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ABSTRACT 

Aerosol particle properties and their impact on air quality, clouds, and the hydrologic cycle 

remain a critically important factor for the understanding of our atmosphere. Particle hygroscopic 

growth leads to impacts on direct and indirect radiative forcing properties, the likelihood for 

particles to act as cloud condensation nuclei, and aerosol-cloud interactions. Current instruments 

measuring hygroscopic growth have a number of limitations, lacking either the ability to measure 

size-resolved particles or process samples at a fast enough resolution to be suitable for airborne 

deployment. Advanced in-situ airborne particle retrieval and measurements of aerosol 

hygroscopic growth and scattering properties are analyzed and discussed.  

To improve the analysis of cloud nuclei particles, an updated counterflow virtual impact inlet was 

characterized and deployed during the 2011 E-PEACE field campaign. Theoretical and laboratory 

based cut size diameters were determined and validated against data collected from an airborne 

platform. In pursuit of higher quality aerosol particle hygroscopicity measurements, a newer 

instrument, the differential aerosol sizing and hygroscopicity probe (DASH-SP) has been 

developed in the recent past and only flown on a handful of campaigns. It has been proven to 

provide quality, rapid, size-resolved hygroscopic growth factor data, but was further improved 

into a smaller form factor making it easier for deployment on airborne platforms. It was flown 

during the  2013 SEAC4RS field campaign and the data was analyzed to composite air mass 

based hygroscopicity and refractive index (real portion only) statistics. Additionally, a 

comparison of bulk and size-resolved hygroscopic growth measurements was conducted. 

Significant findings include a potential particle size bias on bulk scattering measurements as well 

as a narrow range of ambient real portion of refractive index values.  

An investigation into the first reported ambient hygroscopicity measurements of particle 

shrinkage, or “sub-1” growth is conducted. Possible explanations, including particle restructuring, 

measurement sensitivity to refractive index, evaporative loss, and influence of ambient external 

mixtures on data processing are examined.   
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1. INTRODUCTION 

1.1 Importance of atmospheric aerosol particles  

Emissions from natural and anthropogenic sources form aerosol particles that can scatter and 

absorb solar radiation and serve as cloud condensation nuclei (CCN), thereby influencing cloud 

microphysical properties and precipitation. The physical basis for aerosol effects on clouds and 

precipitation rests on two principles: (i) an increase in aerosol results in more numerous, but 

smaller cloud droplets (all else being equal) (Twomey, 1977); and (ii) the collision-coalescence 

efficiency between these small droplets is significantly reduced and therefore the primary warm 

rain precipitation-generation mechanism is suppressed (Albrecht, 1989). Aerosols can also act as 

a transportation medium for nutrients and potentially harmful species, having impacts on many 

ecosystems and leading to adverse health effects. Consequently, aerosols influence climate 

change, the environment, atmospheric visibility, the solar energy industry, and public health. 

Aerosols and their interactions with solar radiation, water, and clouds are identified as the largest 

single source of uncertainty in current estimates of the total anthropogenic radiative forcing 

budget (IPCC, 2013; Figure 1). Significant uncertainty surrounds the nature and magnitude of the 

various aerosol effects in the atmosphere primarily because of the inadequacy of current 

observational tools and the physicochemical complexity, short lifetime, and spatial 

inhomogeneities of aerosol particles. 
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Figure 1. Individual component contributions to the atmospheric radiative forcing budget as 

presented in the Fifth Assessment Report of the IPCC (Source: IPCC, 2013).  

 

Weather, climate and transport models, such as the widely used Goddard Earth Observing System 

(GEOS-Chem) and Weather Research and Forecasting with Chemistry (WRF/Chem) models are 

dependent upon particle hygroscopic growth properties. These aerosol-water interactions are 

either absent from models or the parameterizations are poorly characterized (Lohmann and 

Feichter, 2005; Levin and Cotton, 2009; Tost et al., 2010). Improved characterization of aerosol 

water-uptake abilities is critical information needed to predict the ability of aerosols to interact 

with radiation and to serve as CCN. Since particle hygroscopicity is a strong function of 

composition and relative humidity (RH), closure studies are needed to reconcile simultaneously 

measured chemical and sub-saturated hygroscopic growth data as a function of RH. Such closure 
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assessments are essential to link laboratory measurements of hygroscopicity, field measurements 

of aerosol-water interactions, and model parameterizations representing water uptake.  

Hygroscopic growth from both the sub- and super-saturated regimes are expected to be closely 

linked since the critical supersaturation required to activate particles into droplets depends on the 

dry size and composition of particles. These two regimes have tried to be explained using a single 

parameter, κ (“kappa”; Petters and Kreidenweis, 2007). Closure studies relating composition and 

water-uptake in both the sub- and super-saturated regimes are also critically needed to evaluate 

single model parameterizations attempting to describe water uptake in both regimes (Kreidenweis 

et al., 2005; Rissler et al., 2006; Petters and Kreidenweis, 2007). 

This is a simplistic approach and minimizes valuable calculation time; however, it may not be 

robust for all particle compositions. For instance, work by Hersey et al. (2013) and Wonaschütz et 

al. (2013) found inconsistent hygroscopic properties between the sub- and super-saturated regimes 

for freshly emitted organic-laden particles. Similar studies of freshly-emitted biomass burning 

particles have also found discrepancies between both regimes (Petters et al., 2009; Dusek et al., 

2011). Additionally, treating all aerosol particles in an ensemble as having the same 

hygroscopicity neglects the sensitivity of hygroscopic growth as a function of particle size. 

The overwhelming complexity of components comprising aerosol particles is partly responsible 

for why the magnitude of many aerosol particle effects are still poorly understood. Atmospheric 

aerosol particle composition is typically composed of both inorganic and organic components 

(e.g. Kanakidou et al., 2005; McFiggans et al., 2006; Jimenez et al., 2009). The individual 

components of the inorganic fraction (predominantly sulfate, nitrate, sodium, chloride, and 

ammonium) are well-characterized by laboratory studies and their impact on hygroscopic 

properties to multicomponent particles is frequently predicted using simple mixing rules (e.g., 

Clegg and Seinfeld, 2004; Gysel et al., 2007). The organic fraction is composed of a vast mixture 

of evolving compounds that is nearly impossible to completely characterize (Goldstein and 

Galbally, 2007). As a result, the organic fraction is typically treated as a single “lumped” 
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component in closure studies, characterized by approximations and assumptions (e.g., Malm et 

al., 2005). Hygroscopic growth of the organic fraction is typically assumed to be equivalent to the 

total hygroscopic growth as the inorganic fraction approaches zero (e.g., Duplissy et al., 2011), or 

the total particle growth not accounted for by the inorganic fraction of the particle (Malm et al., 

2005). Treatment of the organic fraction needs to improve since organics typically represent 

between 20-90% of submicrometer aerosol (Kanakidou et al., 2005), which are most important for 

droplet activation. The complexity of making assumptions to individual fractions and, measuring 

total hygroscopic growth in general, is compounded by the unknown phase-state of the particle. 

Generally, it is assumed that at low RH (~20% or lower), the particle is a solid and upon taking up 

water above the deliquescence RH, the particle becomes an aqueous solution. However, highly 

organic compositions can have a number of difference phase-state morphologies, including liquid-

solid (core-shell, or engulfed), liquid-liquid (separated, or engulfed), or combinations of these 

(Shiraiwa et al., 2013). As the state-of-the-art knowledge in aerosol composition is growing 

rapidly (e.g. Jimenez et al., 2009), it is of great importance to invest greater effort into studying 

the dependence of aerosol hygroscopicity on aerosol composition and size because aerosol-water 

interactions are central to understanding how composition of particles affects their ability to 

interact with radiation and clouds.  

Although there have been great strides towards understanding organic components with both 

laboratory and chamber experiments (e.g., Hegg et al., 2006; Kim et al., 2006; Duplissy et al., 

2008; Moore and Raymond, 2008), ambient hygroscopicity measurements are still lacking. 

Complications are compounded when attempting to make measurements on a regional scale from 

a moving instrument platform, typically an aircraft. Most aerosol particle measurement 

instruments are sensitive to changes in pressure, temperature, or platform movement (e.g., aircraft 

pitch, roll, and yaw). Performing an intercomparison of, or a closure study to reconcile, 

hygroscopicity as a function of RH requires coincident measurements from multiple instruments 

at high and similar sampling frequencies. There are still limitations in current instrumentation, 

especially with regard to time resolution, that are impacting the ability to produce better 
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hygroscopicity parameterizations in models. Techniques with low time resolution are impractical 

for numerous measurement scenarios in which the properties of aerosols vary rapidly, especially 

during aircraft flights. A time resolution on the order of minutes will translate to a single 

measurement representing several kilometers of flight, which may consequently result in mixing 

aerosol particles with significantly different physicochemical properties (Murphy et al., 2009).  

There are limited field measurements that have attempted closure calculations between aerosol 

composition and sub-saturated hygroscopic growth (Sorooshian et al., 2008b and references 

therein), especially with fast time resolution (< 1 min) (Sorooshian et al., 2008b; Hersey et al., 

2009; Murphy et al., 2009). There have been even fewer attempts at simultaneous rapid ambient 

measurements of water uptake in both the sub- and super-saturated regimes (Sorooshian et al., 

2008b; Murphy et al., 2009), which have pointed to the complexity of aerosol-water interactions. 

It is noted that previous ground-based closure studies have been carried out to relate water uptake 

in the sub- and super-saturated regimes (e.g. Dusek et al., 2003; Rissler et al., 2004; Mochida et 

al., 2006), but these required several minutes of time for each measurement owing to the 

aforementioned instrumental limitations. To improve closure evaluations, sub-saturated 

hygroscopic growth measurements need to quickly catch up to the time resolution of instruments 

quantifying CCN concentrations (at specific supersaturations) (e.g. DMT Inc.; Roberts and Nenes, 

2005) and size-resolved composition (e.g. Aerodyne Aerosol Mass Spectrometer, AMS; 

Drewnick et al., 2005). 

A deeper understanding of aerosol effects on climate, the environment, and public health is 

dependent on advanced measurement techniques. Advanced in-situ measurements of aerosol 

water-uptake properties are needed to increase the usefulness of models and remote sensing 

techniques where aerosol-water interactions contribute significantly to derived results. This work 

is focused on introducing two types of measurement methods focused on aerosol-water 

interactions. The first focuses on an airborne inlet that can isolate and sample droplet residual 

particles. The second focused on an improved instrument to rapidly quantify size-resolved sub-

saturated hygroscopic growth. 
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1.2 Counterflow virtual impactor inlets 

A major challenge in studying aerosol-cloud interactions is being able to sample individual 

hydrometer particles, in-cloud, without contamination of the interstitial non-activated aerosol 

particles. Aerosol sampling from aircraft has previously relied on particle retrieval via inlets that 

accept all particles in the free stream, without any preferential selection for particle size. Total 

aerosol inlets are unable to separate particles based on size, adequately decelerate the larger 

aerosol particles for collection, or evaporate the water residue surrounding their nuclei. These 

issues result in inertial deposition on the inlet walls and droplet shatter (Huebert et al., 1990; 

Hudson and Frisbie, 1991; Baumgardner and Huebert, 1993; Weber et al., 1998; Hermann et al., 

2001; Hegg et al., 2005). To accomplish this, counterflow virtual impactor (CVI; Ogren et al., 

1985; Noone et al., 1988; Laucks and Twohy, 1998) inlets are designed to separate and sample 

only the larger hydrometers, depositing them into a dry carrier gas flow that is then distributed to 

other aerosol particle sampling instruments.  

The CVI separates particles using an inlet that has an outward “counterflow”, forcing the much 

lighter, smaller interstitial aerosol particles away from the orifice. The counterflow is created by 

generating an “add flow” from inside the inlet near the orifice and controlling the incoming 

“sample flow”. The amount of counterflow is controlled by the difference in add flow and sample 

flow. Since these flows are moving in opposite directions, two stagnation planes (air velocity 

equals zero) are created between them. With knowledge of the tip geometry, controlling the add 

flow and sample flow rates can shift the cutoff size for particles able to penetrate the stagnation 

planes, entering the sample flow.  

A number of improvements have been made to CVI inlets over the years, including adding 

upstream shrouds to straighten the free stream of particles before entering the CVI (Twohy, 

1998), and modifications to the lip and internal tubing to increase collection efficiencies at 

smaller particle diameters (Anderson et al., 1993; Schwarzenbock and Heintzenberg, 2000). 

Further modifications have been made to create inlet designs that are capable of separating ice 

(12)



 

nuclei from both interstitial aerosol particles and supercooled water hydrometers (Kupiszewski et 

al., 2015). There have been a number of challenges when using CVI inlets. Detection limit issues 

with CVI inlets are present due to low sample flow rates (Berg et al., 2009) and inlet tip designs 

are typically not easy to clean or service.  

 

1.3 Hygroscopicity measurements 

Aerosol hygroscopicity measurements have been carried out with a wide variety of systems 

described in detail elsewhere (Park et al., 2008; Sorooshian et al., 2008a). The hygroscopicity 

parameter commonly quantified is the diameter growth factor (GF = Dp,wet/Dp,dry), which is the 

ratio of the particle diameter at some elevated RH compared to that for dry conditions. One 

widely used and characterized instrument to do this has been the Humidified Tandem Differential 

Mobility Analyzer (HTDMA; e.g., Liu et al., 1978; Sekigawa, 1983; Rader and McMurry, 1986), 

in which dry particles of a specific size are selected by a differential mobility analyzer (DMA), 

exposed to a specific RH, after which the wet size is quantified by classifying the grown particles 

with a second DMA, and counting them with a condensation particle counter (CPC; Agarwal and 

Sem, 1980). The disadvantage of this technique is the long duration of time needed to measure the 

size distribution of grown particles using a second DMA (> 1 min).  

Another frequently used measure of aerosol particle hygroscopicity is the comparison of total 

light scattered between polydisperse humidified and dried sample volumes, termed “f(RH)”. The 

f(RH) measurement is performed using tandem nephelometers with a humidifier before one, 

controlled to 80% RH. Measurements from nephelometers have a high time resolution (1 Hz) and 

can be deployed easily on an aircraft. Limitations of the f(RH) measurement are that the 

instrument only measures bulk scattering (non-size selected) and is typically held at a single 

sampling RH (typically ~80% RH).  

The limitations of the HTDMA and other instruments motivated the modification of the HTDMA 

to insert an optical particle counter (OPC) in place of the second DMA, and the instrumentation 
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has evolved to the point of the introduction of the differential aerosol sizing and hygroscopicity 

spectrometer probe (DASH-SP) (Sorooshian et al., 2008a). The DASH-SP is capable of being 

deployed in aircraft studies as the time resolution can be as good as 1 – 10 s (Sorooshian et al., 

2008a; Murphy et al., 2009). Two versions have now been created of the DASH-SP. The initial 

prototype contained numerous humidification channels with associated OPCs downstream of the 

initial DMA. Each humidification channel operates at a different selected RH to provide multiple 

GFs simultaneously at a time resolution as fast as a few seconds depending on the ambient 

particle concentration. However, that instrument is costly, bulky (owing to the numerous 

humidification channels and OPCs), and required a significant amount of time to change RHs in 

the humidification channels. The second iteration incorporated a number of improvements 

including OPCs with broader size range capabilities and a new diffusion-based humidification 

system to provide expanded droplet sizing and humidity scanning capabilities within a more cost 

effective and compact package.  

The revamped DASH-SP greatly simplifies the calibration and data analysis procedure, allowing 

studies related to variable RH-exposure residence times in the humidification channel (i.e., for 

particles exhibiting kinetic limitations to water uptake and evaporation), and exhibits arguably 

better performance specifications for any aircraft-deployable instrument quantifying aerosol 

hygroscopicity.  

A notable concern with aerosol particle sampling is that particles entering the instrument are 

exposed to, typically, drier and warmer conditions than their ambient environments. This change 

in conditions can perturb the gas-liquid equilibrium of species in the particle, particularly of 

importance for semivolatile species. If any species volatilize during sampling, the measurement 

uncertainty is increased. Some work has previously been done to characterize the potential losses 

of semivolatile species in instruments (Hersey et al., 2013), but further investigation is warranted.  

In some cases, it is possible to have hygroscopic growth factor measurements less than 1.0 (“sub-

1”), indicating that the humidified particle size is actually smaller than the dried particle size. 
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There are a number of different reasons that an instrument may perceive this happening, and the 

most proposed physical explanation for this has been that particles in the dry state are of a fractal 

nature, and when humidified, this structure collapses into a more compact spherical shape (Figure 

2), creating a smaller optical size. The actual mass of the particle is not decreasing, but the density 

of the particle is increasing. Typically, this is found when sampling the products of flame-

generated soot particles and has been investigated in a number of laboratory studies (e.g., 

Onischuk et al., 2003; Ma et al., 2013; Mikhailov et al., 2006; Rissler et al., 2005), but has not 

been reported for ambient sampling. The extent to which a particle restructures and at what onset 

RH point that is varies widely as functions of the fuel, combustion conditions, age, and exposure 

to water vapor before sampling. Restructuring is considered to be an irreversible change to the 

particle and has been shown by using a pre-humidification and drying system upstream of the 

hygroscopic growth measurement (Martin et al., 2013).   

 

Figure 2. Depiction of fractal particle “restructuring” during hydration leading to a sub-1 GF 

measurement.  

 

 

1.4 Research objectives and dissertation format 

Research has been performed on multiple facets of aerosol particle sampling and characterization. 

The findings of this research have been prepared in three separate manuscripts; two have been 

accepted and published in peer-reviewed journals, while the third is currently in peer-review. The 

three manuscripts are reproduced in Appendices A-C. 
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The first study reports on the design, laboratory testing, and airborne deployment of a novel CVI 

inlet. Theoretical sampling cutoff particle diameters were compared to actual measured 

transmission efficiencies during laboratory testing in a wind tunnel at Brechtel Manufacturing Inc. 

(BMI) and in ambient operation aboard the Twin Otter aircraft during the Eastern Pacific Emitted 

Aerosol Characterization Experiment (E-PEACE).  

The second, and largest, study was conducted to analyze subsaturated hygroscopic growth of 

aerosol particles collected across the United States, Canada, Pacific Ocean and the Gulf of 

Mexico. Data was collected by the DASH-SP and a suite of other instruments during the 2013 

Studies of Emissions, Atmospheric Composition, Clouds, and Climate Coupling by Regional 

Surveys (SEAC4RS). DASH-SP hygroscopic growth factor and dry particle real refractive index 

(at 532 nm) measurements were composited by individual airmass types (e.g., urban, rural, 

wildfires, agricultural fires, marine, biogenic, and free troposphere).  

Data compositing and analysis were performed as a function of these air mass types as they are 

typically unique in aerosol composition and most are classifiable during modeling, using either 

geospatial location or input from other retrievals (e.g. Visible Infrared Imaging Radiometer Suite, 

“VIIRS”, for fire detection).  

Hygroscopic growth factor measurements from the DASH-SP were compared to growth factor 

values derived using Mie theory along with bulk f(RH) and size distribution measurements. This 

is an important comparison as GF values are widely inferred from bulk scattering data and the 

DASH-SP GF data provides a way to validate this simplification. Composition and size 

distribution data were also used to analyze the heterogeneity of hygroscopicity with particle size 

in an ambient size distribution.  

Submicrometer aerosol particle composition data was collected by the High Resolution Aerosol 

Mass Spectrometer (HR-AMS) instrument and used to support hygroscopic growth findings 

throughout the study. Composition data was also used to derive hygroscopic growth of individual 

organic and inorganic aerosol fractions for use in composition predicted parameterizations.  
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Two case studies were also performed, one analyzing the two major urban environments that were 

sampled (Houston, TX and Los Angeles, CA), and the other analyzing hygroscopic growth and 

composition of transported smoke aloft from a major wildfire originating in northeastern 

Wyoming.   

In addition to analysis of the field campaign data, modeling was used to estimate the amount of 

semivolatile species lost and its impact on hygroscopic growth factor measurements in the 

DASH-SP instrument, as functions of ambient temperature, sampling RH, and particle phase-

state. Modeling was performed using Aerosol Inorganic-Organic Mixtures Functional groups 

Activity Coefficients (AIOMFAC; Zuend et al., 2008, 2011) to model species activity coefficients 

and the Kinetic Multilayer model for Gas-Particle interactions in aerosols and clouds (KM-GAP; 

Shiraiwa et al., 2012, 2013) to model transient equilibration processes.  

The last study was targeted at investigating multiple cases of theorized particle collapse (or “sub-

1” growth) findings from three different instruments: GF from DASH-SP, GF from HTDMA, and 

f(RH) from tandem nephelometers. The data was collected during three separate field campaigns 

(E-PEACE, SEAC4RS, and the TACO measurement intensive) in three separate regions. During 

E-PEACE, only HTDMA data was available and during the TACO measurement intensive, only 

DASH-SP data was available. For SEAC4RS, concurrent GF measurements from the DASH-SP 

and f(RH) instruments were available. Particle restructuring has been reported and documented in 

a number of laboratory studies, but no ambient measurements have been published as of 

manuscript submission. The observed sub-1 growth observations are reported and discussed. 

Since particle restructuring is not the only possible mechanism to explain these observations, a 

number of potential explanations are offered, including instrument sensitivity to refractive index, 

species evaporation and phase change, as well as the presence of external mixtures.    

 

  

(17)



 

2. PRESENT STUDY 

This section includes a summary of the major findings of this dissertation. All methods, results, 

and discussions of these studies are included in the appendices of this dissertation.   

2.1 Characterisation and airborne deployment of a new counterflow virtual impactor 

In this study, a new CVI inlet was characterized in the laboratory and deployed on a Twin Otter 

aircraft during the 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE). The 

main feature of the new CVI inlet is the increased sample flow capacity (~15 L min-1), allowing a 

greater number of instruments to be operated downstream of the inlet. Minor improvements over 

previous inlet designs included negligible organic contaminants and greater inlet accessibility for 

cleaning and maintenance.  

The inlet transmission efficiency was determined, for a number of different flow rate 

configurations, in a wind tunnel using hollow glass spheres. The measured cut sizes (Dp at which 

transmission efficiency is 50%) were compared to the theoretical values predicted by 

aerodynamic drag theory and found to be in reasonable agreement (1.8% error for an add flow of 

16 l min-1 and an aircraft velocity of 50 m s-1; ≤ 12.6% error for all other flow conditions and 

aircraft velocities).  

The new CVI inlet was deployed on 30 flights during E-PEACE where its performance was 

characterized by comparing downstream total residual particle number concentrations to 

integrated cloud droplet probe data. At the standard flight operating conditions, the agreement 

between the residual particle counter and the integrated cloud probe data was found to have a 

slope of 0.90-0.97 (r2 = 0.71-0.84), with a cut size of approximately 11 μm.  Additionally, Aerosol 

Mass Spectrometer (AMS) composition data indicated that there was no enhancement of organic 

species contamination when sampling behind the CVI inlet.  
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2.2 Airborne characterization of sub-saturated aerosol hygroscopicity and dry refractive 

index from the surface to 6.5 km during the SEAC4RS campaign 

In this study, data collected by the DASH-SP instrument from the 2013 SEAC4RS airborne field 

campaign was analyzed and presented along with thermokinetic modeling results of semivolatile 

species losses in the instrument. Semivolatile species in a bulk composition similar to 

compositions measured by the AMS during SEAC4RS were modeled. Semivolatile losses were 

found to be more impacted by a change in instrument temperature (versus ambient) than a change 

in sampling RH (versus ambient). Particle phase-state was found to have a major impact on 

species losses within the instrument.  

A major finding of this dataset was that ambient aerosol particles from all air mass types 

measured had a narrow range of average real refractive index (RI; 1.52-1.54; similar to that of 

pure ammonium sulfate). This information is useful for modeling and remote sensing teams as it 

may allow the use of static data rather than complex calculations based on other model inputs.  

Data was analyzed as a function of altitude and hygroscopicity and RI were found to exhibit only 

minor variations with altitude and were in agreement with measured particle composition. An 

intercomparison of κ values calculated from the size-resolved DASH-SP GF, and the bulk f(RH) 

measurements was performed and results indicate that the values calculated by the size-resolved 

GF were underestimated by values calculated from f(RH). It was proposed that this is due to 

particles outside the range of the DASH-SP being less hygroscopic.  

Values of f(RH) and κ derived from the DASH-SP GF measurement were analyzed as functions 

of particle composition. Values of κGF,org and f(RH)org were found to be 0.07 and 0.92, 

respectively. Similarly, values of κGF,inorg and f(RH)inorg were found to be 0.50 and 2.19. 

Hygroscopicity at the composition limit of organic fraction equal to 1 (κGF,org), was found to 

increase from 0.06 to 0.13 across a range of oxygen-to-carbon atomic ratios between 0.4 and 1.0. 

A case study of the two major urban centers studied found that Los Angeles had lower overall 

hygroscopicity than Houston due to increased fractions of organic composition. GF values 
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decreased along the flight path from east of the LA basin, through Banning Pass, and into the 

basin, due to both increasing organic fraction and decreasing oxygen-to-carbon ratios. Similar 

results were found in Houston, where the downtown emission plume exhibited higher organic 

fractions and lower overall hygroscopicity. Another case study targeting the downwind plume of a 

major forest fire event was analyzed and found to have large variations in hygroscopicity in and 

out of the plume while aloft in the free troposphere. In plume, hygroscopicity was decreased, 

organic content increased, and oxygen-to-carbon ratios were decreased. 

 

2.3 Ambient observations of hygroscopic growth factor and f(RH) below 1: Case studies 

from surface and airborne measurements 

This study reports the first known set of ambient sub-1 hygroscopicity measurements from three 

separate field campaigns, using three separate instruments (HTDMA, DASH-SP, and f(RH)). The 

SEAC4RS field campaign had concurrent measurements of size-resolved GF from the DASH-SP 

and bulk f(RH). Sub-1 hygroscopicity values were found across a range of sampling RH values 

from 75-95%. Analysis indicated that all of the sub-1 GF and f(RH) values measured were from 

samples containing a smoke emission source. Ship-based sub-1 measurements from the E-PEACE 

campaign were found solely during periods where the ship was sampling its own generated 

smoke. During SEAC4RS, f(RH) values as low at 0.9 were found during periods where 

acetonitrile concentrations (a known combustion tracer) were greater than 380 pptv (background 

concentrations usually < 150 pptv). Particle effective density was calculated and determined to be 

lower during periods of f(RH) < 1, supporting the particle restructuring theory.  

Particle restructuring is not the only mechanism possible to produce a measured sub-1 

hygroscopicity value. Other mechanisms are detailed, including sensitivity of the DASH-SP 

measurement to the real portion of the dry refractive index and sensitivity of all instruments to 

losses of semivolatile species. To further support the confidence in detecting particle restructuring 

events, adding a pre-humidification chamber, upstream of the instrument, has been advised.  

(20)



 

The DASH-SP data processing method currently only produces one GF value for the scattering 

distribution mode with the greatest signal intensity. The presence of external mixtures can lead to 

a bimodal scattering distribution, and the number of sub-1 GF measurements may be 

underreported. During SEAC4RS concurrent sub-1 measurements of GF and f(RH) were found 

where the DASH-SP detected the presence of external mixtures. Further instrument development 

will be required to process multiple GF values from individual measurements.  
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Abstract. A new counterflow virtual impactor (CVI) inlet
is introduced with details of its design, laboratory charac-
terisation tests and deployment on an aircraft during the
2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-
PEACE). The CVI inlet addresses three key issues in pre-
vious designs; in particular, the inlet operates with: (i) neg-
ligible organic contamination; (ii) a significant sample flow
rate to downstream instruments (∼15 l min−1) that reduces
the need for dilution; and (iii) a high level of accessibility
to the probe interior for cleaning. Wind tunnel experiments
characterised the cut size of sampled droplets and the particle
size-dependent transmission efficiency in various parts of the
probe. For a range of counter-flow rates and air velocities, the
measured cut size was between 8.7–13.1 µm. The mean per-
centage error between cut size measurements and predictions
from aerodynamic drag theory is 1.7 %. The CVI was de-
ployed on the Center for Interdisciplinary Remotely Piloted
Aircraft Studies (CIRPAS) Twin Otter for thirty flights dur-
ing E-PEACE to study aerosol-cloud-radiation interactions
off the central coast of California in July and August 2011.
Results are reported to assess the performance of the in-
let including comparisons of particle number concentration
downstream of the CVI and cloud drop number concentration
measured by two independent aircraft probes. Measurements
downstream of the CVI are also examined from one represen-
tative case flight coordinated with shipboard-emitted smoke
that was intercepted in cloud by the Twin Otter.

1 Introduction

The aerosol nuclei that are the seeds of cloud-drops and ice
are a critically important component of the atmosphere as
they influence radiative transfer, visibility and cloud forma-
tion. Characterisation of the physical and chemical proper-
ties of these nuclei is needed to increase understanding of
how aerosol particles affect clouds and, in turn, how clouds
modify aerosol properties. Essential to understanding these
interactions are properties including particle size distribu-
tion, chemical composition and hygroscopicity (Twohy et al.,
1989; Hudson, 1993; Hallberg et al., 1994, 1998; Ostrom et
al., 2000; Sellegri et al., 2003). Aerosol sampling from air-
craft has previously relied on particle retrieval via inlets that
accept all particles in the free stream, without any preferen-
tial selection for particle size. These total aerosol inlets are
often unable to sufficiently decelerate the larger aerosol par-
ticles or evaporate the water residue surrounding their nu-
clei, typically leading to inertial deposition and droplet shat-
ter (Huebert et al., 1990; Hudson and Frisbie, 1991; Baum-
gardner and Huebert, 1993; Weber et al., 1998; Hermann
et al., 2001; Hegg et al., 2005). These limitations interfere
with sampling a known population of aerosol in clouds, usu-
ally resulting in a mixture of interstitial aerosol particles and
shattered droplets. The inlet traditionally used to sample only
cloud drops is the counterflow virtual impactor (CVI), which
has been discussed extensively in previous work (e.g., Ogren
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et al., 1985, 1987; Noone et al., 1988; Laucks and Twohy,
1998).

CVI inlets have undergone a number of design changes
in the last three decades to increase their functionality and
sampling efficiency. Initially, aircraft CVIs were deployed in
a single fixed-tube construction, containing a large bend ra-
dius to channel the sample stream into an aircraft. Modifica-
tions to the original inlet lip structure and inner CVI geome-
try have led to increased collection efficiencies at lower par-
ticle diameters (Anderson et al., 1993; Schwarzenböck and
Heintzenberg, 2000). Further enhancements include the ad-
dition of upstream shrouds to aid the alignment of the free
stream with the inlet (Twohy, 1998). However, a number of
issues still persist. For example, CVIs often are characterised
by low sample flow rates and consequently need significant
dilution flow so that a sufficient amount of air flow can
be supplied to multiple instruments simultaneously. This is
problematic for aircraft payloads containing multiple instru-
ments downstream of the CVI that struggle with detection
limit issues (e.g., Berg et al., 2009); for example, a particle-
into-liquid sampler (PILS) typically requires approximately
12–15 l min−1 of air flow, which is a significant amount of
flow when sampling downstream of a CVI (Sorooshian et
al., 2006a, b, 2010). Furthermore, advanced chemical com-
position measurement devices, such as the Aerodyne Aerosol
Mass Spectrometer (AMS) are vulnerable to contamination
from compounds used to fabricate some older CVI designs,
including siloxane sealant (Hayden et al., 2008). Finally, ac-
cess to the interior of older probe designs, especially for
cleaning porous sections, can be challenging. A number of
such issues have been addressed with the development of the
CVI discussed in this work.

The goal of this work is to report on a new aircraft-
mountable CVI manufactured by Brechtel Manufactur-
ing Inc. (BMI, Model 1204, www.brechtel.com). This
manuscript will provide a detailed description of the inlet
design, summarise laboratory characterisation results from
wind tunnel experiments, and relate wind tunnel results to
theoretical calculations of cut size behaviour using aerody-
namic drag theory. Results from a recent aircraft field cam-
paign (2011 Eastern Pacific Emitted Aerosol Cloud Exper-
iment, E-PEACE) are presented to summarise early results
and its performance, including validation of wind tunnel re-
sults for size-dependent particle transmission efficiency and
droplet cut size.

2 CVI design

The theory of CVI operation is well-documented in previ-
ous work (Ogren et al., 1985, 1987; Lin and Heintzenberg,
1995). The CVI inlet in this work operates in the same man-
ner with a detailed description of the air streams provided be-
low and in Fig. 1. A stream of filtered and heated air (referred
to as the add-flow), provided by a compressor (Gast; P/N:

Fig. 1. Schematic depiction of the BMI CVI inlet and the flows in-
nate to its operation (inset, not to scale). Sampled air enters the CVI
through the inlet nozzle and passes through a region containing a
porous tube where the heated counter-flow is introduced (A). The
resulting sample flow enters an extension tube (B), before the ex-
pansion region (C). (Note that the expansion angle of the diffuser
between the extension tube behind the tip and the sample tube is
10.1◦.) The particles then travel through additional plumbing (D)
and enter the aircraft body for sample feed to instruments. Entities
too large to bend into the aircraft are collected in a particle trap (E).
Two stagnation planes (labelled 1 and 2) are generated between op-
posing flow directions. The cut size is governed by the velocity of
the ambient air flow and the distance between the two stagnation
planes.

75R635) and controlled by a mass-flow controller (MFC)
(Alicat Scientific; P/N: MCP-50SLPM) used in volumetric
control mode, is forced through an annular space between
the exterior housing and the inner sample-stream tubing. Air
is heated within this annular space and controlled with the
airflow temperature measured immediately upstream of the
porous section (Segment B in Fig. 1). The porous region
in the inner tube is 1.02 cm in length and is near the tip
of the inlet. The pores allow the add-flow to enter the in-
ner sample-stream creating a counter-flow leaving the in-
let, equivalent to the difference between the add-flow and
sample-flow rates. The counter-flow stream is emitted out-
wards from the mouth of the inlet (radius = 2.3 mm) and cre-
ates a stagnation plane immediately upstream of the inlet ori-
fice (labelled 1 in Fig. 1). When sampling in cloud, small
aerosol particles, lacking the inertia to penetrate the stagna-
tion plane, are carried along the streamlines away from the
orifice of the inlet. Particles capable of penetrating the exte-
rior stagnation plane enter the orifice and pass into the op-
posing counter-flow within the inlet. The splitting of the add-
flow into the counter-flow stream and sample-flow stream
creates a second stagnation plane inside the probe tip (la-
belled 2 in Fig. 1). Any particles decelerated to a stop before
reaching the second stagnation plane return back through the
inlet orifice with the counter-flow. Particles and droplets that
penetrate the second stagnation plane enter the CVI sample
flow. The distance created between the two stagnation planes
dictates the particle cut size (Dp,50), which is defined here
as the size at which 50 % of the particles are sampled by the
CVI, for a specific air speed and add-flow rate.

Particles that penetrate the second stagnation plane are
slowed down due to expansion of the inner tube (Segment C
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in Fig. 1), providing additional residence time to allow water
associated with particles to evaporate in the heated sample-
flow stream. The sample tube has an inner diameter of
27.5 mm, resulting in an average velocity of 42 cm s−1 and
Reynolds number of 765, when operated with a sample flow
rate of 15 l min−1 at STP. The sample-flow stream is directed
to a 90◦ bend in the tubing and into the aircraft. Very large
droplets (>40 µm diameter) with a sufficiently high amount
of inertia and long evaporation times cannot make the turn
and impact in an extended region, referred to as the particle
trap (Segment E in Fig. 1). The CVI in this study was opti-
mised for a sample flow rate of 15 l min−1 to accommodate
the increased flow rate requirements to operate multiple in-
struments downstream of the inlet at the same time; as noted
earlier, a limitation in previous designs was the large amount
of dilution flow that needed to be added to the sample flow
to provide enough sample flow to instruments. The sample
stream flow rate is kept at a constant 15 l min−1 by a MFC
(Alicat Scientific; P/N: MCP-50SLPM) in volumetric con-
trol mode.

To address the issue of organic contamination, the inlet is
constructed such that all surfaces that contact the counter-
flow and sample air flow are either stainless steel or alu-
minum. It is further noted that the tubing in Segment B of
Fig. 1 is interchangeable to allow more flexibility in optimiz-
ing for different inlet cut sizes and for cleaning purposes.

3 Laboratory characterisation

CVI characterisation experiments were performed using the
BMI wind tunnel following methods described in Anderson
et al. (1993). A dispersion of hollow glass spheres (Parti-
cle diameter,Dp, range = 2– 20 µm, mean diameter = 8 µm,
ρ = 1.1 g cm−3, Polysciences, P/N: 19823) was introduced to
the wind tunnel. Beads were introduced by dropping a small
quantity into a tube located above the inlet orifice at a dis-
tance of approx. 12 cm, which is greater than the 5 cm stop-
ping distance of a 20 µm particle at 50 m s−1. A TSI Model
3321 Aerodynamic Particle Sizer (APS) obtained number-
size distributions sampled by the CVI inlet. Figure 2 depicts
the wind tunnel sampling configuration. Turbulence intensity
in the BMI wind tunnel operated at 100 m s−1 was measured
using a hot-film probe (Dantec Dynamics, Model 55R01) and
ranges from 4 % (1σ = 3.5) at the perimeter to 2 % (1σ = 1.5)
at the centerline.

The glass sphere distribution introduced into the wind
tunnel was sampled by the CVI operating in one of two
modes: isokinetic sampling or CVI sampling. Total sample-
flow drawn by the inlet was kept constant at 15 l min−1 for
each sampling mode. Isokinetic sampling was performed by
drawing only 15 l min−1 of sample flow through the inlet
orifice with no add-flow, and setting the wind tunnel veloc-
ity sufficiently low to create isokinetic sampling conditions
at the CVI tip. For operation in CVI sampling mode, the

Fig. 2.Schematic of BMI wind tunnel set-up. A dispersion of glass
sphere beads is introduced to the wind tunnel and the inlet operates
in either isokinetic or CVI sampling mode. The ratio of the num-
ber size distributions measured by an aerodynamic particle sizer
(APS) is used to determine the transmission efficiency of the inlet.
These experiments followed the methods summarised by Anderson
et al. (1993). The number labels are used to distinguish between
different sections of the sampling train.

add-flow is supplied and the wind tunnel is run at the full de-
sired velocity. For the characterisation experiments the tun-
nel was operated at two velocities: 50 m s−1 and 100 m s−1,
where the former is similar to the air speed of the aircraft
during E-PEACE. The add-flow rate was varied over the 16–
23 l min−1 range to characterise a range of cut sizes. A total
of 24 trials, divided into six batches of four trials each, were
performed for each of the following conditions (see also Ta-
ble 1): isokinetic sampling mode and CVI sampling mode
with add-flow rates of 16, 19 and 23 l min−1 and air speeds
of 50 and 100 m s−1. Resultant counter-flow rates were 1, 4
and 8 l min−1, respectively.

Experimental cut size in the wind tunnel was determined
by taking the ratio of the sampled CVI number-size distribu-
tion to the sampled isokinetic number-size distribution. Sam-
pling in isokinetic mode provides a reference number-size
distribution of the glass beads, to which the distribution ob-
tained from CVI sampling mode can be compared. As de-
scribed in Anderson et al. (1993), a normalisation scheme
where each APS size bin is divided by the sum of counts
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Fig. 3. Transmission efficiency of hollow glass beads at different
add-flow rates based on counter-flow mode experiments conducted
with the BMI wind tunnel at different air velocity conditions (50
and 100 m s−1). The dashed horizontal lines correspond to 50 %
transmission efficiency, which defines the inlet cut size (Dp,50).

in the bins between 17–20 µm was applied prior to calculat-
ing the ratio of the measured CVI number-size distribution to
the reference isokinetic distribution. Stability of the number-
size distribution was evaluated by examining the variations
between batch averages of the isokinetically sampled distri-
bution. Standard deviations of the batch averages were 9 to
11 % of the normalised concentration or 10 to 23 % of the
non-normalised concentration.

Experimentally determined cut sizes are summarised in
Fig. 3 and Table 1. As expected, the cut size increased with
increasing add-flow rate and decreasing wind tunnel air ve-
locity. The cut size that corresponds to the conditions in E-
PEACE (air speed = 50 m s−1, add-flow rate = 16 l min−1) is
11 µm. The overall range of cut sizes identified in the ex-
periments for the range of flow conditions was 8.7–13.1 µm.
Previous work has defined cut sharpness as (Dp,84/Dp,16)

1/2,
(±1σ aboutDp,50) with values ranging between 1.08–1.13
for at least one other CVI design (Anderson et al., 1993).
Here we define cut sharpness as (Dp,69/Dp,31)

1/2, (±0.5σ

aboutDp,50) consistent with the higher minimum transmis-
sion efficiency below the cut size that was observed in the

Fig. 4.Transmission efficiency for hollow glass beads through vari-
ous parts of the CVI inlet based on wind tunnel experiments with the
inlet not operating in counter-flow mode. The decrease in transmis-
sion efficiency is a result of various types of particle losses through
each section. “Tubing prior to expansion” refers to Segment B in
Fig. 1 and “Expansion” refers to Segment C in Fig. 1.

experiments. Further work will examine this minimum trans-
mission efficiency. Table 1 shows that the modified cut sharp-
ness values range from 1.15–1.22 for the 50 m s−1 air speed
condition and 1.28–1.34 for 100 m s−1.

It is useful to compare the cut sizes predicted by aerody-
namic drag theory to the experimentally determined values
obtained in the wind tunnel experiments, as demonstrated
in previous studies (e.g., Noone et al., 1988; Anderson et
al., 1993). Here we adopt most of the notation and the nu-
merical integration technique summarised by Anderson et
al. (1993), where the size-dependent impaction distance is
estimated between the stagnation planes using the position-
dependent counter-flow gas velocity in the counter-flow re-
gion. The numerical integration is performed assuming the
particle impaction starts at a distance,Lcur, away from the
probe tip. The change in particle velocity is calculated along
the path of impaction up to the internal stagnation plane. Par-
ticles which maintain a positive velocity through the internal
stagnation plane are collected by the inlet. The theoretical
cut size,Dp,50, is determined by finding the particle diame-
ter required to have a stopping distance equal to the length
of the impaction path,LCVI . The distanceLCVI is defined in
Eq. (1), whereLmin is the fixed distance from the probe tip
to the start of the porous tube andLpor is the length from the
start of the porous tube to the internal stagnation plane:

LCVI = Lcur+ Lmin + Lpor (1)
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Table 1. Cut size behaviour of the CVI inlet at different simulated air velocities and add-flow rates. Results are shown for wind tunnel
experiments and theoretical calculations based on a numerical integration technique described by Anderson et al. (1993) using aC1 value of
1.25. Values in parentheses in the “Measured” columns correspond to the cut sharpness defined as (Dp,69/Dp,31)

1/2. Values in parentheses
in the “Predicted” columns signify the percent error between measured and predicted values.

Measured Predicted

Add-flow Dp,50 at 50 m s−1 Dp,50 at 100 m s−1 Dp,50 at 50 m s−1 Dp,50 at 100 m s−1

(l min−1) (µm) (µm) (µm) (µm)

16 11.0 (1.22) 8.7 (1.34) 10.8 (1.8 %) 7.6 (12.6 %)
19 12.5 (1.20) 9.8 (1.28) 12.9 (3.2 %) 8.9 (9.2 %)
23 13.1 (1.15) 10.2 (1.30) 14.7 (12.2 %) 10.0 (2.0 %)

Fig. 5. Schematic of the sample air flow path through both the sub-isokinetic aerosol inlet (clear air sampling) and the CVI (in-cloud
sampling) on the CIRPAS Twin Otter during the 2011 E-PEACE experiment. Six instruments characterised aerosol physicochemical prop-
erties downstream of the CVI inlet with their respective flow rates shown (total = 4.2 l min−1). As the total sample flow rate provided was
15 l min−1, the excess sample flow (10.8 l min−1) was diverted out of the aircraft by a vacuum pump.

Variances between predicted and measured cut sizes are ac-
counted for by adjusting the impaction starting point,Lcur.
Previous cut size prediction methods have definedLcur as a
constant (g(r)or C1) multiplied by the outer probe radius,
used to account for streamline curvature of air near the ori-
fice of the probe (Noone et al., 1988; Anderson et al., 1993).
Data obtained during the wind tunnel experiments were used
to predict an averageC1 value of 1.25 over the range of
counter-flow rates from 1–8 l min−1 and air speeds from 50–
100 m s−1. Over this range, theC1 value has a mean error of
1.7 % for the conditions tested. Individual percentage differ-
ences between the predicted and measured values, for each
of the six conditions tested, are reported in Table 1.

Characterisation in the wind tunnel also included evaluat-
ing particle size-dependent losses in the CVI body, mainly as
a result of inertial deposition. Losses were evaluated by com-
paring size distributions obtained while sampling through
different portions of the sampling train to the distribution of
glass beads measured by the APS with no CVI tip assembly
installed in the wind tunnel. Experiments were performed
to isolate losses for separate segments of the wind tunnel

sampling train. Particle transmission was measured through
a long sampling tube labelled 3 in Fig. 2, followed by ex-
amining losses through the sample expansion section cou-
pled to the long sampling tube (Segments 2 and 3 in Fig. 2).
Finally, a comparison was made to a sample from the com-
bined segments (Segments 1, 2 and 3 in Fig. 2). From this,
losses in Segments 1 and 2 (Fig. 2) were individually de-
termined. It should be noted that the wind tunnel sampling
configuration differs from the configuration of the inlet as
installed on an aircraft. Only losses in Segments 1 and 2,
which correspond to Segments B and C (Fig. 1), are rele-
vant to the aircraft installation. These losses are presented in
Fig. 4, showing each segment’s individual contribution and
the combined effect. Tubing prior to the expansion is shown
to be a larger source for particle losses via turbulent deposi-
tion as compared to the expansion. At the expected cut size
of 11 µm during E-PEACE the total losses amount to approx-
imately 57 % and increase to 72 % at a particle diameter of
20 µm. It is noted that the tubing prior to the expansion is
interchangeable, and losses can be significantly reduced by
using a shortened tube. Ongoing work is addressing these
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Fig. 6. Comparison of corrected total particle concentration (Na) measured behind the CVI by a CPC and total cloud drop concentration
(Nd) measured by two independent cloud probes (CDP and CAS). For both cloud probes,Nd is reported above three different minimum drop
sizes around the expected cut size (∼11 µm) of the CVI at 50 m s−1 for the usual add-flow rate applied (∼16 l min−1) based on wind tunnel
results. Data are shown when the in-cloud liquid water content exceeded 0.05 g m−3, when the aircraft speed was between 45–60 m s−1, and
when the add-flow rate was between 16–17 l min−1. The gray shaded lines signify the 1-to-1 line. The reason the slope of the top right panel
is much lower than the rest is that the majority of the sampled cloud drop number concentrations were typically at lower diameters.

losses. However, the results in Fig. 4 are critical for inter-
preting the E-PEACE field data, especially for validating the
cut size measurements from the wind tunnel testing.

4 Field deployment and first results

The CVI was deployed on the Center for Interdisciplinary
Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter dur-
ing the 2011 E-PEACE field study off the central coast
of California. E-PEACE consisted of 30 research flights to
study aerosol-radiation-cloud-precipitation interactions over
the eastern Pacific Ocean during the summertime when stra-
tocumulus cloud decks are persistent. The domain of the
flights ranged between 34◦ N–40◦ N and 121.5◦ W–125◦ W.
Nine of the Twin Otter flights were coordinated with the
R/V Point Sur, which generated smoke on each of these days
to allow the aircraft to study the effects of a known source of
aerosol on cloud microphysical and macrophysical proper-
ties. A comprehensive description of this field study is forth-
coming.

Six different instruments conducted measurements down-
stream of the CVI in stratocumulus clouds during E-PEACE
(Fig. 5). A three-way valve was used to cycle these six in-
struments between the CVI in cloud and a sub-isokinetic
aerosol inlet out of cloud (Hegg et al., 2005). When sampling

was conducted through the CVI in cloud, the total flow re-
quired by the downstream instruments was typically near
4.2 l min−1 with the CVI sample-flow MFC controlling the
remaining 10.8 l min−1. Minor variations existed in the to-
tal sample flow rate based on fluctuations in flow require-
ments among the various instruments downstream of the
CVI. When the instruments downstream of the CVI were
not sampling from the CVI sample-flow stream, the MFC
controlled the full 15 l min−1 through the sample stream.
The instruments included a condensation particle counter
(CPC; TSI Model 3010) to quantify total aerosol concentra-
tion (Na). Aerosol size distribution data were obtained by
a cylindrical scanning differential mobility analyser (DMA;
TSI Model 3081) coupled to a condensation particle counter
(CPC; TSI Model 3010). Aerosol particles were dried prior
to entering the DMA for sizing. Aerosol absorption and scat-
tering coefficients were measured using a three-wavelength
Photoacoustic Soot Spectrometer (PASS-3; Droplet Mea-
surement Technologies). A continuous flow thermal gradi-
ent cloud condensation nuclei counter (CCNc, Droplet Mea-
surement Technologies Inc.; Roberts and Nenes, 2005) was
used to quantify the number of particles that activated at su-
persaturations ranging from 0.2 % to 0.8 %. Black carbon
(BC) mass measurements were obtained using a single parti-
cle soot photometer instrument (SP2; Droplet Measurement
Technologies) (Schwarz et al., 2006; Metcalf et al., 2012).
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Measurements of inorganic mass (sulfate, nitrate, ammo-
nium) and total non-refractory organic mass were obtained
with a compact Time of Flight Aerosol Mass Spectrometer
(Aerodyne C-ToF-AMS) (Drewnick et al., 2005). A com-
prehensive analysis of the detailed measurements of droplet
residual particle properties will be addressed in a subsequent
study.

Critical to the examination of field data is the quantifica-
tion of the “enhancement factor” (EF) as a result of the ambi-
ent aerosol concentration being concentrated in the CVI inlet
according to the following equation:

EF=
AtipVplane

qsample
(2)

where:Atip is the area of the inlet tip where drops enter,
Vplane is aircraft velocity, andqsample is the volumetric flow
rate of sampled air in the CVI inlet.Atip is 1.67× 10−5 m2,
qsample is 15 l min−1, and the aircraft velocity was usually
near 50 m s−1. This air velocity, which was tested in the wind
tunnel experiments, coincides with an EF of 3.28.

To identify whether there was any contamination of small
particles through the CVI, the inlet was operated for small
periods of time during some flights in clear air just as it
would be in cloud. To ensure the aircraft was in clear air
for this analysis, data were used when the cloud liquid wa-
ter content (LWC), measured by a PVM-100 probe (Ger-
ber et al., 1994), was less than 0.01 g m−3. When apply-
ing an add-flow ranging between 16–19 l min−1, the CPC
concentration in clear air (LWC = 0.002± 0.009 g m−3) was
0.08± 0.09 cm−3. The ratio of the CPC concentration down-
stream of the CVI relative to an identical instrument sam-
pling simultaneously downstream of a sub-isokinetic inlet
was 0.0001± 0.0002, indicating that instances of particle
breakthrough and small particle contamination were absent.

Prior to E-PEACE, test flights were conducted to deter-
mine the flow angle at the location of the CVI intake. The
location was only a short distance forward of the port wing
root. Significant angles between the oncoming air flow and
the CVI inlet will increase the likelihood of droplet im-
paction and shatter on inlet surfaces. A Rosemount 858 flow
angle probe indicated a 10◦ up-wash at that location during
flight, and flow visualisation using yarn taped to the probe’s
tip verified this angle. To minimize the chance of flow sepa-
ration in the sampling inlet, and possible particle losses, the
CVI probe was angled into the flow and mounted on the air-
plane with a 10◦ downward tilt. The inlet tip-to-fuselage dis-
tance of 178 mm places the sampling stream outside the max-
imum shadow zone of 160 mm for the CIRPAS Twin Otter
aircraft. The maximum shadow zone is calculated as 20 % of
the aircraft’s fuselage radius (King, 1984).

Critical to the characterisation of the field performance
of the CVI is the comparison of particle number concentra-
tion (Na) measured by the CPC downstream of the CVI to
in situ measurements of cloud drop concentration (Nd). For
the latter measurement, data were obtained using a Cloud

Twin Otter Path

Marina, CA

Fig. 7. GOES-11 visible satellite imagery at 18:00 UTC on
16 July 2011 with the superposition of the CIRPAS Twin Otter,
which was based in Marina, California. The high density of flight
track points to the far west coincides with when the aircraft was
probing the smoke plume generated by the R/VPoint Surship. The
corresponding time series of aircraft data is shown in Fig. 8 with
aerosol size distribution and composition data shown in Fig. 9.

and Aerosol Spectrometer (CAS;Dp ∼ 1–55 µm; Droplet
Measurement Technologies, Inc.; Baumgardner et al., 2001)
and a Cloud Droplet Probe (CDP;Dp ∼ 1–51 µm; Droplet
Measurement Technologies, Inc.; Lance et al., 2010). These
probes were calibrated during the E-PEACE campaign using
monodisperse polystyrene and glass beads. Uncertainties in
counting and sizing associated with these instruments have
been documented elsewhere (e.g., Baumgardner et al., 2001;
Conant et al., 2004; Lance et al., 2010). As noted below, nei-
ther of the probes have size bin limits that directly match
the CVI cut size of 11 µm, therefore, a purpose of the fol-
lowing analysis is to examine relative changes in the ratio
of Na to Nd when integrating drop distributions over differ-
ent drop size ranges. CVI data are presented for the first 11
flights (8 July–23 July) since both cloud probes were opera-
tional during this time range. Periods with extensive drizzle,
as identified with a Cloud Imaging Probe (CIP;Dp ∼ 25–
1600 µm) were omitted for this analysis owing to potential
artifacts associated with the breakup of large drops (Weber
et al., 1998). The comparison involved applying the EF to
the CPC data and the size-dependent transmission efficiency
results in Fig. 4 to the cloud probe data to assess the level
of agreement betweenNa andNd. Figure 6 summarises the
comparison ofNa to Nd, where the latter was quantified us-
ing a variety of minimum drop sizes smaller and larger than
the cut size identified from the wind tunnel experiments. It is
noted that the CAS instrument has larger bin widths (i.e., bin
boundaries of 9.39, 12.52, and 16.28 µm) around the vicinity
of the wind tunnel CVI cut size (11 µm) relative to the CDP
(i.e., bin boundaries of 10.37, 11.35, 12.4 µm). The anal-
ysis was conducted for the following conditions: (i) LWC
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Fig. 8. Time series of aircraft data collected during Flight 6 of the 2011 E-PEACE campaign on 16 July 2011. The 20-min time segment
coincides with when the Twin Otter was flying in a stratocumulus cloud deck of the coast of Monterey, California. This flight was coor-
dinated with the R/VPoint Sur, which generated smoke that influenced the cloud in the several gray shaded regions of the time series via
enhancements in drop concentration and reductions in drop size. The total particle concentration (Na) measured behind the CVI by a CPC
(with enhancement factor,∼3.3, applied) is compared to total cloud drop concentration (Nd) measured by two independent probes, where
Nd is integrated above three different diameters to further constrain the CVI cut size diameter. Size-dependent transmission efficiency losses
from Fig. 4 are applied to theNd data. The aircraft altitude marker size is proportional to LWC (range∼0.05–0.30 g m−3).

greater than 0.05 g m−3 to ensure the aircraft was in cloud;
(ii) aircraft speeds between 45–60 m s−1 to allow for a mean-
ingful comparison with the wind tunnel results at 50 m s−1;
and (iii) the add-flow rate was either 16 or 17 l min−1. The
agreement betweenNa andNd is best when the CAS drop
distributions were integrated above 12.52 µm (r2 = 0.71) and
when the CDP distributions were integrated above 10.37 µm
(r2 = 0.84). The slopes ofNa toNd plots were closest to unity
(0.90–0.97) for these two conditions with decreasing val-
ues when integrating the cloud drop distribution above larger
sizes, indicating that the CVI cut size was close to 11 µm. To
assess the sensitivity of the Fig. 6 results to the transmission
efficiency results, an analogous analysis was done while ig-
noring the correction to the cloud probeNd values to account
for the transmission efficiency (Fig. 5). The increase in the
Fig. 6 slopes ranges between factors of 2.49–3.86.

One case flight is examined in greater detail to examine
the temporal trends inNa and Nd in cloud. The focus of
this analysis is Research Flight 6 on 16 July 2011, which
was a flight coordinated between the Twin Otter and the
R/V Point Sur. The latter was generating smoke with an on-
board smoke generator, and the aircraft probed the proper-
ties of the smoke both below cloud and in cloud. The flight

tracks of the Twin Otter are shown in Fig. 7 superimposed
on GOES-11 visible satellite imagery to show the structure
of the clouds during the period of the flight. The aircraft
conducted detailed measurements of aerosol properties be-
low the cloud deck, within the cloud at different altitudes,
and above the cloud deck. Figure 8 shows a representative
20 min flight leg when the Twin Otter was sampling in cloud,
during which time the aircraft sampled the ship smoke in
cloud numerous times. Based on a threshold LWC value of
0.05 g m−3, this particular cloud deck had a base and top of
approx. 70 m and 200 m, respectively. During the flight leg
shown, the aircraft ascended from a region slightly above
the bases to near the middle of the cloud deck, which is re-
flected in the increase in droplet size (Fig. 8; bottom panel).
The Na measurement downstream of the CVI is shown to
exhibit the same temporal behaviour asNd measured by the
CAS and CDP, when the size distributions of the two latter
cloud probes were integrated at or below the expected cut
size of the CVI (∼11 µm). When the aircraft flew in cloud
regions influenced by the ship smoke, bothNa andNd levels
were enhanced with a reduction in drop size, which is consis-
tent with the Twomey Effect (Twomey, 1974). Based on CDP
drop distributions integrated above 10.37 µm, the fraction of
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Fig. 9.DMA size distribution and AMS chemical composition mea-
surements during Flight 6 from Figs. 7 and 8. The DMA data col-
lected downstream of a sub-isokinetic inlet below cloud were fit to
a two-term log-normal function while the size distributions down-
stream the CVI were fit to a single-term log-normal function for data
greater than 50 nm diameter. The DMA raw data are also included
for each of the log-normal fits. Only sulfate and non-refractory or-
ganics were observed above detection limits by the AMS, and their
relative mass concentrations are depicted in the pie charts for four
different conditions: (i–ii) background marine aerosol below cloud
and in cloud behind the CVI; (iii–iv) R/VPoint Sursmoke below
cloud and in cloud behind the CVI. DMA data are not available for
the R/V Point Sursmoke below cloud since those crossings were
too narrow for an entire DMA scan (∼110 s) to capture.

drops larger than the CVI cut size for the entire duration of
Fig. 8, which is representative of conditions experienced dur-
ing E-PEACE, was 78.2± 18.9 %, where the lowest fractions
are associated with sampling immediately above cloud base
(17:54–18:00 UTC: 58.2± 19.2 %) as compared to sampling
near the middle and below the top of the cloud deck (18:00–
18:15 UTC: 86.2± 11.2 %). Ship plume influenced regions
of clouds are associated with reductions in the sampled drop
fraction owing to the reduction in droplet size as shown in
Fig. 8.

Two critical aspects of the CVI performance during E-
PEACE included the ability to avoid organic contamination
and accessibility to the interior of the inlet probe. There
was no indication of organic contamination from the in-
let during E-PEACE. AMS measurements of non-refractory
organics in droplet residual particles during clean marine
background conditions were typically below the AMS or-
ganic detection limit of 0.1 µg m−3. Increases in the AMS or-
ganic mass concentration corresponded with enhancements
in other measurements indicating signs of increasing pollu-
tion (e.g., CPC, CDP, CAS, and other aerosol/cloud instru-
ments); therefore, E-PEACE CVI measurements indicate that
organic signals are a measurement of cloud nuclei chemistry
and are uninfluenced by artifacts associated with the inlet
material of construction. During the E-PEACE campaign, the
CVI tip was removed, inspected for material deposition, and
cleaned a number of times. Towards the end of the E-PEACE

campaign, the tip portion of the inlet was switched with an-
other modified version to alter cut size limits. The process of
handling, cleaning and even replacing the interior portion of
the inlet was fairly quick and straightforward.

An example of aerosol composition measurements down-
stream of the CVI is shown in Fig. 9. Four representa-
tive AMS mass fraction pie charts are shown to represent
the following from Flight 6: background marine aerosol
below cloud; background in cloud (CVI); R/VPoint Sur
ship smoke below cloud; and R/VPoint Sur ship smoke
in cloud (CVI). Only sulfate and organic contributions are
shown since the other non-refractory constituents (i.e., am-
monium, chloride, nitrate) were below detection limits. Or-
ganics were the dominant non-refractory component of the
sub-micrometer aerosol, and this is especially the case for
the R/VPoint Sursmoke, which was nearly entirely organic
(∼99 %) when sampled below cloud during this flight. The
droplet residual samples examined during the time when the
R/V Point Sursmoke was intercepted in cloud were mainly
of organic nature (∼92 %), as compared to the background
cloud conditions (∼67 %).

Figure 9 shows raw and fitted size distribution data from a
scanning differential mobility analyser during the same sam-
pling periods used to generate the AMS pie charts. The back-
ground aerosol below cloud, sampled from the sub-isokinetic
inlet, was fit to a two-term lognormal function. The size dis-
tributions obtained behind the CVI were considerably nois-
ier, owing to a dramatic reduction in raw particle counts in
the instrument. These size distributions were fit to a single
lognormal function using the size distribution data greater
than 50 nm diameter only, because the existence of a parti-
cle mode at these sizes can be confirmed by the scattering
channels on the SP2 (data not shown). Therefore, caution
should be used when viewing data at sub-50 nm as these data
are subject to larger correction factors in the DMA data in-
version owing to diffusional losses in the instrument. The
R/V Point Sursmoke crossings below cloud were sufficiently
narrow such that an entire DMA scan (∼110 s) did not prop-
erly capture the size distribution of this source and, thus,
only one average distribution is presented. The background
sub-cloud size distribution exhibits a bimodal character with
a sub-100 nm mode and a larger mode, indicative of cloud-
processed aerosol. The single mode fits to the droplet resid-
ual size distributions peak at approximately 200 nm diame-
ter, indicating that the larger of the two modes below cloud
was most effective at activating into droplets (at least for
droplets larger than the cut size of 11 µm). It is likely that
smaller particles may have activated into drops that could
not be sampled owing to being smaller than the inlet cut
size. The raw data show that the number concentrations of
droplet residual particles in the mode larger than 100 nm are
expectedly higher in the plume-influenced regions of clouds.
More detailed results of the physicochemical properties of
droplet residual particles from the E-PEACE study will be
forthcoming.
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5 Conclusions

A new CVI inlet has been characterised using wind tunnel
experiments and deployed on the CIRPAS Twin Otter for
30 flights during the 2011 E-PEACE field campaign. With
straightforward modifications, the inlet can also be deployed
at ground or mountaintop sites to sample fog and orographic
clouds. With a fixed sample flow rate of 15 l min−1, the
wind tunnel experiments explored a range of add-flow rates
(16–23 l min−1) and air velocities (50–100 m s−1) to obtain
inlet cut sizes between 8.7–13.1 µm. Calculated cut sizes
from aerodynamic drag theory agree with measured values
to within 13 %. When applying size-dependent transmission
efficiency results from the wind tunnel to aircraft data, there
was good agreement between particle concentration (Na)

measurements downstream of the CVI and cloud drop con-
centrations (Nd) measured by two independent cloud probes.
When integrating the drop size distributions above a diame-
ter close to the expected 11 µm cut size (based on wind tun-
nel testing), slopes fromNd–Na plots were 0.90–0.97 and
correlation coefficients (r2) were 0.71–0.84. Representative
data from a case study flight show excellent temporal agree-
ment betweenNa andNd, especially when a smoke plume
from a ship was intercepted in cloud. This resulted in sud-
den enhancements in drop concentration and reductions in
drop size. Size distribution measurements of droplet resid-
ual particles during this flight show that the modal diameter
of particles activated into drops was approximately 200 nm
both in and out of the smoke. Aerosol composition measure-
ments from an AMS indicate that the majority of the sub-
micrometer non-refractory mass was from organic species,
with the remaining constituent being sulfate. No indication
of organic contamination from the inlet itself was found and
there was easy access to the interior of the inlet for cleaning
and replacement of the inlet tip. Furthermore, no evidence
of particle breakthrough or small particle contamination was
observed during CVI sampling during E-PEACE.
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Abstract In situ aerosol particle measurements were conducted during 21 NASA DC-8 flights in the
Studies of Emissions and Atmospheric Composition, Clouds, and Climate Coupling by Regional Surveys field
campaign over the United States, Canada, Pacific Ocean, and Gulf of Mexico. For the first time, this study reports
rapid, size-resolved hygroscopic growth and real refractive index (RI at 532nm) data between the surface and
upper troposphere in a variety of air masses including wildfires, agricultural fires, biogenic, marine, and
urban outflow. The Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP) quantified
size-resolved diameter growth factors (GF=Dp,wet/Dp,dry) that are used to infer the hygroscopicity parameter κ.
Thermokinetic simulations were conducted to estimate the impact of partial particle volatilization within the
DASH-SP across a range of sampling conditions. Analyses of GF and RI data as a function of air mass origin, dry
size, and altitude are reported, in addition to κ values for the inorganic and organic fractions of aerosol. Average
RI values are found to be fairly constant (1.52–1.54) for all air mass categories. An algorithm is used to compare
size-resolved DASH-SP GFwith bulk scattering f(RH=80%) data obtained from a pair of nephelometers, and the
results show that the two can only be reconciled if GF is assumed to decrease with increasing dry size above
400nm (i.e., beyond the upper bound of DASH-SPmeasurements). Individual case studies illustrate variations of
hygroscopicity as a function of dry size, environmental conditions, altitude, and composition.

1. Introduction

As aerosol particles are exposed to changing relative humidity (RH), some undergo a change in their size owing to
hygroscopic growth (via water uptake) or shrinkage (via evaporation) with the magnitude of this change depen-
dent on their chemical composition. The extent towhich aerosol particles change size affects the radiation budget
as larger particles scatter more light and increase the planetary albedo. Particles of higher hygroscopicity grow to
larger sizes (at fixed RH) and have greater cloud condensation nuclei (CCN) activity, influencing cloud microphy-
sical properties and the hydrologic cycle. Aerosol hygroscopicity also has significant effects on air quality, visibility,
and public health. Despite decades of research devoted to aerosol-water interactions, their treatment is either
lacking in models or characterized by uncertain parameterizations [e.g., Lohmann and Feichter, 2005; Levin and
Cotton, 2009; Betancourt and Nenes, 2014]. Consequently, these interactions are among the largest sources of
uncertainty in current estimates of the total anthropogenic radiative forcing budget [Intergovernmental Panel on
Climate Change, 2013]. This is due, in part, to limitations of current observational tools and the complexity of phy-
sicochemical processes, short lifetime, and spatial inhomogeneity of aerosol particles.
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Improved knowledge of aerosol hygroscopicity is needed for remote sensing applications, especially those
involving aerosol optical depth from satellite-borne sensors such as Aqua/Terra Moderate Resolution
Imaging Spectroradiometer and the Multiangle Imaging Spectroradiometer. The application of satellite
data to investigations of aerosol-cloud interactions, which often rely on a proxy for aerosol number concen-
tration [e.g., Kaufman et al., 2005; Myhre et al., 2007], involves a conversion from columnar measurements of
extinction to aerosol number. This calculation requires assumptions about the aerosol size distribution and
scattering cross section. Often, the assumed size distribution is based on in situ measurements of dried
aerosol while the remote measurements are necessarily made under ambient conditions. This can lead to
overestimations of aerosol number from satellite measurements, especially in the vicinity of clouds. To
further probe aerosol-cloud interactions and link surface measurements with satellite data, it would be
beneficial to increase our understanding of how to treat aerosol hygroscopicity with both size and vertically
resolved measurements.

The need to quantify the subsaturated hygroscopic properties of ambient aerosols has led to a number
of instrument designs over past decades, including recently the Differential Aerosol Sizing and
Hygroscopicity Probe (DASH-SP, Brechtel Mfg. Inc.) [Sorooshian et al., 2008a]. The DASH-SP was specifi-
cally designed to carry out rapid (approximately seconds) size-resolved (Dp,dry between 180 and
400 nm) measurements of subsaturated particle hygroscopicity on airborne platforms. The other com-
monly used instrument is the Humidifed Tandem Differential Mobility Analyzer (HTDMA) [Liu et al.,
1978; Rader and McMurry, 1986], which typically requires several minutes to measure the size distribution
of humidified particles using a DMA. Such low time resolution is not ideal for airborne measurements,
especially when encountering narrow plumes or conducting aircraft ascents and descents to examine
vertical variability. Both the HTDMA and DASH-SP quantify size-resolved hygroscopic growth factors
(GF =Dp,wet/Dp,dry), which is the ratio of the sphere-equivalent particle diameter at an elevated RH
(typically, a value between 70 and 95%) compared to that for dry conditions (typically <20% RH).
Another category of instruments, nephelometers, examine the ratio, termed f(RH), of total light scattered
between a humidified channel (typically ~80% RH) and a dried channel (typically ~20% RH). Relative to
the DASH-SP, nephelometers also have rapid time resolution but include a number of limitations
[Kreidenweis and Asa-Awuku, 2014]: (i) different dry size distributions with identical composition can yield
different f(RH) values due to the nonlinearity of light scattering as a function of particle size, as described
by Mie theory; (ii) RHs are typically kept below 85% to prevent internal condensation; and (iii) intercom-
parisons between different f(RH) measurements are difficult due to the variability in laser wavelength and
dry RH values used.

The overwhelming majority of measurement studies focused on subsaturated hygroscopicity have been
surface-based [e.g., Swietlicki et al., 2008, and references therein]. Of the few reported airborne measure-
ments of size-resolved GF, they have been greatly limited in temporal and spatial (horizontal and vertical)
resolution, with most restricted to the lowest few kilometers of the troposphere [e.g., Hegg et al., 2006;
Sorooshian et al., 2008b; Hersey et al., 2013; Rosati et al., 2015]. Measurements off the California coast sug-
gest that GF increases from an altitude 30m to 250m in the marine boundary layer possibly due to oxida-
tion of organic films [Hegg et al., 2006]. A different study in that region, in the same altitude range, showed
that GF decreased between below-cloud to above-cloud regions owing to a higher organic volume fraction
in the free troposphere above cloud [Hersey et al., 2009]. Rosati et al. [2015] used a white-light humidified
optical particle spectrometer to collect vertical GF profiles between 100 and 700m in Po Valley, Italy, and
showed that early morning values in GF are reduced later in the day when a less hygroscopic aerosol layer
aloft mixes with the lower layer. Previous studies with the DASH-SP have also focused on specific sources
such as a large cargo ship [Murphy et al., 2009], a large cattle feedlot [Sorooshian et al., 2008b], and
Los Angeles [Hersey et al., 2013] without much focus on vertical features but instead on horizontal varia-
tions within a fairly narrow spatial range.

As measurement studies such as those described above often examine hygroscopicity at different RHs, it is
convenient to report hygroscopicity results as a RH-independent value by using a single parameter that
can be used in models such as kappa (κ [Petters and Kreidenweis, 2007]) used in the κ-Köhler theory of
hygroscopic growth. GF data collected by the aforementioned instruments at any RH, in addition to CCN
measurements in the regime supersaturated with respect to liquid water saturation, can be related to a
value of κ. In the subsaturated regime, κ is directly related to GF using the approximation shown in
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equation (1) (where RH corresponds to the mole fraction-based water activity in a liquid particle phase in
equilibrium with the gas phase).

GF½ �3 ¼ 1þ κ
RH

100%

1� RH
100%

 !
(1)

f(RH) data are frequently used to estimate κ values by first inferring a GF value from the f(RH) measurement
using size distribution information and Mie theory [Zieger et al., 2010; Cappa et al., 2011]. As large inventories
of f(RH) data already exist [Kreidenweis and Asa-Awuku, 2014, and references therein] and continue to be
collected, it is of interest to examine how best to relate f(RH) to model parameterizations of hygroscopicity.
Having a data set with concurrent size-resolved GF and bulk f(RH) measurements allows for a direct compar-
ison between hygroscopicity measurements to determine if a single calculated GF value can be applied to
all particle sizes in a distribution to determine values for single parameter representations of hygroscopicity.

Aside from the GF measurement, the DASH-SP instrument can measure the real component of the refrac-
tive index (RI) for dry particles at a wavelength of 532 nm. RI values as a function of wavelength are used to
constrain the radiative forcing of ambient particles, as well as to aid in the use and interpretation of remote
sensing data [e.g., Toon et al., 1976; Dubovik and King, 2000; Dubovik et al., 2000; Redemann et al., 2000;
Dubovik et al., 2002] and atmospheric models [e.g., Kaufman et al., 1997; Chin et al., 2002]. The real part
of RI is associated with light scattering, whereas the imaginary part is linked to absorption. A wide range
of RI values (real part) have been reported in the literature (usually between 1.4 and 1.6) with the differ-
ences reported to be due to factors such as wavelength examined, dry particle size, air mass types, and
composition [e.g., Westphal and Toon, 1991; Ferrare et al., 1998; Yamasoe et al., 1998; Sokolik and Toon,
1999; Hand and Kreidenweis, 2002; Guyon et al., 2003; Raut and Chazette, 2008; Sorooshian et al., 2008b;
Wex et al., 2009; Kim and Paulson, 2013; Ferrero et al., 2014; Rosati et al., 2015]. Many models obtain optical
property data from look-up tables in the Global Aerosol Data Set, which lists species categories having
refractive indices with a real component between ~1.50 and 1.53 at 532 nm, with the exception of soot
and sulfuric acid droplets [Koepke et al., 1997]. Building a larger data inventory of vertically resolved RI in
diverse air masses will benefit calculations of aerosol radiative forcing, as well as validation and use of
remote sensing data of aerosol optical properties.

The goal of this study is to report on airborne subsaturated particle hygroscopicity and dry particle RI mea-
surements collected during the Studies of Emissions and Atmospheric Composition, Clouds, and Climate
Coupling by Regional Surveys (SEAC4RS) campaign between August and September of 2013 over the conti-
nental United States, Canada, the Pacific Ocean, and the Gulf of Mexico. The deployment of the DASH-SP on
the NASA DC-8 aircraft represents the first time rapid subsaturated size-resolved GF and dry particle RI mea-
surements have been conducted from the surface to the upper troposphere. Furthermore, the DC-8 aircraft
consisted of a payload with a rich set of complementary data that are crucial to the interpretation of
DASH-SP results, including f(RH), aerosol particle composition, and gas-phase composition. This study reports
on the following: (i) updated techniques in the use of DASH-SP data includingmodeling of potential sampling
bias due to evaporation of semivolatile species in the instrument; (ii) a statistical summary of subsaturated,
size-resolved GF and RI (at 532 nm) data and compositing of the data as a function of instrument sampling
RH, particle dry size (Dp,dry), and air mass type; (iii) intercomparison of the DASH-SP data with the more com-
monly used nephelometer f(RH) measurement of bulk aerosol hygroscopicity; and (iv) selected case study
analyses and vertically resolved data findings.

2. Instruments and Methods
2.1. SEAC4RS Campaign

The DASH-SP was deployed on the NASA DC-8 during the SEAC4RS field campaign, which included three aircraft
and was based in Houston, Texas. DASH-SP data were reported from all 21 research flights (map in Figure 1)
including two transit flights between Palmdale, California, and Houston, Texas. The DC-8 flew over a range of alti-
tudes from near the surface up to over 12 km above sea level (asl). Aerosol measurements with the DASH-SP and
other instruments discussed in this study were conducted concurrently using the same dry aerosol inlet from the
University of Hawaii shrouded solid diffuser inlet [McNaughton et al., 2007], which operated isokinetically.
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2.2. Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe

The DASH-SP, illustrated in Figure 2, couples a single classification DMA system with two parallel channels con-
sisting of controlled humidification and sizing modules. The modules that comprise the instrument are, in the
order in which the aerosol experiences them: (1) an aerosol dryer, (2) an aerosol charge neutralizer, (3) a classifi-
cation DMA that selects the dry mobility size range for which growth factor measurements are made, (4) a
diffusion-based aerosol conditioning module in which particles are brought to equilibrium at a controlled RH,
and detectors at the outlet end that either determine (5a) the optical scattering distribution of dry, monodisperse
particles selected by the DMA (used to determine the real component of RI at 532nm), or (5b) the optical scatter-
ing distribution of the particles after the RH conditioningmodule. The optical particle counters (OPCs) measuring
the light scattering rely on diode lasers at a wavelength of 532nm (World Star Technologies, Model TECGL-30),
with details about the light collection provided elsewhere [Sorooshian et al., 2008a]. The sample residence time
between the instrument inlet and the entrance to the humidifier is approximately 3 s, whereas the sample resi-
dence time through the humidifier and optical particle counters (OPCs) is approximately 4 s. Previous work by
Sjogren et al. [2007] has indicated that a residence time of 4 s may not be sufficient to reach full equilibrium dur-
ing hydration of some solid organic particles, potentially underestimating growth by up to 7%. Hydration equili-
bration times inside the DASH-SP are explored further in section 3. During the SEAC4RS campaign, the DASH-SP
instrument sampled particles with dry diameters between 180 and 400nm, with the humidified channel RH vary-
ing between 40 and 95% but with most data collected at RHs between 70 and 95%.

The DASH-SP deployed in SEAC4RS is a modified form of the prototype DASH-SP, which has been extensively
characterized with laboratory tests by Sorooshian et al. [2008a] and deployed successfully in previous aircraft
[Sorooshian et al., 2008b; Hersey et al., 2009, 2013] and surface-based campaigns [Hersey et al., 2011]. The key
differences include a new and faster humidification system in place of a nafion-based system, which made it
possible to replace three humidified channels with one, thereby reducing size, weight, and power demands.
A key advantage of the custom-built diffusion humidifier is that no physical barrier exists between the humi-
difying airflow and the sample flow to be humidified. Therefore, the technique does not suffer from the large

Figure 1. Map of all 23 (21 research, 2 test) flight tracks during SEAC4RS. PM1 composition (mass fractions) and average
total aerosol mass are shown for each air mass classification as determined by HR-AMS and HD-SP2. The urban area air
mass classification is designated as measurements retrieved within the planetary boundary layer (PBL) of the two urban
areas highlighted in red. Locations of the wildfires (squares) and agricultural fires (triangles) sampled are indicated at the
point of peak CO concentration during a particular plume transect.
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hysteresis effects seen in nafion-based systems and exhibits a much faster time response, significantly redu-
cing the time required to equilibrate between RH changes.

As compared to previous DASH-SP studies, an updated approach has been developed to process the raw
data to improve peak detection in lower signal-to-noise ratio scans and to allow multiple means to be
retained for each distribution. Briefly, the optical scattering populations are registered by the instrument as
electrical pulse height distributions and are analyzed using a penalized least squares approach (Tikhonov reg-
ularization) to simplify the complex distribution of particle optical sizes identified by the DASH-SP to just two
average values representative of the entire population. This allows multiple means to be retained for each
distribution. The process is set to iterate the fit until only two means remain, as typically there is either (i)
one dominant primary signal plus a much smaller doubly charged population, or, less frequently, (ii) a signif-
icant bimodal distribution in one or both channels. The data processing code identifies these two means and
selects the dominant of the two to then be used in the iterative data processing algorithm that has been used
in previous DASH-SP studies and described by Sorooshian et al. [2008a]. That original algorithm is used to
quantify dry particle refractive index (RIdry) and GF. The RIdry is calculated from a calibration surface using
the dry OPC response and the known dry particle diameter, selected by the DMA. TheDp,dry and RIdry are used
as initial conditions in an iterative data processing algorithm with another calibration surface to determine
the volume-weighted RIwet and Dp,wet. The two calibration surfaces are created using salts with a range of
known refractive indices (i.e., LiF, Na2SO4, K2SO4, (NH4)2SO4, NaCl, and polystyrene latex spheres) at 36 dry
mobility size settings between 150 and 500 nm. Calibrations were conducted before, during, and after
SEAC4RS. The algorithm assumes that particles are spherical. However, during calibrations, the cubic nature
of NaCl is accounted for by using a dynamic shape factor of 1.08 [Hameri et al., 2001; Zelenyuk et al., 2006].

Strict quality control filters were applied to omit data when critical instrument parameters (temperature, pres-
sure, RH, and flow rates) exceeded a tolerable threshold level of variability. RH is typically controlled to within
1.5%, and overall uncertainty in GF calculations is less than 3%. Wet salt tests were frequently conducted on
the ground to check that the humidified RH values reported by the instrument agreed with documented deli-
quescence RH values for salts such as (NH4)2SO4, Na2SO4, and NaCl. It is noted that particles with an appreciable
imaginary component of the complex refractive index, as is the case with black and brown carbon, have the

Figure 2. Schematic of the DASH-SP instrument, summarizing the transport path of sampled aerosol particles. Flow stages
for semivolatile species losses, described in section 3, are indicated by the dashed boxes. (DMA= differential mobility
analyzer, OPC = optical particle counter, V = vacuum pump).

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024498

SHINGLER ET AL. DASH-SP MEASUREMENTS IN SEAC4RS 4192                                                                                                               (39)



ability to impact the OPC scattering signal [Sorooshian et al., 2008a; Forrister et al., 2015]. However, the black car-
bon component is a very small fraction of the overall particle composition of particles sampled during SEAC4RS
(as explained later in section 4.1) and absorption would likely have a very small impact on the OPC measure-
ments. This is further supported by single scattering albedo (SSA) results reported in section 4.1.

Due to additional complexities of operating on an airborne platform, additional quality control steps are
implemented to retain a high level of data accuracy. Scans without a sufficient number of particles counted
in the OPCs within a minute (<100 particles per distribution) were discarded. The majority of scans have par-
ticle counts that are conserved between the channels. Scans with significantly different counts between the
channels are typically situations where (i) the sample flow rates are slightly off from the set point, in which
count discrepancies between channels can be corrected for using flow rate data, or (ii) the sampled particles
have grown out of the detection window when sampling at the upper limit of dry sizes. In the latter situation,
these scans were omitted. When sampling aerosol particles in clouds, larger water droplets can impact the
aerosol inlet and shatter into small particles leading to sampling artifacts in aerosol instruments. To avoid this
issue, all analyses were limited to data collected outside of clouds.

2.3. Other Instrumentation

The analysis of DASH-SP data is greatly enhanced by the inclusion of numerous other data sets on the DC-8
relevant to aerosol physicochemical properties, gas-phase composition, andmeteorological data, which were
all time-synchronized. Data used from the Langley Aerosol Research Group (LARGE) instrument package
include f(RH) derived from tandem humidified nephelometers (TSI Inc, St. Paul, MN, USA; Model 3563)
[Ziemba et al., 2013] and number size distributions from the Laser Aerosol Spectrometer (LAS; Dp between
0.1 and 6.3μm), derived using a RIdry value of 1.60. In this analysis, modal Dp values were determined as
the size bin from the number size distribution with the maximum number of counts. The f(RH) measurement
was conducted at a humidified and dry RH of 80% and 20%, respectively.

Gas-phase data for selected species (e.g., acetonitrile, isoprene, monoterpenes, methyl-vinyl-ketone, and metha-
crolein) used in classifying different air mass sources were obtained from a Proton-Transfer-Reaction Mass
Spectrometer (PTR-MS) [de Gouw and Warneke, 2007]. Submicron, nonrefractory aerosol composition was mea-
sured by the Aerodyne High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-AMS) [DeCarlo et al., 2006;
Canagaratna et al., 2007]. Elemental ratios reported for the organic fraction use the recently improved calibration
described in Canagaratna et al. [2015]. Black carbon (BC) mass concentrations were obtained using the
Humidified-Dual Single-Particle Soot Photometer (HD-SP2) [Schwarz et al., 2015]. Submicron species mass frac-
tions were calculated using the sum of species from the HR-AMS (total organic, sulfate, nitrate, ammonium,
and chloride) and HD-SP2 (BC). Water vapor data are used from the Diode Laser Hygrometer [Diskin et al.,
2002]. Carbon monoxide data are used from the folded-path, differential absorption mid-IR diode laser spectro-
meter [Sachse et al., 1987]. A High Spectral Resolution Lidar (HSRL) [Hair et al., 2008] retrieved vertical profiles of
aerosol backscattering and extinction at 532nm. All data are publicly available from the NASA Langley Research
Center Atmospheric Science Data Center [Atmospheric Science Data Center, 2015].

2.4. Air Mass Classifications

To determine the dominant emission source contributing to the composition of a sampled air mass, a classi-
fication system was used to distinguish between the following seven sources: (i) biomass burning from wild-
fires (BB-Wildfires), (ii) biomass burning from agricultural fires (BB-Agricultural), (iii) biogenic, (iv) marine, (v)
urban, (vi) background, and (vii) free troposphere (FT). For categories that are intended to include only data
in the mixing layer (i.e., marine, urban, and background), it was necessary to define the top of the planetary
boundary layer (PBL), which is considered here as the altitude above the surface with the highest rate of
change in water vapor concentration during vertical profiles.

The gas-phase species acetonitrile has been used to identify air masses influenced by biomass burning pro-
ducts [de Gouw et al., 2004]. For this study, air masses have been classified as biomass burning by periods
when acetonitrile exceeded 250 parts per trillion by volume (pptv) (significantly greater than background
levels) or carbon monoxide (used when acetonitrile data were unavailable) exceeded 250 ppbv. Biomass
burning data were further differentiated between wildfires and agricultural prescribed crop burns based
on size, origin, and visual observation during flights. Locations of individual fires sampled during SEAC4RS
are designated in Figure 1. To reduce the number of false positive biomass burning signals, the carbon mon-
oxide flag was removed over urban areas highlighted in Figure 1.
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Biogenic sources have previously been identified by elevated levels of the dominant biogenic volatile organic
compound (BVOC) species [e.g., Weber et al., 2007] such as isoprene, monoterpenes, methyl-vinyl ketone, and
methacrolein. In this study, an air mass is classified as having a biogenic chemical signature if the concentration
sum of the four aforementioned BVOC species exceeded 2ppbv, with acetonitrile concentrations less than
250pptv. A second biogenic classification (monoterpenes greater than 200pptv, acetonitrile less than 250pptv)
was used to identify purely coniferous forest emissions. However, the results for both biogenic criteria were extre-
mely similar, and thus, only the total sum classification was chosen for simplicity, whichmay slightly bias the clas-
sification toward more isoprene-rich sources.

Marine air mass sources were limited to PBL measurements conducted over the Gulf of Mexico or Pacific
Ocean, greater than ~40 km from the coast. The urban air mass type was identified as being within the
PBL and geographically located above either of the two major urban centers sampled during SEAC4RS,
including Houston, Texas (bounded by 30.50°N, �94.60°W to 29.00°N, �96.10°W) and Los Angeles,
California (bounded by 34.17°N, �117.00°W to 33.44°N , �119.75°W). For data not falling into any of the first
five categories, they were classified as either background or FT depending on whether they were in or above
the PBL, respectively. Data that qualified as fitting into more than one of the first five categories are termed
here as “mixed” and are not a major focus of this study.

3. Modeling of Semivolatile Species Losses

Proper accounting of semivolatile organic compounds (SVOCs) in aerosol physicochemical measurements is
important as they may have a measureable impact on water-uptake properties. It is expected that as aerosol
are drawn in from ambient conditions outside the aircraft, the change in temperature (due to ram heating upon
entering the inlet and heat transfer to both the inlet and instrument within the cabin, as well as deliberate
heating/cooling in the instrument) and mixing with filtered sheath flow air (lacking SVOCs in the vapor phase),
leads to evaporation of SVOCs and semivolatile inorganic compounds from the particle phase. This evaporation
ultimately impacts the chemical composition and hygroscopic growth characteristics of the aerosol particles.

Thermo-kinetic modeling of evaporative losses of semivolatile species in the DASH-SP sampling lines was con-
ducted using selected organic and inorganic species representing classes of atmospherically relevant compo-
nents of different volatilities and chemical structures. The predicted evaporation behavior presented here is
specific for the conditions of the DASH-SP instrument and could be applicable to other such instruments posses-
sing the range of conditions (residence time, dilution with particle-free air, and temperature changes) simulated.
Some instruments, such as the HR-AMS, have an order-of-magnitude lower sampling residence time and do not
dilute the sampling line, and thus, evaporation in their inlets will play a much smaller role than estimated here.
The Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients [Zuend et al., 2008, 2011] thermo-
dynamic model was used to determine species activity coefficients and the number of condensed phases of
mixed organic-inorganic aerosol particles at gas-particle and liquid-liquid equilibrium conditions for a given sys-
tem both at initial ambient conditions and at instrument temperature using established computational methods
[Zuend et al., 2010; Zuend and Seinfeld, 2013]. The kinetic multilayer model for gas-particle interactions in aerosols
and clouds [Shiraiwa et al., 2012, 2013] was used tomodel the transient re-equilibration processes experienced by
aerosol particles as they change temperature and vapor-phase concentrations inside the instrument during sam-
pling. The sampling line was split into two stages illustrated in Figure 2: drying (“Stage 1”) and humidifying
(“Stage 2”). The drying portion of the instrument includes the dryer (assumed to reach 10% RH), DMA, andmono-
disperse sampling lines up to the humidifier, having a combined residence time of 3 s. The humidifying stage
starts at the inlet to the diffusion-based humidifier and ends at the OPC exit, having a residence time of 4 s. All
modeling parameters are listed in Table 1. We note that the AMS inlet residence time was ~0.3 s, and thus, eva-
porated fractions should be significantly smaller for the composition measurements.

Ammonium nitrate, a common aerosol-phase semivolatile compound (present as NH3 and HNO3 in the gas
phase), and two subsets of SVOC species were selected (Table 2), representative of SVOCs found in biogenic
(four α-pinene oxidation products) and biomass burning (four polyaromatic hydrocarbons and biomass burn-
ing primary organic aerosol compounds) air mass types. The species in both SVOC subsets cover a range of
pure species liquid saturation vapor pressures (po,L; estimated using the Estimation of Vapour Pressure of
Organics, Accounting for Temperature, Intramolecular, and Nonadditivity effects model by Compernolle et al.
[2011]); at 298.15K the SVOC po,L values range from 10�11 to 10�2 Pa. Two organic compounds, docosanoic acid
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and “C15H18O7” (Table 2; a syringol
derivative formed in aqueous sec-
ondary organic aerosol [Yu et al.,
2014]) comprised the low-volatility
organic compound (LVOC) parti-
cle fraction. Ammonium sulfate
was used as a representative
particle-phase inorganic species
(considered nonvolatile).

Initial equilibrium concentrations
were calculated at a reference tem-
perature of 250 K and 60% RH, by
assuming 5μgm�3 of particulate
matter withmonodisperse spherical
diameters of 250 nm, with an initi-
ally fixed composition (mass-%) of
5% ammonium nitrate, 25% ammo-
nium sulfate, 50% low-volatility
organic compounds (4:1 mixture of
docosanoic acid and C15H18O7),
and 20% semivolatile organic com-
pounds (with the organic fraction
composed of the subset species,

evenly distributed by mass). For the semivolatile components, the corresponding gas-phase concentrations
were then computed for the condition of gas-particle equilibrium. The goal of this initial procedure is to deter-
mine the total (gas +particle) molar amounts of all the organic and inorganic system components per unit
volume of air. All calculations at different temperatures and various RH levels were then performed using the
same total molar concentrations (per cubic meter of air) after equilibration at the varied modeling conditions
(i.e., particle phase organic composition was not held fixed at original reference conditions). It is recognized that
the initial species composition chosen for the model is not specifically representative of the composition of all
air masses measured during the SEAC4RS campaign and that the simulation results should represent an upper
limit of potential semivolatile losses within the DASH-SP instrument.

Particle mass losses are reported
as normalized species mass (i.e.,
percentage of initial species mass
remaining) in Figure 3. Evaporation
behavior was investigated as a func-
tion of ambient temperature (250 K,
295K, and 310 K; representative of a
range of tropospheric altitudes),
sampling RH (75%, 85%, and
93%), and physical state of aerosol
particle phase (liquid and semiso-
lid). The volatility of SVOCs is more
sensitive to a change in tempera-
ture difference (i.e., instrument-
ambient) than a change in sampling
RH. For instance, ammonium nitrate
is shown to lose 65.7%, 61.2%, and
56.5% of its original mass due
to volatilization at sampling RH
values of 75%, 85%, and 93%,
respectively, at a fixed ambient

Table 2. Selected SVOC, LVOC, and Inorganic Compound Properties Used
for the Thermo-Kinetic Model Simulations

Name MW(gmol�1) po,L (298.15 K)(Pa) Composition

Inorganic
Ammonium sulfate 132.14 (NH4)2SO4
Ammonium nitrate 80.04 NH4NO3

Semivolatile (Biogenic)
C8H14O6 206.19 3.2262E-07 C8H14O6
Pinonic acid 184.23 1.5341E-02 C10H16O3
Pinic acid 186.21 4.7359E-05 C9H14O4
Ester dimera 368.42 2.6253E-11 C19H28O7

Semivolatile (Biomass Burning)
C8H12O6 204.18 6.2457E-06 C8H12O6
Chrysene 228.29 5.2142E-03 C18H12
C22H12 276.33 2.3903E-05 C22H12
Abietic acid 302.45 5.3520E-06 C20H30O2

Low-Volatility Organic Compounds
Docosanoic acid 340.58 9.1507E-08 C22H44O2
C15H18O7 310.30 1.2362E-10 C15H18O7

aEster dimer formation from hydroxypinonic acid and pinic acid.

Table 1. Initialization Data Used for the Thermo-Kinetic Model Simulations

Parameter Value

Ambient Conditions
Temperaturea 250, 295, 310 K
Relative humidity 60%

Aerosol Particles
Initial Composition (by mass)
NH4NO3 30%
(NH4)2SO4 20%
Mixed SVOCs 50%

Aerosol concentration 5 μgm�3

Particle diameter 250 nm
Bulk Diffusivity (water)
Liquid 10�5 cm2 s�1

Semi-solid 10�10 cm2 s�1

Bulk diffusivity (organic)
Liquid 10�7 cm2 s�1

Semisolid 10�15 cm2 s�1

Instrument Conditions
Drying RH 10%
Sampling RHa 75, 85, 93%
Internal temperature 300 K
Drying residence time 3 s
Wetting residence time 4 s

aMultiple values indicate all values used across separate modeling runs.
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sampling temperature of 295 K. When constraining the sampling RH value to 85%, and running the model at
ambient temperatures of 250 K, 295K, and 310K, evaporative losses of ammonium nitrate were 63.8%,
61.2%, and 59.3%, respectively. The percentage of original mass lost for organics ranged between ~0 (e.g., doc-
osanoic acid) and ~100% (e.g., chrysene) depending mainly on the species pure component volatility at the
experimental conditions.

For 250 nm diameter particles with a liquid (low-viscosity) particle phase, mass transport within the con-
densed phase is very rapid. When the particle phase is semisolid, the bulk diffusivity of water and organics
[Shiraiwa et al., 2011, 2013] is reduced by 2 to 5 orders of magnitude. This increases the time scales of the
transient evaporation and condensation processes of both water and organics required to reach a new equi-
librium state. Based on the modeling parameters chosen to best represent liquid and semisolid phase condi-
tions, the water evaporation and condensation processes reach equilibrium during the residence time for
each stage and both phase conditions. However, when aerosol particles take on a semisolid particle phase,
losses of SVOCs and ammonium nitrate are reduced in both stages of the DASH-SP by a factor of 5 or more.
For example, at 295 K and a sampling RH of 85%, the loss of ammonium nitrate is reduced from 61.2% (liquid
particle phase) to 0.1% (semisolid particle phase).

The impact to the overall GF is determined by the change in particle diameter due to both volatility losses
and condensation of water and SVOCs. For the composition used in this simulation, the GF at 85% RH is
reduced from 1.15 (no SVOC losses) to 1.11 (with SVOC losses) at 250 K and from 1.17 to 1.15 at both 295 K
and 310 K. These values provide a sense of the upper limits of how much the GFs reported here could be
underestimated relative to a semivolatile ambient aerosol.

4. Results and Discussion
4.1. Statistical Summary of Results

To place the upcoming hygroscopicity results in perspective, Figure 4 shows both the average LAS number
size distributions for each air mass and the normalized Mie scattering intensity for a representative category
(BB-Wildfires). The latter is to show that the DASH-SP size range effectively captures the diameter range
where scattering is most intense for the BB-Wildfires category (also applies to other categories, although
not shown in Figure 4) with the modal diameter of most efficient scattering ranging from 275 to 375 nm.
The strongest plumes sampled, in terms of number concentration, were from the BB-Agricultural category,
which exhibited the highest number concentration (>14,000 cm�3) with a modal diameter of ~130 nm.

Figure 3. Thermo-kinetic modeling results of selected semivolatile species losses in the range of sampling conditions
encountered during SEAC4RS. (a) Simulation results for ambient temperatures of 250, 295, and 310 K, all at a constant
instrument temperature of 300 K and RH of 85%. (b) Simulation results at a fixed ambient temperature of 295 K, and with
instrument RH values of 75, 85, and 93% that were commonly used during SEAC4RS. Data shown are modeled assuming
liquid particle phase properties as described in section 3.
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The category with the next highest number concentration was BB-Wildfires, which also exhibited the largest
modal diameter in its number size distribution among all air types studied (~225 nm). The other air types
exhibited modal diameters between 100 and 200 nm and with lower particle number concentrations.

Overall statistics for hygroscopicity and RIdry parameters are reported in Figure 5 as a function of air mass type.
GF values are averaged at sampling RH values of 75, 80, 85, 90, and 95% (all ±2.5%), while κGF values (derived
from DASH-SP GF measurements using equation (1)) incorporate data from all sampling RH values. DASH-SP
data in Figure 5 are for measurements with Dp,dry between 188 and 312nm. To facilitate a hygroscopicity com-
parison between the DASH-SP and the f(RH) measurement, results displayed in this section are limited to con-
current sampling times between both instruments. Detailed numerical statistics for Figure 5 data (average,
standard deviation, minimum, and maximum) can be found in Table S1 in the supporting information.

κGF is highest formarine aerosol (0.38±0.13) as compared to the other continentally derived air masses including
urban (0.28±0.12), BB-Wildfires (0.11±0.05), BB-Agricultural (0.12±0.05), biogenic (0.21±0.08), background
(0.24±0.11), and FT (0.23±0.11). Other work has also shown that hygroscopicity of marine aerosol is enhanced
relative to urban and continental air masses, the latter including mineral dust and biomass burning [e.g., Carrico
et al., 1998, 2000, 2003; Kotchenruther and Hobbs, 1998;McInnes et al., 1998;Gasso et al., 2000; Sheridan et al., 2001;
Kim et al., 2006; Zieger et al., 2011, 2012]. The lowest κGF standard deviation values were for the biomass burning
categories (±0.05) due presumably to the short-lived nature of the plumes sampled near their source, which pre-
vented additional aging and changes in physicochemical properties. Negative values of κGF are associated with
observed sub-1.0 GFs that are outside the uncertainty of the measurement and may potentially be explained by
particle collapse upon hydration resulting in shrinkage of the apparent optical diameter [Weingartner et al., 1997;
Jimenez et al., 2003]. These lowGF values are primarily observed during sampling of biomass burning smoke, thus
potentially contributing to the lowest κGF observations. A future study focused on sub-1.0 GF observations,
including data from this study and other field sampling, is forthcoming.

To further address the issue previously noted about absorption affecting the DASH-SP OPC response, single
scattering albedo (SSA), as derived from the LARGE package, of biomass burning plumes from wildfires was
quantified and compared to values in the literature. The average SSA was 0.96 ± 0.01, which exceeds that of
other studies of wildfire plumes and is consistent with values in the range of 0.91–0.99 that coincide with
more aged particles [Corr et al., 2012, and references therein]. Therefore, we interpret the SSA values as being
supportive of absorption not having significantly impacted OPC behavior.

The lowest variability in average GF values was noted for BB-Wildfires, with a range of standard deviations
between ±0.05 and ±0.06 across all sampled RH settings, while the greatest variability was observed for
the background (±0.10 to ±0.12) and FT (±0.09 to ±0.14) categories. GF values increase monotonically as a

Figure 4. Average LAS size distributions for individual air mass types (* = trace scaled by one third for clarity). The dashed
line represents the normalized Mie scattering (for RIdry = 1.54) intensity associated with a dry particle size distribution
equivalent to the average BB-Wildfire distribution (solid black line). The SEAC4RS dry size sampling range of the DASH-SP
instrument is indicated in the gray rectangle.
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function of sampling RH between 75 and 95% for all air mass classifications except BB-Agricultural (GF80%<

GF75%) and urban (GF95%<GF90%). The explanation for these two situations is most likely due to the limited
opportunities to sample in these categories, and thus, specific agricultural fires or urban areas could have
been sampled more or less at a certain sampling RH condition. A case study for the urban category is pre-
sented later (section 4.5) for a flight probing Los Angeles aerosol on 23 September 2013.

Bulk aerosol f(RH = 80%) values are in agreement with κGF values in terms of relative differences between var-
ious air mass classifications (e.g., higher for marine and lowest for BB categories). The BB categories exhibited
the narrowest range and variability in f(RH), while marine exhibits the highest variability (±0.36), similar to κGF.
It is possible that this variability was introduced by potentially misclassified measurements above the marine
boundary layer.

Chemical composition data are consistent with the hygroscopicity trends in Figure 5. Submicron aerosol spe-
cies mass fractions (MFs) and mass concentrations were averaged across the different air mass types and are
shown in Figure 1. Both BB air types were dominated by organics (OA) with low sulfate and high BC
(MFOA= 89%, MFsulf = 2%, and MFBC = 2%), which is consistent with reduced hygroscopicity as compared to
other air mass types. Compared to other air mass types, the much higher mass concentrations for BB-
Agricultural are consistent with Figure 4 that showed these plumes were very fresh with high particle number
concentrations in the DASH-SP sampling range. Marine air masses exhibited the highest inorganic (IOA) mass
fractions, dominated mainly by sulfate with lower organic and BC content (MFOA = 21%, MFsulf = 65%, and
MFBC = 1%), which can explain the enhanced hygroscopicity for this category. The urban, biogenic, back-
ground, and free troposphere air mass categories exhibited chemical signatures similar to each other with
intermediate organic mass fractions and low BC fractions (MFOA = 56–64%, MFsulf = 25–34%, and
MFBC ≤ 1%), coinciding with intermediate hygroscopic properties relative to BB and marine air types.

An interesting finding from SEAC4RS was that average RIdry values for all air mass classifications were quite
similar with a narrow range of 1.52–1.54, similar to pure inorganic species RI values of ammonium sulfate
(1.521 [Weast, 1987]) and sodium chloride (1.544 [Li, 1976]), as well as in line with values currently used in
many models [Koepke et al., 1997]. Work by Rickards et al. [2013] has also shown similar RI values for a variety
of pure organic species; including galactose (1.55), sorbitol (1.53), and xylose (1.52). The greatest standard
deviations in RIdry values were observed for the background and FT classifications (±0.03), while the BB cate-
gories exhibited the lowest standard deviations (±0.01). Minimum andmaximum RIdry values for all measure-
ments were 1.42 and 1.60.

Figure 5. Summary of DASH-SP GF, RIdry (at 532 nm), and κGF values as a function of air mass type and sampling RH for Dp,
dry values between 188 and 312 nm. Bulk aerosol f(RH = 80%) results for the same air mass classifications are also shown. GF
error bars and plus-minus sign values in the three rows of data represent 1 standard deviation. Data are limited to con-
current, valid sampling periods between both the DASH-SP and LARGE f(RH) measurements.
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4.2. Vertical Profiles of Hygroscopicity and Refractive Index

To analyze vertical profiles of aerosol hygroscopicity, data points were separated by air mass type and binned
in 500m altitude increments. The vertical profiles were constructed from average values using cumulative
SEAC4RS data during ascents, descents, and level legs. Coincident measurements (~20% of total valid
DASH-SP scans) of GF (only at RH= 80%), f(RH = 80%), and MFOA were compared to one another, while κGF
and RIdry (at 532 nm) were analyzed for all RHs examined by the DASH-SP (Figure 6). Valid DASH-SP scans
were reported as high as 6.5 km above surface level, and the primary limiting factor above this height was
insufficient particle concentrations to pass the quality control threshold.

Relative differences in hygroscopicity between air types in individual altitude bins follow trends from Figure 5
(i.e., highest for marine and lowest for BB). Except for the marine and FT categories, relatively minor variations
in bin-mean hygroscopicity parameters were observed as a function of altitude. For example, bin-mean values
of κGF are between 0.04 and 0.10 from near the surface to their highest-altitude bin points for all air mass cate-
gories. For the marine category, κGF increased by 0.16 (from 0.36 to 0.52) between 0.2 and 1.5 km, which is con-
sistent with the reduction of MFOA with altitude by approximately a factor of 2. This result supports those of
Hegg et al. [2006], who also showed that hygroscopicity increased with altitude in marine air, with the caveat
that the SEAC4RS data reach higher altitudes than their study. FT κGF values decreased from 0.30 to 0.16 from
1.1 km to 6.4 km, which coincides with an increase in MFOA from 0.36 to 0.83 (not shown). Other than the FT
category, only the BB-Wildfires category exhibited data above 5 km owing to high-altitude transport of such
plumes. κGF for this category was highest above 4 km, which could be explained due to aging effects where
hygroscopic secondary species can form in aging smoke plumes [e.g., Reid et al., 2005; Maudlin et al., 2015].
Although not shown in the figure, this is supported by an increase in the average ratio of atomic oxygen to car-
bon (O:C) from 0.61±0.09 (below 4km) to 0.76± 0.09 (from 4 to 6.5 km).

While the bin-mean values of hygroscopicity do not vary significantly with altitude, the standard deviation in
each altitude bin is considerable. The maximum κGF standard deviation among altitude bins for each air mass
type ranges from as low as 0.06 (BB-Agricultural) to as high as urban (0.20).

With the exception of the marine category, altitude-dependent hygroscopicity trends largely are consistent
between DASH-SP GF(RH=80%) and f(RH=80%). Between 0.2 and 1.5 km for the marine category, the average
f(RH=80%) value decreases from 2.08±0.18 to 1.43± 0.45, while GF(RH=80%) increases from 1.39± 0.07 to
1.46± 0.05. Although f(RH) data with substantial supermicron aerosol have been removed to allow for a fair
comparison with AMS and DASH-SP data, the difference in the trends between GF and f(RH) may still be related
to the bulk nature of the f(RH) measurement. The reduction in MFOA from 0.38 to 0.15 between 0.15 and 1.5 km,
respectively, supports the GF(RH=80%) trend with altitude since an inverse relationship is expected between

Figure 6. Vertical profiles of aerosol particle properties for individual air mass categories. GF(RH = 80%) from DASH-SP, f
(RH = 80%) from LARGE, and MFOA from HR-AMS are all limited to only concurrent measurements. κGF and RIdry (at
532 nm) are shown for all DASH-SP sampling RH values. Error bars indicate 1 standard deviation.
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organic fraction and GF. Previous
airborne measurements in marine
air have shown that GF is highest at
an intermediate diameter between
300 and 700nmwith reductions out-
side both ends of this range owing
to effects such as organic-rich aero-
sol and oxidation of organic films
[Hegg et al., 2006; Hersey et al.,
2011; Coggon et al., 2014]. Thus, it is
possible that f(RH) may have been
influenced by aerosol with reduced
hygroscopicity outside the size
range of the DASH-SP.

RIdry values also exhibitedminor var-
iations with altitude for most air
categories with the greatest ranges
being for the biogenic (1.50–1.54)
and marine categories (1.50–1.53),
supporting the model values from
the GADS look-up tables [Koepke
et al., 1997], with decreases as a
function of altitude for both. The

urban and background air categories were the only two to exhibit increases in RIdry with altitude, with the former
exhibiting the highest overall value (1.55) in Figure 6 at its peak altitude of 2.4 km. The standard deviation max-
imum ranges from a minimum of 0.01 (BB-Agricultural) to a maximum of 0.04 (BB-Wildfire and background).

4.3. GF and f(RH) Intercomparison

As noted above, the simultaneous f(RH) and GF airborne data allow for an evaluation of whether a relation-
ship can be developed between the two data sets to help link f(RH) more directly to model parameterizations
of hygroscopic growth (e.g., κ). A comparison was performed using data when both instruments were simul-
taneously operating at 80% RH. Figure 4 has already emphasized that the f(RH) measurement is weighted
toward sizes larger than the mode of the number size distribution. For this analysis, data were limited only
to those with negligible contribution from coarse particle sizes (i.e., particle concentrations were zero above
1μm). The GF-f(RH) comparison was performed by determining a calculated f(RH) value (f(RH)calc) from the
measured dry aerosol size distribution, Mie scattering theory, and an assumed (size-independent) GF value
(GFcalc) [Cappa et al., 2011; Zhang et al., 2014]. The GFcalc value was iterated until the f(RH)calc value was
equivalent to the measured f(RH= 80%) measurement (±< 1%). This approach allowed for the determined
GFcalc value to be compared directly to the GF value measured by the DASH-SP instrument (GFmeas).

Comparison of GFcalc and GFmeas indicates that the growth of particles measured by the DASH-SP is underesti-
mated by the predicted value derived from the bulk f(RH)measurement for all air mass types (Figure 7). Deriving
a κ value from f(RH), via a fixed GFcalc, is a convenient way to relate the growth of a dry aerosol size distribution
to bulk aerosol light scattering; however, if hygroscopicity is not homogeneous across the size distribution, it
may not accurately represent the physical growth characteristics of particles at discrete sizes.

One explanation for the discrepancy between the two measurements is that particles outside the DASH-SP
size range were less hygroscopic, as has already been suggested in section 4.2. To form an agreement
between the two measurements, the κ values of larger sized particles would need to range in value from
approximately the value determined by the DASH-SP to as low as zero (or lower if particle shrinkage is
detected by the f(RH) measurement). This would apply to particles with Dp,dry> 250 nm as most (94.4%) of
the DASH-SP scans were for Dp,dry ≤ 250 nm. To investigate the dependence of hygroscopicity on size, coin-
cident measurements between the DASH-SP, LARGE, and HR-AMS were compared to themodal Dp of the LAS
number size distribution (Figure 8). GF(RH = 80%) and f(RH = 80%) decrease (1.31–1.16 and 1.33–1.02, respec-
tively) with increasing modal Dp (from 100 to 251 nm). While the modal Dp values do not extend beyond the

Figure 7. Comparison of GFcalc versus GFmeas as a function of air mass clas-
sification (represented by color-coding). Data shown are limited to concur-
rent sampling between the DASH-SP (only measurements at RH = 80%) and f
(RH = 80%). To reduce the bias of supermicron particles on total scattering,
only data are used where no counts above 1 μm diameter were detected by
the LAS instrument.
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size range of the DASH-SP, the decreasing trend in hygroscopicity with modal Dp in Figure 8 suggests that the
proposed explanation above is at least plausible. It is noted that by using modal Dp, the analysis in Figure 8
disregards variability in a given size distribution, but the trend of hygroscopicity with modal Dp is consistent
with an independent analysis discussed next in Figure 9.

A case flight on 19 August 2013 further examines the dependence of hygroscopic growth on particle size as it
included a wide range of Dp,dry values (180–305 nm) sampled across the entire flight (Figure 9). A clear result
emerges that larger particles (in the range of the DASH-SP) exhibit decreased hygroscopicity, including within
specific air mass categories. Thus, the heterogeneity of hygroscopic properties over an aerosol size distribu-
tion should be taken into account when converting total scattering measurements to hygroscopicity para-
meters such as κ.

4.4. Relationship Between
Composition and Hygroscopicity

Particle water-uptake properties are
highly sensitive to the amount of
organic material present in the
aerosol phase. Higher OA mass
fractions have been shown to lead
to suppressed water uptake at
RHs above the deliquescence RH
(DRH) of salts, while simultaneously
enhancing hygroscopic growth at
RHs below the DRH [e.g., Dick et al.,
2000; Hersey et al., 2009; Meyer
et al., 2009]. Furthermore, aging of
organic aerosol to convert organic
compounds from less to more oxi-
dized forms can enhance GFs [e.g.,
Jimenez et al., 2009; Massoli et al.,
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Figure 8. Size-dependent average values (shaded areas signify 1 standard deviation) of (a) DASH-SP GF, (b) LARGE f(RH), (c)
DASH-SP RIdry (532 nm), (d) HR-AMS MFOA, (e) HR-AMS O:C ratio, and (f) HR-AMS total submicron non-refractory mass con-
centration. Modal Dp values were obtained from the LAS instrument. Although not shown, the trends as a function of LAS
modalDpmatch those with the ratio of the number concentration above 200 nm relative to total number concentration. Data
are limited to concurrent, valid sampling periods between both the DASH-SP and LARGE f(RH) measurements at 80% RH.

Figure 9. κGF as a function of Dp,dry based on all DASH-SP data on 19 August
2013. Markers are colored with air mass classification. A linear orthogonal
distance regression (ODR) fit is shown in blue.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024498

SHINGLER ET AL. DASH-SP MEASUREMENTS IN SEAC4RS 4201                                                                                                               (48)



2010; Duplissy et al., 2011;Wonaschütz et al., 2013], where the level of organic oxidation is typically represented
by the O:C ratio. Measurements have indicated that more hygroscopic aerosols (at fixed RH and Dp,dry) enhance
aqueous-phase chemistry to generate secondary aerosol mass [Sorooshian et al., 2010; Youn et al., 2013], and
thus, a two-way relationship exists between hygroscopicity and chemistry.

Figure 10 confirms that both κGF and f(RH = 80%) are inversely related to MFOA. Fitting a linear function to κGF
and taking the value at MFOA = 1 results in a κGF,org value, which is an indication of the hygroscopic nature of
the organic aerosol fraction. The κOA value is frequently used in models like the Zdanovskii-Stokes-Robinson
(ZSR) [Stokes and Robinson, 1966] model to predict hygroscopicity based on chemical composition data [e.g.,
Wu et al., 2013]. Previously derived κOA values range between 0.0 and 0.4 [Petters and Kreidenweis, 2007; Suda
et al., 2012; Rickards et al., 2013; Brock et al., 2015] and have been shown to be positively correlated to the O:C
ratio [Jimenez et al., 2009]. An overall κGF,OA value for the SEAC4RS campaign was found to be 0.07 and very
similar to κext,OA values determined for the southeastern United States by Brock et al. [2015], using a separate

Figure 10. (a) DASH-SP κGF and (b) LARGE f(RH = 80%) plotted against MFOA measured by the HR-AMS. Linear fits in each
panel show how κGF,OA and f(RH = 80%)OA values were derived, which are used as proxies for hygroscopicity at the limit of
total organic composition (i.e., MFOA = 1). Conversely, values for the inorganic counterparts are determined at the limit of
total inorganic composition (i.e., MFOA = 0).

Figure 11. Dependence of κGF,OA and LASmodalDp values on the HR-AMS O:C ratio. Data were binned by O:C ratio using 0.1
bin widths. Average O:C values within the bins are plotted with 1 standard deviation represented by horizontal error bars.
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approach. (Note, that their κext,OA parameter is derived from considerations of κ-Köhler theory and f(RH) mea-
surements.) The κGF,IOA value (i.e., when MFOA= 0) was found to be 0.50. It is cautioned that although the
overall nitrate signal from the HR-AMS is generally a small fraction of the total aerosol, a portion of the nitrate
signal is from organic nitrate. Values for f(RH= 80%)OA and f(RH = 80%)IOA were 0.92 and 2.19, respectively.
Note that an f(RH) value of 0.92 suggests that wetted particles scatter less light than dried particles as seen
in the highly organic biomass burning classification. While restructuring of soot spherules may physically
account for this phenomenon, further work is needed to elucidate both measurements uncertainties as well
as chemical mechanisms that would result in f(RH)< 1.

At a specific MFOA value in Figure 10, it is evident that there is a range of hygroscopicity for a given air
mass, which may be related to the nature of the organic fraction. To probe deeper, Figure 11 shows
how κGF,OA is related to the O:C ratio, using bin widths of 0.1 for the latter. There is an increase in κGF,OA
(from 0.06 ± 0.04 to 0.13 ± 0.08) as a function of the O:C ratio between 0.4 and 1.0, coincident with a
decrease in the modal Dp of the LAS number size distribution. This indicates that aerosol with smaller
modal Dp values exhibited a more oxidized and hygroscopic organic fraction based on DASH-SP measure-
ments. The air mass types with the highest O:C ratios were marine (0.93 ± 0.30) and FT (0.90 ± 0.30) with
the others being 0.65 ± 0.22 (urban), 0.65 ± 0.16 (background), 0.63 ± 0.10 (BB-Wildfires), 0.57 ± 0.06 (bio-
genic), and 0.48 ± 0.10 (BB-Agricultural).

Figure 12. (a) Flight track from El Centro to Los Angeles, California, on 23 September 2013 between approximately 15:55 and 16:40 local time. The flight track is color-
coded with κGF at a fixed Dp,dry of 195 ± 2 nm, with the DASH-SP instrument RH cycling between 77 and 95%. Key landmarks along the flight path are indicated on
the map and represented in the inset plots as gray boxes (e.g., El Centro = “EC” and Riverside = “R”). Aerosol species mass fractions are shown in pie charts along with
total mass concentration (below pies) corresponding to data averaged over periods shown in the gray boxes. Inset (b) contains MFOA and O:C ratio from the HR-AMS
instrument, ambient temperature (color is only a function of the y-axis value for emphasis), and wind direction (blue is from the east, red is from the west). A small
map with wider field of view (c) is shown to provide a sense of where the flight track was relative to neighboring areas.
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The results from Figures 9 and 10 can help explain trends in Figures 8c–8f, where MFOA increases with modal
Dp, coincident with enhancements in RIdry and total submicron aerosol mass concentration, and reduced O:C
ratios, as would be expected from the BB and biogenic categories.

4.5. Case Study: Urban Boundary Layer Comparison: Los Angeles, CA, and Houston, TX

Near the end of the flight on Monday, 23 September 2013, a low-level (<500m) transect was performed
between 15:55 and 16:40 local time from the city of El Centro, CA, over the Salton Sea, through Banning
Pass, over Riverside, and ending near Pasadena (Figure 12). The DASH-SP sampled 195 nm diameter particles
during this stretch at RH values cycling between 77 and 95%, with a resulting average RH of 90 ± 5%. This bias
toward sampling at a higher RH accounts for the dip in GF(RH= 95%) seen in Figure 5 for the urban air mass
category (92% of data collected in the 95% RH bin were from the Los Angeles region).

East of the Los Angeles Basin, hygroscopicity was enhanced (κGF between 0.15 and 0.35) coincident with ele-
vated MFsulf (20 and 30%) and low total submicron mass concentration (1.2 and 2.3μgm�3), with a peak
chloride concentration of 0.6μgm�3 over the Salton Sea. When flying into the Los Angeles Basin from the
east, the wind direction changed from easterly to westerly and the total aerosol mass concentration ramped
up to 8.3μgm�3. MFOA increased to greater than 0.75 and κGF decreased to an average of 0.07 ± 0.02. The O:C
ratio of the aerosol mass dropped from greater than 1.0 to approximately 0.6.

DASH-SP measurements were collected in nearly the same areas in 2010 during CalNex by Hersey et al. [2013].
They reported opposite trends in organic mass fractions and hygroscopic growth. In their flights, traveling west
to east from the Los Angeles Basin, through Banning Pass, and out into the Imperial Valley, MFOA increased
(from approximately 0.42 to 0.65) and hygroscopicity dropped (κGF fell from 0.4 to 0.2). These changes were
attributed to volatilization of ammonium nitrate to the east of Banning Pass in the desert areas [e.g., Duong
et al., 2011; Metcalf et al., 2012]. During the SEAC4RS case study, the average temperature in the Los Angeles
Basin (~301K) and east of Banning Pass (~304 K) exceeded those experienced during CalNex (~289 K and

Figure 13. (a) Flight track over Houston, Texas, on 18 September 2013 between approximately 16:00 and 16:45 local time, color-coded with DASH-SP κGF. Aerosol
species mass fractions and average total mass concentrations are shown in pie charts. Average wind speed (ū) and direction are indicated with the gray arrow. A
small map with wider field of view (b) is shown to highlight where the flight track was relative to neighboring areas.
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~297K, respectively), and thus, volatilization still likely was at play. However, the CalNex flights were conducted
earlier in the day (10:00–15:00 local time) whenmore ammonium nitrate would be expected in the Los Angeles
Basin (i.e., sum ofMFnitrate andMFammonium was nearly 0.50); without the ammonium nitrate in the Basin aerosol
during the SEAC4RS case study (i.e., the sum of MFnitrate and MFammonium was only 0.07), there was no potential
for it to volatilize and result in reduced hygroscopicity in the warmer outflow region to the east.

A similar style flight pattern was performed in the Houston, Texas, urban area on Wednesday, 18 September
2013 between 16:00 and 16:45 local time (Figure 13). The flight path included two passes perpendicular to
the wind direction (127 ± 8° at 6.3 ± 1.9m s�1) downwind of the city, before passing over the Houston Ship
Channel, and finally returning to the airfield. Two distinctly different regions were identified and denoted
here as “Downtown” and “Ship Channel.” Aerosol particles sampled downwind of the Downtown region
exhibited higher MFOA (50–55%) as compared to the Ship Channel (25–30%) and lower hygroscopic growth
(κGF of 0.21 ± 0.05 versus 0.37 ± 0.11, respectively). Comparisons between the Los Angeles and Houston urban
areas, at the same time of day (local time), indicate a more organic-rich PBL in the Los Angeles Basin resulting
in lower absolute κGF values as compared to Houston.

4.6. Case Study: Characterization of Transported Smoke Aloft

The flight fromMonday, 19 August 2013, alreadymentioned in Figure 9, is revisited here. Fresh wildfire emissions
were sampled over northeastern Wyoming, as well as advected, aged, smoke in southern Kansas, originating

Figure 14. (a) Flight track over rural parts of southern Kansas and the Oklahoma panhandle on 19 August 2013 between
approximately 15:10 and 16:45 local time, color-coded with DASH-SP κGF. Aerosol species mass fractions and average
total mass shown in pie charts. Three in-line flight legs along a 50°/230° headingwere used to create a wall pattern between
approximately 1.1 km asl (in PBL) and 5.5 km asl (in transported smoke in FT). (b) Vertical curtain from the HSRL instrument
showing aerosol backscatter at 532 nm. The transported smoke layer can be seen by the high scattering intensity at
~5.5 km asl. The height of the mixed layer, defined by the HSRL instrument, is indicated with the purple line in Figure 14b.
Individual points along the flight path are denoted L1–L5 and correspond to the altitude profile in Figure 14b, inset. (c) A
small map with wider field of view is shown to highlight where the flight track was relative to neighboring areas.
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fromWyoming (Figure 14). The aged smoke was in a plume approximately 1 km thick, at an elevation of approxi-
mately 5.5 km asl, as identified by the sharp increase in aerosol backscatter (at 532nm) from the HSRL instrument
(Figure 14b). The aircraft descended from the FT into the PBL through the plume and subsequently started the
first leg of a so-called “wall pattern.” This pattern consisted of three legs within the same vertical plane, along a
50°/230° heading, with a length of approximately 170 km, extending from southern Kansas into the Oklahoma
Panhandle. The first leg of the wall pattern was at a constant altitude of approximately 1 km asl. The second
leg returned along the reverse heading, climbing from 1km to approximately 5.5 km asl, entering the smoke
plume. The third and final leg returned along the original heading of the first leg at a level altitude of approxi-
mately 5.5 km asl, until completing the length of the wall before changing heading to return to the airfield.

PBLmeasurements along the first leg revealed relatively homogeneous composition across the length of the leg
(MF: ~0.25 sulfate, ~0.15 ammonium, and ~0.60 organic) with high hygroscopic growth, having an average κGF
value of 0.36 (sampled at Dp,dry~195nm, ~80% RH). Peak submicron aerosol mass concentrations (48.3μgm�3)
were measured upon entering the smoke plume at the end of the second leg (labeled “L4” in Figure 14), corre-
sponding with an increase in MFOA to greater than 0.90, and κGF values less than 0.10 (sampled atDp,dry~300nm,
~90% RH). Upon completing the final leg and starting to exit the plume, mass concentrations decreased and
nitrate mass fractions significantly increased up to a maximum of 0.13, coinciding with a κGF value of ~0.2.

Vertical profiles of hygroscopicity, MFOA, and LAS modal Dp are displayed in Figure 15. Hygroscopicity
decreases with increasing altitude, based on both κGF and f(RH = 80%) values. Interestingly, κGF accounts
for a wider range of values at all altitudes versus f(RH = 80%), especially in the background air mass type at
low altitudes. This is most likely due to the DASH-SP scanning Dp,dry values between 180 and 305 nm, as
already highlighted in Figure 9. κGF, and to a larger extent f(RH = 80%), expectedly exhibit opposite trends
with MFOA as a function of altitude. ThemodalDp increases as a function of altitude as sampling extends from
the boundary layer up into the smoke layer aloft, which is consistent with earlier results of higher modal Dp

values coincident with higher MFOA and reduced κGF during SEAC4RS owing to these conditions being asso-
ciated with biomass burning.

5. Conclusions

This study reports on an unprecedented set of airborne RIdry and subsaturated aerosol hygroscopicity data
from the surface up to over 6 km in altitude during the 2013 summertime SEAC4RS campaign. The focus of
this work is on data obtained from the DASH-SP. The main results are as follows:

1. Thermokinetic simulations were conducted to estimate the upper limit impact of volatilization within the
DASH-SP during SEAC4RS, with the results being applicable to other aerosol instruments with similar

Figure 15. Vertical profiles of DASH-SP κGF, LARGE f(RH = 80%), MFOA, andmodal Dp. Data shown are from 19 August 2013
between approximately 15:10 and 16:45 local time. Markers are colored with air mass classification.
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residence time and dilution conditions. The volatility of SVOCs is more sensitive to a change in tempera-
ture difference (i.e., instrument-ambient) than a change in sampling RH. Furthermore, losses are greatly
reduced with a semisolid particle phase state rather than with a liquid phase owing to the reduction in
the bulk diffusivity of water and organics in the former case.

2. The SEAC4RS data set covering numerous air types shows that an assumption of a RIdry (at 532 nm) within
the narrow range of 1.52–1.54 is suitable based on DASH-SP measurements. When examining the hygro-
scopicity data, it is clear that marine and BB air mass types should be treated differently in terms of model
parameterization values as compared to the blend of other air mass types encountered (biogenic, urban,
background in PBL, and FT) that have intermediate properties.

3. Vertical profile data reveal that κGF exhibits minor variations with altitude (0.04–0.10 from surface to
~6.5 km) except for marine (increase) and FT (decrease) categories, which is explained by reductions
(enhancements) in MFOA with altitude, respectively. RIdry values also exhibited minor variations with alti-
tude for most air categories with the greatest ranges being for the biogenic (1.50–1.54) and marine cate-
gories (1.50–1.53), with decrease as a function of altitude for both.

4. The growth of particles measured by the DASH-SP is underestimated by the predicted value derived from
the bulk f(RH) measurement for all air mass types due most likely to particles outside the DASH-SP size
range being less hygroscopic.

5. κGF and f(RH=80%) are inversely related toMFOA. κGF,OA and κGF,IOA valueswere derived from all SEAC4RS data
and shown to be 0.07 and 0.50, respectively. Analogous values for f(RH=80%)OA and f(RH=80%)IOA were 0.92
and 2.19, respectively. κGF,OA increases (0.06 to 0.13) as a function of the O:C ratio between 0.4 and 1.0.

6. Comparisons between the two urban centers studied, Los Angeles and Houston, show how the higher
MFOA values in the former resulted in lower overall aerosol hygroscopicity. During the Los Angeles case
study, enhanced κGF values were observed east of the Los Angeles Basin in the warmer outflow region
(0.15–0.35) as compared to inside the Basin (~0.07), which exhibited higher MFOA and lower O:C ratios.
Aerosol downwind of the Houston Downtown region exhibited higher MFOA as compared to the Ship
Channel, resulting in lower hygroscopic growth (κGF~0.21 versus ~0.37, respectively).

7. A case study in the Kansas-Oklahoma area shows how hygroscopicity can change drastically with altitude
due to biomass burning plumes. In this particular flight where BB plumes were intercepted aloft, there was
suppressed aerosol hygroscopicity, size distributions shifted to larger sizes, and the composition shifted to
higher MFOA and reduced O:C ratio values.

These results build a useful archive of size-resolved subsaturated hygroscopicity and RIdry across North
America up to unprecedented altitudes with a fast time response instrument. Subsequent work with this data
set aims to focus on the following: (i) the degree of agreement in water-uptake properties across a range of
RHs extending into the super saturated regime, which is useful to determine how valid single parameters
such as κ are for use in models; (ii) the ability of simple mixing rules to predict measured RIdry and hygro-
scopic GFs; and (iii) investigating the source of sub-1.0 GFs and multimodal RIdry distributions (dry
mixing state).
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Key Points:  27 

1. Measured growth factor (GF) and f(RH) values below 1 in multiple regions using three 28 

instruments 29 

2. GFs and f(RH) less than one are observed frequently in biomass burning plumes 30 

3. Reasons may include particle restructuring, optical effects, external mixtures, and 31 

volatilization 32 
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Abstract 34 
 35 
This study reports the first set of ambient observations of optical/physical shrinking of particles 36 

from exposure to water vapor with consistency across different instruments and regions. Data has 37 

been utilized from (i) a shipboard humidified tandem differential mobility analyzer (HTDMA) 38 

during the Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) in 2011, (ii) multiple 39 

instruments on the NASA DC-8 research aircraft during the Studies of Emissions, Atmospheric 40 

Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) in 2013, as well as 41 

(iii) the Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP) during 42 

ambient measurements in Tucson, Arizona during Summer 2014 and Winter 2015. Hygroscopic 43 

growth factor (ratio of humidified-to-dry diameter, GF=Dp,wet/Dp,dry) and f(RH) (ratio of 44 

humidified-to-dry scattering coefficients) values below 1 were observed across the range of 45 

relative humidity (RH) investigated (75-95%). A commonality of observations of GF and f(RH) 46 

below 1 in these experiments was the presence of smoke. Evidence of externally mixed aerosol, 47 

and thus multiple GFs with at least one GF < 1, was observed concurrently with f(RH) < 1 48 

during smoke periods. Possible mechanisms responsible for observed shrinkage are discussed 49 

and include particle restructuring, volatilization effects, and refractive index modifications due to 50 

aqueous processing resulting in optical size modification. Additionally, misidentified GFs from 51 

external mixtures contribute to GF < 1, and could result in underreporting of GF < 1 occurrences 52 

given current data analysis techniques. To further investigate ambient observations of GFs and 53 

f(RH) less than 1, it is recommended to add pre-humidification modules to hygroscopicity 54 

instruments. 55 

  56 
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4 
 

Introduction 57 

Aerosol-water interactions influence how ambient particles scatter solar radiation, act as 58 

cloud condensation nuclei (CCN), and deposit to surfaces, including in the human respiratory 59 

system [Dua and Hopke, 1996]. These interactions are important to account for in remote 60 

sensing retrievals of aerosol particles due to artifacts that result from aerosol swelling in moist 61 

areas such as next to clouds, in addition to using retrieved columnar aerosol data to estimate 62 

surface fine particular matter (PM2.5) [Kim et al., 2015]. Representing the ability to take up water 63 

vapor at fixed relative humidity (RH), hygroscopicity is a property of particles dependent on size 64 

and composition. Improving the understanding of aerosol hygroscopicity will improve 65 

predictability of future climate, as aerosol interactions with water vapor and clouds are the 66 

largest source of uncertainty in estimates of total anthropogenic radiative forcing [IPCC, 2013].  67 

In order to study aerosol hygroscopicity in the atmosphere, a number of instruments have 68 

been developed. Traditionally, the Humidified Tandem Differential Mobility Analyzer 69 

[HTDMA; Liu, 1978; Rader and McMurry, 1986] has been used for sub-saturated aerosol water 70 

uptake measurements; however, the long sampling time required to scan through a complete size 71 

distribution is impractical for aircraft applications. The Differential Aerosol Sizing and 72 

Hygroscopicity Spectrometer Probe [DASH-SP, Brechtel Mfg. Inc.; Sorooshian et al., 2008a] is 73 

a newer instrument designed specifically for aircraft-based, rapid, size-resolved measurements of 74 

aerosol sub-saturated hygroscopicity using optical particle counters (OPCs) in place of a second 75 

differential mobility analyzer (DMA) in the HTDMA. Both instruments quantify hygroscopic 76 

growth factor (GF), defined as the ratio of humidified particle diameter to a fixed, single 77 

diameter at dry conditions (GF = Dp,wet/Dp,dry). Nephelometer-based instruments quantify 78 

hygroscopicity for bulk aerosol using the parameter f(RH), which is the ratio of light scattering 79 

(62)
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from all particle sizes in humid (typically RH of ~80%) versus dry conditions (typically RH less 80 

than 20%). While the nephelometer-based instruments are rapid and suited for aircraft 81 

measurements, key differences with the previous two instruments are that f(RH) data are not 82 

size-resolved and have limitations in terms of probing RHs above 85% [Kreidenweis and Asa-83 

Awuku, 2014].  84 

While extensive research has reported on GF and f(RH) values extending from unity (i.e., no 85 

growth upon hydration) to higher values, only a few studies based on laboratory work, 86 

summarized below, have reported hygroscopic growth less than 1, suggestive of particle size 87 

shrinkage upon hydration. Hygroscopic GFs below 1 result when the humidified diameter is less 88 

than the original dry diameter (Dp,dry), or when the total scattering of humidified ambient air is 89 

less than dried ambient air. In terms of the single parameter kappa (κ) developed by Petters and 90 

Kreidenweis, [2007], which is related to GF as shown by the approximation in Equation 1, GF < 91 

1 would correspond to κ < 0: 92 

[𝐺𝐹]3 = 1 + 𝜅 �
𝑅𝐻
100%

1− 𝑅𝐻
100%

�  (1) 93 

Numerous explanations for GF < 1 have been presented in past laboratory-based studies. 94 

They include surface-active organic species [Petters and Kreidenweis, 2013], slightly soluble 95 

organic compounds [Petters and Kreidenweis, 2008], and elemental carbon restructuring 96 

[Tritscher et al., 2011]. The majority of the literature has been devoted to particle restructuring. 97 

For example, flame-generated soot from diesel and propane combustion shows evidence of 98 

particle restructuring at an RH as low as 35% [Henning et al., 2012]. Using a similar particle 99 

source, Weingartner et al. [1997] concluded the restructuring process was still occurring and had 100 

not reached steady state with RH up to 80%. Soot from a propane diffusion flame can undergo 101 

(63)



6 
 

morphological transformations, from chain-like to compact structure, as coagulation time 102 

increases, which is explained by Coulomb interactions between parts of the aggregated soot 103 

particle [Onischuk et al., 2003]. Another study showed that soot restructuring in acetylene and 104 

ethylene burner emissions occurs upon water evaporation and is likely attributed to capillary 105 

effects [Ma et al., 2013]. Hydrophilic soot particles collapse into globules with increased RH 106 

[Mikhailov et al., 2006], yet when diluted with warm particle-free air, their fractal structure stays 107 

intact until humidification at RH > 90% [Rissler et al., 2005].  108 

Non-burner emitted particles also demonstrate restructuring behavior. Jimenez et al. 109 

[2003] observed that iodine oxide particles formed under dry conditions were fractal 110 

agglomerates, but became more compact and dense particles at higher RHs. There is evidence 111 

that biomass burning combustion particles of 100 nm or larger are more readily restructured 112 

upon hydration [Martin et al., 2013]. The decrease in mobility diameter upon humidification is 113 

more pronounced for larger particles [Pagels et al., 2009]. Weingartner et al. [1995] found that 114 

organic particles above 100 nm shrank into a more compact structure at RH = 90% due to 115 

capillary forces induced on any asymmetrical part of the structure. Lewis et al. [2009] reported 116 

that wood smoke from combustion of chamise and palmetto collapsed to a more spherical and 117 

compact shape upon exposure to high RH, while smoke from ponderosa pine, with lower 118 

inorganic content did not show this behavior.  119 

A number of laboratory studies focused on inorganic salts have found similar evidence of 120 

restructuring, indicating the mechanism is not limited to organic-containing particles. 121 

Aggregated fractal inorganic salt particles shrank after exposure to RHs beyond the RH of 122 

formation (> 60% in most cases) and the degree of particle shrinkage was greater for aggregates 123 

of larger initial size, as well as larger increases in RH beyond formation RH [Montgomery et al., 124 
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2015]. That study suggested that a potential explanation was rooted in surface tension owing to 125 

water adsorption within the aggregate structure. At low RH (< 50%), restructuring from 126 

hydration of (NH4)2SO4 has been shown to have stronger effects on particle mobility diameter 127 

than the adsorption or absorption of water [Mikhailov et al., 2009]. In a study of inorganic salts, 128 

observations of the structural rearrangement of NH4NO3, (NH4)2SO4, NaCl, and NaNO3 129 

indicated that particle size decreased by up to 10% due to chemical reactions and evaporation 130 

upon hydration when exposed to RHs below each salts’ respective deliquescence RH [Gysel et 131 

al., 2002; Mikhailov et al., 2004]. 132 

Particle coating and photochemical aging affects the ability, degree, and onset of particle 133 

restructuring. Hygroscopic growth that is reduced or delayed has been observed with combustion 134 

particles coated with H2SO4 [Zhang et al., 2008], glutaric acid [Xue et al., 2009], surfactant 135 

organics [Dusek et al., 2011], dioctyl sebacate and oleic acid [Ghazi and Olfert, 2013], 136 

anthropogenic secondary organic aerosol [Schnitzler et al., 2014], and soot with a hydrophilic 137 

coating [Pagels et al., 2009]. Aging soot in the presence of isoprene results in increased mass 138 

with decreased particle mobility diameter and increased effective density, as coating material 139 

fills in void spaces and causes partial restructuring of fractal soot aggregates [Khalizov et al., 140 

2013]. Photochemical processing of fresh wood smoke was found to physically convert fractal 141 

smoke particles into a more spherical shape in addition to concurrent chemical transformations 142 

[Giordano et al., 2013; Giordano and Asa-Awuku, 2014].  143 

Particle morphological changes upon hydration, including shrinkage due to restructuring, 144 

alter particle light absorption and scattering characteristics. Shrinkage in the form of 145 

restructuring may not necessarily be associated with reduced light scattering. Restructuring by 146 

neutralization surface reactions has been suggested to explain reduction in light absorption cross 147 
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section upon hydration of laboratory generated mixtures of black carbon (BC) and brown carbon 148 

(BrC) particles at low RH; however, upon RH increase, continued water uptake by inorganic 149 

coatings can lead to absorption enhancement [Chen et al., 2015]. In polluted, humid conditions, 150 

it has been observed that hygroscopic particles absorb water and grow in size, enhancing light 151 

scattering, but the mass absorption cross section decreases, likely due to shielding effects of 152 

absorbing aerosols [Lee et al., 2012]. Dennis-Smither et al. [2012] observed that refractive 153 

indices of organic aerosol increased during and after evaporation of volatile products, and 154 

concluded that aging followed by slow restructuring in particle morphology was responsible for 155 

this behavior.  156 

The goal of this study is to build on the results of these previous laboratory-based studies 157 

by reporting ambient observations of hygroscopic growth (GF and f(RH)) below 1, and 158 

consequently κ < 0, from three field projects: Eastern Pacific Emitted Aerosol Cloud Experiment 159 

(E-PEACE) in 2011; Studies of Emissions, Atmospheric Composition, Clouds and Climate 160 

Coupling by Regional Surveys (SEAC4RS) in 2013; and observations from measurement 161 

intensive periods at the Tucson Aerosol Characterization Observatory (TACO) between 2014 162 

and 2015. All three field studies included measurements of aerosol hygroscopicity as well as 163 

other chemical and meteorological observations. Possible causes for GF and f(RH) below 1 will 164 

be discussed and strategies are suggested for probing this phenomenon in greater detail for future 165 

studies.  166 

 167 

2. Experimental Methods 168 

2.1 Field Observations and Instrumentation 169 
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 This work uses observations from three field campaigns, with a summary of 170 

instrumentation and case study dates provided in Table 1. A more detailed discussion of the 171 

experimental approach is provided below. 172 

2.1.1 E-PEACE Field Campaign 173 

E-PEACE was a multiplatform field study focused on the coastal zone of California 174 

during July–August 2011, investigating aerosol-cloud-precipitation-radiation interactions 175 

[Russell et al., 2013]. The project involved the use of the Center for Interdisciplinary Remotely-176 

Piloted Aircraft Studies (CIRPAS) Twin Otter, based in Marina, CA, and the R/V Point Sur, 177 

which conducted a 12-day research cruise (12–23 July). Specifics of the campaign and results are 178 

detailed elsewhere [Russell et al., 2013; Wonaschütz et al., 2013; Wang et al., 2014; Jung et al., 179 

2015; Modini et al., 2015; Sanchez et al., 2016]. This work utilizes data only from the R/V Point 180 

Sur, on board of which smoke generators used gasoline and heated paraffin-type oil with low 181 

vaporization temperature (150˚C) to emit a plume of thick condensed smoke and organic vapor 182 

into the marine boundary layer. The smoke was measured from R/V Point Sur itself with an 183 

extensive payload of instruments [Russell et al., 2013]. 184 

Of most relevance from the R/V Point Sur instrument payload was a HTDMA, which 185 

measured hygroscopic growth using two DMAs, with one dry (RHdry < 8%) and one humidified 186 

at varying RH settings (40, 70, 85, and 92%). The HTDMA uncertainty in GF is ± 0.03 [Lopez-187 

Yglesias et al., 2014]. Dry particle diameters (Dp,dry) selected were 30, 75, 150, and 300 nm. To 188 

facilitate more meaningful intercomparisons using measurements from other experiments 189 

(pertaining to our investigation), we discuss data for the two highest RH set points (85 and 92%) 190 

at dry sizes of 150 and 300 nm. Smoke emitted from the ship and then re-sampled by the ship on 191 

17 July 2011 constitutes a key case study. Plume tracking, meteorological conditions, and results 192 
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from other instruments on board R/V Point Sur related to the smoke sampling can be found in 193 

Wonaschütz et al. [2013].  194 

2.1.2 TACO Measurement Intensives 195 

 The Tucson Aerosol Characterization Observatory (TACO) is a rooftop laboratory on the 196 

University of Arizona campus in central Tucson (30 m AGL, 720 m ASL; 32.2299°N, 197 

110.9538°W), which has a metropolitan population of ~1 million [U.S. Census Bureau, 2011]. 198 

The observatory has been collecting long-term data relevant to aerosol particle properties and 199 

meteorology since 2009. Observations at TACO from various instruments in addition to DASH-200 

SP such as a Particle-Into-Liquid Sampler (PILS, Brechtel Manufacturing Inc.), Cloud 201 

condensation nuclei counter (CCNc, DMT Inc.), a semi-continuous OC/EC analyzer (Sunset 202 

Laboratory Inc., Oregon), Micro-Orifice Uniform Deposit Impactors (MOUDI, MSP 203 

Corporation), and single-stage filter samplers are summarized elsewhere [Youn et al., 2013; 204 

Crosbie et al., 2015; Sorooshian et al., 2015; Youn et al., 2015].  205 

During TACO intensives, the DASH-SP measured size-resolved GFs at humidified RH 206 

values typically between 50–95% with dry channel measurements below 20% RH, and with 207 

Dp,dry between 180 and 300 nm. The DASH-SP RH was controlled within 1.5% of the RH set 208 

point and the GF uncertainty was less than 3% [Shingler et al., 2016]. The instrument data from 209 

TACO relevant to the current study is from the DASH-SP during summer intensive periods (27 210 

May – 01 June 2014, and 12–20 August 2014) and a winter intensive period (30 January – 12 211 

February 2015).  212 

The DASH-SP instrument is comprised of a DMA linked to a humidification and optical 213 

sizing system. The DMA is used to separate dried particles into a monodisperse sample flow 214 

based on electrical mobility size. The monodisperse flow is then separated into two flows, both 215 
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sent to individual optical particle counters (OPCs) measuring optical light scattering intensity in 216 

the form of electrical pulse heights. One OPC directly measures scattering of the dried 217 

monodisperse particles in order to determine the dry real refractive index, RIdry (λ = 532 nm), 218 

while the other measures scattering of particles that have passed through a diffusion-based 219 

humidifier. The combination of the dry particle size, RIdry, and humidified scattering intensity 220 

allows the wet particle diameter to be determined. Instrument operating details, data processing 221 

procedures, and examples of its field deployment are presented elsewhere [Sorooshian et al., 222 

2008a; Sorooshian et al., 2008b; Hersey et al., 2009; Hersey et al., 2011; Hersey et al., 2013; 223 

Shingler et al., 2016]. 224 

2.1.3 SEAC4RS Field Campaign 225 

Based out of Houston, TX during August–September 2013, SEAC4RS incorporated three 226 

research aircraft to investigate numerous topics including (i) redistribution of emissions 227 

throughout the troposphere from deep convection, (ii) evolution of gases and aerosols in 228 

convective outflow and their implications for atmospheric chemistry, and (iii) how 229 

anthropogenic pollution and biomass burning emissions are affected by meteorology and cloud 230 

processing. Another focus was to validate/calibrate instrumentation as a test bed for future 231 

applications. Details of the SEAC4RS project and specifics on measurements pertaining to this 232 

work can be found elsewhere [Toon et al., 2016] and all data are publicly available from the 233 

NASA Langley Research Center’s Atmospheric Science Data Center [ASDC, 2015].  234 

This work focuses on in situ measurements from the NASA DC-8, utilizing all research 235 

flights from SEAC4RS with focus on three flights that targeted biomass-burning sampling: 6 236 

August, 19 August, and 27 August. The DASH-SP on board the DC-8 measured size-resolved 237 

hygroscopic GFs of ambient aerosol particles at humidified RH values typically between 70–238 
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95% with dry channel measurements below 15% RH, and Dp,dry between 175 and 350 nm 239 

[Shingler et al., 2016]. Polystyrene Latex Spheres (PSLs) were used during flight to calibrate 240 

instrument uncertainty for the aerosol-sampling package aboard the DC-8, details of which for 241 

the DASH-SP can be found in Shingler et al. [2016]. Similar to TACO conditions, the DASH-SP 242 

RH was controlled to within 1.5% of RH set point and GF uncertainty was less than 3% 243 

[Shingler et al., 2016]. DASH-SP scan sampling duration ranged from 1 s to 182 s with an 244 

average of 15.5 s, sampling an average of 248 ± 302 and 221 ± 340 particles per scan in the dry 245 

and humidified channels, respectively.  246 

f(RH) data are obtained from the Langley Aerosol Research Group Experiment (LARGE) 247 

instrument package, specifically the tandem humidified nephelometers [TSI Inc, St. Paul, MN, 248 

USA; Model 3563; Ziemba et al., 2013] at dry (RH 20%) and humidified (RH 80%) scattering 249 

channel settings, and with a reported uncertainty in f(RH) of ± 0.05. Nephelometer data are 250 

manually synched to compensate for additional lag-time incurred in the humidified sample line. 251 

Transport efficiency was determined for the sample humidifier in the laboratory prior to 252 

SEAC4RS deployment showing 100% transmission up to 0.6 µm diameter that is reduced to 78% 253 

transmission at 1 µm, indicative of efficient sampling of the various aerosol types encountered 254 

such as biomass burning aerosol. Identical angular truncation error corrections are applied to 255 

each nephelometer. In-flight calibration using PSLs confirmed consistent instrument response on 256 

a flight-by-flight basis. Independent verification of the LARGE extinction/hygroscopicity 257 

measurement has been demonstrated for urban aerosol by comparison with collocated airborne 258 

High Spectral Resolution Lidar [Ziemba et al., 2013].  259 
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Other DC-8 data used in this work include the following: (i) acetonitrile from the Proton-260 

Transfer-Reaction Mass Spectrometer [PTRMS; de Gouw and Warneke, 2007]; (ii) black carbon 261 

(BC) from the Humidified-Dual Single-Particle Soot Photometer, with diameter range ~90–550 262 

nm assuming 1.8 g cm-3 density, which is typically ~90 % of accumulation-mode mass [HD-SP2; 263 

Schwarz et al., 2015]; (iii) sub-micron aerosol (PM1) chemical composition from the High 264 

Resolution Aerosol Mass Spectrometer [HR-AMS; DeCarlo et al., 2006; Canagaratna et al., 265 

2007]; (iv) biomass burning (BB) number fraction from the Particle Analysis by Laser Mass 266 

Spectrometry, with size rage 200–3000 nm [PALMS; Lee et al., 2002]; and (v) size distribution 267 

data from the Laser Aerosol Spectrometer (LAS; Dp between 0.1–6.3 µm) and Ultra-High 268 

Sensitivity Aerosol Spectrometer (UHSAS; Dp between 63–891 nm), which are both a part of 269 

LARGE. Data from three of these instruments with similar size ranges were used to quantify 270 

effective particle density under the assumption of spherical particles. Density is calculated as the 271 

mass concentration sum of HR-AMS species (organic, sulfate, nitrate, ammonium, and chloride) 272 

and HD-SP2 BC, divided by integrated volume from the UHSAS.  273 

 274 

3.  Results 275 

3.1 Hygroscopic Growth Factor and f(RH) Observations  276 

Ship-based HTDMA measurements of GF at RHs of 85% and 92% during E-PEACE are 277 

summarized in Figure 1. GFs are clearly suppressed in smoke-influenced samples as compared 278 

to background aerosol sampled outside of the ship-generated smoke plume. GFs below 1.25 are 279 

only observed in smoke-influenced samples. Additionally, numerous observations of GF < 1 are 280 

reported during smoke sampling, regardless of Dp,dry (150 and 300 nm particles are shown for 281 
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simplicity). While more pronounced at an RH of 92%, reaching GFs as low as 0.77, GFs < 1 are 282 

observed at 85% as well, reaching a minimum value of 0.89.  283 

Ground-based measurements of GF for Dp,dry of 190–300 nm during TACO intensives 284 

(Figure 2) indicate that higher values are observed during summer periods (above 1.15 at RH > 285 

80%) with suppressed GFs, including values below 1, during winter periods. The reduction of 286 

GF below 1 is not more pronounced at any particular RH between 75–97%. Winter in the 287 

Tucson metropolitan area is characterized by enhanced residential burning for heat leading to 288 

increased PM2.5 level nearing exceedance of National Ambient Air Quality Standards (NAAQS) 289 

[Kramer et al., 2015]. As the area is surrounded by mountains with strong boundary layer 290 

inversions during cold nights, residential burning emissions are trapped in a shallow layer and 291 

often are not ventilated in periods of prolonged cooler temperatures [Crosbie et al., 2015], 292 

leading to the highest year-round PM2.5 mass concentrations of species linked to biomass 293 

burning, which include elemental carbon, organic carbon, and water-soluble organic carbon 294 

[Youn et al., 2013]. Additionally, 76% of the data points highlighted during the winter intensive 295 

in Figure 2 occur between the hours of 04:00–08:00 (local time), further supporting GF < 1 296 

related to boundary layer inversions. While it cannot be proven unambiguously that GFs less 297 

than 1 in Tucson are due to biomass burning, certainly the overlap in time of burning during 298 

periods with these data points supports the case for a potential link.   299 

Hygroscopicity data from SEAC4RS for Dp,dry of 160–360 nm include more cases of GF 300 

values below 1 with most occurrences being at RHs between 80–90% and without any 301 

systematic difference in value below 1 at any particular RH (Figure 3). Similar to E-PEACE and 302 

TACO, a difference in trends between biomass burning and non-smoke samples is observed, 303 

with GF < 1 points observed only during the former periods. Shingler et al. [2016] showed that 304 
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wildfire emissions during SEAC4RS coincide with suppressed GF and observations below 1. 305 

They classified air masses as being impacted by wildfire biomass burning when acetonitrile, a 306 

well-known threshold for indicating biomass burning smoke [Cubison et al., 2011], exceeded 307 

250 pptv. During all wildfire biomass burning sampling, ~2% of biomass burning sampling 308 

resulted in GFs < 1, while ~75% of f(RH) values were less than 1. For flights on 6 and 19 309 

August, ~95% of f(RH) < 1 points are in biomass burning airmasses, and on 27 August only 310 

~50% of f(RH) < 1 samples are associated with biomass burning, with the remainder of f(RH) < 311 

1 observations in mixed airmasses in the boundary layer or in the free troposphere.  312 

From the three presented field studies, biomass burning (SEAC4RS), residential burning 313 

TACO), and paraffin smoke emissions (E-PEACE) coincide with suppressed GF observations 314 

and hygroscopicity (i.e., GF and/or f(RH)) less than 1 compared to sampling in periods with low 315 

biomass burning influence. It is important to stress that GF and f(RH) values above 1 in these 316 

datasets do not preclude the possibility that subsequently discussed mechanisms are still at work 317 

that are thought to lead to sub-1 values (e.g., restructuring), but it becomes much more 318 

challenging to untangle such effects from concurrent water uptake.  319 

3.2 Case Study: Aged Smoke Sampling 320 

For a more in-depth investigation of GF and f(RH) values below 1, a case study is 321 

highlighted from the SEAC4RS flight on 19 August 2013. A flight from this campaign is chosen 322 

for a case study as it had a more complete suite of instruments than the other campaigns and the 323 

measurements cover biomass burning plumes across a wider plume age range. This flight in 324 

particular offered excellent data coverage across multiple instruments of relevance to this study; 325 

compared to 6 August or 27 August, more instruments were online and operating with high 326 
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confidence and minimal uncertainty during 19 August. Note while this flight’s observations 327 

indicate f(RH) < 1 was always measured when GF < 1, GF is not always below one when f(RH) 328 

< 1; hence, these measurements are not always harmonious. During this flight, the DC-8 probed 329 

an aged fire plume over Nebraska and Wyoming, originating from Idaho and Wyoming fires as 330 

determined from the Emission Inversion method [Saide et al., 2015].  331 

Figure 4 presents a time series of chemical composition, biomass burning markers, 332 

aircraft altitude, ambient RH, and hygroscopicity measurements. The biomass burning markers 333 

utilized in this study are: (i) gas-phase acetonitrile, indicative of biomass burning emissions at 334 

elevated concentrations (> 250 pptv) [Shingler et al., 2016]; (ii) AMS f60, which is the fraction of 335 

organic aerosol at m/z 60, calculated using high resolution mass spectral data, and which is 336 

dominated by the contribution of C2H4O2
+, a levoglucosan-like fragment, to total organic aerosol 337 

[Cubison et al., 2011]; (iii) BC; and (iv) PALMS biomass burning (BB) fraction (i.e., number 338 

fraction in PM2.5 containing biomass burning material) [Froyd et al., 2010].  339 

The periods of lowest f(RH) between 21:00–21:30 correspond to enhanced levels of all 340 

four of the aforementioned biomass burning tracers. Although the mass fraction of BC relative to 341 

total PM1 (MFBC) remains steady in and out of biomass burning plumes (~1–2%), organic mass 342 

fraction was enhanced in biomass burning plumes, which explains the reduction in f(RH) during 343 

this period. GF and κ from DASH-SP are also lowest during this period; however, only a few 344 

points exhibited values of GF < 1 (i.e., κ < 0). A plausible explanation for this discrepancy is that 345 

f(RH) is a bulk measurement unlike the DASH-SP. Shingler et al. [2016] has shown with the 346 

SEAC4RS dataset that the only way the DASH-SP GF and LARGE f(RH) data can be reconciled 347 

is if GF exhibits variability as a function of dry size.  348 
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The relationship between hygroscopic growth and biomass burning indicators is further 349 

explored in Figure 5 where it is shown that acetonitrile and f(RH) have an inverse relationship 350 

asymptotically approaching f(RH) ~ 0.9 at the highest acetonitrile concentrations (550–650 351 

pptv). f(RH) values were always below 1 when acetonitrile levels exceeded 380 pptv. The 352 

relationship between GF and acetonitrile is much less clear, most likely due to the size-resolved 353 

nature of DASH-SP measurements.  354 

The HD-SP2 data show no reduction in scattering from BC-containing particles upon 355 

humidification in biomass burning plumes during SEAC4RS.  One plausible reason is that in 356 

atmospheric measurements of biomass burning aerosol there is virtually no access to truly 357 

“fresh” emissions, as dilution, transport, and chemical processing occur after emission. 358 

Additionally, the DC-8 cannot logistically fly directly into dense fresh smoke.  HD-SP2 359 

measurements indicate that the BC-containing particles in the plumes were thickly coated unlike 360 

the highly aggregated fractals observed in fresh smoke during laboratory experiments [e.g. 361 

Onischuk et al., 2003; Khalizov et al., 2013]. Thus, it is reasonable to assume that the BC in 362 

these particles had already “collapsed” prior to our measurements, due to the coatings. 363 

As wetting of chain-like or aggregated particles can lead to a more compact particle with 364 

higher density [Weingartner et al., 1995; Jimenez et al., 2003; Onischuk et al., 2003; Lewis et al., 365 

2009], differences in effective particle density are used here as a marker for particle restructuring 366 

potential. Effective particle density is calculated from UHSAS size distributions and chemical 367 

composition data from the HR-AMS and HD-SP2. Figure 6 illustrates the relationship between 368 

optically-derived effective particle density and f(RH), which both are representative of bulk 369 

aerosol unlike the size-resolved GF measurements from the DASH-SP. f(RH) increases as a 370 

function of effective particle density. A linear orthogonal distance regression (ODR) trend line is 371 
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fit to the f(RH)-density scatterplot, resulting in slope of 0.84 cm3 g-1, and R2 of 0.5 (n = 747). 372 

While this analysis cannot provide direct proof, the effective density correlation with f(RH) is at 373 

least supportive of the possibility that there is greater particle restructuring potential in periods 374 

with f(RH) < 1. 375 

 376 

4.  Discussion 377 

Sections 4.1–4.2 focus on reasons as to why hygroscopic growth below 1 is observed in 378 

the various datasets presented in this work. One mechanism already discussed in Section 1, that 379 

the current dataset cannot provide direct evidence for, but is a potential explanation for at least a 380 

subset of the data, is particle restructuring. It is possible that restructuring can occur concurrently 381 

with any combination of the other reasons discussed below. Section 4.3 demonstrates how a 382 

revised DASH-SP data processing strategy can handle cases of externally mixed aerosol in order 383 

to identify more cases of hygroscopic growth below 1 than the standard data processing method 384 

used to report campaign-wide results allows.  385 

 386 

4.1  Refractive Index Sensitivity 387 

Since the DASH-SP data processing algorithm relies on the measurement of the real part 388 

of dry particle refractive index (RIdry), it is possible that a change in RI, due to chemical 389 

modification in the DASH-SP after dry sizing, would result in an apparent change in wet size, 390 

without physical size changing. To probe this possibility, an analysis of GF sensitivity to RIdry 391 

perturbation was conducted. Results for a representative humidified channel RH (85%) and OPC 392 

electrical pulse height (PHwet: 30,000 in Figures 7a–b) are presented here, although a large range 393 
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of possible conditions were examined. Note that electrical pulse heights and counts in each pulse 394 

height bin are related to diameter and number concentration, respectively.  For a given Dp,dry, 395 

RH, and fixed PHwet, the effect of RIdry perturbations on GF and “resultant” wet diameter was 396 

calculated assuming that humidified physical size does not change. Thus, the effect of RI (due to 397 

aqueous processing) on GF is isolated. For a fixed Dp,dry and wet physical size (Dp,wet), a shift in 398 

RIdry produces a profound effect. A 275 nm dry particle could have a GF ranging from 0.9–1.1 399 

over an RI range of 1.4–1.56 (Figure 7a). This translates to a resultant wet diameter range from 400 

248–302 nm (Figure 7b). Thus, while physical size may remain unchanged by water uptake, 401 

aqueous processing shifting RI could result in a GF value below 1.  402 

4.2 Evaporation and Phase Change 403 

Hygroscopicity measurements are prone to evaporation of semivolatile compounds. 404 

Thermo-kinetic modeling was recently conducted by Shingler et al. [2016] to investigate the 405 

potential effects of evaporation of semivolatile organic compounds (SVOCs) and ammonium 406 

nitrate within the measurement inlet and inside the DASH-SP system. They reported results for 407 

select organic and inorganic compounds of varying chemical structure and volatility for typical 408 

SEAC4RS operating conditions. Details of model set up, conditions, and results can be found in 409 

Shingler et al. [2016]. Briefly, the Aerosol Inorganic-Organic Mixtures Functional groups 410 

Activity Coefficients [AIOMFAC; Zuend et al., 2008; Zuend et al., 2011] model was utilized to 411 

determine species activity coefficients and condensed phase concentrations. The output from 412 

AIOMFAC was used in the Kinetic Multi-layer model for Gas-Particle interactions in aerosols 413 

and clouds [KM-GAP; Shiraiwa et al., 2012] to model transient mass transfer processes and gas-414 

phase concentrations during instrument sampling. The particles modeled in Shingler et al. [2016] 415 

are characterized by plausible ratios of inorganic to organic species concentration, in addition to 416 
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relative amounts of low-volatility organic compounds (LVOCs) to SVOCs (5% ammonium 417 

nitrate, 25% ammonium sulfate, 50% LVOCs, and 20% SVOCs). Simulations were conducted 418 

for particles with Dp,dry of 250 nm and with instrument humidified channel RHs of 75%, 85%, 419 

and 93%, but for this discussion we focus on 85%. 420 

In this work, when examining reasons for GF < 1 observations, we are primarily 421 

concerned with additional losses due to particle evaporation experienced from the entrance of the 422 

humidifier up to the size distribution measurement in the humidified OPC. By definition, if a 423 

humidified particle does not grow in size upon hydration, a GF of 1 would result. If a particle 424 

experiences evaporative losses, thus decreasing mass from the particle phase in the humidifier 425 

and humidified OPC measurement, GF < 1 could result.  426 

Evaporative losses of ammonium nitrate for liquid-phase and semi-solid particles range 427 

between 13.1–14.3% and 0.0–0.1%, respectively, with the range depending on the reference 428 

ambient temperature (modeled at 250, 295, and 310 K; representative of a range of tropospheric 429 

altitudes) for both phases. Losses of organic species can range from near zero for low volatility 430 

compounds (e.g., docosanoic acid ~0.01% for liquid and semi-solid phases) to complete 431 

evaporation into the gas-phase (e.g., chrysene, 5.6–11.2% for liquid and 0.0–0.1% for semi-solid 432 

particles) [Shingler et al., 2016]. Losses are more severe for liquid phase particles than for semi-433 

solid particles, as the bulk diffusivity of water and organics is reduced in semi-solid particles. 434 

These reported evaporative losses in the instrument at 85% RH would reduce a GF of 1.15 435 

(without losses) to 1.11 with losses. This result is likely an upper limit of the underestimation of 436 

GF values as the particle composition used in this modelling analysis was more volatile than 437 

semivolatile ambient aerosol [Shingler et al., 2016]. 438 
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Considering that the composition of wildfire biomass burning smoke has a higher organic 439 

mass fraction than other non-biomass burning airmasses (~90% and 70%, respectively, as shown 440 

in Figure 4 and reported in Shingler et al. [2016]), these modeling results must be extrapolated to 441 

conditions which lead to GF and f(RH) values less than 1. As the volatility of biomass burning 442 

smoke can vary based on biofuel and fire phase, (i.e., higher volatility biomass burning organic 443 

aerosol is produced in smoldering combustion versus flaming combustion [Huffman et al., 444 

2009]), without detailed chemical composition measurements during sampling, quantifying the 445 

evaporative losses for particles near the GF = 1 threshold is not possible in this study. While loss 446 

estimates in Shingler et al. [2016] represent an upper limit of reduction in GF for typical ambient 447 

airmasses, loss estimates are likely realistic for highly volatile biomass burning or paraffin 448 

smoke. As the modeled semivolatile composition within the particle phase is representative of 449 

most ambient samples, it can be qualitatively assumed that a reported GF of 0.95 would be 450 

higher without evaporative losses within the sampling inlet and DASH-SP system. Paraffin 451 

smoke in E-PEACE was 99% organic, and likely much more volatile than typical ambient 452 

particles. Thus, the upper bound of evaporative losses from this modeling study could be 453 

reasonable for biomass burning smoke (~90% organic), particularly that which is more volatile 454 

than most ambient particles.  455 

As there is no significant dilution or temperature change in the f(RH) measurement 456 

technique, evaporative losses are much less significant in f(RH) measurements compared to 457 

DASH-SP measurements of GF. As f(RH) datapoints represent the majority of hygroscopicity 458 

observations less than 1 (Figures 4–5), it is unlikely that evaporative losses are the dominant 459 

contributing mechanism. However, while not explicitly modeled in this study, it is worth noting 460 

evaporation could play a role in HTDMA measurements. 461 
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 462 

4.3 External Mixtures 463 

Atmospheric aerosols are often assumed to be internally mixed due to atmospheric 464 

processing. As a result, atmospheric aerosol instruments are often optimized for internal mixtures 465 

[Seinfeld and Pandis, 2012]. An external mixture is a heterogeneous mixture of aerosol particle 466 

populations, where each particle may have unique composition, whereas, an internal mixture is a 467 

chemically homogeneous mixture of aerosol particles. The subsequent discussion examines how 468 

a revised treatment of DASH-SP data to consider external mixtures can lead to better 469 

identification of instances of GF < 1.  470 

 To test the DASH-SP’s capability to identify the presence of externally mixed aerosol, 471 

calibration standard solutions of Na2SO4, PSLs, and a mixture of the two were atomized and fed 472 

to the instrument, which sampled at a Dp,dry of 240 nm with RH = 80% (Figure 8). The RIdry 473 

values, measured in the dry OPC channel, of the two number concentration modes correctly 474 

match the values of the individual standards, where RIdry is 1.47 for Na2SO4 and 1.60 for PSLs. 475 

While individual standards produce one clear number concentration mode, and thus one GF, 476 

according to the properties of each specific standard (Figure 8a), a mixture of the two species 477 

results in more ambiguity (Figure 8b). As this was a controlled laboratory experiment, it is 478 

known with certainty how the two modes in each distribution of Figure 8b match up. However, if 479 

this were a field measurement, the unknown composition of particles resulting in two distinct 480 

RIdry values makes it challenging to assign the two humidified peaks to the two RIdry values. This 481 

results in four potential GFs from the mixture sample scan (Figure 8b). In the following 482 
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discussion (Figures 9–10), we define an external mixture as being when two distinct RIdry values 483 

are observed at a single Dp,dry.  484 

DASH-SP scans were selected that represent cases of externally mixed aerosol from 485 

SEAC4RS (Figure 9a) and TACO (Figure 9b). The scans selected are representative of smoke 486 

sampling periods, with the caveat that TACO data do not reflect a fresh smoke plume but rather a 487 

wintertime urban plume with smoke influence during a night with low ambient temperatures 488 

(~7˚C). The modes in the humidified size distributions are less defined for these two cases, and 489 

there is uncertainty about how to match each RIdry with an associated humidified channel mode. 490 

Depending on which of the RIdry values is associated with the weighted mean of the humidified 491 

OPC distribution, two GFs are possible, and in these cases, the higher RIdry results in a GF value 492 

below 1. This analysis suggests that instances of GF < 1 could generally be underreported with 493 

current post-processing algorithms (as used with DASH-SP measurements up to this point) that 494 

can only result in one GF value per scan. However, if this approach is applied widely, it could 495 

also lead to false reports of GF values less than 1 since peaks could be ‘hiding’ in the humidified 496 

distribution, which may lead to mismatched peaks between dry and humidified scans. The GF 497 

values below 1 shown in Figure 9a (0.93) and 8b (0.92) are not in campaign-wide summary plots 498 

(Figures 2–3). The reported GFs for DASH-SP scans in Figures 9a and 9b are instead 1.26 and 499 

1.16, respectively, using the weighted mean approach of Shingler et al. [2016], which only 500 

permits one reported GF per scan. 501 

To further investigate external mixtures during the case study flight on 19 August 2013 502 

during SEAC4RS, Figure 10 shows a time series of dry and humidified OPC scans from 21:00–503 

22:00 with GF, κ, and f(RH). Changes in selected Dp,dry are reflected in location of dry OPC 504 

distributions. During the period in Figure 10, the DC-8 spent time in and out of biomass burning 505 
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plumes. This distinctive signature of being either in or out of the plume is evident with f(RH) 506 

values below 1 in the plume. Evidence of prolonged periods of the DASH-SP sampling external 507 

mixtures, as seen by bimodal profiles of electrical pulse heights, is correlated with periods of 508 

f(RH) < 1. The effect of two populations of aerosol at one Dp,dry supports the claim that the DC-8 509 

sampled an externally mixed aerosol population during biomass burning plumes on 19 August 510 

2013.  511 

The question remains as to how an external mixture affects LARGE f(RH) measurements 512 

and what the difference is in chemical composition between the two peaks in DASH-SP’s 513 

bimodal distribution. It is worth noting that roughly 50% of pulse height observations in DASH-514 

SP raw data during periods of externally mixed aerosol are at the higher RIdry, which has a 515 

similar RI to BC or PSLs (RI ≥ 1.6). Typical organic aerosol has an RI of 1.55 and elemental 516 

carbon has an RI of 1.8 [Malm et al., 2005]. It has been suggested that amorphous carbon spheres 517 

or “tar balls” with higher RI than individual organic molecules could be responsible for the 518 

second higher RI peak, particularly in the Dp,dry size range of interest in this work (175–350 nm) 519 

[Hand et al., 2005]. These tar balls are thought to consist of organic polymer material and are 520 

mostly insoluble in water [Posfai et al., 2004], unchanged by moderate RH or cloud processing. 521 

However, Hand et al. [2005] suggested that at RH > 80%, Scanning Electron Microscope (SEM) 522 

analysis indicates the start of “melting” of tar ball particle edges, with effective degradation of 523 

tar balls and wetting above a RH of 92%, resulting in irreversible morphological changes.  524 

 525 

5.  Conclusions  526 
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 Combining hygroscopicity measurements from three different instruments (DASH-SP, 527 

nephelometer, and HTDMA) across multiple field projects and observational platforms, this 528 

work presents the first observations of GF and f(RH) < 1 reported in the ambient environment. 529 

Ship-based HTDMA measurements reveal GFs < 1 exclusively when sampling smoke-like 530 

particles in the marine boundary layer off the California coast. Ground-based DASH-SP data in 531 

Tucson, Arizona exhibit GFs < 1 exclusively during winter, coincident with widespread 532 

residential wood burning. Aircraft-based data for DASH-SP GF and LARGE f(RH) exhibit 533 

hygroscopicity values less than 1 exclusively during wildfire biomass burning sampling. Detailed 534 

examination of a biomass burning focused flight during SEAC4RS shows that f(RH) < 1 in 535 

smoke plumes where acetonitrile exceeds 380 pptv, with f(RH) leveling off at 0.9. Reduced 536 

effective particle density is coincident with the lowest f(RH) values, and the majority of 537 

observations below 1 occur when particle density is less than 1.2 g cm-3. This is suggestive of 538 

greater particle restructuring potential in periods with f(RH) < 1. 539 

 Potential explanations for GF and f(RH) values below 1 were explored, including RI 540 

modifications due to aqueous processing. A sensitivity analysis showed that aqueous processing 541 

of particles without a change in physical size alters RI in such a way to result in a GF value 542 

below 1 when using OPCs that rely on light scattering for detecting particle size. Evaporation of 543 

semi-volatile species within the DASH-SP measurement system could also contribute to GF 544 

values less than 1, the degree of which would be dependent upon on the volatility of constituents 545 

in sampled air masses. The majority of hygroscopicity observations below 1 are in the f(RH) 546 

dataset during SEAC4RS, where substantial evaporative losses within the instrument are 547 

unexpected, thus reducing the likelihood of evaporative losses being the dominant mechanism 548 

contributing to most ambient measurements less than 1.  549 
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 While restructuring has been reported across a variety of sizes, RHs, combustion sources, 550 

and particle coatings, to our knowledge, evidence has not been reported from ambient 551 

measurements. While our datasets cannot allow for identification of restructuring as having 552 

quantitatively explained GF or f(RH) values below 1, it cannot be discounted as a likely 553 

contributor. Soot particle morphology is important in climate models, as a recent study found 554 

diesel soot particles conducive to forming ice crystals were more compact than those that formed 555 

supercooled droplets, thus reducing top-of-the-atmosphere direct radiative forcing by ~63% 556 

[China et al., 2015]. Additionally, better understanding of particle restructuring has implications 557 

for mixing state models; one explanation for deviations in model predictions and measurements 558 

of GF is microscopic solid phase restructuring at increased humidity that is not accounted for in 559 

hygroscopicity and mixing state models [Lei et al., 2014]. 560 

A new method for identifying cases of GF < 1 was demonstrated with the DASH-SP, 561 

which involves identification of externally mixed aerosol. Given current post-processing 562 

capabilities with DASH-SP data, quantitatively reporting multi-modal GFs is not yet possible; 563 

however, detailed case examples of specific scans show how multiple GFs are not uncommon 564 

with the lowest GF sometimes being below 1. It is not clear how externally mixed aerosol would 565 

affect f(RH) measurements, yet SEAC4RS observations indicate f(RH) < 1 when DASH-SP 566 

observes two RIdry at a single Dp,dry. External mixtures observed in this work are consistent with 567 

literature reports of freshly emitted wood smoke from laboratory combusted biomass fuels 568 

resulting in bimodal κ, indicative of chemical heterogeneity, or externally mixed aerosol 569 

[Carrico et al., 2010]. Future work is warranted to further develop DASH-SP post-processing to 570 

quantify more than one GF and to examine the connection between external mixtures and 571 

observations of f(RH) < 1. 572 

(84)



27 
 

To more robustly study at least the restructuring mechanism in future field projects, a 573 

prehumidification channel prior to instrument sizing modules is recommended, which can be 574 

switched on and off to hydrate and collapse those particles that have the potential to do so. When 575 

sampling aerosol types vulnerable to restructuring such as biomass burning smoke, a reasonable 576 

hypothesis would be that switching between prehumidified and non-prehumidified channels 577 

should result in GF or f(RH) values below 1 only without prehumidification, as seen in 578 

laboratory studies by Martin et al. [2013]. Lastly, it is noted that while the focus of this study 579 

was on values of GF or f(RH) below 1 being a sufficient condition for knowing when 580 

mechanisms such as restructuring are important, it is not a necessary condition. GF and f(RH) 581 

values above 1 can still gone undergo restructuring, for example, but it becomes challenging to 582 

untangle the mechanisms discussed in this study from concurrent water uptake.  583 

 584 
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Table 1. Summary of field campaigns, case study dates, instrumentation, and measured 817 
parameters for this study. 818 

 819 

Campaign Plaform  Full Measurement Period Case Study Instrumentation Measured Parameters

E-PEACE R/V Point Sur 12-23 July 2011 17 Jul 2011 HTDMA GF

TACO Ground-Based

Winter:                                       
30 Jan - 12 Feb 2015   

Summer:                                   
27 May - 01 June 2014          

12-20 Aug 2014

01 Feb 2015 DASH-SP GF

SEAC4RS NASA DC-8 02 Aug - 13 Sept 2013 19 Aug 2013

DASH-SP 
LARGE f (RH)             

AMS         
PTRMS         
PALMS              
HD-SP2

GF                                 
f (RH)                            

PM1-speciated    
Acetonitrile                       
BB Fraction                 

Black Carbon  
820 
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 831 

 832 

 833 
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 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

Figure 1. Growth factor as a function of HTDMA RH (85% and 92%) during E-PEACE for 854 
Dp,dry values of 150 nm and 300 nm for smoke sampling from 17 July 2011. Data are shown for 855 
all non-smoke sampling days with 150 and 300 nm Dp,dry grouped together as those two sizes 856 
showed no significant difference. Whiskers represent 10–90% of data, boxes represent 25–75% 857 
of data, and median is a horizontal bar inside boxes. 858 
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 861 

(99)
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 876 

 877 
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 879 

 880 

Figure 2. Growth factor as a function of DASH-SP relative humidity for Dp,dry values of 190–881 
300 nm. Data are shown separately for four days during a TACO winter intensive period, with 882 
box and whiskers for the entire summer intensive measurement period. Whiskers represent 10–883 
90% of data, boxes represent 25–75% of data, and median is a horizontal bar inside boxes. 884 
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 899 

 900 

 901 
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 903 

 904 

 905 

 906 

Figure 3. Growth factor as a function of DASH-SP relative humidity for all SEAC4RS flights, 907 
for Dp,dry values of 160–360 nm. Data are shown separately for all non-biomass burning flights 908 
(black dots) and three biomass burning-focused flights (colored dots) coinciding with all of the 909 
GF < 1 data. 910 
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 922 
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 924 
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 926 

 927 

 928 

 929 

Figure 4. Time series of chemical composition, ambient relative humidity, hygroscopicity 930 
measurements (GF, κ derived from GF, and f(RH)), aircraft altitude, and biomass burning tracers 931 
for the SEAC4RS 19 August 2013 flight. This flight targeted aged biomass burning wildfire 932 
smoke, with 21:00–22:00 highlighted (dashed grey box) since this period is referred to in Figure 933 
10. 934 
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 961 

Figure 5. LARGE f(RH) and DASH-SP GF as a function of acetonitrile, a biomass burning 962 
marker, for the SEAC4RS 19 August 2013 flight. The GF data are for a Dp,dry  range of 160–360 963 
nm and RHs between 75–95%. 964 
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Figure 6. LARGE f(RH) as a function of optically-derived effective particle density for the 984 
SEAC4RS 19 August 2013 flight.  985 
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 1001 

 1002 

Figure 7. Visualization of the sensitivity of DASH-SP GFs to changes in RIdry that could arise 1003 
due to chemical modification of particles upon aqueous processing during humidification for 1004 
PHwet of 30000 and RH of 85%. RIdry is shown as a function of both GF and resultant wet 1005 
diameter for different Dp,dry values. A GF value of 1 is marked for reference (black dotted line).  1006 

  1007 

(105)



48 
 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 
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 1027 

Figure 8. DASH-SP laboratory characterization results (Dp,dry = 240 nm, 80% RH) when 1028 
sampling (a) separate calibration standards (Na2SO4 and PSLs) and (b) the mixture of the 1029 
two standards. Panel (b) shows that if the composition of the aerosol was unknown that 1030 
four different GF values would be possible.  1031 
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Figure 9. Examples of the DASH-SP detecting externally mixed aerosol, and thus 1054 
multiple GFs, during (a) the SEAC4RS campaign, and (b) wintertime intensive 1055 
measurement periods at TACO. 1056 
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Figure 10. Time series of DASH-SP normalized pulse height distributions for dry and 1082 
humidified OPCs during the SEAC4RS 19 August 2013 flight from 21:00–22:00, Dp,dry (black 1083 
line), and hygroscopic growth parameters (GF, κ derived from GF, and f(RH)). The gray line in 1084 
the middle panel is intended to distinguish doubly-charged particles from the rest of the data 1085 
underneath.  1086 

(108)
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