given the relatively short simulations used here 

(<2 h) and low marine total aerosol particle concentrations (<500 cm3; Dp > 10 nm).  

Feingold et al. [2013] showed that autoconversion and accretion rates are negligible for 

the simulated values of LWC and CDNC except for the C21Cu case, which had LWC 
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> 1 g m-3. Thus, droplet number loss by collision coalescence can be neglected for all

cases except for the C21Cu case. Aerosol hygroscopicity as a function of size (and 

supersaturation) is determined from CCN spectra and aerosol size distributions as 

mentioned in Section 2.3.1, and is used as model input. The ACPM is also constrained 

by measured temperature profiles, cloud base height, and updraft velocity distribution 

(Figure 2.3). The in-cloud lapse rate is assumed to be adiabatic, unless specified 

otherwise, so simulation results represent an upper bound on CDNC and liquid water 

content that is unaffected by entrainment. To account for release of latent heat in the 

cloud, the vertical temperature gradient is calculated as 𝑑𝑇 = − (𝑔𝑤𝑑𝑡 + 𝐿𝑑𝑞𝑙) 𝑐𝑝⁄  ,

where dT is change in temperature for the vertical displacement of an air parcel, g is 

acceleration due to gravity, w is updraft velocity at cloud base, dt is time step, L is latent 

heat of water condensation, ql is liquid water mixing ratio, and cp is specific heat of 

water [Bahadur et al., 2012]. A weighted ensemble of positive updraft velocities 

measured with the cloud radar and UAV 5-hole probe were applied to the ACPM 

[Sanchez et al., 2016].  

The simulated cloud droplet size distribution is used to calculate the shortwave 

cloud extinction. Cloud extinction is proportional to the total droplet surface area 

[Hansen and Travis, 1974; Stephens, 1978] and is calculated from, 

𝜎𝑒𝑥𝑡 = ∫ 𝑄𝑒𝑥𝑡(𝑟)𝜋𝑟2𝑛(𝑟) 𝑑𝑟
∞

0
(2.1) 

where r is the radius of the cloud droplet, 𝑛(𝑟) is the number of cloud droplets with a 

radius of r, and 𝑄𝑒𝑥𝑡(𝑟) is the Mie efficiency factor, which asymptotically approaches

2 for water droplets at large sizes (r > 2 um).  
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Finally, the shortwave radiative flux (RF) is calculated as RF = αQ, where Q is 

the daily-average insolation at Mace Head and α is the cloud albedo. α is estimated using 

the following equation [Bohren and Battan, 1980; Geresdi et al., 2006] 

𝛼 =
(√3(1−𝑔)𝜏)

(2+√3(1−𝑔)𝜏)
; (2.2) 

where 𝜏 is the cloud optical depth defined as 

𝜏 = ∫ 𝜎𝑒𝑥𝑡(ℎ) 𝑑ℎ
𝐻

0
; (2.3) 

and H is the cloud height or thickness and g, the asymmetric scattering parameter, is 

approximated as 0.85 based on Mie scattering calculations for supermicron cloud drops. 

RF is calculated for both, simulated cloud extinction and measured UAV extinction.   

2.3 Results/Discussion 

2.3.1 Closure of CDNC and cloud-top shortwave radiative flux 

For this study, closure is defined as the agreement between observations and 

model simulations of CDNC and cloud-top shortwave radiative flux. In-situ 

measurements of clouds were made by UAVs on 13 days during the campaign.  Of 

these, a subset of six are chosen here for further analysis, which includes comparison 

with satellite CDNC as well as simulation of cloud properties with the ACPM (Table 

2.2). The remaining days with UAV measurements did not contain sufficient cloud 

measurements for analysis. A satellite overpass occurred on each of the six days, 

however only 4 of the days contained clouds that were thick enough to analyze with the 

satellite.  The 10 August cases experienced a light drizzle, so ACPM simulations were 

not conducted for this case, however analysis with satellite imagery was still conducted. 
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On 5 August, two cloud layers were examined, for a total of 7 case studies shown in 

Table 2.2. Aerosols were occasionally influenced by anthropogenic sources, however, 

the cases shown consist of aerosol of marine origin with concentrations under 1000 cm-

3 (Figure 2.1).    

2.3.1.1 Ground-based measurement closure 

The columns in Table 2.2 represent the different cases for both clouds that were 

(a) coupled with and (b) decoupled from the surface BL (“C” and “D” in case acronym,

respectively). The first row in Table 2.2 includes the state of atmospheric mixing, the 

date, the type of cloud present, and the acronym used for each case.  The top portion of 

Table 2.2 consists of in-situ airborne measurements, the bottom portion presents ACPM 

simulation results and their relation to in-situ cloud extinction and satellite-retrieved 

observations. The ground-based in-situ measurements in Table 2.2 include the Hoppel 

minimum diameter4 (Dmin), as well as the aerosol concentration of aerosol with 

diameters greater than the Hoppel Dmin and the inferred in-cloud critical supersaturation 

(Sc) [Hoppel, 1979]. The dry aerosol particles with diameters greater than the Hoppel 

Dmin have undergone cloud processing and are used here to estimate the CDNC. For 

each of the case study days, Figure 2.5 demonstrates the aerosol size distribution 

measurements, from the SMPS and APS, that are used to find the Hoppel Dmin, Hoppel 

CDNC and used to initialize the ACPM. The Hoppel CDNC is calculated by integrating 

the SMPS and APS combined size distributions for aerosol sizes greater than Hoppel 

4 The Hoppel minimum diameter is the diameter with the lowest aerosol concentration 
between Aitken mode and accumulation mode. 
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Table 2.2: UAV observations of cloud heights and temperatures and cloud property 
estimates based on ground measurements. Ground-based Hoppel minimum diameter 
(Dmin) is used to estimate CDNC.  ACPM simulation and satellite results are also 
presented, as well as differences between simulated and observation-derived cloud-top 
extinction and cloud-top radiative flux. Case abbreviations include if they are coupled 
(C) or decoupled (D), the day of the month and cloud types, cumulus (Cu) or 
stratocumulus (Sc).
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Figure 2.5: SMPS and APS derived size distributions used for each case study in Table 
2. The 5 August size distribution is used for both the coupled and decoupled case. 
Individual distributions (grey) are from the indicated time ranges in the figure. The time 
ranges are in UTC. Average distributions are shown in red.
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Dmin. Figure 2.6 shows Hoppel-based CDNC estimates are within 30% of simulated 

CDNC for the 7 cases. The presence of the Hoppel minimum occurs on average at 80 

nm diameter throughout the campaign (Figure 2.1b, 2.5) implying in-cloud 

supersaturations near 0.25 % using a campaign averaged hygroscopicity (Κ)  of 0.42, 

which is in agreement with Κ values observed in the North Atlantic marine planetary 

boundary layer in Pringle et al. [2010]. 

Figure 2.6: Comparison of simulated CDNC from ACPM with both Hoppel minimum 
diameter (Dmin) derived CDNC (blue) and satellite estimated CDNC (red). CDNC 
plotted are from the listed cloud cases in Table 2.2. The green shaded region represents 
Hoppel and Satellite CDNCs within 30% of ACPM simulation CDNC. 
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2.3.1.2 UAV measurements closure 

Figure 2.7 displays vertical profiles of meteorological parameters, as well as 

OPC aerosol number concentration (NOPC; Dp > 0.3 µm) and cloud extinction from two 

flights (23 and 27) on 11 August.  The UAV used on flight 23 (conducted between 12:00 

UTC and 12:47 UTC), contained the cloud sensor for cloud extinction measurements 

and flight27 (conducted between 16:58 UTC and 17:33 UTC) contained the OPC for 

droplet size distribution measurements. During this time period the cloud base reduced 

from 1200 m on flight 23 to 980 m on flight 27, but cloud depth remained approximately 

the same. In the OPC vertical profiles, in Figure 2.7d, an aerosol layer is shown above 

the cloud at ~1400 m.  OPC measurements are removed inside cloud layers (as aerosol 

data is contaminated by cloud droplets), hence the gap in OPC data in Figure 2.7d.  The 

OPC and temperature measurements, in Figure 2.7a and d, are used to show if the 

boundary layer was coupled (well-mixed) or if it was decoupled.  The state of the 

boundary layer and the OPC and temperature measurements are further discussed at the 

end of this section. The observed temperature and relative humidity profiles, in Figure 

2.7a and b, are also used to initialize the ACPM. In-situ cloud extinction measurements, 

in Figure 2.7c, are then compared to the ACPM simulated cloud extinction (Figure 

2.8c).  

Figure 2.8a, c and e present the observed and simulated adiabatic cloud 

extinction profile for three of the case studies (C11Sc, D05Sc and C21Cu)5.  The 

5 C/D – coupled / decoupled; xx – date in August 2015; Sc / Cu – stratocumulus / 
cumulus cloud 
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measurements are binned into in-cloud, cloud-free, and cloud-transition (or cloud-edge) 

samples. Many clouds had a small horizontal extent making it difficult for the UAVs to 

remain in cloud as they ascended and descended in a spiral pattern. Also, high horizontal 

winds (10 – 15 m s-1) will generally move the cloud outside the field of measurement of 

the aircraft very quickly. For cases where the UAV did not remain in-cloud throughout 

the ascent or descent, the in-cloud samples are identified as the largest extinction values 

at each height and are seen in the measurements as a cluster of points (Figure 2.8e).  

Since lateral mixing with cloud-free air exerts an influence near the cloud edges, the 

cloud-transition air is not representative of the cloud core and adiabatic simulations.  

The amount of sampling within individual clouds varied from case to case, but the 

UAVs were generally able to make multiple measurements of the same cloud during 

each vertical profile.  C11Sc was unique in that it involved stratocumulus clouds with a 

large horizontal extent, allowing the UAV to remain entirely in-cloud during the upward 

and downward vertical profiles around a fixed waypoint.  Figure 2.8f shows how the 

difference between simulated and observed extinction (σext) is calculated throughout 

the cloud based on a discrete sampling of in-cloud measurements. It is not certain that 

the UAV measured the cloud core for cumulus cases so σext is an upper limit (Table 

2.2).   

All ACPM simulation results, including those in Table 2.2, use the cloud radar 

updraft velocity as input and not the 5-hole probe updraft velocity because 5-hole probe 

updraft velocities are not available for all cases. Nonetheless, the differences in ACPM 

simulated shortwave radiative flux between using the 5-hole probe and cloud radar 
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updraft velocities (Figure 2.3) is less than 3 W m-2 for the four cases that had both 

measurements.  

The integrated effect of σext leads to a difference in cloud observed and 

simulated shortwave radiative flux (RF) for both clouds that were coupled with and 

decoupled from the surface boundary layer (Table 2.2).  Figure 2.9, presents a vertical 

profile of NOPC and equivalent potential temperature. OPC measurements within a thin 

cloud layer at ~2000 m are removed. NOPC and equivalent potential temperature (θe) 

clearly illustrate this decoupling as shown in an example vertical profile (Figure 2.9) at 

900 and 2200 m.asl, with the latter representing the inversion between the boundary 

layer top and free troposphere.  NOPC decreases from an average of 31 cm-3 to 19 cm-3 

at the same altitude as the weak inversion (700-1000 m).  In this study, decoupled 

boundary layers are often observed and aerosol number concentrations (Dp > 0.3 µm) 

in the decoupled layer were 44% ±14% of those measured at the ground.  While NOPC 

are not directly representative of CCN concentrations, a reduction in aerosol number 

with height (and potential differences in hygroscopicity) will nonetheless affect aerosol-

cloud closures, and ultimately, the cloud radiative properties. Similarly, Norton et al. 

[2006] showed results from the European Centre for Medium-Range Weather Forecasts 

(ECMWF) model re-analysis in which surface winds at Mace Head are often decoupled 

from synoptic flow and, therefore, the air masses in each layer have different origins 

and most likely different aerosol properties.  Consequently, the CCN number 

concentrations measured at the surface do not represent those in the higher decoupled 

cloud layer, which ultimately dictates cloud shortwave radiative flux in the region and 
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Figure 2.7: Vertical profiles of temperature, virtual potential temperature (θv), relative 
humidity, cloud droplet extinction and OPC total aerosol concentration. The figure 
consists of measurements collected from flights 23 and 27 on 11 August 2015 between 
12:00 - 12:47 and 16:58 -17:33 respectively. The cloud level is between 1200 m to 
1480 m in flight 23, and lowered to approximately 980 m to 1280 m in flight 27. OPC 
measurements that occurred in the cloud have been removed. 

δRF in Table 2.2. While aerosol profiles were not collected by UAVs for the decoupled 

cases presented in Table 2.2, the θe profiles and ceilometer measurements show 

evidence of boundary layer decoupling. These two decoupled cases have larger δσext 

than the coupled boundary layer cases in this study, leading to larger cloud-top δRF as 

well.  ACPM simulations were conducted using aerosol concentrations based on the 

approximate average decoupled to coupled aerosol concentration ratio (50%, Figure 

2.9) to estimate the difference in shortwave radiative flux. For the D05Sc case, 

simulations with 50% decreased cloud-base aerosol concentrations show only slight  
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Figure 2.8: Vertical profiles of measured and simulated cloud extinction from flights 
D05Sc, C11Sc and C21Cu (a, c, e; Table 2.2). In-situ measurements are classified into 
cloud, cloud-transition and cloud-free observations. The difference between UAV-
observed and ACPM-simulated cloud extinction (black line) on left figures (a, c, e) are 
used to calculate (σδext) as a function of altitude in the right figures (b, d, f). The slope 
of the best fit through in-cloud measurements (red line) represents the increase in σδext 
as a function of cloud thickness. 
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differences in RF of 2 Wm-2 and decreases in CDNC of 10%. The decrease in aerosol 

concentration resulted in increased supersaturation due to the low water uptake from 

fewer activating droplets. The increased supersaturation caused smaller aerosols to 

activate [Raatikainen et al., 2013] and therefore, little change in CDNC.  The D05Sc 

case has very low updraft velocities (0-0.3 m s-1). At low updraft velocities, the CDNC 

is often updraft limited [Reutter et al., 2009]. This means the CDNC is very sensitive to 

the updraft velocities and less sensitive to aerosol concentration. Small errors in updraft 

velocity and low modeled updraft resolution (0.1 m s-1) likely contributes significantly  

Figure 2.9: Flight 10 UAV vertical profile of OPC aerosol number concentrations (Dp 
> 0.3 um) (grey) with a 20 second running mean (black) and equivalent potential
temperature (θe, light blue) illustrate decoupling of the boundary layer.  In-cloud OPC
measurements (2000 m- 2050 m) have been removed.
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to the error in this case. The D06Cu was not influenced as much by low water uptake 

because the CDNC was much higher at 171 cm-3 compared to 86 cm-3 for D05Sc. The 

D06Cu the CDNC decreased by 42% and RF decreased by 18 Wm-2. The updraft 

velocity range for the D06Cu case is significantly higher than the D05Cu case (0-1.6 m 

s-1). The higher velocities for the D05Sc and greater sensitivity to aerosol concentration

suggest this case is aerosol limited [Reutter et al., 2009].  Both decoupled cases still 

have a RF greater than the coupled cases.  

2.3.1.3 Satellite measurements closure 

The satellite and simulated CDNC and Smax measurements are presented in the 

bottom of Table 2.2. The method for satellite retrieval of cloud properties could not be 

used for cases when cloud layers were too thin which, unfortunately was the situation 

during the flights with the decoupled cloud layers. Nonetheless, Figure 2.4 shows the 

satellite image used to identify the clouds to calculate CDNC for C11Sc.  Satellite 

retrieved cloud-base height and temperature are verified by ground-based ceilometer 

and temperature measurements.  Figure 2.6 shows the top-down closures demonstrate 

that satellite-estimated CDNC and simulated CDNC are within a ± 30% expected 

concentrations, which is limited by the retrieval of effective radius [Rosenfeld et al., 

2016].  The stratocumulus deck at the top of a well-mixed boundary layer (C11Sc) 

shows evidence of cloud-top inhomogeneous entrainment (see section 2.3.2).  Freud et 

al. [2011] found that the inhomogeneous mixing assumption used to derive CDNC from 

satellite measurements resulted in an average over-estimate in CDNC of 30% 

(considering an adiabatic cloud droplet profile).  Consequently, satellite-retrieved 
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CDNC is reduced by 30% to account for the inhomogeneous entrainment assumption, 

which does not necessarily reflect the actual magnitude of entrainment in the clouds.  

For the C11Sc case, before the correction, proposed by Freud et al. [2011] is applied, 

the satellite derived CDNC (83 cm-3) is within 30% of the ACPM CDNC (88 cm-3), 

similar to the other cases (Figure 2.6). However, if the correction is applied, the satellite 

derived CDNC (58 cm-3) is not within 30% of the ACPM CDNC. This indicates cloud 

top entrainment for the C11Sc case is already inhomogeneous and the usual 30% 

reduction in CDNC, to correct for the inhomogeneous assumption, should not be 

applied.  Both stratocumulus cases (C11Sc, D05Sc) with cloud-top entrainment (Table 

2.2) are similar to a case studied by Burnet and Brenguier [2007], in which cloud-top 

entrainment resulted in inhomogeneous mixing. In the following section, C11Sc and 

D05Sc are reanalyzed to include the effect of cloud-top entrainment on simulated cloud 

properties using the inhomogeneous mixing assumption.  

2.3.2 Entrainment 

Based on the ground-based and UAV measurements, ACPM simulations over-

estimate cloud shortwave radiative flux significantly for three cases (C11Sc, D05Sc, 

D06Cu).  Section 2.3.1.2 identified that clouds in decoupled layers (D05Sc, D06Cu) 

have smaller radiative effects than predicted based on ground-based observations as 

aerosol (and CCN) number concentrations in the decoupled layer are often smaller than 

in the surface-mixed layer. In this section, cloud-top entrainment is also shown to 

influence the radiative properties of two sub-adiabatic stratocumulus clouds, C11Sc and 

D05Sc.  
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The UAV observations show that both C11Sc and D05Sc have sub-adiabatic 

lapse rate measurements, compared to simulated moist-adiabatic lapse rates within the 

cloud (Table 2.2).  The difference between the observed and simulated lapse rates 

therefore suggests a source of heating in the cloud. The sub-adiabatic lapse rate is 

attributed to cloud-top entrainment by downward mixing of warmer air at cloud-top. 

The D06Cu case has a slightly sub-adiabatic observed lapse rate (Table 2.2), however 

the difference with respect to an adiabatic lapse rate is within instrument error. For this 

reason, cloud top entrainment is not explored for this case, though it may contribute to 

the error. 

Further evidence of cloud-top entrainment is shown through conserved variable 

mixing diagram analysis. In previous studies, a conserved variable mixing diagram 

analysis was used to show lateral or cloud-top entrainment by showing linear 

relationships between observations of conserved variables [Burnet and Brenguier, 

2007; Neggers et al., 2002; Paluch, 1979].  Paluch [1979] first observed a linear 

relationship of conservative properties (total water content, qt and liquid water potential 

temperature, θl) between cumulus cloud cores and cloud edge, to show the cloud-free 

source of entrained air.  Paluch [1979], Burnet and Brenguier [2007], Roberts et al. 

[2008] and Lehmann et al. [2009] observed decreases in CDNC and liquid water content 

in cumulus clouds as a function of distance from the cloud cores that indicate 

inhomogeneous mixing at the cloud edge.  Burnet and Brenguier [2007] also show that 

qt is linearly proportional to liquid water potential temperature specifically for a 

stratocumulus cloud with cloud-top entrainment and inhomogeneous mixing.  Direct 
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observations of CDNC and liquid water content were not measured at Mace Head, so 

direct comparisons of CDNC and qt with Paluch [1979] and Burnet and Brenguier 

[2007] cannot be investigated here.  However, UAV measurements of cloud extinction 

(Eq. 2.1), which are related to CDNC (𝐶𝐷𝑁𝐶 = ∫ 𝑛(𝑟) 𝑑𝑟
∞

0
) and liquid water content 

(𝐿𝑊𝐶 = ∫
4

3
𝜌𝜋𝑟3𝑛(𝑟) 𝑑𝑟

∞

0
, 𝜌 is liquid water density), were measured and are found to

be systematically lower than the adiabatic simulated cloud extinction (Figure 2.8). 

To apply the cloud-top mixing, a fraction of air at cloud-base and a fraction of 

air above cloud-top are mixed, conserving qt and θe. The fraction of air from cloud-base 

and cloud-top is determined with the measured equivalent potential temperature,  

𝜃𝑒,𝑐(𝑧) =  𝜃𝑒,𝑒𝑛𝑡𝛸(𝑧) + 𝜃𝑒,𝐶𝐵(1 − 𝛸(𝑧))     (2.4)

where 𝜃𝑒,𝑐(𝑧) is the equivalent potential temperature in cloud as a function of height, 

𝜃𝑒,𝑒𝑛𝑡 is the equivalent potential temperature of the cloud-top entrained air, 𝜃𝑒,𝐶𝐵 is the 

equivalent potential temperature of air at cloud base, and 𝛸(𝑧) is the fraction of cloud-

top entrained air as a function of height (referred to as the entrainment fraction). 𝜃𝑒,𝑒𝑛𝑡 

𝜃𝑒,𝑐(𝑧) and 𝜃𝑒,𝐶𝐵 are measured parameters by the UAV and are not affected by latent 

heating from evaporation or condensation.  The equivalent potential temperature, by 

definition, accounts for the total water content by including the latent heat released by 

condensing all the water vapor. Eq. (2.4) takes into account latent heating caused by 

evaporation of droplets. By rearranging Eq. (2.4), the entrained fraction is calculated as 

𝛸(𝑧) =  
𝜃𝑒,𝑐(𝑧)−𝜃𝑒,𝐶𝐵

𝜃𝑒,𝑒𝑛𝑡−𝜃𝑒,𝐶𝐵
(2.5) 
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Figure 2.10a and b present the relationships between two conservative variables 

measured by the UAV (water vapor content, qv, and θe) for C11Sc and D05Sc. The qv 

is derived from relative humidity measurements and is equivalent to the qt for sub-

saturated, cloud-free air (i.e., < 100% RH). The cloud-free air is shown in blue in Figure 

2.10, where the below cloud measurements have lower θe than in-cloud and the above 

cloud measurements have higher θe than in-cloud. 

Figure 2.11 shows the relative humidity and 𝜃𝑒 profiles used in Figure 2.10. For 

both C11Sc and D05Sc, 𝜃𝑒,𝑐(𝑧) is directly measured in-cloud, and qt and 𝜃𝑒 exhibit an 

approximately linear relationship (Figure 2.10; Eq. 2.4). The linear relationship of qt 

and 𝜃𝑒 (between the non-mixed sources of air indicated by orange circles in Figure 2.10) 

is assumed to be a result of the cloud reaching a steady-state, with air coming from 

cloud-base and cloud-top (e.g. cloud lifetime >> mixing time). The observed in-cloud 

qv in Figure2.10a and b is less than the conservative variable qt, however, the figure also 

includes qt based on simulated adiabatic (marked with an ‘X’) and cloud-top 

entrainment (dashed black line) conditions. Under adiabatic conditions qt and 𝜃𝑒 do not 

change in the cloud, which is why the adiabatic simulations only consists of one point 

in Figure 2.10. Eq. (2.4) is used to derive the simulated cloud-top entrainment conditions 

(Figure 2.10a and b), where the fraction entrained is used to calculate qt and shows a 

linear relationship between qt and 𝜃𝑒. Measurements above cloud-top (RH < 95%), 

labeled entrained air, with qv > 5.1 g kg-1 and qv > 6.5 g kg-1 are used to represent the 

properties of the entrained air for C11Sc and D05Sc, respectively (Figure 2.10).  These 



117 

Figure 2.10: Conservative variables, water vapor content (qv, conservative in 
subsaturated conditions and derived from RH measurements) and equivalent potential 
temperature (θe) identify mixing between cloud air and entrained air for flights D06Sc 
(top) and C11Sc (bottom). Measurements are defined as cloud-free (blue), in-cloud 
(green) or entrained air properties used in simulations (red). The orange circles highlight 
what is suggested to be the non-mixed sources of air. 
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conditions were chosen because these values are on the mixing line, between the non-

mixed sources identified by the orange circles.   

Figure 2.12 shows the sensitivity of the simulated cloud extinction profile, for 

the 11 August case, based on measurement uncertainties related to the entrained qt and 

θ. The key variable for identifying the entrained fraction (Eq. 2.5), 𝜃𝑒,𝑒𝑛𝑡, is a function 

of qt and θ, so a decrease in either parameter results in a proportional decrease in 𝜃𝑒,𝑒𝑛𝑡. 

Eq. (2.5) shows that entrainment fraction becomes more sensitive to the uncertainty 

related to the measurement of 𝜃𝑒 as the difference between 𝜃𝑒,𝑒𝑛𝑡 and 𝜃𝑒,𝐶𝐵 approaches 

zero. This is also shown in Figure 2.12 where σext is more sensitive to lower entrained 

qt and θ values.  

Table 2.3 shows σext, RF, and CDNC for two cases with cloud-top entrainment 

(C11Sc and D05Sc) using two methods of accounting for the cloud top entrainment. 

One method (labeled the ‘inhomogeneous mixing entrainment method’ in Table 2.3) 

applies the entrainment fraction calculated in Eq. (2.5) and the other an entrainment 

parameterization, presented by Sanchez et al. [2016]. The entrainment parameterization 

constrains the ACPM simulation to use the observed in-cloud lapse rate instead of 

assuming an adiabatic lapse rate.  This is labeled the ‘lapse rate adjustment’ entrainment 

method in Table 2.3. In the sub-adiabatic cloud cases (C11Sc and D05Sc), the measured 

in-cloud lapse rate is lower than the adiabatic lapse rate, which leads to the condensation 

of less water vapor and subsequent activation of fewer droplets in the ACPM simulation. 

Similarly, when applying the inhomogeneous mixing entrainment method, the dryer and 

warmer entrained air (from above cloud-top) leads to evaporation of liquid water in the 
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Figure 2.11: UAV vertical profiles of relative humidity (a, c) and θe (b, d) for flights 
D06Sc and C11Sc, used in Figure 2.10.  Profiles are defined as cloud-free (blue), in-
cloud (green) or entrained air sources (red). 
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Figure 2.12: Sensitivity of simulated cloud extinction based on variability of entrained 
air potential temperature (θent, K) and entrained air total water mixing ratio (qt,ent, g kg-

1) for the C11Sc case.  The Δθent and Δqt,ent terms define the change in the entrained θ 
and qt values where no change (Δθent = 0 and Δqt,ent = 0) is equivalent to the adiabatic 
simulation with entrainment from Figure 2.8c.

cloud. Previous observations of stratocumulus cloud-top mixing suggest the 

entrainment is inhomogeneous [Beals et al., 2015; Burnet and Brenguier, 2007], which 

implies that time scales of evaporation are much less than the time scales of mixing, 

such that a fraction of the droplets are evaporated completely and the remaining droplets 

are unaffected by the entrainment.  The net decrease in CDNC subsequently results in 

less extinction of solar radiation compared to the purely adiabatic simulation.   
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Table 2.3: Results of the application of entrainment fraction and the measured lapse 
rate entrainment parameterization for two clouds with observed cloud-top entrainment.  

a The difference between the observed (calculated from UAV extinction measurements) and simulated shortwave radiative flux. 
The error includes the potential error of ±20% in updraft velocity and the standard error of the CCN concentration measurements.  
b The simulated CDNC is unchanged at the cloud base for the entrainment fraction method, however the CDNC decreases with 
height.  

The inclusion of inhomogeneous mixing entrainment improved the ACPM 

accuracy for both C11Sc and D05Sc using the measured lapse-rate and entrainment 

fraction methods (Figure 2.8, Table 2.3). After accounting for inhomogeneous 

entrainment,  RF decreased from 88 Wm-2 to 33 Wm-2 and 48 Wm-2 to 20 Wm-2 for 

D05Sc and D11Sc, respectively, using the entrainment fraction method. D05Sc 

simulations still yields significant RF even after accounting for inhomogeneous mixing 

entrainment, likely because the cloud is in a decoupled BL, as noted in Section 2.3.1.2 

to exhibit lower aerosol concentrations than those measured at the surface.  The CDNC 

presented in Table 2.3 represents the CDNC at cloud base and did not change after 

applying the entrainment fraction method, however, the CDNC decreases with height 

Coupled BL (C11Sc)  Decoupled BL (D05Sc) 

Entrainment method 
Homogeneous 

mixing 
entrainment 

Lapse rate 
adjustment 

Homogeneous 
mixing 

entrainment 

Lapse rate 
adjustment 

Cloud-top extinction difference 
(σext, km-1) 16 ±10 23 ±11 16 ±5 26 ±6 

Simulated cloud 𝜏 10.1 ±1.5 10.3 ±1.6 2.2±0.3 3.5 ±0.5 

Cloud-top shortwave radiative 
flux difference (RF, W m-2)a 20 ±16 32 ±17 33 ±9 61 ±12 

Cloud base simulated CDNCb 88 ±12 83 ±12 86 ±10 68 ±10 
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for the entrainment fraction method rather than remain constant with height. Finally, the 

lapse rate adjustment entrainment method [Sanchez et al., 2016] does improve ACPM 

accuracy between in-situ and satellite-retrieved cloud optical properties relative to the 

adiabatic simulations, but has greater σext throughout the cloud than the 

inhomogeneous mixing entrainment method. For the lapse rate adjustment entrainment 

method RF decreased from 88 Wm-2 to 61 Wm-2 and 48 Wm-2 to 32 Wm-2 for D05Sc 

and D11Sc respectively. The lapse rate adjustment entrainment method resulted in 

lower RF than the purely adiabatic simulations, however, RF was minimized by 

directly accounting for the entrainment fraction. 

2.4 Conclusions 

This work presents measurements conducted in August 2015 at the Mace Head 

Research Station in Ireland, from multiple platforms including ground-based, airborne 

and satellites.  As part of the BACCHUS (Impact of Biogenic versus Anthropogenic 

emissions on Clouds and Climate: towards a Holistic UnderStanding) European 

collaborative project, the goal of this study is to understand key processes affecting 

aerosol-cloud shortwave radiative flux interactions. Seven cases including cumulus and 

stratocumulus clouds were investigated to quantify aerosol-cloud interactions using 

ground-based and airborne measurements (bottom-up closure), as well as cloud 

microphysical and radiative properties using airborne measurements and satellite 

retrievals (top-down closure). An aerosol-cloud parcel model (ACPM) was used to link 

the ground-based, airborne and satellite observations, and to quantify uncertainties 
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related to aerosols, cloud microphysical properties, and resulting cloud optical 

properties.     

ACPM simulations represent bottom-up and top-down closures within 

uncertainties related to satellite retrievals for conditions with a coupled boundary layer 

and adiabatic cloud development. For these conditions, the difference in shortwave 

radiative flux between simulations and in-situ observed parameters is no greater than 20 

W m-2.  However, when entrainment and decoupling of the cloud layer occur, the ACPM 

simulations overestimate the cloud shortwave radiative flux.  Of the seven cases, two of 

the observed clouds occurred in a decoupled layer, resulting in differences in observed 

and simulated shortwave radiative flux (RF) of 88 Wm-2 and 74 Wm-2 for the 

decoupled stratocumulus case on 5 August (D05Sc) and the decoupled cumulus case on 

6 August (D06Cu) cases respectively.  Adiabatic ACPM simulations resulted in a 

maximum cloud-top RF value of 20 W m-2 for coupled boundary layer cases and 74 

W m-2 for the decoupled boundary layer cases, after accounting for cloud-top 

entrainment. The reduction in aerosol concentrations in the decoupled layer compared 

to ground-based measurements is a factor in overestimating decoupled cloud-top 

shortwave radiative flux with the ACPM, however simulations with 50% decreased 

aerosol concentrations show only slight differences RF of 2 W m-2 and decreases in 

CDNC of 10% for D05Sc. For D06Cu RF decreased by 18 Wm-2 and the CDNC 

decreased by 42%. Even after decreasing the aerosol concentration by 50% both 

decoupled cases have RF values significantly higher than the coupled boundary layer 

cases (< 20 W m-2). 
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For the cases with cloud-top entrainment, D05Sc and the coupled stratocumulus 

case on 11 August (C11Sc), liquid water content is one of the major factors in 

overestimating cloud-top shortwave radiative flux with the ACPM.  For these cases, the 

measured in-cloud lapse rates are lower than adiabatic lapse rates, suggesting a source 

of heat due to entrainment of warmer, drier air from above the cloud. Furthermore, linear 

relationships between conservative variables, simulated total water vapor, qt, and 

equivalent potential temperature, θe, also suggest mixing between air at cloud-base and 

cloud-top. For D05Sc, after accounting for cloud top entrainment by applying the 

entrainment fraction RF decreased from 88 W m-2 to 33 Wm-2.  For the coupled 

boundary layer case with entrainment (C11Sc) the RF decreases from 48 Wm-2 to 20 

Wm-2 after accounting for cloud top entrainment with the entrainment fraction. 

Based on airborne observations with UAVs, decoupling of the boundary layer 

occurred on four of the 13 flight days (two decoupled cloud cases were not discussed 

due to the lack of in-cloud measurements). However, cloud drop entrainment was only 

observed on two of those days, limited by the ability to make in-situ measurements. 

These measurements occurred during the summer, so additional measurements are 

needed to look at seasonal trends. These cases illustrate the need for in-situ observations 

to quantify entrainment mixing and cloud base CCN concentrations particularly when 

the mixing state of the atmosphere is not known.  Using ground-based observations to 

model clouds in decoupled boundary layers and not including cloud top entrainment are 

shown to cause significant differences between observations and simulation radiative 
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forcing and therefore, should be included in large scale modeling studies to accurately 

predict future climate forcing. 

UAV measurements were coordinated with 13 days of satellite overpasses and 

cloud microphysical properties were retrieved for four of the cases.  When accounting 

for entrainment, the differences between simulated and satellite-retrieved CDNC are 

within the expected 30%  accuracy of the satellite retrievals [Rosenfeld et al., 2016].  

However, in-situ measurements are necessary to refine satellite retrievals to allow cloud 

properties to be studied on larger spatial scales.   
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Chapter 3 

Higher Contributions of Marine Sulfate than 

Sea Spray to Cloud Condensation Nuclei in Late 

Spring than in Late Autumn  

Biogenic sources contribute to cloud condensation nuclei (CCN) in the clean 

marine atmosphere, but few measurements exist to constrain climate model simulations 

of their importance. The chemical composition of individual atmospheric aerosol 

particles showed two types of sulfate-containing particles in clean marine air masses in 

addition to mass-based Estimated Salt particles. Both types of sulfate particles lack 

combustion tracers and correlate, for some conditions to atmospheric or seawater 

dimethyl sulfide (DMS) concentrations, which means their source was largely biogenic.  

The first type is identified as New Sulfate because their large sulfate mass fraction (63% 

sulfate) and association with entrainment conditions means they could have formed by 
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nucleation in the free troposphere. The second type is Added Sulfate particles (38% 

sulfate), because they are preexisting particles onto which additional sulfate condensed.  

New Sulfate particles accounted for 31% (7 cm-3) and 33% (36 cm-3) CCN at 0.1% 

supersaturation in late-autumn and late-spring, respectively, whereas sea spray provided 

55% (13 cm-3) in late-autumn but only 4% (4 cm-3) in late-summer. Our results show a 

clear seasonal difference in the marine CCN budget, which illustrate how important 

phytoplankton-produced DMS emissions are for CCN in the North Atlantic.   



137 

3.1 Introduction 

Cloud condensation nuclei (CCN) provide the sites on which droplets form, 

resulting in clouds with radiative properties determined in part by CCN abundance and 

characteristics. The amount of water that is available to condense is described by the 

supersaturation, which is often 0.1% for the stratocumulus clouds that cover much of 

the ocean and reflect a large fraction of incoming sunlight [Hoppel et al., 1996; Hudson 

et al., 2010; Leaitch et al., 1996; Sanchez et al., 2016]. The number and chemical 

composition of CCN in the marine atmosphere depend on their emission sources and 

the contributing atmospheric growth processes. The ocean sources of submicron 

particles are sea spray, which is largely sea salt, and marine biogenic gases that can 

oxidize and condense, for which dimethyl sulfide (DMS) [Bates et al., 1998b; Bates et 

al., 2012; Covert et al., 1992; Frossard et al., 2014a; Middlebrook et al., 1998; Murphy 

et al., 1998b; Pirjola et al., 2000; Quinn et al., 2000; Quinn et al., 2014; Rinaldi et al., 

2010; Sievering et al., 1992; Sievering et al., 1999; Warren and Seinfeld, 1985] 

contributes the most mass. Quantifying these sources for the marine boundary layer 

aerosol budget provides the framework necessary for predicting how changing ocean 

conditions will affect marine clouds [Charlson et al., 1987; Keene et al., 2007; Shaw, 

1983; Wood et al., 2015]. Model simulations that include parameterizations of marine 

sources and processes illustrate their effect on the budget of CCN over the remote open 

ocean. Combining parameterizations of DMS-derived sulfate [Pandis et al., 1994; 

Russell et al., 1994] and sea spray [Odowd et al., 1997] emission models to simulate 

CCN contributions showed that DMS-derived sulfate accounted for over 70% of CCN 
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at low wind speeds (< 6 m s-1) but that sea spray particles contributed more than 80% 

of CCN at high wind speeds (>12 m s-1) [Yoon and Brimblecombe, 2002].  Adding 

primary marine sea spray particles to a sulfate-only global model increased CCN 

concentration by less than 20% over most of the North Atlantic, but up to 70% near 

Greenland (which is frequently influenced by Arctic air masses) [Pierce and Adams, 

2006]. The CCN fraction attributed to primary particles (mostly sea spray) in a global 

transport model accounted for most CCN at high latitudes but for less than 40% in the 

mid North Atlantic [Yu and Luo, 2009].  These model results reflect substantial 

uncertainty about what sources are most important for CCN because there are 

effectively no observations to constrain which model is correct. 

The reason for this is that existing measurements provide only limited 

information about where individual particles come from.  Most chemical 

characterization of aerosol particles over open oceans quantify the mass of different 

components in particles but not their number [Frossard et al., 2014a; Grythe et al., 

2014; Kim et al., 2015; Massling et al., 2003; Quinn and Bates, 2005; Wood et al., 2011; 

X L Zhang et al., 2014]. Because of this, indirect ways to estimate primary marine 

aerosol contributions have been developed [Modini et al., 2015; Odowd and Smith, 

1993; Quinn et al., 2017]. For example, sea spray particles were shown to account for 

less than 35% of CCN (at 0.1% supersaturation) over most of the North Atlantic and as 

little as 8% in some regions [Quinn et al., 2017]. However, sampling in clean Arctic air 

masses had as much as 75% of CCN attributed to sea salt particles [Odowd and Smith, 

1993]. The same number concentrations of sea salt particles accounted for up to 47% of 
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CCN (at 0.1 % supersaturation) in clean polar air masses (with few continental sources 

and low biogenic DMS emissions) but only 8-25% in marine air masses at mid-latitudes 

(where continental sources contribute more particles and biological DMS sources are 

larger) [de Leeuw et al., 2011; Odowd and Smith, 1993; Quinn et al., 2015; Warneck, 

1988]. These indirect approaches have both substantial uncertainty and limited 

information about particles other than sea spray.  

Biogenic sulfate mass has been measured during many open ocean cruises in 

clean regions [Bates et al., 1998b; Quinn and Bates, 2011; Quinn et al., 2000; Quinn et 

al., 2014; Quinn et al., 2004; Quinn et al., 1998; Reus et al., 2000], with observations 

in the North Atlantic of 0.06±0.07 μg m-3 during winter and 0.45±0.37 μg m-3 during 

summer [Ovadnevaite et al., 2014]. In the northeastern Pacific under clean marine 

conditions [Quinn et al., 1993], a doubling of the non-sea salt sulfate mass was linked 

to a 40% increase in CCN concentration.  Converting sulfate mass to CCN concentration 

requires assuming the size and sulfate mass fraction in the particles and does not 

separate the contributions of nucleation and condensation [Kuang et al., 2009]. There is 

little evidence of particle nucleation in the boundary layer [Andreae et al., 1995; Ayers 

and Gras, 1991; Hegg et al., 1991; Hegg et al., 1990; Quinn et al., 2014], but the 

conditions in the free troposphere are often more consistent with DMS-derived H2SO4 

nucleation [Clarke, 1993; Raes et al., 1997]. In other words, the cold free troposphere 

(and clean winter MBL) has few pre-existing particles and these typically have lower 

particle surface area than in the boundary layer, making them less likely to compete 

against nucleation for DMS products [Raes et al., 1997; Yue and Deepak, 1982]. This 
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may happen when buoyancy driven transport causes surface air to mix trace gases (such 

as DMS) throughout the marine boundary layer and sometimes penetrate the mixed 

layer inversion, transporting trace gases into the free troposphere [Cotton et al., 1995; 

Perry and Hobbs, 1994; Sorbjan, 1996], which is supported by observations [Bandy et 

al., 2002; Conley et al., 2009; Faloona et al., 2005; Gregory et al., 1993; Lenschow et 

al., 1999; Russell et al., 1998; Simpson et al., 2001; Thornton et al., 1997]. 

In fact, observations to date indicate that high concentrations of newly formed 

sulfate particles (<10 nm in diameter) exist in outflow regions of clouds and are 

important in the nucleation of biogenic DMS products in the free troposphere [Clarke 

et al., 1998; Clarke et al., 1999; Hegg et al., 1990; Perry and Hobbs, 1994], where they 

grow and eventually become entrained in the marine boundary layer [Bates et al., 1998a; 

Clarke et al., 1998; Clarke et al., 2013; Clarke et al., 1996; Reus et al., 2000] to become 

an important new source of CCN [Clarke et al., 1996; Katoshevski et al., 1999] if rates 

of entrainment and growth are sufficiently high [Katoshevski et al., 1999; Korhonen et 

al., 2008; Merikanto et al., 2009; Raes, 1995]. Global models estimate that the 

nucleation of DMS products in the free troposphere and entrainment into the boundary 

layer contribute less than 10% of CCN in the North Atlantic annually [Korhonen et al., 

2008]. However, direct observations confirming or refuting these modeling results are 

essentially non-existent.  A primary challenge for field verification is the time lag that 

exists between DMS emission, transport to the free troposphere, oxidation, nucleation, 

entrainment back down to the boundary layer, and condensational growth to CCN 

[Dzepina et al., 2015; Korhonen et al., 2008; Woodhouse et al., 2010]. One potential 
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solution to this problem is to use the chemical composition of individual particles in the 

marine boundary layer to identify CCN sources.  Unfortunately, measurements to date 

have not quantified the sea salt, sulfate, and organic components in individual particles 

[Gaston et al., 2015; Middlebrook et al., 1998; Murphy et al., 1998a; Murphy et al., 

1998b].  The current study addresses this issue. 

To provide the direct observations of particle composition needed to constrain 

and evaluate model simulations of CCN, we measured and categorized the chemical 

compositions of individual marine boundary layer particles and used correlations of 

particle types to tracers for natural marine (DMS, NaCl, MSA) and non-marine (black 

carbon, radon, hydrocarbon fragment [Zhang et al., 2005] C4H9
+) emission sources to 

associate measured particle types.  Our measurements were conducted during the second 

Western Atlantic Climate Study (WACS2) and the first and second cruises of the North 

Atlantic Aerosols and Marine Ecosystems Study (NAAMES1 and NAAMES2).  

Boundary layer inversion strength (a proxy for entrainment rate) was used to distinguish 

sulfate condensing in the marine boundary layer (Added Sulfate) from sulfate that 

formed new particles after the lofting of DMS into the free troposphere and entraining 

back down into the marine boundary layer (New Sulfate). We also constrained sea salt 

particle number (Estimated Salt) using measured mass composition to get a complete 

accounting of particle sources for each study.  Finally, we calculated the contributions 

of salt and sulfate particles to CCN using the size and composition of the different types 

of marine particles. 



142 

3.2 Results 

The New Sulfate and Added Sulfate types are the most prevalent type of 

particles in all of the clean marine air masses that were sampled. For clean marine 

conditions, the Estimated Salt particles account for 57±22% of CN180 in November 

(NAAMES1) but only 4±3% in May-June (NAAMES2), respectively (Figure 3.1, 3.2). 

The ambient particle concentrations of each measured type is calculated by scaling the 

measured fraction of each type to the measured particle size-distribution (from 

combined Differential Mobility Particle Sizer and Aerodynamic Particle Sizer 

distributions) after subtracting the Estimated Salt distribution.  

3.2.1 Marine Sulfate Sources of Atmospheric Particles 

New Sulfate particles accounted for 25±29% and 28±22% of particles greater 

than 180 nm diameter (CN180) for marine conditions during NAAMES1 and 

NAAMES2, respectively but less than 15% in continental conditions (Figure 3.1). 

Classification of ambient air as marine or continental is based on the radon 

concentration, particle concentration, and back trajectories (Section 3.6.2). Added 

Sulfate particles account for 31±20% of particles in NAAMES2 marine conditions but 

only 3±3% of particles in NAAMES1 (Figure 3.1, 3.2, and 3.8). While the marine 

measurements satisfy the "clean" criteria for radon, condensation nucleation 

concentrations, and back trajectories, contributions from ship emissions and long-range 

continental transport to the measured sulfate cannot be entirely ruled out. However, the 

absence of hydrocarbon fragments (m/z 41, 55, 57) in the sulfate particle composition 

and the lack or negative correlation of the sulfate particle types with black carbon and 
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hydrocarbon-like tracers make the contributions of non-biogenic sources small or 

unlikely. The continental air masses contain less than 10% Added Sulfate particles, 

consistent with Added Sulfate particles being of marine origin but still contributing a 

Figure 3.1: Relative (top) and absolute (bottom) contribution of particles with different 
chemical compositions measured by ET-AMS in NAAMES1 (November) and 
NAAMES2 (May-June) for air masses separated for continental (radon greater than 
1000 mBq m-3) and marine (radon less than 500 mBq m-3 and CN concentrations less 
than 1000 cm-3) conditions. Contamination events from the ship stack are excluded. 
For marine conditions, the measured contributions are also corrected to include 
Estimated Salt particles (calculated from IC sodium) and the distributions are integrated 
to calculate CCN. For the lower panel, the bars to the left of the dotted line correspond 
to the left axis, and the bars to the right of the dotted line correspond to the right axis. 
Labels for both plots are found at the top of the figure.  
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Figure 3.2: Contributions of seven particle types to (a, b) CN180 and (c, d) CCN (at 
0.1% supersaturation) fraction from clean marine ET-AMS measurements during 
NAAMES1 and NAAMES2. The histogram frequency represents the number of hours 
that each particle type accounted for a given number fraction of observed CN180 and 
calculated CCN. WACS2 is excluded because the LS-AMS cut off diameter is 400 nm. 
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modicum of particles in polluted conditions. Overall these results provide strong 

evidence that the three most abundant particle types in the clean marine conditions (New 

Sulfate, Added Sulfate, and Estimated Salt) are produced by natural ocean sources. 

Further support for the sulfate particles being not only marine but also biogenic 

is provided by their composition and their correlation to DMS and its products, which 

are known tracers of phytoplankton emissions.  The New Sulfate particles consist of 

63% sulfate by mass and the Added Sulfate particles have only 38% sulfate (Table 3.5).  

The remaining mass is mostly organic (36% for New Sulfate and 58% for Added 

Sulfate), but the organic fragments were not characteristic of combustion or other 

continental sources. Added Sulfate particle number fraction is correlated moderately 

with atmospheric DMS and MSA concentration during NAAMES2 (Table 3.4, Figure 

3.3), indicating Added Sulfate particles are likely formed from the condensation of DMS 

products onto existing particles in the boundary layer. (Correlations are defined as weak 

for |r| > 0.25 and |r| < 0.50, moderate for |r| >= 0.50 and |r| < 0.80, and strong for |r| >= 

0.80 [Devore and Berk, 2012]). The organic (and sea salt) components in Added Sulfate 

particles (Table 3.5) suggest that the source of the pre-existing smaller particles onto 

which sulfate is added could include continental, ship, and sea spray emissions, but the 

organic mass is too small and mixed to identify specific sources.  

Interestingly, atmospheric DMS correlated weakly to New Sulfate particle 

fraction in NAAMES2 (r = 0.28) and did not correlate to any particle types in 

NAAMES1. This lack of correlation could result from the competition for DMS and its 

oxidation products with the competing sinks of condensation onto existing particles and 
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vertical transport to the free troposphere. In addition, the long time lag (12-24 hr) 

between emission, nucleation in the free troposphere, and entrainment to the marine 

boundary layer means that the time series of sulfate particles may not correlate with 

DMS even if DMS is the source.  For NAAMES1, we find a weak correlation between 

the New Sulfate particle fraction and seawater DMS (r = 0.37; Figure 3.3, Table 3.4), 

while no correlation was observed during NAAMES2. The observed correlation during 

NAAMES1 may indicate that the cold temperatures (10.7 ±5.7 ºC), low particle 

numbers (114 ± 116 cm-3), and low particle surface area (17.8 ±9.6 µm2 cm-3) allowed 

new sulfate particles to form from DMS products in the boundary layer without 

requiring the lofting to the free troposphere that otherwise precludes a correlation in 

time. We investigated lagged correlations but found nothing significant, likely because 

the time lag is variable and the transport distances can be large [Korhonen et al., 2008]. 

The average (standard deviation) sea salt fraction of sulfate (ss-sulfate) mass on 

the three cruises varied by a factor nearly 8, with 12 (15%) for WACS2, 52 (28%) for 

NAAMES1, and 7 (28%) for NAAMES2 (Table 3.1). NAAMES1 had considerably 

lower particle concentrations (particle concentrations < 50 cm-3) and frequent northerly 

winds as well as some periods with significant ss-sulfate mass fractions. The fraction of 

ss-sulfate correlates moderately and negatively with particle concentration in 

NAAMES1 (r = -0.71; Figure 3.11), showing that primary marine sea spray particles 

are a relatively large source in clean Arctic air but a small fraction of higher particle 

concentrations. During NAAMES2 and WACS2, the highest fractions of ss-sulfate 

mass were during or just after periods of elevated precipitation rates (Figure 3.12), likely 
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due to scavenging of particles by precipitation. Scavenging removes all particle types, 

but sea salt particles are replenished more quickly because sea spray produces particles 

locally and on shorter time scales than marine biogenic secondary particle production.  

In summary, these results suggest that the higher ss-sulfate fraction for NAAMES1, 

relative to NAAMES2, is mostly due the significantly lower biogenic sulfate during 

NAAMES1.   

3.2.2 Entrainment of Particles into the Boundary Layer 

Sources of particles measured at the surface in marine conditions include 

emissions in the boundary layer itself and transport from the free troposphere. To 

distinguish particles formed in the boundary layer from those entrained from the free 

troposphere, the strength of the boundary layer inversion (as indicated by Convective 

Inhibition or CIN, Section 3.6.7) was compared to the number fraction of measured 

particle types identified by LS-AMS and ET-AMS (Figure 3.4). We find that the New 

Sulfate particle fraction has a moderate and strong negative correlation to inversion 

strength for NAAMES1 and NAAMES2, respectively, but that the non-marine particle 

fractions have weak to strong positive correlations. The stronger negative correlation of 

New Sulfate particle fraction to CIN (r = -0.76) indicates that the New Sulfate number 

fraction is highest when the boundary layer inversion is weak (indicated by low CIN), 

providing evidence that New Sulfate particles are frequently entrained from the free 

troposphere (Figure 3.4). Low CIN may also allow increased mixing of DMS up to the 
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Table 3.1: Observed IC sea salt and sulfate concentrations and CN and CCN
concentrations for clean marine ambient periods during WACS2, NAAMES1, and 
NAAMES2.

WACS2 NAAMES1 NAAMES2 
180 – 550 nm1 
    Sulfate (μg m-3) 0.34 ±0.12 0.07 ±0.10 0.31 ±0.14 
    Sea salt (μg m-3) 0.05 ±0.02 0.25 ±0.15 0.17 ±0.14 

    Sulfate/Sea salt 7.30 ±3.65 0.25 ±0.25 3.85 ±3.66 
Sub-1.1 µm1 
    Sulfate (μg m-3) 0.45 ±0.15 0.14 ±0.15 0.46 ±0.22 
    Sea salt (μg m-3) 0.13 ±0.09 0.99 ±0.63 0.23 ±0.20 
    Sulfate/Sea salt 11.6 ±16.8 0.39 ±0.89 3.82 ±3.35 
CN (cm-3) 421 ±127 116 ±114 423 ±239 

CN180 (cm-3)2 - 22 ±14 110 ±81 
CCN (cm-3)3  - 22 ±12 71 ±38 
Calculated CCN (cm-

3)3
- 26 ±22 90 ±54 

1 Only IC measurements that are in clean marine air >75% of the time are included in the mean and standard 
deviation calculation. 
2 CN180 are calculated from DMPS and APS combined distributions. 
3 Averaged CCN and Calculated CCN are from clean marine periods where CCN, IC, DMPS, and ET-AMS 
measurements are all available.  

free troposphere, providing the source of sulfate [Bandy et al., 2002]. 

To investigate further these results, we evaluated results from airborne (NASA 

C-130 aircraft) atmospheric measurements conducted on 20 May 2016 almost directly

above the ship (R/V Atlantis).  These aircraft data indicated surface and free troposphere 

dry particle size distributions with a mode at approximately 25 nm (Figure 3.5a,b). This 

particle mode is characteristic of recently formed particles since they have a short 

lifetime and are too small for combustion or other transported primary emissions 

[Williams et al., 2002]. Furthermore, we find that these particles are associated with 

elevated DMS concentrations in the lower free troposphere (Figure 3.5d) and give peak 

concentrations at 25 nm that are almost three times higher at 1-1.5 km than at the surface 
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Figure 3.4: Dependence of WACS2 LS-AMS and NAAMES1 and NAAMES2 ET-
AMS non-refractory particle number fractions during clean marine conditions on CIN 
calculated from radiosonde measurements. Pearson correlation coefficients for 
NAAMES1 and NAAMES2 for CIN are, (a) 0.03 for the Added Sulfate type, and (b) -
0.76 for the New Sulfate type (N = 24, p < 0.01).    

(measured both on the aircraft and the ship).  This finding provides evidence that the 

source of these particles is the free troposphere and that they were entrained down into 

the boundary layer (Figure 3.5a,b and Section 3.6.7). At 25 nm diameter, such particles 

are not large enough to be active as CCN, but condensational growth from volatile 

organic compounds and DMS oxidation products can grow them into CCN-sized 

particles.  This process would be consistent with an increase to larger sized particles 

over time and the observed increase in concentration of the 150 nm mode. For particles 

with the average chemical composition of New Sulfate (Table 3.6 and 3.7), the 

minimum (or activation) diameter of CCN at 0.1% supersaturation is 156 nm [Kohler, 
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1936; Petters and Kreidenweis, 2007]. Size distributions of pToF-AMS mass and ET-

AMS number show that the accumulation mode consisted largely of sulfate mass and, 

specifically, of New Sulfate particles (Figure 3.5c).  This finding provides additional 

evidence that the entrained particles formed from lofted and oxidized DMS continue to 

grow to CCN sizes.  

Since the New Sulfate particles formed by nucleation of H2SO4 in the free 

troposphere are initially smaller than 3 nm [Kulmala et al., 2004; Reus et al., 2000], 

condensation of secondary inorganic or organic compounds is needed to grow them to 

sufficiently large diameters to have lifetimes long enough to be entrained in the 

boundary layer and to potentially serve as CCN [Russell et al., 2007]. Substantial 

contributions from organic components would explain why the New Sulfate particles 

have a significant fraction of organic mass (36%) (Figure 3.6 and Table 3.5).  

Furthermore, we suggest that condensation of secondary organic components onto the 

New Sulfate particles accounts for the New Sulfate particle organic mass fraction, 

similar to evidence provided by the diurnal cycle of organic components (Figure 3.10). 

3.2.3 CCN Source Contributions 

Natural marine particle sources can affect atmospheric radiative properties 

indirectly by modifying cloud properties [Charlson et al., 1987; Quinn et al., 2017; 

Shaw, 1983]. To quantify these radiative effects accurately, climate models need to be 

able to correctly simulate natural particle number and CCN budgets. The challenge here 
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Figure 3.5: Free troposphere (a) and near-surface (b, c) particle size distributions
collected on the NASA C-130 aircraft and R/V Atlantis on 20 May 2016 during 
NAAMES2 (times shown are UTC). The composition of surface measured ET-AMS 
size distributions are compared to lognormal fits of the sulfate and organic pToF-AMS 
mass distributions and SEMS mass distributions (c). SEMS number distribution was 
converted to mass using the campaign average density (1.33 g cm-3). Vertical profiles 
(d) show temperature, and CN from the MCPC and DMS concentrations from the PTR-
MS. The two lowest-altitude CN and DMS values in (d) were collected on board the
R/V Atlantis. Particle concentrations have been corrected to cm-3 volumes at STP. In-
cloud measurements of CN are excluded.
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is that particle budgets are not uniform across oceans or seasons because marine particle 

sources are controlled by both physical conditions (wind and sea state) and biological 

processes (DMS emission) (Figure 3.6). In other words, variations in meteorology and 

ecosystem properties produce different contributions from each of the particle sources. 

The fraction of those particles that are CCN further depends on particle size and 

composition-dependent water uptake properties (or hygroscopicity). 

We calculated the CCN concentration at 0.1% supersaturation by integrating the 

number of particles of each type that are larger than the activation diameter of that type 

(Figure 3.16 and Section 3.6.6). The hygroscopicity parameter (κ) that is needed for 

calculating the activation diameter of each particle type was estimated from the 

chemical composition (Table 3.6) as a volume-weighted average of the density and 

component-specific hygroscopicity of the organic, sulfate, nitrate and sea salt mass 

(Table 3.7) [Mochida et al., 2011; Petters and Kreidenweis, 2007]. We find that the 

activation diameters at 0.1% supersaturation for Added Sulfate, New Sulfate, and 

Estimated Salt particles have similar values, ranging from 130 to 183 nm (Table 3.6). 

For CCN spectra collected at 0.1% intervals, the activation diameter differs by 50 to 68 

nm between 0.1% and 0.2% [Quinn et al., 2017; Schill et al., 2015].  What this means 

is that all three particle types activate in the same supersaturation bin, thus giving a 

sharp step change in spectra despite their differing chemical compositions. Our 

calculated CCN concentrations are on average within 16% and 22% of measured CCN 

concentrations for NAAMES1 and NAAMES2, respectively (Figures 3.1 and 3.2). 
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From a seasonal perspective, we find that Estimated Salt particles account for 

57±22% of CCN in November (NAAMES1), but only 4±3% during the clean marine 

conditions sampled in May-June (NAAMES2). Since the Estimated Salt particles 

account for a smaller mass fraction at smaller diameters (<100 nm) [Quinn et al., 2014], 

these particles would account for fewer CCN at supersaturations higher than 0.1% 

[Modini et al., 2015]. Excluding the organic component from the Estimated Salt type 

had no effect on the Estimated Salt CCN concentration because the increase in particle 

hygroscopicity offsets the decrease in particle size. The significance of these findings is 

that clouds with higher updraft velocities (such as cumulus) would have larger fractions 

of New Sulfate and Added Sulfate.   

New Sulfate particles accounted for an average of 33±24% of CCN (at 0.1% 

supersaturation) during NAAMES2 clean marine sampling and for an even greater 

percentage (55±19%) at times when the boundary layer inversion was weak. For 

NAAMES1, the New Sulfate particles accounted for 31±37% of CCN for all clean 

marine air masses and only slightly more (36±24%) during weak boundary layer 

inversions. Since the New Sulfate particles are small when formed by nucleation, they 

could frequently represent a larger fraction of particles smaller than the ET-AMS cutoff 

diameter (145-180 nm, Figure 3.13 and Table 3.3). What these findings suggest is that 

New Sulfate particles would represent more than 31% and 33% of CCN at 

supersaturations higher than 0.1% for NAAMES1 and NAAMES2, respectively. 

Finally, we found that Added Sulfate particles account for 32±20% of CCN (Figure 3.2) 

and, at higher atmospheric DMS concentrations (>500 ppt), they account for the 
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majority of CCN for NAAMES2. This same class of particles only accounted for 3±3% 

of CCN during NAAMES1.     

3.3 Discussion 

One important finding of this study was that sea spray particles are a large 

fraction (>50%) of a very small number (25 cm-3) of natural marine CCN at 0.1% 

supersaturation in November (NAAMES1), largely because the low phytoplankton 

productivity emits little DMS and consequently few New or Added Sulfate particles.  In 

contrast, the phytoplankton bloom conditions of May-June (NAAMES2) in the North 

Atlantic provide three times more CCN (90 cm-3), of which less than 5% are from sea 

spray (Figure 3.1, Table 3.1).  Nearly one-third of these CCN (32%) in May-June are 

produced from DMS oxidation products that nucleate New Sulfate particles, and another 

third (31%) is from Added Sulfate on pre-existing particles.  These substantial seasonal 

differences in number concentrations provide constraints for models to test their process 

parameterizations. 

An interesting consequence of measuring specific marine particle types is the 

new evidence for nucleation of DMS products in the free troposphere that is provided 

by the negative correlation of New Sulfate particles to weak boundary layer inversions 

(low CIN).  This result provides substantial evidence for particle nucleation occurring 

after lofting DMS to the free troposphere.  Going further on this point, the weaker 

correlation to seawater DMS in NAAMES1 suggests that the colder temperatures and 

lower particle concentrations of November may have supported nucleation of DMS-

derived H2SO4 in the boundary layer rather than the free troposphere. This possibility 
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could also explain the small number (3%) of Added Sulfate particles because New 

Sulfate formation is a faster sink of DMS oxidation products if transport to the free 

troposphere is not required.  If this interpretation is further substantiated by future 

studies, it provides strong evidence for the biogenic contribution to cloud radiative 

properties. 

Based on these results, we can also consider what would happen if DMS 

emissions from phytoplankton were decreased. Removing the DMS oxidation products 

that nucleate would eliminate all New Sulfate particles to lower CCN by more than 30% 

in both November and May-June, with the expectation that the organic components 

would redistribute and condense onto existing particles without increasing CCN. We 

find that removing the sulfate mass from the Added Sulfate particles (using densities in 

Table 3.5) results in 60% fewer Added Sulfate CCN at 0.1% supersaturation, indicating 

that without the condensation of DMS oxidation products there would be 19% fewer 

CCN in May-June (NAAMES2) but little change (2%) in November (NAAMES1). The 

summed effects of removing DMS contributions to both Added Sulfate and New Sulfate 

particles eliminates an average of 9 cm-3 CCN (33%) in November (NAAMES1) and 

47 cm-3 CCN (52%) in May-June (NAAMES2). Alternatively, if we double the biogenic 

sulfate in November as a hypothetical response to warmer temperatures and more 

productive phytoplankton, CCN would increase by 33%. 

These DMS-driven changes in CCN concentration are expected to influence 

cloud droplet concentrations, but cloud processes can buffer their impact on cloud 

properties [Stevens and Feingold, 2009]. For example, increased CCN concentrations 
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could reduce precipitation, which could increase or decrease cloud lifetime [Albrecht, 

1989; Stevens and Seifert, 2008]. But if we consider only the initial changes in cloud 

drop number concentration associated with the CCN differences for an idealized cloud 

(100 m thick, 283 K, 0.3 g/kg liquid water at cloud top) that activates all CCN at 0.1%, 

then the increase in albedo from adding 50% more DMS-related CCN is 13% in 

November but eliminating biogenic DMS decreases the albedo by 52% in May-June. 

These results provide the most direct evidence to date of the proposed link between 

greater DMS emissions and more CCN [Charlson et al., 1987; Shaw, 1983] and 

moreover provide season-specific constraints on the magnitude of its impact on CCN.  

3.4 Methods 

WACS2, NAAMES1, and NAAMES2 included comprehensive chemical and 

physical characterization of atmospheric aerosol particles.  WACS2 sampled in the 

northwestern Atlantic aboard the R/V Knorr from 20 May to 5 June 2014 between 33°N 

and 42°N and between 61°W and 71°W. NAAMES1 and NAAMES2 sampled in the 

North Atlantic from 6 November to 1 December 2015 and 11 May to 5 June 2016, 

respectively. During NAAMES1 the R/V Atlantis transited approximately to the 

northeast until 55°N at 40°W then headed southward to 40.5°N, 40°W. For NAAMES2, 

the R/V Atlantis followed a similar track, from 56.5°N, 47°W to 44°N, 43°W.   

3.4.1 Aerosol Particle Measurements 

On all three cruises, ambient particles were collected with a temperature-

controlled isokinetic inlet at approximately 18 m above sea level and dried in diffusion 



159 

driers before being transported to the instruments reported here. Supermicron particles 

were removed by a 1.0 µm sharp cut cyclone (SCC 2.229, BGI Inc. US). A condensation 

particle counter (CPC 3010, TSI Inc., St. Paul, MN) was used to identify contamination 

from ship exhaust. Submicron particles were analyzed with a high-resolution time-of-

flight aerosol mass spectrometer (AMS, Aerodyne Research Inc., Billerica, MA) [Peter 

F. DeCarlo et al., 2006] that measures non-refractory inorganic (sulfate, ammonium,

nitrate, chloride) and organic components.  

During WACS2, the AMS included LS-AMS mode to analyze the composition 

of individual particles [S Liu et al., 2013] for particles with mobility diameter greater 

than 400 nm [Frossard et al., 2014b]. During NAAMES1 and NAAMES2, the AMS 

included the ET-AMS mode, which extracted mass spectra for individual particles that 

had ion signals exceeding pre-set thresholds for three m/z regions [Price et al., 2017]. 

NAAMES1 ET-AMS thresholds were typically set to 4.5 ions/extraction at m/z 55-79, 

6 ions/extraction at m/z 48-150, and 4 ions/extraction at m/z 43 or 2.5 ions/extraction at 

m/z 48. NAAMES2 used the same m/z regions (excluding m/z 48) but with trigger 

levels of 8, 9, and 3.5 ions/extraction. Higher trigger levels were chosen for NAAMES2 

to account for the higher single ion baseline and air beam intensity associated with the 

higher particle concentrations. The thresholds were determined using particle-free air.  

The LS and ET measurements were processed by Sparrow software version 1.04E and 

Tofware version 2.5.3.b (TOFWERK and Aerodyne Research, Inc.). The pre-processed 

data were clustered using the clustering input preparation panel (CIPP) v1.2 and the 

clustering analysis panel (CAP) v1.2 (developed by A. Lee, National University of 
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Singapore, and M. Willis, University of Toronto), which applies a k-means clustering 

algorithm to the mass spectra of the particles [Lee et al., 2015; Lee et al., 2016]. Only 

particles with mass spectra signal-to-noise ratio of greater than 5 were used in the 

clustering analysis (Table 3.3). WACS2 also included a second AMS with a soot-

particle module (SP-AMS, Aerodyne Research Inc., Billerica, MA) operated in standard 

AMS mode (with tungsten vaporizer on and laser vaporizer off) to evaluate the effect 

of volatility temperature on salt detection. All diameters from the ET-AMS, LS-AMS 

and HR-AMS were converted to mobility diameter using a shape factor of 1 and 

campaign average particle type densities (Table 3.3). 

Mass spectra of ambient single particles with diameters greater than 180 nm 

from the Event-Trigger AMS (ET-AMS) during NAAMES1 (in November 2015) and 

NAAMES2 (in May and June 2016) were grouped by k-means clustering to identify 

three types of spectra, all of which are similar to spectra identified by AMS ensemble 

(non-single-particle) mode measurements: hydrocarbon-like organic aerosols (HOA), 

oxygenated organic aerosols (OOA), and sulfate-containing particles [Aiken et al., 2008; 

Crippa et al., 2014; Frossard et al., 2014b; Lee et al., 2015; Ulbrich et al., 2009; Q 

Zhang et al., 2011] (Figure 3.1, 3.7 and 3.13, and Table 3.3 and 3.4).  WACS2 particle 

type fractions from the Light-Scattering Aerosol-Mass-Spectrometer (LS-AMS) are 

shown separately (Figure 3.8) for particles greater than 400 nm diameter.  The collection 

efficiency of the HR-AMS sea salt (CESS) is calculated as 3.26*Na+, which account for 

the mass of sodium chloride, magnesium sulfate and other inorganic salts present in 

seawater, where Na+ is the sodium concentration from ion chromatography (IC) 
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measurements.  Non-marine particles are described in Section 3.6.2. The refractory sea 

salt particles missed by the HR-AMS are calculated as “Estimated Salt” particle number 

concentration from the ET-AMS number size distribution scaled to the collection-

efficiency-corrected HR-AMS sea salt mass (Figure 3.1, 3.2, Section 3.6.4). Sea salt 

(ss) sulfate is calculated by dividing the amount of sulfate associated with sea salt (7.7% 

of sea salt mass) [Holland, 1978] from the total sulfate mass measured by IC (Table 

3.1). 

On all three cruises, ambient particles were collected on pre-scanned 37 mm 

Teflon filters (Pall Inc., 1 µm pore size) for 4 to 24 hr for Fourier transform infrared 

(FTIR) spectroscopy (Tensor 27 spectrometer, Bruker, Billerica, MA). The particles 

were dried in diffusion driers and passed through either a 1 µm sharp cut cyclone (SCC 

2.229 BGI Inc., U.S.) or a 1.1 µm cut Berner impactor. The FTIR spectrum from each 

filter was baselined and integrated at specific peak locations to determine the peak areas 

of the organic functional groups using an automated algorithm [Maria et al., 2002; 

Russell et al., 2009; Takahama et al., 2013]. Ambient particles were also collected on 

Millipore Fluoropore filters with a 1.1 µm cut Berner impactor for extraction and IC for 

sodium, chloride, sulfate, nitrate, and ammonium mass [Quinn et al., 1998].   

On all three cruises, a Differential Mobility Particle Sizer (DMPS, University of 

Vienna [Winklmeyer et al., 1991]) was used to measure the number size distribution of 

dry submicron (0.02–0.8 µm diameter) ambient particles [Bates et al., 2002]. Radon was 

measured with a dual-flow-loop two-filter 103 radon detector [Whittlestone and 

Zahorowski, 1998]. During NAAMES1 and NAAMES2, a Scanning Electrical Mobility 
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Sizer (SEMS, Model 138, 2002, BMI, Hayward, CA) measured particle size 

distributions and a Single-Particle Soot Photometers (SP2, DMT, Boulder, CO) 

measured refractory black carbon number and mass concentration [Betha et al., 2017]. 

Continuous DMS measurements were made by atmospheric pressure chemical 

ionization mass spectrometers [Bell et al., 2015; Bell et al., 2013]. One instrument was 

dedicated to air measurements and the other analyzed gas that had been equilibrated 

with seawater. During NAAMES1 and NAAMES2, a Cloud Condensation Nuclei 

Counter (CCNC, DMT, Boulder, CO) measured ambient CCN concentrations at 0.1% 

supersaturation [Quinn et al., 2008].  

3.4.2 Aircraft and Balloon Microphysical and Meteorological 

Measurements 

The NASA C-130 aircraft collected aerosol particle measurements between 100 

m and 3000 m near the location of the R/V Atlantis during NAAMES1 and NAAMES2. 

A Scanning Mobility Particle Sizer (SMPS TSI, Shoreview, MN) measured ambient 

aerosol number size distribution (0.01 to 0.3 µm diameter) at multiple heights. A 

Condensation Particle Counter (CPC 3772, TSI Inc., St. Paul, MN) measured the 

particle concentration.  Both SMPS and CPC measurements are reported at standard 

temperature and pressure (T = 0 ºC, P = 1013 mb). A Proton-Transfer-Reaction Time-

of-Flight Mass Spectrometer [Muller et al., 2014] was used to measure volatile organic 

compounds including DMS.  

Radiosondes (iMet-1) were launched twice daily typically between 1000 and 

1200 UTC and between 1800 and 2000 UTC for NAAMES1, NAAMES2 and WACS2. 
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The radiosondes directly measure temperature, pressure, and relative humidity, which 

were used to calculate the inversion strength at the top of the marine boundary layer 

(Section 3.6.7) [Berkes et al., 2016; Ouwersloot and de Arellano, 2013]. The inversion 

strength is useful because it has been shown to be correlated negatively to the 

entrainment rate [Lilly, 1968; Myers and Norris, 2013; B. Stevens, 2002].  
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3.6 Appendix 

This section provides additional details on the particle type clustering criteria, 

the Non-Marine particle types, the sea salt mass correction, the Estimated Salt 

correction, the HR-AMS vaporizer temperature effects, the hygroscopicity and CCN 

calculations, and the inversion strength calculations. 

3.6.1 Particle Type Clustering Criteria 

Table 3.3 summarizes the single particle measurements from WACS2, 

NAAMES1, and NAAMES2. The individual particle mass spectra were grouped using 

k-means clustering into 7-10 clusters, which were then compared and similar clusters 

were identified and combined.  NAAMES1 and NAAMES2 ET-AMS ambient particles 

included one HOA, three OOA and two sulfate clusters; WACS2 LS-AMS types were 

the same but had no HOA type (Figure 3.7). The sulfate particle types have peaks at m/z 

marine aerosol [Frossard et al., 2014b]. The HOA cluster was similar to primary 

emissions from fossil fuel (FF) combustion [Lanz et al., 2007; Q Zhang et al., 2011].  

The three OOA clusters include one with mostly less oxidized (LO) organic 

components, one with more oxidized (MO) organic components, and a third considered 

to be “mixed continental” (MC) because it contains both sulfate and organic mass and   
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Table 3.2: Selected references on DMS as a marine aerosol source. 
Relevant Findings Ref. Location Observations 

or Model 
Relationship between DMS and CCN 
DMS-derived sulfate aerosol account for most of the CCN in the 

remote marine boundary layer. 
[Charlson et 
al., 1987] 

Global Model plus 
Observations 

MSA and CCN vary seasonally and have a non-linear relationship. [Ayers and 
Gras, 1991] 

Cape 
Grim 

Observations 

DMS and CCN in boundary layer are strongly (non-linearly) 
correlated. 

[Hegg et al., 
1991] 

NE 
Pacific 

Observations 

CCN and DMS are correlated but relationship can be nonlinear 
because of SO2 sinks.  

[Russell et al., 
1994] 

N/A Model 

CN correlates strongly with atmospheric DMS and DMS flux but 
weakly with CCN. 

[Andreae et 
al., 1995] 

S. 
Atlantic 

Observations 

Modeled CN and CCN correlate with DMS flux; free tropospheric 
entrainment affects CN and CCN concentration in the marine 
boundary layer. 

[Raes, 1995] N/A Model 

New Particle Formation from DMS Products 
The number of particles formed by homogeneous nucleation 

depends on the preexisting aerosol concentration. 
[Warren and 
Seinfeld, 
1985] 

N/A Model 

Particle number concentration increases rapidly after a decrease in 
particle surface area and increase in SO2 concentration. 

[Covert et al., 
1992] 

NE 
Pacific 

Observations 

After precipitation, marine boundary layer aerosol particles can be 
replenished from new particles formed by nucleation if DMS 
concentrations are high. 

[Pirjola et al., 
2000] 

N/A Model 

Evidence of New Particle Formation in the Free Troposphere 
Vertical profiles of Aitken mode aerosol concentrations showed 

maximum values just above cloud tops. 
[Hegg et al., 
1990] 

NW and 
NE 
Pacific 

Observations 

Aerosol nucleation is observed above cloud top and downwind of 
cloud outflows. 

[Perry and 
Hobbs, 1994] 

N. 
Pacific 

Observations 

CN and CCN were replenished on time scales of 2-4 days with 
transported nuclei from the free troposphere after precipitation 
scavenging. 

[Clarke et al., 
1996] 

Christma
s Island 

Observations 

Variability in marine boundary layer aerosol concentration is 
closely linked to changes in vertical transport. 

[Raes et al., 
1997] 

NE 
Atlantic 

Observations 

Nucleation is observed in the free troposphere but not the marine 
boundary layer, and it is observed more frequently for particle 
surface area less than 5-10 µm2 cm-3.  

[Clarke et al., 
1998] 

Southern 
Ocean 

Observations 

CN concentration in the marine boundary layer is controlled by 
the rate of entrainment from the free troposphere in most 
conditions. 

[Katoshevski 
et al., 1999] 

N/A Model 

Observed growth rates of new particles in the free troposphere 
cannot be explained by SO2 products and water vapor so other 
components must contribute to condensation.  

[Reus et al., 
2000] 

NE 
Atlantic 

Model/Obser
vations 

New sulfate particles do not form in the marine boundary layer but 
instead in the free troposphere and then are entrained 
downward.  

[Kazil et al., 
2006] 

Global Model 

Entrainment of nucleated sulfate particles from the free 
troposphere account for 43-65% of CCN, but only 7-20% in 
the winter; long range transport of marine CCN results in a 
time lag between CCN and DMS concentrations. 

[Korhonen et 
al., 2008] 

Southern 
Ocean 

Model 

45% of marine boundary layer CCN (at 0.2%) are from nucleation 
that occurred in the free troposphere. 

[Merikanto et 
al., 2009] 

Global Model 

Sulfate particles from DMS mixed up to the free troposphere are a 
source of marine boundary layer CCN. 

[Clarke et al., 
2013] 

Tropical 
Pacific 

Observations 
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Table 3.3: Cumulative number of single particle measurements for WACS2, 
NAAMES1 and NAAMES2. 

Statistic 
WACS2 (LS-
AMS) 

NAAMES1 (ET-AMS) NAAMES2 (ET-AMS) 

Total triggers 1471 2460399 2392300 
Prompt 
particles1 

362 85909 159359 

Dmin (nm)2 400 145 180 
1Prompt particles are those that have above the minimum S/N of 5 and greater than 10 ions measured within 200 µs of impacting 
the vaporizer surface. 
2The minimum mobility particle diameter is defined as the smallest diameter with a 5% collection efficiency. 

correlates moderately with radon during NAAMES2 (r = 0.55). The MO, LO, FF and 

MC particle number concentrations correlate with one or more continental tracers and 

are typically higher fractions of particle number in continental air masses and therefore 

are identified as Non-Marine particles (Figure 3.1, 3.8 and Table 3.4). The FF, LO and 

MO organic and two sulfate particle types were similar to previously measured mass 

spectra (Table 3.4), with cosine similarity ranging from 0.6 to 0.8. The main differences 

among the sulfate particle mass spectra were the relative amounts of sulfate and organic 

peaks, which was likely caused by differences in fragmentation associated with matrix 

effects and vaporizer inhomogeneities rather than differences in composition. 

Consequently, the sulfate spectra were grouped into two types, one that contained 

mostly sulfate mass and one that contained mostly organic mass (Table 3.5). The time 

series of the two sulfate clusters were correlated weakly (r < 0.4). 
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3.6.2 Non-Marine Particle Types 

The Non-Marine particle types identified from the ET-AMS and LS-AMS mass 

spectra are likely from different primary and secondary emission contributions [Cross 

et al., 2009; Lee et al., 2015; S Liu et al., 2013]. Radon is a continental tracer (the main 

source is soil) that has been shown to be correlated to other emissions from land-based 

sources [Dorr and Munnich, 1988]. We use the level of radon and CN to separate marine 

(radon < 500 mBq m-3, CN < 1000 cm-3) and continental (radon > 1000 mBq m-3, CN > 

1000 cm-3) air masses for the three campaigns (Figure 3.1 and 3.8) [Bates et al., 2008].  

Marine conditions also had back trajectories that spent more than 75% of the preceding 

5 days over the ocean.  Continental measurements are not shown for WACS2, because 

very few measurements had high radon concentrations. The clean marine periods with 

IC measurements that are used in Table 3.1, Figure 3.1, 3.8, 3.11 and 3.12 are 17:35 21 

May 2014 – 22:04 21 May 2014, 23:24 28 May 2014 – 10:41 31 May 2014, 22:18 11 

November 2015 – 08:00 17 November 2015, 19:00 18 November 2015 – 08:00 20 

November 2015, 19:36 22 November 2015 – 06:41 24 November 2015, 10:30 15 May 

2016 – 7:55 17 May 2015, and 18:17 24 May 2016 – 09:10 01 June 2015. 

The LO particle type contributes the largest fraction of particle number to 

continental air masses (Figure 3.1) and correlates moderately with radon in both 

NAAMES1 (r = 0.40) and NAAMES2 (r = 0.49). The FF particle type is also more 

abundant in continental air than marine air for both NAAMES1 and NAAMES2.  This 

FF particle type correlates moderately to a previously identified AMS marker fragment 

associated with fossil fuel combustion C4H9 (r = 0.70) [Q Zhang et al., 2005] and to  
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Figure 3.7: The average mass spectra for particle types from LS-AMS during WACS2 
and the ET-AMS during NAAMES1 and NAAMES2. All mass spectra are from 
ambient measurements except for the Estimated Salt type, which is from SeaSweep 
measurements. There are no mass spectra for the FF particle type in WACS2 because it 
was not measured in that project. There are no mass spectra for the Estimated Salt 
particle type in NAAMES2 because the ET-AMS regions of interest did not include m/z 
23, 35 or 58.  
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Figure 3.8: WACS2 non-refractory LS-AMS particle type number fraction and CN
greater than the LS-AMS minimum cut diameter of 400 nm (CN400) for clean marine 
periods. WACS2 included only limited time for sampling ambient air and so only four 
times were available for LS-AMS measurements (more than 3 hr).  

black carbon number concentration (r = 0.54) [Price et al., 2017], suggesting these 

particles come from anthropogenic fossil fuel combustion sources that could include 

ships (Figure 3.9).The FF particles were also measured at high concentrations when the 

ship stack was upwind of the sampling line (time periods with ship stack contamination 

are excluded from both the continental and clean marine periods). The FF particle type 

was not identified in the WACS2 LS-AMS measurements, likely because there were no 

periods with continentally-influenced air masses or with ship stack emissions. The MC 

particle type also likely has a continental source because of the moderate correlation to 

radon in NAAMES2 (r = 0.55, Table 3.4) and its higher concentration during continental 

conditions in NAAMES2 (Figure 3.1). The MC particle type contributes a much smaller 

fraction of particles during continental periods in NAAMES1 than NAAMES2, in line 
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Table 3.4: NAAMES1 and NAAMES2 single particle aerosol types identified by ET-
AMS and their compositions and correlations to tracers. The characteristic m/z peaks 
for each particle type (shown in Figure 3.7) are listed in order of abundance. WACS2 
is not included because there were not enough measurements to correlate time series. 
Weak correlations (|r| >= 0.25 and |r| < 0.50), moderate correlations (|r| >= 0.50 and |r| 
< 0.80) and strong correlations (|r| >= 0.80) are in bold. Correlations are for all ambient 
measurements, except for MSA and DMS, which were only correlated with 
measurements in clean marine air masses.
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Table 3.5: The high m/z peaks and measured mass fractions of organic, sulfate, nitrate 
and sea salt components in the average or centroids of the clusters of single-particle 
mass spectra. 

1Sulfate mass fraction is corrected as described in Section 3.6.3. 
2 The Estimated Salt particle type for NAAMES1 is used for NAAMES2 because the ROIs for the ET-AMS were 
not optimized to collect sea salt particles during NAAMES2. 

Particle Types Organic (%) Sulfate1 (%) 
Nitrate 
(%) 

Salt (%) 
Major m/z 
Fragments 

WACS2 
Non-Marine 
More Oxidized 
organics (MO) 

80.7 7.6 8.6 3.0 44, 29, 43 

Continental Mixed 
(MC) 

79.0 15.1 4.6 1.4 44, 29, 48 

Less Oxidized 
organics (LO) 

79.5 10.7 4.8 5.0 43, 29, 41 

Fossil Fuel 
combustion (FF) 

- - - - - 

Added Sulfate 57.8 35.3 4.2 2.7 48, 64, 29 
New Sulfate 37.9 60.6 1.0 0.5 48, 64, 80 
Estimated Salt - - - - - 
NAAMES1 
Non-Marine 
More Oxidized 
organics (MO) 

85.5 9.6 4.4 0.5 44, 43, 29 

Continental Mixed 
(MC) 

65.5 31.2 2.7 0.6 44, 64, 48 

Less Oxidized 
organics (LO) 

74.5 20.9 3.7 0.9 43, 44, 55 

Fossil Fuel 
combustion (FF) 

93.1 5.7 0.7 0.5 43, 57, 55 

Added Sulfate 60.4 34.8 4.1 0.7 48, 64, 43 
New Sulfate 35.3 62.3 1.9 0.5 64, 48, 80 
Estimated Salt 20.8 6.0 1.5 71.7 35, 36, 23 
NAAMES2 
Non-Marine 
More Oxidized 
organics (MO) 

81.1 15.1 3.4 0.5 44, 43, 29 

Continental Mixed 
(MC) 

71.3 22.5 5.9 0.3 44, 64, 29 

Less Oxidized 
organics (LO) 

81.8 12.0 5.7 0.5 43, 44, 29 

Fossil Fuel 
combustion (FF) 

92.8 5.7 0.8 0.6 57, 43, 55 

Added Sulfate 55.2 42.2 2.1 0.5 64, 48, 44 
New Sulfate 35.7 62.7 1.3 0.3 64, 48, 80 
Estimated Salt2 20.8 6.0 1.5 71.7 35, 36, 23 
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with the generally lower concentrations and cleaner conditions during NAAMES1 in 

both continental air (1070 ± 720) and marine air (116 ± 114). Note that there is still 

approximately 10 times higher number concentration of MC particles in continental 

conditions than in marine conditions.   

The MO particle type is not consistently higher or lower in continental air 

masses than in marine air masses, suggesting a particle type that forms in both marine 

and continental air masses. The MO particle type has almost the same ET-AMS 

chemical composition as the LO particle type (Table 3.5) but a higher fraction of 

oxidized organic fragments (m/z 44, CO2; m/z 29, CHO) than the LO type. This suggests 

that the MO particle type consists of marine or continental particles that have had a 

longer residence time in the atmosphere and have accumulated a substantial amount of  

Figure 3.9: The correlation of the fraction of the FF particle type to AMS organic 
fraction of C4H9 (a fossil fuel combustion tracer; left) and to black carbon number 
concentration (right) for NAAMES2. WACS2 LS-AMS measurements did not have FF 
particles and NAAMES1 contained too few FF particle measurements for correlation so 
are excluded.  
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photochemically-produced secondary organic aerosol. This long residence time in the 

atmosphere would also explain the lack of association with either marine or continental 

emission tracers. In NAAMES2, the MO and LO types both correlate weakly to an AMS 

biomass burning marker fragment (m/z 60, C2H4O2), suggesting the transported 

particles may include contributions from wildfire emissions [Crippa et al., 2014] with 

longer (MO) or shorter (LO) residence times. The diurnal variation of the ratio of MO 

to LO particles also provides evidence of condensation of secondary organic compounds 

onto particles in the marine boundary layer (Figure 3.10). The greater MO particle 

fraction in the afternoon suggests secondary organics are condensing onto LO particle 

types. In effect, MO particles cannot be identified with specific emissions because their 

source signatures are largely atmospheric rather than marine or continental. The ratio of 

the MO to LO particle concentration has a peak in late afternoon, suggesting that LO 

particles are being oxidized to form more MO particles (Figure 3.10). 

MO, MC, LO and FF particles account for 1%, 1%, 1% and 0%, respectively, 

for NAAMES1 and 11%, 4%, 6%, and 0%, respectively, for NAAMES2. MC and FF 

particles have small contributions to CCN because they are from continental and 

anthropogenic sources that are largely excluded during clean marine conditions. The 

small but consistent fraction of the MC and LO particles that account for up to 11% of 

CCN are consistent with contributions from non-marine sources observed in other clean 

marine conditions [Frossard et al., 2014a; Shank et al., 2012]. 
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3.6.3 Sea Salt Mass Calculation 

The sea salt in all particle types is estimated using the sum of chloride peaks in 

their mass spectra. WACS2, NAAMES1, and NAAMES2 included comprehensive 

chemical and physical characterization of particles from SeaSweep [Bates et al., 2012] 

which generates particles on the sea surface, free of influence from or processing in 

ambient air [Bates et al., 2012]. The sea salt type measured from SeaSweep (Figure 3.7) 

for NAAMES1 has a lower sulfate/chloride ratio than expected (0.16) [Holland, 1978] 

for seawater. The sulfate ion fraction was corrected from1% to 5% for consistency with 

the expected sulfate/chloride ratio of 0.16 (Table 3.5).  The chloride and corrected 

sulfate ion fraction is divided by 0.627, the mass fraction of chloride and sulfate in 

seawater [Holland, 1978].  During NAAMES1 SeaSweep measurements, the ET-AMS 

m/z 43 region, used for ambient measurements, was replaced by m/z 23, 35 or 58 to 

measure sea salt particles. The sea salt type was not observed in NAAMES2 because 

the ET-AMS did not select for m/z 23, 35 or 58. NAAMES1 sea salt composition was 

used for NAAMES2 sea salt because the campaigns contain similar sea salt mass 

concentrations (Table 3.1). 

SeaSweep particles were also collected on Millipore Fluoropore filters with a 

1.1 µm cut Berner impactor for extraction and IC for sodium [Quinn et al., 1998].  The 

IC measurements of Na+ collected on PM1 filters were used to calculate the mass of sea 

salt as 3.26*Na+ (based on calculations from Quinn et al. [2014] and the ratio of sea salt 

ions in seawater [Holland, 1978]). The HR-AMS sea salt collection efficiency (CEss) 
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Figure 3.10: Diurnal averaged number ratio of MO to LO particles for clean 
marine periods during NAAMES2. There are insufficient measurements of MO and 
LO during WACS2 and NAAMES1 so they are not shown. 

[Frossard et al., 2014b] was calculated as the ratio of the summed salt masses (Cl+, 

HCl+, NaCl+, Na2Cl+, KCl+, MgCl+, 37Cl+, H37Cl+, Na37Cl+, Na2 37Cl+, K37Cl+, 41KCl+, 

41K37Cl+ and Mg37Cl+) to the IC sea salt mass. The Berner impactor stages for the 180 

nm – 550 nm diameter range are used because salt below 180 nm was below detection 

and HR-AMS does not measure 50% of particles above 700 nm (Figure 3.13). 

3.6.4 Estimated Salt Correction 

The Estimated Salt particle concentration is determined by apportioning the sea 

salt mass calculated from the HR-AMS salt mass after correction by CEss to the ET 

number distribution as follows:  
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Figure 3.11: The ss-sulfate fraction, calculated from measurements of IC 
sodium, chloride and sulfate, is compared to condensation nuclei (CN) concentrations 
for each campaign during clean marine periods. Linear regressions are shown for 
NAAMES1 and NAAMES2, which have correlation coefficients of -0.71 and -0.37, 
respectively.  

𝑁𝐸𝑇𝑠𝑎𝑙𝑡,𝑗 = (1 + 𝑋𝑠𝑤𝑒𝑒𝑝)
𝑀𝐻𝑅𝑆𝑆

𝐶𝐸𝑆𝑆

𝑁𝐸𝑇,𝑗

∑ 𝑀𝐸𝑇,𝑗

(3.1) 

𝑁𝐸𝑇,𝑗 is the number concentration of the campaign average ET-AMS particle number 

concentration of all ET-AMS types at particle diameter j. 𝑀𝐸𝑇,𝑗 is the ET-AMS particle 

mass calculated from 𝑁𝐸𝑇,𝑗 using a density of 1.73 g cm-3 (from 70% sodium chloride,

10% sulfate, and 20% organic components based on the SeaSweep sea salt particle 

composition). The limits on the 𝑀𝐸𝑇,𝑗 summation are the size cuts of the IC samples 

(180 nm to 550 nm) to which the HR-AMS CEss is calibrated. The small number of salt 
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particles larger than the 550 nm mobility Diameter cutoff of ET-AMS (< 3 cm-3 for 

NAAMES1 and < 6 cm-3 for NAAMES2) was not included.  𝑀𝐻𝑅𝑆𝑆 is the HR-AMS sea

salt mass, and 𝑋𝑠𝑤𝑒𝑒𝑝 is the sea salt organic mass fraction observed during SeaSweep 

(Table 3.5). 𝐶𝐸𝑆𝑆 = 𝑀𝐻𝑅𝑆𝑆/𝑀𝐼𝐶𝑆𝑆 where 𝑀𝐼𝐶𝑆𝑆 is the mass of IC sea salt, which is 

calculated from 3.26* Na+ to account for the mass of sodium chloride, magnesium 

sulfate and other inorganic salts present in seawater. The activation diameter for the 

Estimated Salt at 0.1% supersaturation is 130 nm (Table 3.6).   

3.6.5 HR-AMS Vaporizer Temperature Effects 

WACS2 sampled with SeaSweep deployed at five stations with a range of 

chlorophyll-a concentrations. Phytoplankton pigments (chlorophyll a, Chl-a) in 

seawater samples were collected from the R/V Knorr underway line (depth = 5m) and  

Figure 3.12: The ss-sulfate fraction is calculated from sub 1.1 µm measurements of IC 
sodium and sulfate. Total rain accumulation is calculated by integrating the rain 
accumulation from six hours before the IC filter sample start time to the filter sample 
end time for the NAAMES2 and WACS2 campaigns.  
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Figure 3.13: Measurement range for LS-AMS and ET-AMS are compared to averaged 
SEMS and DMPS size distributions for clean marine conditions. The AMS aerodynamic 
diameter is converted to mobility diameter to compare with the SEMS (WACS2) or 
DMPS (NAAMES1 and NAAMES2) [DeCarlo et al., 2004]. Campaign average particle 
densities derived from AMS particle time of flight, and SEMS or DMPS measurements 
are 1.26, 1.27, and 1.33 g cm-3 for WACS2, NAAMES1, and NAAMES2, respectively. 
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Table 3.6: Chemical composition and physical properties used for calculating 
hygroscopicity from AMS measured components. 

filtered through 25 mm glass-fiber filters (GF/F) with a nominal pore size of 700 nm 

under low vacuum pressure (< 5 psi) and dim light. Filters were placed in 100% 

methanol to extract at -20C for 24 hr prior to measuring and the Chl-a was measured 

using a Turner 10AU fluorometer calibrated using pure Chl-a standard [Coad, 2014]. 

Two HR-AMS instruments were operated simultaneously at different 

temperatures during WACS2 SeaSweep deployments.  This approach increased the 

fraction of refractory sea salt particles and associated organic mass measured relative to 

a single instrument held at 650oC [Bates et al., 2012; Frossard et al., 2014a; Frossard 

et al., 2014b; Keene et al., 2007].  The first AMS vaporizer was continuously held at 

approximately 560oC (referred to as AMS560), while the SP-AMS was set at 

approximately 660oC (referred to as AMShot) then increased to 700oC for 5 hours at 

station 3, and 800oC for 3 hours at station 5. CEss and high O/C organic mass fraction 

increase with the AMS vaporizer temperature (Figure 3.14). SeaSweep particles were 

also collected for FTIR analysis, but the samples were dehydrated to remove 

interference of sea salt hydrate bound water with the organic signal in the FTIR spectra 

[Frossard and Russell 2012].  The CEorg of the SeaSweep sea spray particles calculated 

from the FTIR organic mass concentration is 0.23 for the AMS560 and 0.18 for AMShot 

AMS Ions 
Molecular 
Composition 

Density (g cm-3) Hygroscopicity (κ) 

Organic - 1 (0.01-0.2, see Table 3.3) 
Sulfate NH4HSO4 1.77 0.84 
Nitrate NH4NO3 1.72 0.78 
Salt NaCl 2.16 1.33 
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at 660oC. At higher vaporizer temperatures, the AMS measured a larger fraction of the 

IC-measured sea salt mass. The organic oxygenated mass fraction and O/C increased 

with vaporizer temperature. This supports the hypothesis that the lower volatility of salt 

particles accounts for the lower O/C measured by AMS (relative to the FTIR) [Frossard 

et al., 2014b]. However, the change in organic composition may also be due to 

differences in organic fragmentation at higher vaporizer temperatures or difference in 

organic composition in large particles (>700 nm) that are not measured by the AMS. 

SeaSweep sea spray particle detection varied at the different WACS2 stations with an 

apparent dependence on the measured Chl-a concentration, even though organic 

properties showed no dependence on Chl-a (Figure 3.14). These limitations of 

measuring sea salt particles by HR-AMS are addressed by calibration to filter-based IC 

measurements of sea salt. 

Fourier Transform Infrared (FTIR) spectroscopy and AMS showed submicron 

particles contain two types of functional group composition, one with high and the other 

with low ratios of oxygen to carbon (O/C) [Frossard et al., 2014b; Russell et al., 2010]. 

Frossard et al. [2014b] explicitly compared the organic chemical composition of 

SeaSweep marine particles using multiple measurement methods, including FTIR and 

AMS, and showed that the apparent discrepancy was due to the large fraction of 

refractory salt particles in the generated sea spray. Also, the AMS high O/C organic 

mass fraction is 11% lower than in the FTIR for SeaSweep sea spray particles, 

suggesting that the high O/C organic mass is more likely to be on refractory sea salt 

particles but the low O/C organic mass components are on particles with less salt. FTIR 
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shows a greater fraction of high O/C organic components than the AMS for all stations, 

consistent with Frossard et al. [2014b]. Figure 3.15c shows an increase in AMS high 

O/C OM fraction at higher vaporizer temperatures. The AMS high O/C OM fraction at 

higher vaporizer temperatures is still significantly lower than it is for the FTIR, as is 

expected given that even at higher vaporizer temperatures the CE of refractory sea salt 

is well below 0.1. Figure 3.15b shows that the ratio of OM to sea salt decreases with 

greater vaporizer temperatures, with the exception of station 2, because the sea salt  

Figure 3.14: Dependence of WACS2 HR-AMS measurements of SeaSweep particles 
on vaporizer temperature  as shown by (a) the collection efficiency of sea salt 
calculated from IC measurements of sodium and chloride [Frossard et al., 2014b] 
and (b) the organic mass fraction composition, where high O/C organic mass 
includes mass fragment groups CXHYO and CXHYO>1 and low O/C mass includes mass 
fragment group CXHY.  
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concentration increases more than the OM as vaporizer temperature was increased since 

sea salt was disproportionally on particles that were more refractory. Figure 3.15a shows 

the ratio of OM is fairly consistent at stations 2 and 3 even when the vaporizer 

temperature is increased at station 3. Stations 4 and 5 have higher OM ratios when 

AMShot is at 660ºC, which could result from the higher particle mass concentration at 

these stations. At station 5, the OM ratio increases when the AMShot vaporizer 

temperature is increased from 660ºC to 800ºC, possibly due to the increase in 

vaporization of OM on sea salt particles. 

3.6.6 Hygroscopicity and CCN Calculations 

The hygroscopicity parameter is calculated from 

𝜅 = ∑ 𝑣𝑗𝑗 𝜅𝑗          (3.2)

where vj is the volume fraction of each component (j) and κj is the hygroscopicity 

parameter for the component. The four components used are in Table 3.7. The volume 

fraction is calculated by multiplying the mass fraction (Table 3.5) by the density (Table 

3.7) of each component.  

The organic hygroscopicity in New Sulfate, Added Sulfate, MO, and LO 

particles is assumed to be 0.1, consistent with the range identified by Mochida et al. 

[2011] (Table 3.6). The organic hygroscopicity for the Estimated Salt type was assumed 

to be 0.2 based on the high fraction of oxygenated mass fragments associated with sea 

spray particles [Frossard et al., 2014b]. The organic hygroscopicity of the FF type was 

assumed to be 0.01, consistent with low O/C organic particles in urban areas [Petters et 

al., 2016].  
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Figure 3.15: For each SeaSweep station and each AMShot vaporizer temperature, (a) 
the ratio of the AMS organic mass, (b) the ratio of organic mass to sea salt mass, (c) the 
high and low O/C organic mass fraction, (d) FTIR high and low O/C organic mass 
fraction for particles collected after a 1 µm sharp cut cyclone (SCC1) or a 1.1 µm cut 
Berner impactor (B1.1), and (e) Chl-a concentration. The number of FTIR samples is 
given above each bar in (d).  
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The resulting κ values (Table 3.6) were used to calculate the minimum activation 

diameter (Dact) for each particle type [Petters and Kreidenweis, 2007], and the number 

of particles of each type that were larger than Dact were summed to give CCN at 0.1% 

supersaturation (Figure 3.16).  The size bin that included Dact was linearly interpolated 

so that only the fraction of particles in each bin with sizes greater than Dact were 

included. Dact for some of the particle types is below the ET-AMS lower cut off diameter 

(Table 3.3). The particle range below the 180 nm ET-AMS cut off diameter are included 

but account for a small fraction of the CCN (Figure 3.16). 

3.6.7 Inversion Strength Calculations 

The inversion strength was estimated by integrating the convective inhibition 

(CIN) over the inversion layer for CIN = ∫ −𝑔 ∗
𝑇𝑣,𝑎𝑝−𝑇𝑣

𝑇𝑣
𝑑𝑧

𝑧𝑡

𝑧𝑏
 , where zt and zb are the

top and bottom of the inversion layer, respectively, g is the acceleration due to gravity,  

Tv is the virtual temperature in units of degrees Kelvin, calculated from the radiosonde 

measured temperature and relative humidity, and Tv,ap is the virtual temperature of a 

theoretical parcel that rises adiabatically. This definition of CIN is slightly different 

from the traditional definition where zt would instead be equivalent to the level of free 

convection. The bottom of the inversion layer is defined by a minimum in the 

temperature profile, just below a temperature increase in the inversion. Radiosonde 

profiles that showed evaporative cooling at cloud top are not included in the analysis 

because the minimum temperature does not accurately define the bottom of the 

inversion layer which makes CIN ill-bounded. The top of the inversion layer is defined 
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Figure 3.16: Particle type size distributions for sample NAAMES1 and 
NAAMES2 cases.  Black arrows identify the 0.1% supersaturation activation 
diameters for the Estimated Salt, New Sulfate, and Added Sulfate types. 
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Figure 3.17: Dependence of WACS2 LS-AMS and NAAMES1 and NAAMES2 
ET-AMS particle number fractions during clean marine conditions on CIN calculated 
from radiosonde measurements. Pearson correlation coefficients for 
NAAMES1 and NAAMES2 for CIN are (a) 0.77, (b) 0.21, (c) 0.58, and (d) 0.54 
for the non-marine types. Added Sulfate and New Sulfate are included in Figure 3.  

by a maximum in the measured temperature just below the free troposphere, at which 

temperature decreases consistently with altitude. In cases with weak inversions, the 

vertical temperature profile does not have a minimum or maximum temperature at the 

inversion, but instead a change in slope at the top and bottom of the inversion. The 

second variable used to identify the inversion strength is the buoyancy jump, given by  



189 

Figure 3.18: Dependence of WACS2 LS-AMS and NAAMES1 and NAAMES2 ET-
AMS particle number fractions during clean marine conditions on Δb calculated from 
radiosonde measurements. Pearson correlation coefficients for NAAMES1 and 
NAAMES2 for Δb are (a) 0.47 for LO, (b) -0.06 for FF, (c) 0.44 for MO, (d) 0.41 for 
MC, (e) 0.01 for the Added Sulfate, and (f) -0.58 for the New Sulfate particles. 
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∆𝑏 = 𝑔
∆𝑇𝑣

𝑇𝑣
, where ΔTv is the change in the virtual potential temperature across the 

inversion layer. 

Correlations of particle types with CIN are shown in Figure 3.3 and 3.17. The 

correlation of particle types with CIN are stronger than correlations with Δb (Figures 

3.3, 3.18), consistent with the expectation that CIN is a more accurate representation of 

the inversion strength because it integrates across the inversion the difference between 

the temperature of an adiabatic parcel and the observed temperature, whereas Δb only 

depends on the temperature difference above and below the inversion. The CIN from 

the two radiosondes collected on this day are low (6 J kg-1 and 13 J kg-1), indicating a 

higher rate of entrainment from the free troposphere to the boundary layer.  
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Conclusions 

Observations from several field studies are compared to simulations to quantify 

the relative importance of aerosol particle sources and physical processes that influence 

cloud condensation nuclei (CCN) concentration and cloud radiative forcing. The first 

chapter focuses on the effects of polluted air on marine clouds and a method for 

accurately simulating the cloud droplet distribution [Sanchez et al., 2016]. The second 

chapter quantifies errors in cloud radiative forcing due to decoupling in the boundary 

layer and cloud top entrainment [Sanchez et al., 2017]. The third chapter identifies 

seasonal differences in biologically derived CCN concentrations [Sanchez et al., 

Submitted]. The objective of each of these studies is identifying aerosol processes that 

affect marine cloud optical properties. The motivation for these studies is that the ability 

to simulate marine clouds accurately is vital to predicting future changes in the Earth’s 

net radiative forcing and consequently its changes in temperature and precipitation. 

The first chapter used measurements collected in the marine boundary layer off 

the coast of California as part of the Eastern Pacific Emitted Aerosol Cloud Experiment 

(EPEACE) and on Mt. Soledad in San Diego in the Stratocumulus Observations of Los-

Angeles Emission Derived Aerosol-Droplets (SOLEDAD) campaigns. These studies 

were designed to identify the influence of continental and polluted air on marine clouds 

and identify differences between cloud simulations and observations. Simulated cloud 



207 

droplet spectral widths from an aerosol cloud parcel model (ACPM), were narrow 

relative to observed droplet distributions of marine boundary layer clouds in the Eastern 

Pacific. The discrepancy affected the calculated albedo of the cloud. A weighted 

ensemble of simulations based on the observed updraft velocity distribution and cloud 

base height distribution broaden the droplet spectral widths to within 9% of the observed 

value with the exception of the generated smoke plume case. The increase in the cloud 

droplet spectral width, from using a distribution of updraft velocities and cloud base 

heights, resulted in an increase in the cloud reflectivity of ~0.01 to 0.03 when the cloud 

droplet number concentration (CDNC) is equivalent to the observed value. The 

sensitivity of organic hygroscopicity on CDNC was low for clean marine aerosol 

because the organic components are internally mixed with hygroscopic salts. The smoke 

generated plume particles were approximately 100% organic mass, and were the most 

sensitive to the organic hygroscopicity. Changing the organic hygroscopicity of the 

smoke generated plume from 0.01 to 0.2 increased the CDNC by a factor of 6 and lead 

to an increase in the cloud reflectivity from 0.09 to 0.16. The same change in the cargo 

ship plume’s organic hygroscopicity resulted in a relatively small increase in cloud 

reflectivity from 0.26 to 0.28, which was calculated using the ACPM. The remaining 

cases result in an increase in cloud reflectivity of less than 0.01 because they had a 

significantly smaller organic mass fraction [Sanchez et al., 2016].  

In the second chapter measurements from the Biogenic versus Anthropogenic 

emissions on Clouds and Climate: towards a Holistic UnderStanding (BACCHUS) 

campaign were used with the objective of comparing observed cloud optical properties 
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with simulations in a bottom-up and top-down aerosol-cloud-satellite closure study to 

identify physical processes that prevented agreement between the observations and the 

model, or so-called “closure”.  For cases when the boundary layer was well-mixed and 

not influenced by entrainment, the difference between adiabatic simulated and observed 

shortwave radiative forcing (RF), was less than 20 W m-2. Observations form one case 

showed that the boundary layer is decoupled and not well-mixed. The RF for this case 

is 74 W m-2 because the simulation was initialized with particle distributions measured 

at the surface, which are not representative of the particles in the decoupled layer. 

Decreasing the simulated particle concentration by 50% (as per observed aerosol 

gradients in the decoupled layer), decreased the RF from 74 W m-2 to 56 W m-2. 

Another case that had a well-mixed boundary layer and was influenced by cloud-top 

entrainment had a RF of 48 W m-2. The cloud top entrainment was identified by the 

sub-adiabatic lapse rate and total water content in the cloud. A method was used to 

account for cloud-top inhomogeneous entrainment using the measured adiabatic lapse 

rate and the RF was reduced from 48 W m-2 to 20 W m-2. Finally, a case with both a 

decoupled boundary layer and cloud-top entrainment had a RF of 88 W m-2.  Applying 

the measured lapse rate method to account for cloud-top inhomogeneous entrainment 

reduced the RF from 88 W m-2 to 33 W m-2 with the remaining bias resulting from the 

impact of the decoupled layer. 

Entrainment from the free troposphere also contributes to the marine boundary 

layer CCN budget by enhancing particle concentrations. In the third chapter, 

measurements collected during the second Western Atlantic Climate Study (WACS2) 
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and the first and second North Atlantic Aerosol and Marine Ecosystems Study 

(NAAMES1 and NAAMES2) were used to identify marine biological contributions to 

marine aerosol particle concentrations from measurements collected in the North 

Atlantic at times corresponding to maxima and minima in phytoplankton production 

(late spring and late fall, respectively).  Six particle types were identified from clustered 

single particle mass spectra, two of which were associated with marine sources. Of the 

two marine particle types, one was found to be entrained from the free troposphere. The 

two marine particle types, referred to as Added Sulfate and New Sulfate particles, 

correlated weakly to moderately to dimethyl-sulfide (DMS) concentrations. The New 

Sulfate particle type contains an average sulfate mass fraction of 60% and is associated 

with new particles formed in the free troposphere and entrained into the boundary layer. 

This process first requires DMS to be entrained from the marine boundary layer into the 

free troposphere. The New Sulfate particle type only weakly correlated with 

atmospheric DMS likely because the concentrations are also influenced by entrainment 

rate and requires substantial growth for single particle analysis. The New Sulfate 

particle fraction has a strong negative correlation with the inversion strength, which is 

used here as a proxy for the entrainment rate and is determined from the convective 

inhibition (CIN). The Added Sulfate particle type is associated with the condensation 

of DMS oxidation products onto existing particles and contains an average sulfate mass 

fraction of 40%. The Added Sulfate particle type correlates moderately to atmospheric 

DMS in the late spring. The Added Sulfate particle type also had a weak negative 

correlation with CIN in the late fall, but no correlation in late spring, suggesting this 
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type is not exclusively from entrainment from the free troposphere. The remaining 

particle types positively correlated to the inversion strength indicating they have 

boundary layer sources. The Added Sulfate and New Sulfate particle types accounted 

for 3 ±3% and 22 ±13% of CCN (at 0.1% supersaturation), respectively, in the late fall 

and 32 ±16% and 33 ±15% of CCN, respectively, in the late spring. Sea salt particles 

account for 68 ±43% and 7 ±5% of CCN in the late fall and the late spring respectively.  

In the absence of DMS contributions to both the New Sulfate and Added Sulfate types, 

CCN concentrations decrease by 52% in the late spring, but only by 26% in the late fall, 

reducing clean marine sources of CCN to mostly sea spray. While this result does not 

rely solely on DMS products nucleating new particles, it provides evidence for the link 

between greater DMS emissions and greater CCN concentrations proposed by Charlson 

et al. [1987] and Shaw [1983]. 

The results presented in this dissertation identify processes and variables that are 

important for accurately simulate cloud optical properties in the marine boundary layer. 

Organic hygroscopicity is found to significantly influence optical properties under 

polluted conditions when the organic volume fraction is high. Under clean marine 

conditions the cloud droplet spectral width and organic aerosol hygroscopicity affect 

cloud optical properties with similar magnitudes. In addition, cloud top entrainment and 

decoupling of the boundary layer can drastically reduce the cloud radiative forcing. The 

marine particle and CCN concentrations from DMS derived sulfate mass vary 

seasonally in the North Atlantic. New sulfate particles are shown to have enhanced 
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concentrations when the boundary layer inversion is weak, indicating new particles are 

forming in the free troposphere and entrained into the boundary layer.  

Future work will expand on the results presented here to explore similar studies 

in climatically different regions to identify regional differences in aerosol-cloud 

interactions.  Ultimately, such case studies identify the key parameters and frequency 

of the atmospheric processes to resolve differences between simulations and 

observations. These findings will be used to improve marine cloud parameterizations in 

climate models by including accurate marine particle composition, cloud droplet 

spectral width, cloud top entrainment, decoupling of the marine boundary layer, and 

entrainment of new free tropospheric particles.  These studies strive to quantify the 

relative importance of aerosol and CCN particle sources, and atmospheric processes that 

impact cloud radiative forcing to better quantify the role of aerosol-cloud interactions 

on climate change. 
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