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ABSTRACT 
The goal of this project was to evaluate climate-relevant properties of carbonaceous 

particles and the transformations of those particles in the atmosphere, with the purpose of 
developing lumped classes of carbonaceous particles suitable for use in large-scale models. 
These climate-relevant properties included light absorption and hygroscopicity. Hygroscopicity 
is a measure of water affinity, which governs particle growth at humid conditions and absorption 
and scattering under those conditions. It also controls particles’ activation into cloud droplets, 
which in turn affects cloud albedo and particle removal. This project used laboratory 
measurements of fresh and aged carbonaceous aerosol, and predictions of properties using a 
particle-resolved model, to identify sensitivities. The focus in this project was on aerosol from 
biomass pyrolysis, abbreviated BrC (“brown carbon”).  

We measured absorption by aerosol from biomass pyrolysis from two sources with very 
different composition: wood and corn stalk. For both sources, the greatest light absorption 
occurred at the highest generation temperature, and this maximum absorption was very similar to 
that of wood-generated aerosol. We suggest that pyrolysis products can be considered surrogates 
for a wide range of biomass aerosol.  

We captured aerosol emitted from biomass pyrolysis on filters and exposed it to 
ultraviolet radiation, to the atmospheric trace gases ozone, ammonia (NH3) and nitrogen oxide; 
and to aqueous saturated salt solutions of ammonium sulfate, ammonium nitrate, sodium chloride 
and sodium sulfate. Absorption increased, but by only small amounts for all of these treatments, 
with one exception: after aging with ammonia, absorption increased by almost a factor of four. 
Absorption increased more at visible wavelengths. We confirmed that a significant change 
occurred in the aerosol phase, by measuring absorption by suspended particles after aging with 
NH3 and finding doubled aerosol absorption. Aging by NH3 produces a mild increase in the 
hygroscopicity of BrC, and a greater increase in cloud condensation nucleus activity. Therefore, 
reactions with NH3 form compounds that absorb more light than the original aerosol and act as 
surfactants, increasing the likelihood that these particles will participate in cloud formation.  

The particle-resolved model PartMC was enhanced to include additional physical 
processes. It was calibrated against chamber results, and we needed to account for the non-
spherical structure of particle agglomerates, even for ammonium sulfate. We implemented the 
“volatility basis set” (VBS) framework in the model. The updated PartMC-MOSAIC model was 
able to simulate gas and aerosol concentrations from the CARES campaign at levels similar to 
observations.  

The PartMC model was used to evaluate plume dynamics affecting CCN activity of 
biomass burning aerosols early in a plume. Coagulation limits emission of CCN to about 1016 per 
kg of fuel. Co-emitted, semi-volatile organic compounds or emission at small particle sizes can 
homogenize composition before plume exit, and SVOC co-emission can be the main factor 
determining plume-exit CCN for hydrophobic or small particles. When externally-mixed, 
accumulation-mode particles are emitted in the absence of SVOCs, CCN can be overestimated 
by up to a factor of two. This means that measurements made on aerosol from all phases of 
combustion gathered into a single chamber may incorrectly estimate CCN properties.  

Based on the findings here, we make some recommendations for use in large-scale 
models: (1) inventories should represent “internally” versus “externally” mixed under certain 
combustion conditions; (2) consideration of non-spherical particles when coagulation is 
important for climate-relevant properties near sources; (3) designating organic biomass particles 
as weakly absorbing; (4) “inherent absorption” and hygroscopicity are not altered with aging by 



 
  

ozone or ultraviolet light, and inherent absorption is not altered with salt addition, but both cloud 
activity and absorption are altered by aging with ammonia and could require a separate class in 
large-scale models. 
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1.  INTRODUCTION  
Primary (directly emitted) particles may be instrumental in determining concentrations of 

cloud condensation nuclei [Bauer et al., 2010] and are responsible for much of the absorption in 
the atmosphere [Chung et al., 2012]. Large (global and regional) models that simulate aerosol 
transport and radiative transfer are required to determine the overall effects of aerosols. 
Carbonaceous and inorganic aerosols form a large fraction of the global aerosol burden. 
Anthropogenic particles also affect clouds in terms of reflectivity and cloud-droplet activation 
[Twomey et al., 1984; Mann et al., 2014]. Models must include the emission of primary organic 
particles to explain observed global concentrations of cloud condensation nuclei [Spracklen et 
al., 2011].  

Aerosols that are either absorbing or non-absorbing affect cloud optical properties. 
Increasing the number of cloud droplets brightens clouds (first indirect effect), and the number of 
potential CCN depends on complex interactions between primary particles and the reactions 
forming secondary particles. Generally, adding primary particles increases the first indirect effect 
[Lohmann and Feichter, 2005], while in some models and under some conditions, adding such 
particles can decrease that cooling [Bauer et al., 2010]. Aerosol absorption can also remove 
clouds by heating the atmosphere and evaporating droplets, or favor cloud retention by 
suppressing cloud uplift [Koch and DelGenio, 2010]. Clouds also affect aerosols: 80% of 
carbonaceous aerosols are removed from the atmosphere by wet deposition [e.g. Koch et al., 
2009]. These removal rates, which affect aerosol lifetime and thus radiative forcing, are one of 
the major sources of diversity among aerosol models [Textor et al., 2006].   

The physical and chemical characteristics that govern one atmospheric process, such as 
growth under humidity, also affect the others, such as light absorption, activation of cloud nuclei, 
and removal from the atmosphere. For example, coating may increase both light absorption and 
water affinity. Hygroscopicity and other factors determine which particles are activated as cloud 
nuclei and ultimately removed from the atmosphere. All these climate-relevant properties depend 
on the particles’ composition, and cannot be examined in isolation [e.g. Stier et al., 2006].  

2.  OBJECTIVES AND ACTIVITIES 
The primary goal of this project was to evaluate climate-relevant properties of 

carbonaceous particles and the transformations of those particles in the atmosphere, with the 
purpose of developing lumped classes of carbonaceous particles suitable for use in large-scale 
models. These climate-relevant properties included light absorption and hygroscopicity. 
Hygroscopicity is a measure of water affinity, and it governs particle growth at humid conditions 
and absorption and scattering under those conditions. It also controls particles’ activation into 
cloud droplets, which in turn affects cloud albedo and particle removal. If classes of particles 
exhibit significantly different climate-relevant behavior, then aerosol representation in climate 
models could be improved by representing these particles as distinct classes or modes. These 
differences could be either caused by generation conditions, or initiated during aging in the 
atmosphere. This project used both focused laboratory measurements of climate-relevant 
properties of fresh and aged carbonaceous aerosol, and predictions of climate-relevant properties 
using a particle-resolved model, to identify sensitivities. 
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2.1 Project Objectives 
Specific objectives identified in the original proposal are listed in the paragraphs below. 

We incorporated insights gained during analysis of a previous DoE project (DE-FG02-
08ER64533), and related work on aging of black carbon funded by other programs [Fierce et al., 
2013; Fierce et al., 2015; Fierce et al., 2016] to guide the project focus, and comments on these 
modifications are also given after each objective.  

Because the objectives were met through diverse methods ranging from wet experiments 
to aerosol experiments to detailed modeling, they are detailed in appendices to this report that 
parallel journal papers. Findings are summarized in the next section.  
 

Objective 1. Generate fresh and aged aerosols for which the seed aerosol contains specific black 
or organic carbon material.  

The proposal stated that this project was to focus mainly on organic carbon, but would 
incorporate black carbon aging when appropriate. Fierce et al. [2015] showed that aging of black 
carbon—defined as transition to particles that would activate as cloud nuclei—largely depended 
on condensation of secondary inorganic aerosol in the atmosphere. Organic carbon aerosol could 
undergo chemical reactions to produce aging, while black carbon would not; we therefore 
emphasized aging of organic carbon in this project. 
 

• Generation of organic aerosol from wood pyrolysis is described in the Methods section of 
Appendix C.  

 
Objective 2. Measure key climate-relevant properties of aged aerosols: optical properties at high 

sub-saturated relative humidity (cloud boundaries) and cloud condensation nuclei (CCN) 
activity.  

 
• As outlined in the proposal, we first performed “screening” tests to identify the reactions 

that produced changes in absorption. These tests are discussed in Appendix A. 
• Measurements of absorption and scattering for aging agents that increased absorption in 

the screening tests are also discussed in Appendix A. 
• Measurements of hygroscopic growth and CCN activity were conducted with all aging 

agents. These measurements are described in Appendix B. 
• To evaluate the representativeness of our aerosol generated from wood pyrolysis, we 

compared its absorption with aerosol generated from a completely different biomass 
source—corn stalk, which is burned in fields and homes in developing countries. This 
comparison is described in Appendix C.  

 
Objective 3. Enhance a particle-resolved model with additional processes that describe particle 

aging, and use it to predict spectral absorption and scattering from a variety of emission and 
processing scenarios.  

 
The particle-resolved model PartMC was used to describe particle aging. During the generation 
and capture of particles prior to measurement, rapid coagulation and redistribution of semi-
volatile material occurred, and these processes had to be included in the model in order to 
reproduce measured properties. We recognized that these processes would occur not only in any 
chamber experiments, but in the high concentration of natural emission plumes.  
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• PartMC required modification to represent coagulation of fractal particles and semi-

volatile material. The update required to match the chamber experiments is described in 
Appendix D.  

• We used the model to study how particles evolve in the high concentrations of plumes, an 
environment likely to modify climate-relevant properties. This investigation is detailed in 
Appendix E.  
 

4. Determine climate-relevant classes of particles important for use in models by integrating 
focused laboratory work with model sensitivity analysis.  

 
• Following the results provided in Appendices A-E and the summary in the next section of 

this report, we provide a recommendation of climate-relevant classes in the next section.  
 
5. Evaluate predictions with comparisons to field data from ASR fixed sites and field programs.  

During most of the project, we evaluated light absorption properties at the particle scale 
and compared them with microphysical properties observed in field measurements. The goal, 
however, was to predict macroscale behavior of aerosol in the atmosphere. Until the PartMC 
model contained all relevant processes, it could not be compared with atmospheric 
measurements. Semi-volatile aerosol and secondary formation of aerosol are important not only 
in determining aerosol concentrations but in determining climate-relevant properties.   

 
• The PartMC model was updated to include a Volatility Basis Set representation of semi-

volatile and secondary organic aerosol. This modification, and its comparison with 
CARES campaign data, are discussed in Appendix F. 

 

2.2 Other Activities 
Support provided to study the role of primary, light-absorbing particles in the atmosphere 

and climate system also benefited the Principal Investigator’s involvement as lead author on a 
large assessment paper [Bond et al., 2013]. In addition, the identification of directly-emitted 
biomass aerosol as the main organic absorber, as well as laboratory-measured properties of that 
aerosol, was contributed to a global model of light-absorbing emissions [Lu et al., 2015].  

3.  SUMMARY OF MAJOR FINDINGS 

3.1 Measurement: Light Absorption by Biomass Pyrolysis Aerosol 
Our previous work has used aerosol from biomass pyrolysis as representative of a large 

fraction of the organic aerosol in the atmosphere. However, there was a question about whether 
the wood selected for aerosol generation was representative. We conducted experiments with a 
very different biomass source, corn stalk, and compared absorption spectra from 360-600 nm. 
Generation temperatures were chosen to match regimes of thermal degradation. As with wood-
generated aerosol, the greatest light absorption occurred at the highest generation temperature, 
and this maximum absorption was very similar to that of wood-generated aerosol. We conclude 
that, at least for light absorption, our generation method produces particles that can be considered 
surrogates for a wide range of biomass aerosol.  
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3.2 Measurement: Evaluation of Aging Agents 
To evaluate possible causes of changes in aerosol absorption, particles from biomass 

pyrolysis captured on filters was exposed to ultraviolet radiation, to the atmospheric trace gases 
O3, NH3 and NO; and to aqueous saturated salt solutions of (NH4)2SO4, NH4NO3, NaCl and 
Na2SO4. Absorption increased by 15-60% for all of these treatments, with one exception: after 
aging with ammonia (NH3), absorption increased by about 275%. This treatment preferentially 
increased absorption at visible wavelengths, reducing the wavelength dependence of absorption.  

Visible absorption by this material is near the detection limit of our measurement method 
and small in comparison with that of black carbon—about 10% of the absorption per mass. For 
that reason, an absorption increase of 50% (from k = 0.002 to k = 0.003) was deemed 
scientifically interesting but less relevant to uncertainties in climate forcing. For that reason, only 
the NH3 aging was pursued for the more difficult aerosol-phase optical measurements. O3 aging 
was also conducted as a control in which absorption would not change.  

3.3 Measurement: Aerosol Absorption Increase  
Measuring absorption by suspended particles avoids some of the artifacts of filter-based 

absorption, but is a more difficult measurement. After aging with NH3, aerosol absorption 
doubled. This increase was lower than that observed on filter extracts, but the exposure was also 
lower than that of the filter experiments. 

The change in absorption by biomass pyrolysis aerosol aged with O3, indicated by the 
aerosol co-albedo, was similar to the change in absorption in the liquid phase, less than 20%.  

3.4 Measurement: Hygroscopic Growth and Cloud Activity 
We investigated changes in hygroscopic growth and cloud condensation nucleus (CCN) 

activity of complex organic carbon particles from biomass pyrolysis after aging dry and wet 
particles with NH3 and O3. We expressed hygroscopic growth using the κ-Köhler 
parameterization: κGF for hygroscopic growth and κCCN for CCN activity. Simple κ-Köhler 
theory assumes that these two parameters should be the same.  

Aging with O3 has no measurable impact on the κ of OC particles for either 
hygroscopicity or CCN activity. This aging does delay cloud droplet growth, possibly because 
gas-phase organic compounds in the aerosol oxidize and condense as films on existing particles. 

Aging by NH3 also increases the κCCN of OC particles by 72%, suggesting formation of 
organic acidic groups upon aging. Furthermore, κCCN is about a factor of three larger than κGF for 
this aged aerosol. This finding suggests that surface tension plays a role in activation, and that 
reaction with NH3 could form surfactants. We also observed formation of multiple CCN 
activation modes, consistent with the presence of surfactant.  

Particles were aged under both dry and humid conditions. Aerosol water content during 
the aging period does not affect the final hygroscopicity of particles, implying that aqueous 
reactions do not play a role in these aging mechanisms. Our results are consistent with previously 
reported impacts of NH3 and O3 aging on the hygroscopicity of organic particles, and confirm 
them for more complex OC particles. 

3.5 Modeling: Chamber Aging 
The particle-resolved model PartMC is used for sensitivity studies to assess the response 

to aging in the atmosphere. For verification, this model was compared against chamber results 
for coagulating ammonium sulfate particles. Assuming spherical particles led to model results 
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that were inconsistent with the measurements, so the modeling framework was extended to 
include the representation of fractal particle structure and wall loss. This introduced five 
unknown parameters to the governing equation, which were determined by a combination of 
scanning electron microscopy (SEM) analysis and an objective optimization procedure. The best 
agreement between model and measurement was obtained for a fractal dimension of 2.3, 
indicating that the non-spherical structure of the particle agglomerates in the chamber needed to 
be taken into account. 

3.6 Modeling: Plume Aging 
The PartMC model was used for a sensitivity study to evaluate plume dynamics that 

affected CCN activity of biomass burning aerosols in a plume from emission until plume-exit. 
About 300 PartMC-MOSAIC simulations with varying initial conditions were conducted, 
covering the range of particle sizes, co-emissions, and mixing states expected in plumes. 

Aerosol dynamics affect CCN activity only during the first few seconds of evolution, 
after which the CCN efficiency reaches a constant value. Coagulation limits emission of CCN to 
about 1016 per kg of fuel. Factors that homogenize CCN behavior among the diverse aerosols in 
a plume are co-emission of semi-volatile organic compounds (SVOC) or emission at small 
particle sizes. SVOC co-emission can be the main factor determining plume-exit CCN for 
hydrophobic or small particles. Hygroscopic particles in the Aitken mode can form CCN through 
self-coagulation, but have a small effect on the CCN activity of accumulation-mode particles, 
regardless of composition differences. When externally-mixed, accumulation-mode particles are 
emitted without SVOCs, application of a hygroscopicity representing the average chemical 
composition overestimates emitted CCN by up to a factor of two.  

Aerosol homogenization can occur at the high concentrations of a plume, but the 
components must be truly co-emitted, rather than sequentially emitted. This means that 
measurements that are made on aerosol from all phases of combustion gathered into a single 
chamber may incorrectly estimate CCN properties of emissions. The experiments in this work 
isolated individual combustion phases.  

3.7 Modeling: Comparison with Field Studies 
Because of the importance of secondary organic aerosol in aging, we implemented the 

“volatility basis set” (VBS) framework in the particle-resolved box model PartMC-MOSAIC. 
Primary organic aerosol is divided into nine volatility bins and the evaporated gas phase species 
can undergo further oxidation to form secondary organic aerosols. While most previous studies 
only focused on the bulk concentration of SOA production, the new model capability uniquely 
provides particle-level information and mixing state of SOA-containing particles.  

The updated PartMC-MOSAIC model was able to simulate gas and aerosol 
concentrations from the CARES campaign at similar levels compared to the observational data. 
Moreover, the simulation with the VBS framework showed an additional 2 µg m-3 of secondary 
organic aerosol, which brought the total OA concentration closer to observed values.  

3.8 Final Recommendation: Climate-Relevant Classes for Modeling 
In the recommendations below, we recommend treatments for primary particles from 

biomass sources, which constitute a large fraction of the aerosol in the atmosphere.  
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1) Based on the findings of the PartMC model applied to the plume-exit approach, we 
recommend that emission inventories should include a designation of “internally mixed” 
when primary particles are co-emitted with sufficient semi-volatile material, or when primary 
particles are emitted below a certain size. When particles are emitted sequentially, or in an 
external mixture and without semi-volatile material, they should be designated as “externally 
mixed” upon emission. These designations will require attention to separating emissions by 
combustion phase, when relevant.  

2) Based on the chamber verification of PartMC, we recommend that when coagulation is 
important in altering particle properties under conditions identified by Fierce et al. [2013], 
models should consider the effects of non-spherical particles. 

3) Based on the comparison of light absorption from biomass sources, we recommend that all 
aerosol emitted from biomass be placed into a single classification titled “weakly absorbing” 
particles. This classification will miss some subtle absorption differences, but these are 
relatively small compared with absorption by black carbon.  

4) Based on the exploration of aging treatments for both hygroscopicity and absorption change, 
we make the following recommendations for representing “inherent absorption,” which we 
define as light absorption of the native absorbing material rather than absorption caused by 
particle morphology or mixing state. 
i) Aging with ozone and irradiation with ultraviolet light alters inherent absorption; and aging 
with ozone causes subtle differences in activation, but not enough to require distinct 
representation in large-scale models;  
ii) Aging by coagulation of salts to form solutions alters inherent absorption minimally, and 
the difference in activation can be represented using standard hygroscopic mixing rules; 
iii) Aging with ammonia alters both absorption and hygroscopic properties sufficiently that 
ammonia-aged particles could require a separate class in large-scale models, and the 
magnitude of these effects should be evaluated by sensitivity tests using such models.  

 
Naturally, this study has examined only a selected set of the possible material in the 

atmosphere. We also suggest that other researchers examining changes in light absorption due to 
reactions, or attribution of cloud condensation nuclei to chemical composition, could evaluate 
their findings within the framework of climate-relevant classes as we have proposed.  
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Appendix A. 

Aging-Induced Change in Light Absorption of Primary Organic Biomass 
Pyrolysis Aerosol  
M. Fawaz, B. T. Brem, Y. Chen, M. J. Rood, and T. C. Bond 

 

1.  Introduction 
Carbonaceous aerosols are abundant in the atmosphere. They are emitted from urban 

sources, residential sources, and biogenic sources. Carbonaceous aerosols are categorized into 
primary organic carbon, secondary organic carbon, and black carbon based on their chemical 
composition and their origin. Black carbon is a strong absorber of light [Ramanathan and 
Carmichael, 2008]. While secondary organic carbon absorb light after atmospheric processing 
[Liu et al. 2016, Lambe et al. 2013], primary organic carbon can absorb up to 14% of solar 
radiation in the visible range [Kirchstetter and Thatcher, 2012]. Field campaigns found evidence 
of BrC absorption from particles collected from regions with biomass burning [Hand et al., 
2005; Alexander et al., 2008; Adachi and Busek, 2011]. The absorbing particles in the organic 
aerosol family have been termed “brown carbon,” which we abbreviate as BrC to distinguish it 
from black carbon.  

Radiative forcing studies established the need to include the contribution of brown carbon 
in forcing models. Including brown carbon absorption into direct radiative forcing models causes 
a decrease in radiative forcing and shifts the role of BrC from cooling to warming [Lu et al. 
2015]. Feng et al. [2013] found that the radiative forcing of organic aerosols changes from -0.08 
W/m2 to +0.025 W/m2 when BrC absorption is included, thus predicting a climate warming 
effect instead of a cooling effect. The accurate representation of BrC in radiative transfer models 
depends on estimates of BrC absorption. Values characterizing absorption strength and spectral 
dependence also been applied to attribute absorbance of aerosol in the atmosphere to brown 
carbon [Arola et al. 2011].  

Optical properties of freshly emitted BrC have been measured [Hoffer et al., 2015; Chen 
and Bond, 2010; Saleh et al., 2013; Dinar et al., 2008]. Laboratory studies measured absorption 
in the visible range for organic carbon emitted from biomass burning [Chakarabarty et al., 2010; 
Chen and Bond, 2010; Hoffer et al., 2016]. Once emitted, brown carbon may remain in the 
atmosphere for several days, undergoing physical and chemical transformations. Studies 
examined the effect of photochemical aging of brown carbon on absorption [Zhao et al. 2015, 
Saleh et al., 2013; Zhong and Jang, 2013], where UV radiation decreases absorption due to the 
loss of chromophores [Lee et al., 2014]. In addition, there have been reports on the effect of the 
morphology of brown carbon on the optical properties [Lack and Cappa, 2010; Saleh et al. 
2014].  Based on the assumption that brown carbon is formed on a black carbon seed, BrC 
absorption has been parameterized as a function of BC content [Pokhrel et al., 2016; Lu et al., 
2015]. There is a need to study the coupled effect of physical and chemical processes on the light 
absorption of brown carbon.  
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Chemical processes influence optical properties. Aging of aerosols in the atmosphere 
may introduce compounds or reactants that change the hygroscopicity of the particles by making 
it more hydrophilic or more hydrophobic. Nitrated and aromatic compounds have been identified 
as likely absorbers [Jacobson, 1999; Sun et al., 2007]. Mohr et al. [2013] observed an increase in 
absorption in brown carbon particles containing nitrate phenol groups. Atmospheric oxidation of 
organic aerosol increases the oxygen content of the particles and increases their hygroscopicity 
[Jimenez et al., 2009]. Atmospheric processing of mixed organic aerosol with OH, NO, and O2 
incorporates chromophores and is expected to enhance light absorption [Ellison et al., 1999].  

Reported absorptive properties of BrC are summarized in Table 1. Particles’ interaction 
with light is governed by their size and refractive index, m = n + i k, where n is the real part 
mainly relating to light scattering, and k is the imaginary part which primarily governs 
absorption. Previously observed k values for BrC aerosol range from 0.002 at λ = 532 nm of 
nighttime HULIS [Hoffer et al., 2006] to 0.270 at λ = 550 nm for BrC spheres [Alexander et al., 
2008]. The reason for this wide range is not entirely clear, but indicates that BrC absorption is 
likely dependent on the type of emission source and atmospheric processing.  

The absorption Ångström exponent (åa) describes the wavelength dependence of 
absorption according to the equation below:  

åa =
−ln bap (λ1) / bap (λ2 )( )

ln λ1 / λ2( )
       (1) 

where bap is the absorption coefficient of aerosol. Values of åa are also summarized in Table 1. 
Different emission sources and atmospheric processing may also explain the spread in åa values 
ranging from 1.5 [Alexander et al., 2008] to 16.7 [Chakrabarty et al., 2010]. 

The objective of this study is to evaluate the effects of aging agents or processes 
commonly found in the atmosphere on the absorption of primary BrC aerosol, first identifying 
the agents that could cause strong BrC aerosol absorption.  

2.  Methods and Data Analysis  
We determined mass-specific properties of brown carbon (BrC) emitted from biomass 

pyrolysis and exposed to aging agents using filter capture followed by extraction and 
measurement in the liquid phase. To investigate the change of optical properties under high 
relative humidity (RH) conditions we used the difference between extinction and scattering. 
Figure 1 is a schematic of the overall setup of BrC generation from biomass pyrolysis, including 
collection on filters and optical measurements.   

2.1.1 Aerosol Generation  
A temperature-controlled wood pyrolysis reactor was operated to generate primary BrC 

aerosol. Nitrogen (N2) sheath flow produced anoxic conditions in the reactor, as expected to 
occur in the middle of a wood piece [Evans and Milne, 1987]. These conditions allowed for 
pyrolysis that generated light absorbing BrC aerosol, while also preventing flaming and the 
production of elemental carbon. This wood pyrolysis reactor was previously used by Chen and 
Bond [2010] and Brem et al. [2012]. A proportional integral differential (PID) controller 
controlled the reactor temperature within 10 ˚C. Individual 2 x 2 x 2 cm (length x width x height) 
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oak wood blocks were pyrolyzed for 7 minutes at 425 ˚C. Three woodblocks were pyrolyzed 
sequentially per run. The generated aerosol was sampled 4 cm above the reactor chimney at a 
flow rate of 3.75 L min-1. The annular dilution probe diluted the sample further with particle-free 
dry air to a 7:1 volume dilution ratio. Particles larger than 1 µm were removed with a two stage 
Berner type impactor downstream of the dilution probe.  

2.1.2 Filter Exposure Experiments 
The purpose of exposing particles captured on filters was to determine the aging 

processes that might have significant effects on absorption before committing to the more 
challenging measurements on suspended particles. Two parallel 47 mm filter holders (URG-
2000-30RAF, URG Corp.) containing two quartz fiber filters (Tissuquartz 2500, Pall Inc.) were 
used to collect the aerosol particle mass. Quartz filters for collection were baked at 550 ºC in a 
muffle furnace for four hours and stored in petri dishes lined with baked aluminum foil prior to 
sampling. The filter collection flow rate was set to 8 L min-1. The rest of the diluted aerosol flow 
(14 L min-1) bypassed the sampling system. Air flow rates were checked and adjusted by 
comparing them to a primary standard airflow calibrator (Gilian Gilibrator, Sensidyne Inc.). At 
the end of the sampling period, the filters were returned to the dishes immediately and stored in a 
freezer until further usage. 

Three types of aging agent treatments were applied to the BrC aerosol: filter punches 
were exposed to ultraviolet (UV) radiation; entire filters were exposed to the atmospheric trace 
gases O3, NH3 and NO; and aqueous saturated salt solutions of (NH4)2SO4, NH4NO3, NaCl and 
Na2SO4 were added to filter punches.  

2.1.2.1 Ultraviolet Radiation 
Two filter punches with an area of 1 cm2 were placed in a petri dish with the cover 

removed. A low-pressure mercury arc lamp (CE-10-C, American UV Inc.) was installed 15 cm 
above the petri dish. One filter punch was covered with a stainless-steel mask to shield it from 
the 254-nm irradiation of the UV lamp, but allowing similar exposure conditions in terms of 
temperature and relative humidity. The entire setup was operated in an airtight stainless steel 
vessel that was purged with 20 L min-1 of either dry ultra-zero air or laboratory grade N2 (purity 
5.0). The UV exposure for both the air and N2 experiments was 5 hours. After exposure both the 
UV exposed and unexposed punches were extracted and analyzed. 

2.1.2.2 Atmospheric Trace Gases 
Trace gas experiments were performed by exposing the BrC filter samples to gas flows of 

O3, NH3 and NO. Concentrations much higher than those found in the atmosphere were used in 
order to determine whether the treatments had any effect. A corona discharge O3 generator 
(Model G1-L, PCI Ozone Corp) generated 8% O3 by mass from oxygen (purity 5.0) at a flow 
rate of 1 L min-1. The filter holder was connected directly to the O3 generator for an exposure 
time of 15 minutes.  

Pressurized tanks of anhydrous NH3 (purity 5.0) and 1000 ppmv NO balanced with N2 
were the aging agents for the two-other atmospheric trace gas screening experiments. For both 
experiments, the filter holders were connected to the gas using a variable area flow meter (Rota 
meter, MMA-21, Dwyer Instruments) upstream for gas flow control. The flow and exposure 
times for the NH3 experiment were 1 L min-1 and 15 minutes, respectively and 1 L min-1 and 120 
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minutes, respectively for the NO experiment. After all gas screening experiments the treated BrC 
aerosol mass was extracted from a 1 cm2 filter punch and analyzed. 

2.1.2.3 Saturated Salt Solutions 
Two ml of saturated nanopure water solutions of 7 mol L-1 (NH4)2SO4, 25 mol L-1 

NH4NO3, 7 mol L-1 NaCl and 2 mol L-1 Na2SO4 were added to individual 1 cm2 BrC loaded filter 
punches in individual 10 mL vials. The individual vials were closed and left under dark 
conditions for 12 hours before the treated aerosol mass was extracted and analyzed. 

2.1.2.4 Filter Extraction and Absorbance Measurements 
Extraction of the filter mass was performed with methanol (A.C.S. certified, Fisher 

Scientific Inc.). Methanol has been found previously to extract 92 to 98% of pyrolysis OC 
aerosol mass from quartz filters [Chen and Bond, 2010]. The filter punch and 4 mL of solvent 
were sonicated for 1 hour in an ultrasonic bath (Model 8892, Cole Parmer Inc). For the saturated 
salt solution experiments 2 mL of methanol were directly added to the salt solution containing 
the filter punch. After the first sonication, the extracts were kept under dark conditions at room 
temperature for 20 hours to let the solution reach equilibrium, and sonicated again for an 
additional hour. After the second sonication, the extracts were filtered with a 0.2 µm pore size 
syringe filter (Anotop 10, Whatman Inc.) to remove filter fragments and impurities so the BrC 
solutions could be analyzed in a spectrophotometer. 

The absorbance of the aerosol extracts was measured using a spectrophotometer 
(Shimadzu, UV-2401) for wavelength spectra ranging from 360 to 600 nm. The instrument was 
operated in spectrum mode at a wavelength resolution of 0.5 nm. The extracts were analyzed in 
closed quartz cuvettes (29-SOG-10, Starna Cells Inc.) with 1 cm path lengths and 1.4 ml volume. 
Each spectrum was determined relative to a reference cuvette which contained the solvent of 
extraction. 

2.1.2.5 Organic Carbon Mass Measurements 
The mass of organic carbon in the aerosol extracts was determined using the thermal-

optical-transmittance (TOT) method. 30 µL of extract were pipetted onto a blank (previously 
analyzed) 1 cm2 quartz filter punch. The wet punch was dried for 30 minutes in a fume hood. 
Contamination in the methanol or from drying was less than 3% of the collected OC, as 
determined by extracting and drying blank quartz filters initially containing 30 µL of methanol 
with the same procedure. After the drying the filter punches were analyzed with a thermo-optical 
OC/EC analyzer (Sunset Laboratory, Tigard, OR). The instrument was operated according to the 
procedure described by Subramanian et al. [2009] with a temperature profile based on NIOSH 
Method 5040 [NIOSH, 2003]. 

2.1.3 Aerosol measurements 
OC aerosol was generated by pyrolysis of oak wood biomass. Pyrolysis was controlled 

inside a temperature-controlled reactor [Chen and Bond, 2010]. The resulting OC aerosol was 
sampled with a diluting, porous-tube probe for 30 s and was directed to a 208 L stainless steel 
mixing chamber. Clean air for dilution was filtered with a high efficiency particulate air filter, a 
silica gel column and an NH3 adsorbent column. A fan inside the chamber induced mixing of 
aerosol. Prior to OC injection, the chamber was purged with clean air to remove any residual 
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particles and gases from the previous test. Particle concentration inside the chamber was 
measured less than 5 cm-3 with a condensation particle counter (CPC, TSI 3010) before each test.  

We used an accelerated aging process similar to Rudich et al. (2007) to simulate aging 
under atmospheric conditions. Two atmospheric trace gases were used for the aging of the 
particles are ammonia gas and ozone gas, at two concentrations. Ammonia gas (NH3) 
concentrations were 10 ppmv and 875 ppmv and particles were exposed to the gas for 10 
minutes. Exposing BrC to 10 ppmv for ten minutes is equivalent to a 9 day exposure to 8 ppbv of 
ammonia. The concentrations of ozone used were 0.1 and 0.3 ppmv. Concentrations of O3 were 
maintained throughout the 2-hour experiment, making the concentration equivalent to 35 ppb for 
6 and 18 hours in the atmosphere. For further details on the aging process, refer to Shah et al. 
(2017). 

We measure the effect of the coupled chemical and physical processes on BrC absorption 
using the difference method described and used in Brem et al. [2012]. Absorption is measured at 
three wavelengths (360nm, 440nm, and 660nm). The particles first pass through a short path 
extinction cell (SPEC) originally designed by Virkkula et al. [2005], which measures extinction 
at high RHs. The gas stream then passes through a modified TSI nephelometer (TSI 3563) which 
measures particle scattering. Absorption is calculated by subtracting the extinction signal from 
the scattering signal. Experiments were first performed with ammonium sulfate to match 
extinction and scattering for non-absorbing aerosol.  

2.1.4 Data Analysis 
We distinguish between absorption coefficient measured in solutions (α) and absorption 

coefficient of aerosols (bap). Both values can be reported with normalization to the concentration 
of organic material, giving absorption per mass (α/ρ) in the bulk solution and mass absorption 
cross-sections (MAC) for aerosol.  

While both α/ρ and MAC have the same units (m2 g-1), they cannot be compared directly, 
because MAC includes the effect of particle shape and size on interaction with light. From α/ρ, 
the imaginary part of the refractive index k can be derived, as described below. It can then be 
used in combination with the real part, n, in Mie-Lorentz or other theories to calculate absorption 
by suspended particulate matter. The intrinsic difference between α and bap, or α/ρ and bap, also 
means that absorption Ångström exponents calculated from solutions or from suspended aerosols 
must differ.  

2.1.4.1 Filter Collection 
Absorption of material extracted from filters is reported in terms of absorption cross-

section divided by organic carbon density (α/ρ). This approach has been used by Chen and Bond 
[2010]. The α/ρ values are calculated from spectroscopic data according to: 

α
ρ
(λ) = A(λ)

cL
ln(10)         (2) 

where A is the measured absorbance by the spectrometer measured at the wavelength λ, L is the 
optical path length of the cuvette used (1 cm) and c is the concentration of the organic carbon in 
the solution determined by the OC/EC analysis.  
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The imaginary part k of the refractive index was calculated from α/ρ values with the 
following equation: 

( ) ( )
4

k α ρ λ
λ λ

ρ π
×

= ×         (3) 

The value of BrC density (ρ) was assumed to be 1.2, a commonly used density for OC [e.g. 
Turpin and Lim, 2001].  

Values of åa were determined according to Equation (1), using a linear regression of ln(α/ρ) 

versus ln(λ). 

2.1.4.2 Optical Properties 
The complete corrections for the extinction and scattering signals are discussed in Brem 

et al. (2012). The corrections include nephelometer truncation, purge air dilution, and change in 
temperature. The effect on optical properties is presented here as the single scattering albedo, 
defined as:  

SSA=
bsp

bsp +bap
         (4) 

 

where bsp is the aerosol scattering coefficient. A measure of absorption is the co-albedo, or one 
minus the single scattering albedo. This value is 0 if there is no absorption, and 1 if the aerosol is 
purely absorbing. 

2.2 RESULTS AND DISCUSSION 

2.2.1 Exposure on Filters 
2.2.1.1 Exposure to Ultraviolet Light 

Absorption change due to UV exposure, in absolute values and percentage change, are 
shown in Figure 2. The absorption per mass of the BrC that was not exposed to UV radiation 
differs less than 9% from the untreated BrC, indicating that the purging of the vessel with dry air 
and N2 had little effect on the absorption per mass. The absorption per mass for the UV-exposed 
BrC was up to 11% lower when the vessel was purged with N2 compared to air, but this 
difference lies within experimental uncertainty.  

The change in absorption per mass after UV radiation increased at greater wavelengths, 
so the absorption Ångstrom exponent was reduced (last column of Table 2). The value of åa 
decreased from 8.22 for the untreated BrC to 7.09 and 7.16 for the UV-exposed BrC in air and 
N2, respectively. All R2 values in the åa determination were greater than 0.99. 

2.2.1.2 Exposure to Gases 
The absorption spectra and percentage changes for BrC filters exposed to gaseous NH3, 

O3, and NO are presented in Figure 3, and the changes are summarized in Table 2. All three 
gaseous agents increase the absorption per mass of the treated BrC. The smallest change in 
absorption occurred for the BrC treated with O3. The change in absorption per mass for the O3 
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exposure experiment shows a slight wavelength dependence, with a constant increase ranging 
from 14% to 26% over the spectral range evaluated. This increase in absorption per mass with 
increasing wavelength results in a lower åa value of 6.71 for the O3 treated BrC, in contrast to the 
åa value of 8.02 of the untreated BrC.  

The BrC treated with NO is also more absorbing than the untreated BrC, but the change 
occurs preferentially at shorter wavelengths. This wavelength-dependent change in absorption 
per mass causes an increased åa value of 8.77 (Table 1) for the NO-treated BrC. NO is the only 
aging agent that increased the absorption Ångstrom exponent.  

Exposure to NH3 affects the BrC absorption the most of all aging agents tested. The NH3 
treatment caused an absorption change of up to 300% (λ = 600 nm), and the change was greater 
at longer wavelengths than at shorter wavelengths. The åa value for BrC treated with NH3 
decreased from 8.02 to 6.88. 

NH3 reactions with limonene have been found in previous studies to form absorbing 
secondary OC aerosol at visible wavelengths [Updyke et al., 2012]. The initial step in the 
browning reaction was proposed to be the reaction between carbonyl groups in the SOA 
molecules with ammonia that forms chromophores which are conjugated nitrogen-containing 
species [Bones and Phillips, 2009; Laskin et al., 2010; Nguyen et al., 2012] allowing n - π* 
transitions causing increased absorption. Such reactions might also occur for the complex 
primary BrC from biomass pyrolysis that contain carbonyl groups. 

2.2.1.3 Exposure to Saturated Salt Solutions 
The change in absorption per mass for the experiments in which saturated salt solutions 

were deposited onto filters is presented in Figure 4. The addition of saturated aqueous solutions 
of (NH4)2SO4, NH4NO3, NaCl and Na2SO4 simulates mixing that would occur at high relative 
humidities in ambient air. Mixing with salts increases the absorption per mass of the treated BrC 
at wavelengths above 480 nm. The greatest change in absorption was +105% at a wavelength 
around 600 nm, but the absolute changes in absorption per mass were small and the changes in 
absorption per mass caused by the different salts are not distinguishable from each other. The 
increase in absorption per mass for all aqueous salt solution treatments decreases åa (Table 2). 

2.2.2 Absorption by particles 
Measurements of absorption by particles suspended in air (aerosol) were done following 

two aging treatments: NH3 and O3. Visible absorption by this BrC is small in comparison with 
that of black carbon—about 1% of the absorption per mass. For that reason, absorption increases 
of 50% (from k = 0.002 to k = 0.003) were deemed scientifically interesting but less relevant to 
uncertainties in climate forcing. NH3 was selected because it produced the greatest change in 
absorption that could cause a significant change in climate-relevant properties. O3 was chosen 
because it is a common atmospheric constituent that produced little change even at very high 
concentrations relative to those in the atmosphere. 

Figure 5 shows the change of SSA at 470 nm (blue) and 530 nm (green) for aging with 
O3 and NH3, each at two concentrations. Because absorption is calculated by subtracting the 
extinction signal from the scattering signal, uncertainty in the single-scattering albedo was 
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significant—about 0.01 (Figure 5). This uncertainty was mainly caused by drift in the zero signal 
of the extinction cell required before and after each experiment.  

SSA at the blue wavelength decreased from 0.95 to 0.88 for the treatment with the 
highest concentration of ammonia, a 90% increase in absorption. SSA at the green wavelength 
decreased from 0.94 to 0.89 with this treatment, approximately a doubling of absorption; both 
increases were greater than the uncertainty. While these increases are smaller than the 275% 
observed for aging in the filter experiments, the concentrations used in aerosol aging are also 
much lower than the pure ammonia used for the filter aging. SSA also decreased, by a lower 
amount, when a lower concentration of ammonia (10 ppm) was used for aging. 

Aging with the higher concentration of ozone did not cause a difference in SSA greater 
than the uncertainty of the measurement, consistent with the filter-aging measurements. The 
lower ozone concentration appeared to slightly increase the SSA or decrease absorption, in 
contrast to the filter-aging experiments.   

3.  Summary 
Aerosol from biomass pyrolysis was collected on filters and exposed to ultraviolet light, 

reactive gases and aqueous solutions of salts. After exposure, the absorption spectra of extracts 
was measured. The measured values of refractive index were in the same range of values 
calculated by Chakrabarty et al. (2010) for the class of brown carbon called tar balls. Aging with 
NH3 increased absorption by a factor of more than three. The other treatments increased 
absorption by 15-50%; no treatments decreased absorption, even irradiation with UV light. In all 
cases, the absorption Ångstrom exponent decreased, meaning that the absorption increase 
preferentially occurred at longer wavelengths.  

Aging with ammonia and ozone was applied to suspended particles to confirm that the 
phenomena appearing, or not appearing, on filter-collected aerosol would occur in the 
atmosphere. Absorption by particles reacting with ammonia doubled at high concentrations of 
the reagent, and absorption by particles exposed to ozone changed negligibly, agreeing with the 
filter measurements. 
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FIGURES 

 
Figure 1. Schematic of the experimental setup of BrC generation, collection, and 
measurement using two methods: collection on filter media for measurements in liquid 
phase measurements, and optical properties measured for suspended particles 
 

 

Figure 2. Absorption per mass (left) and percent change in absorption per mass (right) for 
extracts of BrC filter punches exposed to UV radiation in an air and N2 purged vessel. 
“Untreated” punches experienced identical conditions in the vessel as the exposed punches 
but were shielded from UV radiation with a stainless steel mask. 
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Figure 3. Absorption per mass (left) and percent change in absorption per mass (right) for 
extracts of BrC filters exposed to gaseous NH3, O3 and NO. 

 

 

Figure 4. Absorption per mass (left) and percent change in absorption per mass (right) of 

BrC filter extracts treated with saturated aqueous solutions of (NH4)2SO4, NH4NO3, NaCl 

and Na2SO4   
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Figure 5. Change in single-scattering 
albedo after aging with ammonia and 
ozone, under dry conditions. 
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TABLES 
 

Table 1. Reported values of primary BrC aerosol absorptive properties  
Type Author Year λ (nm) k åa Phase 

HULIS Night Hoffer et al. 2006 532 0.002 6.8 liquid 

HULIS Day Hoffer et al. 2006 532 0.002 6.4 liquid 

BrC from Ponderosa  

Pine Smoke 
Chakrabarty et al. 2010 532 0.003 16.7 aerosol 

Methanol Extract of 

Pyrolysis OC  
Chen and Bond 2010 530 0.004 7.8 liquid 

Refractory OC from 

Biomass Burning 
Clarke et al. 2007 530 0.005 15.7 aerosol 

Biomass OC Methanol 

Extract 
Kirchstetter et al. 2004 550 0.030 5.6 liquid 

BrC from Biomass 

Burning 
Lack et al. 2012 404 0.007 - aerosol 

Smoke HULIS Dinar et al. 2008 532 0.048 2.8 aerosol 

Pollution HULIS Dinar et al. 2008 532 0.049 2.2 aerosol 

Water Insoluble OC  

(Band Gap #2) 
Sun et al. 2007 550 0.055 5.5 liquid 

BrC spheres Alexander et al. 2008 550 0.270 1.5 liquid 
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Table 2. Effect of aging agents on BrC absorptive properties at λ = 530 nm, for absorption 
in extracts. Each group of experiments began with a different biomass sample, so optical 
properties of untreated material varied slightly.  

 

Treatment α/ρ [m2 g-1] α/ρ change [%] ki åa 

Untreated 0.039 - 0.0021 8.22 
   Air (Control) 0.043 6 0.0023 8.16 
   N2 (Control) 0.041 5 0.0022 8.15 
   UV in Air 0.063 58 0.0034 7.09 
   UV in N2 0.059 49 0.0032 7.16 
 
Untreated 

 
0.045 

 
- 

 
0.0024 

 
8.02 

   NH3 0.148 275 0.0078 6.88 
   O3 0.052 15 0.0028 6.71 
   NO 0.058 48 0.0031 8.77 
 
Untreated 

 
0.038 

 
- 

 
0.0020 

 
9.11 

   (NH4)2SO4  0.047 24 0.0025 7.91 
   NaCl 0.058 50 0.0031 7.37 
   NH4NO3 0.051 35 0.0027 7.53 
   Na2SO4 0.052 37 0.0028 7.28 
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Appendix B.  
Hygroscopic growth and cloud condensation nuclei activity of fresh 
and chemically-aged organic aerosol from biomass pyrolysis 
R. U. Shah, H. Emamipour, M. J. Rood, and T. C. Bond 

Submitted to Aerosol Science and Technology (in revision) 
ABSTRACT. Biomass burning is a prominent contributor of atmospheric organic aerosols 
and cloud condensation nuclei (CCN). Estimates of aerosol-induced climate forcing are 
uncertain because atmospheric aerosol behavior is affected by both initial properties and 
transformations (aging). We present measurements of hygroscopic growth (<100% relative 
humidities; RH) as well as CCN activity and droplet sizes (>100% RH) of organic carbon 
(OC) aerosol emitted from biomass pyrolysis. We investigate changes in these properties after 
aging with NH3, O3 and RH. κ-Köhler parameterization of hygroscopic growth (κGF) and 
CCN activity (κCCN) reveal κCCN to be up to factor of three larger than κGF. This suggests that 
approximating surface tension of solution droplets to that of pure water, as assumed in κ-
Köhler theory, does not apply to complex OC aerosol. Formation of multiple CCN activation 
modes confirms surfactant presence. 9-day equivalent NH3-aging does not affect κGF, but 
increases κCCN of OC particles by 72%, suggesting formation of organic acidic groups upon 
aging. While O3 has no measurable impact on the κ of OC particles, it delays cloud droplet 
growth, possibly because gas-phase organic compounds in the aerosol condense as films on 
particles upon oxidation. We find that aerosol water during aging at controlled RH does not 
affect resulting hygroscopicity of particles. Our results are consistent with previously reported 
impacts of NH3 and O3 aging on the hygroscopicity of organic particles, but confirms them 
for more complex OC particles. These results are important because they provide constraints 
on important chemical aging mechanisms for organic particles. 

 

1. Introduction 
Open burning of vegetation and biofuels burned for combustion, collectively termed 

“biomass burning” or BB, emit about 90% of primary organic carbon (OC) aerosols 
globally (Bond et al. 2004). These aerosols, along with other inorganic and black carbon 
(BC) emissions, affect the climate (Ramanathan et al. 2007). BB emits particles that have 
varying degrees of affinity for water, termed “hygroscopicity”. Depending on their 
hygroscopicity and size, particles in the atmosphere can take up water and undergo 
hygroscopic growth at sub-saturated relative humidity (RH) and can also serve as cloud 
condensation nuclei (CCN) and activate into cloud droplets when RH is super-saturated. 
Cloud properties are affected by presence of CCN in the atmosphere (Andreae 2008, 
Hennigan et al. 2012). Twomey (1977) showed that an increase in CCN concentration leads 
to a reduced cloud droplet size when clouds are limited by availability of condensable water 
vapor, thus enhancing cloud albedo. As clouds become brighter with smaller droplets, more 
solar radiation is scattered upward, leading to cooling: this is termed the “first indirect 
effect” of aerosols. This negative radiative forcing of the climate counteracts the positive, 
direct forcing caused by absorption of radiation by greenhouse gases (e.g., CO2) and some 
particles in the atmosphere (Andreae and Ramanathan 2013, Bond et al. 2013). Moreover, 
due to reduced cloud droplet size, precipitation is suppressed: this is the “second indirect 
effect” of aerosols (Andreae et al. 2004). 
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Although efforts to estimate climate forcing have spanned decades, the uncertainty in 
estimates of aerosol-cloud interactions is still 1.2 Wm-2 of the total of 2.2 Wm-2 uncertainty 
in estimating anthropogenic forcing of the climate (Myhre et al. 2013). Global model 
estimates of CCN concentrations from BB are highly uncertain (Spracklen et al. 2011), 
primarily because the impact of BB aerosols on clouds depends on the number of CCN in 
the aerosol, which in turn depends on the water affinity and size distribution of the aerosol 
particles (Andreae and Rosenfeld 2008). While freshly emitted organic aerosol particles are 
hydrophobic and thus serve as CCN only at very high values of supersaturation (SS), these 
particles can become hygroscopic within 24 h of emission (Stier et al. 2006). Aerosol 
particles in a BB plume are rapidly transformed by several processes, collectively termed 
“aging”. Aging includes physical processes (i.e., coagulation and condensation) as well as 
chemical processes (i.e., surface-based chemical interaction with reactive species). It is 
important to identify the atmospheric chemical aging pathways that render these initially 
hydrophobic aerosol particles more able to serve as CCN, known as “CCN-active.” 
Identifying aging mechanisms also aids in estimating the atmospheric lifetime of the 
aerosols (Slade and Knopf 2013). 

A common measure of CCN activity is the diameter, 𝐷!"!!, at which 50% of the total 
aerosol particles activate into cloud droplets at a given SS. A decrease in 𝐷!"!! for a single 
size distribution indicates an increase in CCN activity due to higher soluble content of the 
particles. Conventional Köhler theory predicts the CCN activity of a particle based on the 
equilibrium between the surface tension and solute presence, quantified by the Kelvin and 
Raoult terms, respectively (Köhler 1936). A common representation of hygroscopic growth 
at sub-saturated RH is the size growth factor, GFRH, or the ratio of the diameter of a particle 
(DRH) at a reference RH to its dry diameter (Ddry). Both hygroscopic growth and CCN 
activity depend on the amount and nature of soluble matter in the particles, and these 
properties are collectively termed “hygroscopicity” in this paper. Hygroscopicity has been 
parameterized using the κ-Κöhler theory (eq. 1, Petters and Kreidenweis 2007). For a 
particle of dry diameter Ddry, the hygroscopicity parameter, κ, relates its wet diameter, Dwet, 
to its water activity, aw: 

   [1] 

Reported values of κ range from strongly hydrophobic (κ = 0 for completely 
insoluble particles) to strongly hygroscopic (κ = 0.6 for (NH4)2SO4). Moreover, κ can be 
calculated from measurements of either GFRH or 𝐷!"!!  (denoted as κGF and κCCN, 
respectively). Compiling previously published measurements of hygroscopic growth and 
CCN activity, Petters and Kreidenweis (2007) calculated κGF and κCCN for 25 organic and 
inorganic compounds. The agreement between κGF and κCCN was within 30% for those 
organic substances. These discrepancies were attributed to experimental uncertainties. 
Discrepancies larger than this value indicate the possible presence of surfactants or 
sparingly soluble matter (Dusek et al. 2003, Petters and Kreidenweis 2007). Surfactants and 
sparingly soluble matter alter the Kelvin and Raoult terms, respectively, that are expressed 
in Köhler theory, thereby affecting the overall CCN activity of the particle (Li et al. 1998). 

1
aw

=1+κ
Ddry
3

Dwet
3 −Ddry

3

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
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Chemical aging of organic aerosol particles by reactive gases can affect their 
solubility and surface active properties, which affects their CCN activity (Petters et al. 
2006). NH3 and O3 are observed throughout the lower atmosphere in trace amounts, with 
exact values varying spatially and temporally. Ambient levels of NH3 have been observed 
to be as low as 0.5 ppbv in rural locations (Lewin et al. 1986). In regions of high BB 
activity, ambient NH3 as high as 8 ppbv has been observed (Trebs et al. 2004). Accounting 
for uptake of NH4

+ ions by ambient aerosol particles is important in predicting their 
hygroscopicity, because this mechanism neutralizes the acidic groups and affects the water-
soluble content of particles (Mircea et al. 2005, Trebs et al. 2005). Surface O3 levels of 10 
to 30 ppbv have been measured in the United States (Fiore 2003) and concentrations as high 
as 40-60 ppbv have been measured in regions with high BB activity (Bela et al. 2015). 
Water uptake from atmospheric humidity may also participate in the chemical reactions of 
organic aerosol particles (Abbatt et al. 2012). 

We briefly review studies that have reported changes in hygroscopicity of 
laboratory-generated surrogates of atmospheric organic aerosol particles due to chemical 
aging with NH3 and O3. Wu et al. (2011) showed that hygroscopicity of surrogates 
increased after neutralization of acidic groups by NH4

+. Dinar et al. (2008) observed that 
exposure to 1 ppmv NH3 did not affect the κGF, but decreased the 𝐷!"!.!"% of sparingly 
soluble organic aerosol particles by 55%. Slade et al. (2015) showed that oxidation by O3 
had no impact on the CCN activity of single, binary and ternary mixtures of BB surrogate 
compounds in the laboratory. Ozonolysis has been shown to induce formation of organic 
films on aerosol particles due to condensation of low volatile organic vapors in the aerosol 
(Anttila et al. 2007). Formation of such organic films could affect the hygroscopicity of the 
particles (Lambe et al. 2015). 

In addition to affecting hygroscopicity, organic films on particles can also impede 
mass transfer of water vapor to the particles and thus inhibit the rate of droplet growth at 
super-saturated RH (Feingold and Chuang 2002). Droplets exhibiting slower growth are 
prone to broaden the droplet size distribution in the atmosphere (Feingold and Chuang 
2002). An implication of this effect is increased atmospheric lifetimes of these droplets 
(Ruehl et al. 2007). 

Studies have also investigated properties of particles emitted from BB, instead of 
surrogates (e.g., Petters et al. 2009, Dusek et al. 2011). These studies analyzed emissions 
from burning different species of biomass and found κ ranging from 0.06 to 0.2 for 
emissions from burning of wood or branches with leaves. They found that measured κGF 
and κCCN for a given BB aerosol particle population differed within the aforementioned 
30% uncertainty that could be ascribed to measurement error. Moreover, Petters et al. 
(2009) also found that the size-resolved CCN activation curves of different BB emissions 
differ in shape owing to chemical and morphological heterogeneity of the particles. These 
studies investigated BB emissions without isolating the stages of combustion. However, in 
a BB event, vaporized volatile compounds can either condense to form OC particles (Evans 
and Milne 1987) or burn in a diffusion flame to form BC particles. These sequentially-
emitted particles have differing properties, and isolated OC has not been investigated 
separately. Characterization of isolated OC emissions from BB thus provides information 
on the climatically-relevant properties of a major fraction of the global OC burden. 
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Studies have not yet investigated the hygroscopicity of complex biomass-pyrolysis 
OC aerosol particles and how it evolves upon chemical aging. In this study, we address this 
gap by experimentally investigating the hygroscopicity of fresh and chemically-aged OC 
aerosol particles generated from biomass pyrolysis. We measured and compared κGF and 
κCCN to infer the possible presence of surface active and sparingly soluble matter. We also 
measured the size distribution of droplets after activation in the cloud chamber in order to 
infer changes in the growth rates of droplets at supersaturated RH. 

Studies reviewed earlier in this section have measured hygroscopicity of either 
chemically-aged BB surrogate aerosols or freshly emitted BB aerosols. The unique aspect 
of this study is combining these two approaches by studying aerosols generated by biomass 
pyrolysis and then simulating atmospheric chemical aging of these aerosols to characterize 
the hygroscopic growth and CCN activity of particles before and after chemical aging. 
Results of this study are important in evaluating not just the hygroscopicity of aerosols 
emitted during biomass pyrolysis, but also the possible chemical reactions that transform 
them in the atmosphere. Properties of both freshly generated and aged aerosols govern their 
interactions with clouds and their wet removal from the atmosphere.  
2. Experimental methods and data analysis 

2.1 Overall approach 
We measured the hygroscopic growth and CCN activity of OC aerosol generated in 

biomass pyrolysis. For the remainder of this paper, the term “OC” will refer to this 
pyrolytically generated aerosol. A schematic describing the research approach used in this 
study is shown in Fig. 1. All reported aerosol flow rates are standardized to 1 atm and 0 °C. 

2.2 Generation and sampling of aerosol 

(NH4)2SO4 (AS; ACS Certified, Fisher Scientific A702) and 100, 200 nm 
polystyrene latex (PSL; Thermo Scientific Inc. 3200A) aerosols were generated using a 
constant output atomizer (TSI 3076) using deionized water to produce reference aerosols 
for calibration. Aerosol was dried (< 1% RH) using a custom-built silica gel diffusion 
dryer. AS is a common inorganic salt, the hygroscopic properties of which have been well-
characterized. Hence AS was used for calibrating instruments that measure the hygroscopic 
properties of aerosols. PSL spheres were used for evaluating the particle sizing 
instrumentation. 

OC aerosol was generated by pyrolysis of oak wood biomass. Pyrolysis was 
controlled inside a reactor (Chen and Bond 2010) and is briefly described here for clarity. 
Oxygen-deficient conditions were created by passing gaseous N2 (99.95% purity by mass) 
at 12.4 ± 0.1 slpm into the bottom of the reactor, with a residence time of 3.7 s at standard 
conditions. The temperature at the bottom of the reactor was maintained at 300 °C using a 
650 W proportional-integral-derivative (PID) controlled heater (Watlow VC403A06A). 
The biomass used in a single batch test was 0.32 ± 0.01 g, measured using an analytical 
balance (Mettler-Toledo AB204-S). OC aerosol was drawn from top of the reactor at 2.03 ± 
0.02 slpm and was diluted immediately in an annular sampling probe by mixing with clean 
air at 25.88 ± 0.21 slpm. Sampling and dilution of OC was done for 30 s and was directed 
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to a 208 L stainless steel mixing chamber. Clean air for dilution was generated by passing 
compressed air through a high efficiency particulate air filter, a silica gel column and an 
NH3 adsorbent (AmmoSorbTM, Imtek Environmental) column. A fan inside the chamber 
induced mixing of aerosol. Prior to OC injection, the chamber was purged with clean air to 
remove any residual particles and gases from the previous test. Particle concentration inside 
the chamber was measured less than 5 cm-3 with a condensation particle counter (CPC, TSI 
3010) before each test. 

2.3 Aging of aerosol  
The atmospheric lifetime of primary organic aerosols typically considered in models 

is 4.3 to 11.1 days (Kanakidou et al. 2005). It is, however, challenging to chemically age 
organic aerosols over such time periods in laboratory studies. One experimental approach is 
assuming that the reaction between a gas-phase chemical and aerosol particles follows 
pseudo-first order kinetics (Rudich et al. 2007), reducing exposure time and increasing 
reactant concentration so that the exposure-time product is same as that occurring in the 
atmosphere. This equivalence has been used in experimental studies (Engelhart et al. 2008, 
Lambe et al. 2015) and is also the principle behind some of the tests reported here. 
Experimental test conditions are summarized in Table 1, which also shows the unique aging 
IDs assigned to each set of conditions. 

With the exception of AS, the initial aerosol for all aging tests was OC. Moreover, as 
shown in Table 1, hygroscopic growth measurements were done only when RH during 
aging inside the mixing chamber was less than 1%. For simplicity, we refer to all RH 
values less than 1% as 0% in this paper. 

Two concentrations of NH3 were used in this study: 10 and 875 ppmv. The duration 
of aging of OC between injection into chamber and drawing out for measurements was 10 
min. A 10 min aging with 10 ppmv NH3 is equivalent to 9 days of atmospheric aging at an 8 
ppbv ambient NH3 level. A higher NH3 concentration of 875 ppmv was also used as an 
upper bound aging condition to observe whether changes in hygroscopicity occurred after 
aging OC for 10 min at this very high concentration. In tests with 10 ppmv NH3 aging, a 
700 mL pulse of 3000 ppmv NH3 was injected into the mixing chamber using a syringe and 
hypodermic needle immediately after it was filled with OC particles. For achieving 875 
ppmv NH3 in the mixing chamber, reagent grade 3000 ppmv NH3 in N2 from a compressed 
gas cylinder was diluted with clean air and the mixing chamber was flushed with this 
mixture for a minimum of 30 min to achieve steady-state concentration. 

Two concentrations of O3, 0.1 and 0.3 ppmv, were used in this study. After 
maintaining controlled O3 concentration in the chamber for 5 min, aerosol was sampled by 
instruments as described in Sec. 2.4 and 2.5. While sampling, a make-up flow equal to 
sampling flow was provided to the chamber. O3 in the make-up flow was controlled to 
ensure constant O3 inside the chamber. Sampling lasted for 120 min, causing a total 
equivalent atmospheric aging of 6 hr and 18 hr (assuming average ambient O3 of 35 ppbv). 
As will be discussed in Section 2.5, all CCN activity tests were done by measuring particles 
of successively greater diameters. Hence, particles drawn out of the chamber first 
experienced a shorter duration of O3 aging. The direction of size-scanning was also 
reversed and the test was duplicated to ensure that this difference in aging time did not 
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affect the results. O3 was generated by passing 0.45 slpm clean air through a variable output 
O3 generator (Jelight 610) and diluted with clean air to achieve steady-state O3 
concentration in the mixing chamber prior to OC injection. 

For every concentration of reactant (NH3 and O3), RH was controlled at 0, 70 and 
85% in the mixing chamber during aging to investigate whether aerosol water would 
participate in the chemical aging process. RH inside the mixing chamber was achieved by a 
custom annular humidifier that controls water vapor diffusion through a GoreTexTM 
membrane (Winter 2002). RH was measured using a capacitance-based RH sensor 
(Vaisala, HMP 330). Periodic calibration of the RH sensors was done in the 43% to 97% 
RH range using saturated solution cells of K2CO3 and K2SO4. Due to PID-based control of 
RH, the instantaneous RH of clean air entering the mixing chamber fluctuated within ±5% 
of the control value. However, these fluctuations were damped inside the mixing chamber 
and the measured steady-state RH inside the chamber was within ±2% of the control value. 

2.4 Hygroscopic growth measurement 

A controlled RH humidified-tandem differential mobility analyzer (H-TDMA) setup 
(Rader and McMurry 1986), shown in Fig. 2, was used for measuring the hygroscopic 
growth of aerosols at subsaturated humidity conditions. 

Aerosol from the chamber was passed through a custom-built silica gel diffusion 
dryer. Dried aerosol (< 10% RH) was first passed through a 210Po charger (Amstat Corp. 
2U500) to achieve equilibrium charge distribution and a constant voltage was used to select 
an electric mobility diameter of 100 nm with a custom-built differential mobility analyzer 
(DMA), previously used by Brem et al. (2012). Size-selected dry aerosol was humidified to 
controlled RH with a smaller replica of the humidifier described in Winter (2002). The 
humidified particle size distribution was then measured using a scanning mobility particle 
sizing (SMPS) system. The SMPS consists of an electrostatic classifier (TSI 3071), in 
which the voltage is scanned, and the number of particles selected at each voltage is 
measured by a CPC (TSI 3022A). The DMA and the EC were both operated with a 10:1 
sheath-to-sample flow ratio with total flow being 10.13 ± 0.08 slpm. As shown in Fig. 2, 
four capacitance-based relative humidity sensors (Sensirion SHT-75) were used to measure 
RH through the setup. 

2.5 CCN activity measurement 
The experimental setup used for measuring CCN activity in this study is shown in 

Fig. 3. Particles were selected based on their electric mobility diameter by a DMA. 
Mobility diameters between 50 and 180 nm were typically scanned in increasing order with 
increments of 15 nm and sampled by three instruments: a CPC (TSI 3010), an SMPS and a 
continuous flow streamwise thermal gradient CCN counter (Roberts and Nenes 2005, 
Lance et al. 2006; DMT CCN-100). Each diameter was fixed for 6 min (2 min for 
equilibration, 4 min of data averaging). Thus, nominal time for scanning the entire particle 
range was 1 hr. 

This CCN counter is described here briefly. A sheath-to-sample flow ratio of 10:1 
was used with total aerosol inlet flow of 0.56 ± 0.004 slpm. Pressure inside the cloud 
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chamber was 985.7 ± 8.4 mbar. Sample aerosol was exposed to a constant supersaturation 
by applying a temperature gradient across a cloud chamber with wetted walls. An 
atmospherically relevant SS of 0.3% was used in all CCN tests. Typical atmospheric values 
of SS are as low as 0.01% to as high as 1% at cloud base (Andreae and Rosenfeld 2008). In 
this range, 0.3% is the midpoint in logarithmic space.  

2.6 Data analysis 

2.6.1 SMPS data inversion for hygroscopic growth tests 

As discussed in Section 1, GFRH is the ratio of the particle diameter at a given 
elevated, controlled RH (DRH) to the reference diameter at RH < 10% (Ddry). The raw 
SMPS data were inverted using TDMAinv, a data inversion toolkit by Gysel et al. (2009). 
In this toolkit, raw SMPS data from scans done at RH < 10% (GFRH = 1) were used to 
calculate corrections for sizing offsets and the width of the DMA’s transfer function. A 
piecewise linear function was then fit to the corrected SMPS data and the true mean GFRH 
values were retrieved. 

2.6.2 Calculation of κGF  

GFRH values were measured between 10 and 92% RH and κGF was calculated with 
the assumption that κ-Köhler theory is valid (Petters and Kreidenweis 2007). According to 
this simplified version of Köhler theory, the water vapor saturation ratio, S, over an 
aqueous solution droplet of diameter, D, is given as 

   [2] 

   [3] 

where, aw = water activity; σw = surface tension of pure water (0.072 Nm-1); Mw = 
molecular weight of water; ρw = density of water; R = universal gas constant; T = absolute 
temperature. The water activity, aw, is given in Equation (4), GFRH is shown in Equation 
(5), and κGF is calculated by iterative solution of Equations (4) and (5) from the measured 
GFRH values.  

   [4] 

   [5] 

S = aw exp A
D

⎛
⎝⎜

⎞
⎠⎟

A=4σwMw
ρwRT

aw=
DRH
3 −Ddry

3

DRH
3 −Ddry

3 (1−κ )

GFRH = 1+awκGF
1−aw

⎡

⎣
⎢

⎤

⎦
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2.6.3 Calculation of κCCN 

Petters and Kreidenweis (2007) derived an approximate expression for κCCN, shown 
in Equation (6), by fitting paired 𝐷!"!!-SS measurements to the maxima of Equation (2). 

  [6] 

where the constants in Equation (3) are combined to give A = 2.1 nm (at 25 °C). 
Equation (6) was used in this study to calculate κCCN from a measured 𝐷!"!!. This method of 
representing CCN activity assumes that water activity of particles of diameter 𝐷!"!!  is 
characteristic of particles of all sizes. 

2.6.4 Effects of surfactants on κ 
The κ-Köhler theory approximates the effective surface tension of a solution droplet 

(σ’) as σw. While this assumption may hold for calculating κGF, it may result in an 
overestimation of κCCN for BB aerosol, if σ’ is affecting its CCN activity (Dusek et al. 2011, 
Li et al. 1998). This effect was explored in this study by setting κCCN in Equation 6 equal to 
the measured value of κGF. Iterative solution of Equations 3 and 6 using the measured value 
of 𝐷!"!.!%  then returned a fitted value for σ’. 

2.6.5 Droplet size distribution 

The CCN counter, in addition to counting the number of particles that activate into 
droplets at a given S value, also measures the diameters of activated droplets, Ddrop, 
downstream of the cloud chamber. The output from the CCN counter is in the form of 
frequency distribution of droplet numbers classified into 0.5 µm-wide “bins” between 0 and 
10 µm. All CCN in this study were exposed to the same SS for the same time inside the 
cloud chamber. The factors that can affect the Ddrop downstream of the cloud chamber 
include sample pressure, SS in the cloud chamber, sample flow rate, critical SS of particles, 
CCN concentration and the water uptake rate of the activated CCN (Lathem and Nenes 
2011). As described in Section 2.5, the first three factors in the previous sentence were 
maintained constant during all CCN activity tests. We measured the size distribution of 
droplets that activated from CCN of 130.5 ± 3.2 nm mobility diameter, a value that is well 
above the largest 𝐷!"!.!% measured in this study (i.e., 108.5 nm). Thus, all particles of this 
size were expected to activate and any differences in size distribution between two tests 
reflects the effect of water uptake rate, assuming the particles were all uniform in 
composition. Depletion of condensable water vapor does not affect Ddrop by more than 10% 
if the CCN concentration is less than 5000 cm-3 (Lathem and Nenes 2011). The absolute 
number concentration of the 130 nm size-selected particles entering the cloud chamber 
varied between 1000 and 2000 cm-3. To aid comparison of frequency distribution of droplet 
diameters measured in different tests, the frequencies in each test were normalized to the 
total number of droplets.  

κCCN = 4A3

27(D50
SS )3 ln2 SS
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3. Results and Discussion 

In this section, instrumentation performance is discussed in Section 3.1. We begin 
with an examination of apparent hygroscopic behavior as typically presented, comparing 
hygroscopic growth (represented by κGF) and CCN activity (represented by κCCN) in Section 
3.2 for fresh and aged OC. Also discussed is the possible effect of surfactant presence on 
the inferred values of κCCN by accounting for an effective surface tension of solution 
droplets. The use of κCCN neglects any dependence of CCN activity on particle size, so 
Section 3.3 discusses observed changes in differential CCN activation spectra with aging. 
Lastly, size distributions of activated droplets measured downstream of the cloud chamber 
are presented in Section 3.3, and inferences for kinetic inhibition are discussed. 

3.1 Instrumentation performance 

Accuracy of the SMPS was verified by calibration with PSL spheres within 2%. 
Measured hygroscopic growth, CCN activity and activated droplet size distribution of AS 
are shown in Fig. 4. 

Calculated values of κGF and κCCN (as outlined in Section 2.6.2) are κGF = 0.59 and 
κCCN = 0.61 for AS. These values agree within 3% and are also consistent with previously 
reported values for AS (Petters and Kreidenweis 2007). Moreover, diameters of droplets 
activated from initially dry AS particles at 0.3% SS are in the 3 to 4 µm diameter range, 
consistent with previously reported measurements (Engelhart et al. 2008, Asa-Awuku et al. 
2010). Reproducibility of chemical aging results was tested by duplicating all CCN tests at 
least once. The measured 𝐷!"!.!% in each test was always within 8% in duplicate tests. 

3.2 Hygroscopic growth and CCN activation of fresh and aged OC particles 

3.2.1 Hygroscopic growth 

Hygroscopic growth factors of fresh and chemically-aged OC particles are shown in 
Fig. 5. The dependence of GFRH on RH, as predicted by κ-Köhler theory, is consistent with 
values measured in this study (Fig. 5). The measured κGF = 0.06 of fresh OC is within the 
range of κ = 0.02 to 0.15 measured by Dusek et al. (2011) and 0.05 to 0.20 measured by 
Petters et al. (2009) for particles emitted from burning of wood fuels. Measured GFRH 
values for chemically aged, 100 nm OC particles appear same as those for fresh, 100 nm 
OC particles. This suggests that aging with NH3 or O3 has no effect on the hygroscopic 
behavior of these particles at subsaturated RH. 

3.2.2 Cumulative CCN activation spectra 
Size-resolved, cumulative CCN activation spectra for fresh aerosol are shown in Fig. 

6. The CCN activity of OC is not affected by chemical participation of aerosol water during 
aging, as shown by comparing tests Fresh-RH0, Fresh-RH70 and Fresh-RH85. 

The departure from a sigmoidal shape implies that inference of κCCN from the single-
point measurement of 𝐷!"!.!% does not capture the full complexity of aerosol behavior. To 
discuss this departure, we discuss CCN activity of chemically-aged OC in two ways. First, 
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in Fig. 7, we show singular hygroscopicity parameters (κ) for each test, derived from 𝐷!"!.!%, 
to quantify the overall change in hygroscopic behavior upon aging. In Section 3.2.3, we 
present differential CCN activation spectra to show heterogeneity across the range of 
particle diameters. 

Aging with NH3 increases CCN activity without affecting hygroscopic growth (tests 
NH3-10-RH0 and NH3-875-RH0 in Fig. 7). κCCN increases by 84% and 109%, respectively. 
Compared to fresh, dry OC, values of 𝐷!"!.!% after aging with NH3 are smaller by 18% and 
22%, respectively. For all values of RH during aging, there is a consistent reduction in 
𝐷!"!.!%and an increase in κCCN. Therefore, water taken up in the mixing chamber does not 
participate in modifying the aerosol, even when the aging reactant is soluble.  

The fact that κCCN increases after NH3 aging, but κGF does not, suggests that the 
combination of NH3 and biomass OC yields organic acidic groups of sparing solubility. 
With such low solubility, the material does not dissolve into the aerosol-bound water even 
at 92% RH, the highest RH measured in the H-TDMA measurements. However, as RH 
approaches 100% and the droplets become further dilute, organic acidic groups do undergo 
dissolution (Dusek et al. 2003), and there is an abrupt increase in the GFRH (and κGF) (Dinar 
et al. 2008). This dissolution increases κCCN.  

The 𝐷!"!.!% (and subsequently, κCCN) of dry OC is also unaffected by O3 (tests O3-0.1-
RH0 and O3-0.3-RH0 in Fig. 7). For tests where RH was held at 70 and 85% RH during 
aging, aerosol water also does not participate in chemical aging (Fig. 7). Slade et al. (2015) 
observed that 0 to 120 ppbv O3 exposure did not affect the hygroscopicity of single, binary 
and ternary mixtures of BB surrogate aerosols; these results confirm that finding for 
realistic laboratory generated BB aerosol. 

While the measured κGF and κCCN of the fresh and aged OC aerosol particles are 
within previously reported ranges of κ for biomass burning particles (Petters et al. 2009, 
Dusek et al. 2011), discrepancies as large as factors of three occur between κCCN and κGF for 
each test. By setting κCCN equal to κGF in Eq. 7, the effective surface tension σ’ was 
calculated (see Section 2.6.3). The average and standard deviation of σ’ calculated for all 
hygroscopic growth tests was 0.053 ± 0.006 Nm-1, 25% lower than the surface tension of 
pure water. Therefore, approximating the surface tension of a solution droplet with that of 
pure water underestimates the κCCN of complex organic aerosol emitted from biomass 
pyrolysis, especially when particles are aged with NH3. 

3.2.3 Differential CCN spectra 
Differential CCN activation spectra can show chemical heterogeneity across a range 

of particle diameters. These spectra are shown in Fig. 8 for each aging condition described 
earlier (Table 1). 

The CCN activation spectra for fresh OC tend to have a single major peak, seen in 
the spectra as 𝐷!"!.!%. The aged OC activation curves, however, exhibit an increased fraction 
of activated sub- and super-𝐷!"!.!%mobility diameter particles (or, “activation modes”). 
These activation modes were also observed in duplicate tests. An activation mode in the 70 
to 100 nm diameter range (e.g., NH3-875-RH85 in Fig. 8) could be observed if surfactant 
solutions are present in these droplets. Even if particles have uniform chemical composition 
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at different diameters (in other words, the fraction of surfactant is equal in 70 and 100 nm 
particles), droplets formed by condensation of water on 70 nm particle would contain more 
concentrated surfactant than droplets formed on 100 nm particles. This is a possible 
explanation for the enhanced activation of sub-𝐷!"!.!%particles after aging with NH3 and O3. 
This reasoning is also consistent with the findings of Dusek et al. (2011).  Some of the 
activation curves in Fig. 8 also exhibit another activation mode for particles larger than 
𝐷!"!.!%. For instance, a second activation mode is observed for the 110 to 170 nm mobility 
diameter particles aged with 0.1 ppmv O3 in dry conditions for test O3-0.1-RH0. Similar 
activation modes have been observed previously for BB particles in this diameter range by 
Petters et al. (2009). They suggested that chemical aging induces heterogeneity in the 
aerosol, so that particles in the 110 to 170 nm range of mobility diameters have different 
chemical mechanisms are more CCN active after aging. To confirm this, κCCN must be 
measured only for particles of mobility diameter in this range (by determining the 
supersaturation at which 50% of the particles in this size range activate) in the future and 
then compared to the overall κCCN measured for the entire 50 to 170 nm range. 

3.3 Droplet growth 
In this section, we present the results of droplet size distributions measured as the 

activated droplets exit the cloud chamber. Size distributions of droplets resulting from 
activation of differently-aged particles (Table 1) are compared to infer the effect of aging 
mechanisms on droplet growth kinetics. This additional measurement capability of the 
CCN counter has been utilized to this end in previous studies (Engelhart et al. 2008).  

Figs. 9 a and b show the normalized distribution of activated droplet diameters 
exiting the cloud chamber after activation of 130 nm particles at 0.3% SS. The figures show 
evidence of reduced droplet growth of the O3-aged particles compared to fresh OC particles 
(tests O3-0.1-RH0 and O3-0.3-RH0). A possible mechanism causing this retardation is that 
the formation of condensed films on the OC particles after O3 aging (Anttila et al. 2007) 
impedes droplet growth after activation of CCN inside the cloud chamber (Chuang 2003). 
The droplet growth appears unaffected for particles aged with 0.1 ppmv O3 in the presence 
of humidity during aging (test O3-0.1-RH85; results at 70% RH not shown). However, with 
a higher concentration of O3 (0.3 ppmv, O3-0.3-RH85), reduced droplet growth does occur 
after aging under humid conditions. Aging with NH3 at different RH values showed no 
droplet growth retardation, which further implies that organic particle precursors within the 
aerosol are condensing as films on pre-existing OC particles after oxidation. 

4. Summary, conclusions and atmospheric implications 
The hygroscopic growth and CCN activity of complex biomass pyrolysis OC aerosol 

was experimentally measured with and without controlled conditions of relative humidity 
(RH) and chemical aging by atmospherically relevant tracer species, NH3 and O3. The role 
of these aging conditions in the enhancement of hygroscopicity of organic aerosols was 
investigated. From measurements of hygroscopic growth at subsaturated RH and CCN 
activity at supersaturated RH, we measured the hygroscopicity parameters, κGF and κCCN, 
respectively. Discrepancies between the κGF and κCCN of each aerosol population suggest 
the presence of surfactants in these aerosol particles. Therefore, approximating the surface 
tension of droplets to that of pure water, which is the basis of κ-Köhler theory, 
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underestimates the CCN activity of biomass pyrolysis particles, especially when particles 
are aged with NH3. Surfactant presence in OC particles is also indicated by the enhanced 
CCN activation of particles in the 70 to 100 nm mobility diameter range. 

Increase in κCCN of NH3-aged OC particles, while κGF remains unaffected, suggests 
sufficient insoluble or sparingly soluble organic acidic groups to influence the overall 
hygroscopicity of the particles. This finding suggests that increased CCN activity of 
organic particles can result from reaction with gas-phase NH3. Effects in activating clouds 
depend on this increase, but also on several other factors such as mixing of aerosol particles 
with other hygroscopic or hydrophobic particles, updraft velocity of the parcel carrying 
those particles, availability of condensable water vapor and number of CCN competing for 
the water (Roberts et al. 2003, Petters et al. 2006). Reutter et al. (2009) modeled deep 
clouds formed above BB fires (pyro-convective clouds) using a cloud parcel model, and 
showed that the cloud droplet number concentration, NCD, is sensitive to changes in κ of 
aerosol particles, when κ is lower than 0.2. For instance, an 81% increase in κ (as measured 
in this study) of particles having initial κ = 0.057 can cause a 20% increase in NCD. 
However, given that the measured increase in hygroscopicity of organic particles is still 
significantly smaller than that of commonly observed inorganic particles, inorganic 
substances that affect these particles either by coagulation or condensation may also have 
strong effects on the hygroscopic growth and CCN of ambient atmospheric particles. For 
instance, Fierce et al. (2013) showed that at SS > 0.2%, CCN activity of hydrophobic 
particles is most sensitive to rapid aging by condensation of other species. 

We confirm the findings of Slade et al. (2015) that O3-aging has no effect on the 
measured hygroscopicity of OC aerosol. However, our findings suggest the formation of 
organic films on particles after O3 oxidation and condensation of organic gases in the 
aerosol, because growth of activated droplets in the cloud chamber is inhibited. Although 
cloud chamber studies do not simulate limitations on the amount of condensable water 
available for droplets to grow, these limitations exist in the atmosphere (Roberts et al. 
2003). As shown by Feingold and Chuang (2002) and Ruehl et al. (2007), in such 
conditions of competition, CCN coated with such growth-retarding organic films could 
grow slower compared to other uncoated CCN, leading to broadened size distributions and 
possibly prolonged lifetimes of droplets in the atmosphere. 
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Figure 1. Overview of research approach (dashed borders indicate activities that were only 
implemented in some tests). 

 

 
Figure 2. Experimental setup for hygroscopic growth measurements. 
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Figure 3. Experimental setup for CCN activity measurements. 

 
 

 
Figure 4. Results of tests with ammonium sulfate: (a) hygroscopic growth of particles of 
100 nm dry diameter, (b) Size-resolved CCN activity at 0.3% SS and (c) size distribution of 
droplets activated at 0.3% SS. 
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Figure 5. Hygroscopic growth of OC particles fresh and aged with (a) 10 and 875 ppmv 
NH3 and (b) 0.1 and 0.3 ppmv O3. 

 

 
Figure 6. Effect of water vapor aging on CCN activation of fresh OC particles at 0.3% SS. 
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Figure 7. Summary of inferred values describing hygroscopic growth and CCN activity. 
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Figure 8. Differential CCN activation spectra of fresh and aged OC particles. 
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Figure 9. Size distribution of droplets exiting cloud chamber after activation of 130 nm 
CCN at 0.3% SS; Particles initially aged in 0.1 and 0.3 ppmv O3 with (a) 0% RH and (b) 
85% RH. 
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Table 1. Summary of GFRH and CCN activity tests. 

 

 
Aging ID 

GFRH 
measured? Aging conditions 

  Chemical ppmv of 
chemical 

RH during 
aging (%) 

Duration 
of aging 

(min) 
AS* Yes N/A N/A 0 N/A 

Fresh-RH0 Yes N/A N/A 0 N/A 
Fresh-RH70 No N/A N/A 70 N/A 
Fresh-RH85 No N/A N/A 85 N/A 

NH3-10-RH0 Yes NH3 10 0 10 
NH3-10-RH70 No NH3 10 70 10 
NH3-10-RH85 No NH3 10 85 10 
NH3-875-RH0 Yes NH3 875 0 10 
NH3-875-RH70 No NH3 875 70 10 
NH3-875-RH85 No NH3 875 85 10 

O3-0.1-RH0 Yes O3 0.1 0 5 
O3-0.1-RH70 No O3 0.1 70 5 
O3-0.1-RH85 No O3 0.1 85 5 
O3-0.3-RH0 Yes O3 0.3 0 5 
O3-0.3-RH70 No O3 0.3 70 5 
O3-0.3-RH85 No O3 0.3 85 5 

*AS = ammonium sulfate; N/A = not applicable; OC was the seed aerosol in all tests 
except AS 
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Appendix C.  
Light absorption of organic aerosol from pyrolysis of corn stalk 
X. Li, Y. Chen, and T. C. Bond 

Summary of paper published in Atmospheric Environment 
 

ABSTRACT. Organic aerosol (OA) can absorb radiation in the low-visible and ultra-
violet wavelengths thereby modifying radiative forcing. Agriculture waste burning emits 
a large quantity of organic carbon in many developing countries. In this work, we 
examined light absorbing properties of primary OA from pyrolysis of corn stalk, a major 
agriculture waste in developing countries. Light absorption of bulk liquid extracts of OA 
was measured using a UV-vis recording spectrophotometer. OA can be extracted by 
methanol at 95%, close to full extent, and shows polar character. Light absorption of 
organic aerosol has strong spectral dependence (Absorption Ångström exponent = 7.7) 
and should not be negligible at shorter wavelengths. Higher pyrolysis temperature 
produced OA with higher absorption. Imaginary refractive index of organic aerosol (kOA) 
are 0.041 at 400nm wavelength and 0.005 at 550nm wavelength, respectively. An inter-
comparison study of different methods to determine light absorbing properties of OC is 
suggested to conduct in the future. 

1.  Rationale 
Since biofuel combustion and biomass open burning contributes about 90% of total 

primary OC (Bond et al., 2004), investigation on the light absorbing properties of primary 
OC has been focused on this type of source. However, most of them concern wood 
combustion, duff combustion, savanna  and forest fire (Kirchstetter et al. 2004; Chen and 
Bond 2010; Chakrabarty et al., 2010; Lack et al., 2012; Saleh et al., 2013; 2014). 
Agriculture wastes are often burned in the field after harvesting and used as fuel for 
cooking and heating in the developing countries (Li et al, 2007, 2009). They contribute 
9% to global annual OC emission and 27.5% to its emission in China (Bond et al., 2004; 
Cao et al., 2006). Only two studies have examined light absorption of OA from burning 
of rice straw (Favez et al., 2009; Saleh et al., 2014), and it is not known whether OA from 
waste of other crops, which is structurally different, has similar properties.  

2.  Method 
Corn stalks were collected after harvest from a field near the University of Illinois 

at Urbana-Champaign (UIUC).  The corn stalks were put in the lab and dried for over a 
week and then cut into pieces about 4 cm in length.  

Organic aerosol was generated by pyrolyzing pieces of corn stalks in a 
temperature-controlled pyrolysis reactor as described by Chen and Bond (2010) and 
Brem et al. (2011). Before installation in the reactor, corn stalk pieces were purged with 
N2 and vacuumized, and then soaked in N2 for over one day, which can remove oxygen 
within the corn stalk and prevent BC production during the pyrolysis. In order to 
investigate the effect of pyrolysis temperature on OC absorption, the experiments were 
carried out under 3 different temperatures, 210 oC, 270 oC, 360 oC based on biomass 
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thermal degradation behavior (White and Dietenberger, 2001). In each run, 3 pieces of 
corn stack were pyrolyzed sequentially and the pyrolysis lasted for about 10 minutes. The 
pyrolysis procedure was aimed to simulate the release of organic aerosol from corn stalk 
smoldering combustion. Due to relatively low temperature at the smoldering stage, 
pyrolysis product was released from the corn stalk and escaped from the reactor and then 
part of the pyrolysis product formed organic aerosol through condensation in the cooling 
plume. Sampling occurred as described in Appendix B and absorption measurements 
were as in Chen and Bond (2010).  

3.  Results 
In this study, we investigated three different pyrolysis temperatures: 210 oC, 270 

oC, 360 oC. Actual temperature varied 10oC from the nominal temperature. Figure 1 
shows average and standard deviation of absorption per mass of organic carbon (α/ρ) at 
three pyrolysis temperatures. It illustrates that α/ρ increases with increasing pyrolysis 
temperatures in this temperature range. For example, an increase from 210 oC to 270 oC 
and 210 oC to 360 oC results in approximately 20% and 50% increase of α/ρ (average in 
ultraviolet range), respectively. However, the degree of α/ρ increase with temperature is 
much lower than that of wood pyrolysis (Chen and Bond, 2010). Difference in α/ρ with 
wood pyrolysis generated at 210 oC and 360 oC was consistently observed.  The 
discrepancy may due to the difference in fuel structure. It has been supposed that 
polymerization resulted in greater absorption per mass (Chen and Bond, 2010). Corn 
stalk has a looser fiber structure relative to wood. OC precursors may release from corn 
stalk more easily than wood, and hence have less residence time in the corn stalk, which 
may increase heating rate but weaken polymerization at higher temperatures. 
Nevertheless, Figure 1 shows that maximum absorption is very similar to that of wood 
pyrolysis aerosol.  

 
Figure 1 Average imaginary part of refractive index (kOA) at three pyrolysis 
temperatures. Dashed lines with the same color indicate upper and lower range. 
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ABSTRACT
This article presents a verification and validation study of the stochastic particle-resolved aerosol
model PartMC. Model verification was performed against self-preserving analytical solutions, while
for validation three experiments were performed where the size distribution evolution of
coagulating ammonium sulfate particles was measured in a cylindrical stainless steel chamber. To
compare with the chamber measurements, PartMC was extended to include the representation of
fractal particle structure and wall loss. This introduced five unknown parameters to the governing
equation, which were determined by a combination of scanning electron microscopy (SEM) analysis
and an objective optimization procedure. Excellent agreement between modeled and measured
size distributions was achieved using the same set of parameters for all three experiments.
Assuming spherical particles led to model results that were inconsistent with the measurements.
The best agreement between model and measurement was obtained for the fractal dimension of
2.3, indicating that the non-spherical structure of the particle agglomerates in the chamber needed
to be taken into account.

EDITOR
Yannis Drossinos

1. Introduction

Stochastic particle methods are widely used across
different communities in science and engineering.
Gillespie (1975) set a milestone in applying this tech-
nique to the evolution of physical particle popula-
tions by developing the exact stochastic simulation
algorithm (SSA) to simulate the collision of cloud
droplets. Since then many studies have developed
this method further (Eibeck and Wagner 2001;
Gillespie et al. 2009; Roh et al. 2011). Variants of
this method have been used to investigate the
evolution of specific particle systems, for example,
for aerosol applications in industry (Wells et al.
2006; Shekar et al. 2012), astrophysics (Ormel and
Spaans 2008; Okuzumi et al. 2009), oceanography
(Jokulsdottir and Archer 2016), and atmospheric
sciences (Shima et al. 2009; Riemer et al. 2009).

This article applies the stochastic particle-resolved
“Particle Monte Carlo” model PartMC (Riemer et al.
2009) to the simulation of aerosol particles in an aerosol
chamber. PartMC was developed to simulate the

evolution of aerosol particles in the atmosphere. Atmo-
spheric aerosol particles typically consist of a complex
mixture of different chemical species, with sizes ranging
from a few nanometers to tens of micrometers (P€oschl
2005; Seinfeld and Pandis 2006; Kolb and Worsnop
2012). The particle-resolved approach is suitable for
modeling such a system, as it explicitly resolves the full
composition space without any a priori assumptions
about particle composition. Since the per-particle com-
position governs the aerosols’ optical properties and their
ability to form cloud droplets, these details are important
for determining the aerosol impact on climate (Zaveri
et al. 2010).

The PartMC model was coupled with the state-of-the-
art aerosol chemistry model MOSAIC (Zaveri et al.
2008) to treat gas chemistry, particle phase thermody-
namics, and dynamic gas-particle mass transfer.
PartMC-MOSAIC has been used to simulate aerosol pro-
cesses in the atmosphere for a wide range of topics. For
example, Riemer et al. (2010) and Fierce et al. (2015)
applied the model to quantify black carbon aging time
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scales. Ching et al. (2012) and Ching et al. (2016) investi-
gated the impact of aerosol mixing state on cloud droplet
formation. Other model applications included the heter-
ogenous oxidation of soot surfaces (Kaiser et al. 2011),
and the characterization of the aerosol evolution in ship
plumes (Tian et al. 2014).

The contributions of this study are the verification
and validation of PartMC to simulate aerosol pro-
cesses in a chamber environment. We use the term
“verification” here to refer to “the process of deter-
mining that a computational model accurately repre-
sents the underlying mathematical model and its
solution,” and “validation” to refer to “the process of
determining the degree to which a model is an accu-
rate representation of the real world from the per-
spective of the intended uses of the model” (ASME
2006). This study not only necessitated implementing
chamber-specific loss processes such as wall loss and
sedimentation, but also required representing fractal-
like agglomerates and developing an objective optimi-
zation procedure to estimate required model parame-
ters. As such, this article lays the foundation for
using PartMC as a tool to interpret and design aero-
sol chamber experiments in the future.

The manuscript is organized as follows. Section 2
states the governing equation for the evolution of the
population in the chamber environment and describes
the treatments of wall loss and fractal particle dynamics
in our PartMC model. Section 3 presents the verification
of the coagulation code using self-preserving size distri-
butions. Section 4 describes the chamber experiments
and presents the code validation procedure, and Section
5 summarizes our findings.

2. Model description

2.1. Governing equation for the chamber
environment

Our aim was to simulate the evolution of an aerosol
particle population after it is introduced into an aero-
sol chamber. To isolate the impact of coagulation and
wall loss on the size distribution evolution, additional
particle emissions are not introduced after the start of
the simulation. Further, we consider only the evolu-
tion of a single, non-volatile aerosol species in the
chamber, excluding gas-to-particle conversion and
aerosol chemistry in our current model framework.
The relevant processes are therefore coagulation, dilu-
tion, and wall losses due to diffusion and sedimenta-
tion. We assume that the aerosol population in the
chamber is well-mixed, which justifies a box model
approach. The differential equation governing the

time evolution of the aerosol size distribution n(m,t)
in the chamber environment is

@n m; tð Þ
@t

D 1
2

Z m

0
K n;m¡ nð Þn n; tð Þn m¡ n; tð Þdn|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

coagulation gain

¡
Z 1

0
K m; nð Þn m; tð Þn n; tð Þdn|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

coagulation loss

¡ n m; tð Þλdil tð Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
dilution

¡ n m; tð Þ. aD
m tð Þ|fflffl{zfflffl}

wall diffusion

C aS
m tð Þ|fflffl{zfflffl}

sedimentation

Þ: [1]

In Equation (1), K(m,n) (m3s¡1) is the coagulation coef-
ficient between particles with constituent masses m and
n, n(m, t) (m¡3 kg¡1) is the aerosol number distribution
at time t, λdil(t) (s

¡1) is the dilution rate, and aD(t) (s¡1)
and aS(t) (s¡1) are the wall loss rate coefficients due to
diffusion and sedimentation, respectively.

2.2. The PartMC simulation algorithm

PartMC is a 0-D or box model that solves Equation (1).
It explicitly resolves the composition of many individual
aerosol particles within a well-mixed computational vol-
ume, making this a “particle-resolved” simulation.
A detailed description of the numerical methods used in
PartMC is given in Riemer et al. (2009) and DeVille et al.
(2011). The code is open-source under the GNU General
Public License (GPL) version 2 and can be downloaded
at http://lagrange.mechse.illinois.edu/partmc/.

In brief, the particle population in the volume of
interest is resolved by a large number of discrete compu-
tational particles, in our applications typically on the
order of 104 to 106. The relative positions of particles
within the computational volume are not tracked. Over
the course of the simulation, the mass of each constituent
species within each particle is tracked. The relevant pro-
cesses for this study, namely, Brownian coagulation,
dilution, and wall losses due to diffusion and sedimenta-
tion, are simulated with a stochastic Monte Carlo
approach by generating a realization of a Poisson pro-
cess. Using the “weighted flow algorithm” by DeVille
et al. (2011) improves the model efficiency and reduces
ensemble variance.
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We used 105 computational particles to initialize the
simulations shown in this article. If the number of
computational particles drops below half of the initial
number because of the various loss processes, the num-
ber of particles is doubled by duplicating each particle,
which corresponds to a doubling of the computational
volume. This is a common Monte Carlo particle model-
ing approach to maintain accuracy (Liffman 1992). To
quantify the stochastic error of the PartMC simulations,
we repeated each simulation with different random seeds
and calculated means and standard deviations. The num-
ber of repeats, Nrun, was set to 10 in our case. The stan-
dard deviation of the size distribution obtained from the
ensemble runs is the uncertainty from PartMC, denoted
by spartmc, which is divided by

ffiffiffiffiffiffiffiffiffi
Nrun

p
to obtain the

uncertainty in the mean (the SEM or standard error of
the mean).

For the code development in this study, we branched
from PartMC version 2.2.0 to implement the chamber
wall loss treatment (Section 2.3), and extended the treat-
ment of Brownian coagulation to include fractal particles
(Section 2.4). The additions are available in version 2.4.0.

2.3. Chamber wall loss treatment

A challenge for chamber studies arises from quantifying
wall losses due to particle diffusion and sedimentation to
the chamber wall. Misestimation of these wall losses can
result in inaccurate interpretation of the experimental
results, as shown, for example, for secondary aerosol
yield measurements by Matsunaga and Ziemann (2010).
Modeling wall loss is difficult because the process can
depend on aerosol particle size, the material of the cham-
ber, the electric charge distribution, and the turbulence
in the chamber. Past studies have proposed detailed for-
mulations to quantify the wall loss rate (Crump and
Seinfeld 1981; McMurry and Rader 1985; Park et al.
2001; Verheggen and Mozurkewich 2006). They often
introduce parameters that are difficult to constrain and
that might vary between different experiments. There-
fore, inverse approaches that use size distribution meas-
urements to constrain these unknown parameters are
often conducted to obtain the functional forms of wall
loss rate (Pierce et al. 2008).

In this study, we followed the method to parameterize
wall losses by Naumann (2003), which is based on Fuchs
(1964) and van de Vate and ten Brink (1980). The wall
loss rates due to diffusion and sedimentation are size-
dependent and given by

aD
m D D Rme;m

� �
AD

dDV
and [2]

aS
m D

4prR3
m;mgD Rme;m

� �
AS

3kTV
: [3]

In Equations (2) and (3), D Rme;m
� �

(m2s¡ 1) is the dif-
fusion coefficient for particle m, Rme,m (m) is the particle
mobility equivalent radius of particle m, AD (m2) is the
diffusional deposition area, dD (m) is diffusional bound-
ary layer thickness, and V (m3) is the volume of the
chamber. The thickness dD has the following formulation
based on Fuchs (1964) and Okuyama et al. (1986),

dD D kD
D
D0

� �a

; [4]

where kD (m) is a chamber-specific parameter that can
vary between different experimental set-ups. The con-
stant a is a coefficient that was theoretically determined
by Fuchs (1964) to be 0.25, and D0 D 1m2 s¡1 is the unit
diffusion coefficient, which is formally needed to obtain
dimensional consistency. In Equation (3), Rm,m(m) is
particle mass-equivalent radius of particle m, and AS

(m2) is the sedimentation area. As shown in Section 4.2,
the unknown parameters in the wall loss equations, kD
and a, are determined through an optimization proce-
dure based on particle size distribution measurements.

2.4. Fractal particle treatment

Irregular, fractal-like particles, including soot (Lapuerta
et al. 2006; Moldanov�a et al. 2009) and soot-inorganic
mixtures (Wentzel et al. 2003), are ubiquitous in both
natural environments and technical applications. In
addition, fractal-like agglomerates can also be formed
from packing of spherical primary particles (Eggersdor-
fer and Pratsinis 2014). These particles exhibit signifi-
cantly different dynamics and optical properties from
those of spherical particles (Chen et al. 1990; Wu and
Friedlander 1993; Sorensen 2001; Pranami et al. 2010),
such as enhanced coagulational growth due to the
increased collision cross-section. In this study, we imple-
mented the formalism of fractal particles described in
Naumann (2003). As we will show in Section 4.3, this is
essential to successfully model the evolution of the
observed size distributions. Details of the model imple-
mentation can be found in Section 1 of the online sup-
plemental information (SI). In general, the number of
monomers, N, in a fractal-like agglomerate can be related
to the particle geometric radius Rgeo by

N D 1
f

Rgeo

R0

� �df

; [5]
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where f is the volume filling factor quantifying how
much of the available volume will be occupied by spheri-
cal monomers, R0 (m) is the radius of the monomers,
and df is the fractal (or Hausdorff) dimension that deter-
mines the growth rate of fractal agglomerates due to col-
lision processes (Wu and Friedlander 1993). Similar to
the wall loss parameters kD and a, the fractal dimension
df is an unknown parameter in our simulation, which
will also be determined by the optimization procedure
detailed in Section 4.2.

An important, implicit assumption of the Naumann
(2003) formalism is that the number of monomers N
is sufficiently large, i.e., larger than 100, as shown by
the analysis in Sorensen (2011). Since in our case N is
smaller than 100, care has to be taken with interpret-
ing the results, and we will discuss this issue in detail
in Section 4.3. We further assume the primary par-
ticles constructing the fractal agglomerates are non-
overlapping, equal-size spheres (constant R0) with
homogenous density, which is a common assumption
in theoretical analyses (Ulrich and Subramanian 1977;
Koch and Friedlander 1990). We also assume that df
and f will not change during the evolution of particles,
although studies have argued that the fractal dimen-
sion may change as the size distribution of fractal
agglomerates evolves (Kostoglou and Konstandopoulos
2001; Artelt et al. 2003). We will justify these assump-
tions in Section 4.2.1.

3. Model verification of fractal treatment

When Brownian coagulation is the dominant mecha-
nism for particle growth, particle size distributions
assume an asymptotic shape after a sufficiently long
time, independent of the initial size distribution (Fried-
lander and Wang 1966; Friedlander 2000). These so-

called self-preserving size distributions are represented
by graphing the dimensionless particle number density
function c(h) as a function of the dimensionless particle
volume h (Equation (S-12)). The detailed formalism is
provided in Section 2 in the SI.

In this study, the implementation of the fractal parti-
cle treatment in PartMC was verified by comparing the
simulated self-preserving size distributions to those from
theoretical results reported in Vemury and Pratsinis
(1995) in both free molecular and continuum regimes.
We followed the scenario set-up and model initialization
of Vemury and Pratsinis (1995) as well as Naumann
(2003).

Figures 1 and 2 show the verification of the size distri-
butions and the total number concentrations, respec-
tively, for different fractal dimensions. Perfect agreement
is observed, confirming the successful implementation of
the fractal particle treatment in PartMC. The error bars
in Figure 1 show the 95% confidence intervals from 10
ensemble PartMC runs. They were too small to be visible
in Figure 2. The decay of normalized number concentra-
tions in Figure 2 is graphed vs. dimensionless times tf
(free molecular regime) and tc (continuum regime). The
dimensionless times tf and tc are defined in Equations
(S-13) and (S-14), respectively.

4. Comparison with measurements for
validation

4.1. Chamber measurements

Experiments were conducted in a 209 L, cylindrical,
stainless steel chamber (Figure S-1) that was electrically
grounded. The chamber was filled during the first 6 or
10 min (see below for details) of each experiment with
dried, poly-disperse, charge-neutralized ammonium

Figure 1. Self-preserving size distributions in the free molecular regime (left panel) and continuum regime (right panel) obtained from
PartMC simulations (symbols) and the Vemury and Pratsinis (1995) code (lines) at different fractal dimensions (df). The error bars repre-
sent 95% confidence intervals from 10 ensemble runs. The self-preserving size distribution is defined in Equation (S-12).

4 J. TIAN ET AL.



sulfate aerosol that was generated by atomizing an aque-
ous 0.0001 g cm¡3 ammonium sulfate solution with a
constant output atomizer (Model 3076, TSI Inc., Shore-
view, MN, USA; Figure S-1a). The aerosol generated was
dried with a custom silica gel diffusion dryer and charge
neutralized with a custom neutralizer (BMI Inc.,
Hayward, CA, USA) containing four 500 mC Polonium
210 sources (Staticmaster 2U500, Amstat Corp., Munde-
lein, IL, USA). The aerosol was then diluted with 26.5
L min¡1 of dry, particle-free air (generated by passing
through a high efficiency particle air [HEPA] filter), and
particles with an aerodynamic diameter greater than
500 nm were removed with a greased two-stage Berner-
type impactor (Berner et al. 1979) before entering the
chamber. The pressure during filling was equilibrated by
leaving the sampling port open into the laboratory fume
hood.

After filling the chamber with atomized aerosol, the
atomizer setup was disconnected from the chamber and
the evolution of the size distribution was measured every
7 min with a modified scanning mobility particle sizer
instrument (SMPS, TSI Instruments, 3934, Figure S-1b).
This instrument consisted of a Polonium 210 neutralizer
(Amstat Corp., Staticmaster 2U500), a differential mobil-
ity analyzer (DMA, TSI3071A), and a condensation par-
ticle counter (CPC, TSI 3022A) operating in low flow
mode (0.3 Lmin¡1). A modification of the original
instrument’s configuration was the use of a HEPA-
filtered recirculating sheath airflow that was set to 2.4
L min¡1. Air flow rates were checked and adjusted by
comparing them to a primary standard airflow calibrator
(Gilian Gilibrator, Sensidyne Corp., St. Petersburg, FL,
USA) for each experiment. The voltage up-scan time was
set to 300 s and the down-scan time was set to 60 s.
These settings allowed a sizing range of particle diame-
ters between 15.4 and 1000 nm. The delay time and

sizing accuracy of the SMPS system was evaluated by
performing up- and down-scans for 200 § 5 nm and 350
§ 6 nm mono-disperse polystyrene latex (PSL) spheres
(3200A/3350A, Thermo Scientific Corp., Waltham, MA,
USA). The aerosol instrument manager software (TSI
AIM Version 9.0, TSI Inc.) was used to collect and pro-
cess the data from the SMPS system. The embedded
multiple particle charge correction inversion algorithm
from the TSI aerosol instrument manager software
accounted for multiply charged particles. The pressure
during sampling was equilibrated by having a bleed port
at the chamber inlet. The measurements have estimated
uncertainties of 1.5% for the flow rate (sflow), and of 5%
for determining the particles size (ssize). In addition,
Poisson statistics were applied to approximate the raw
count uncertainty (scount).

Three experiments were performed with Experiments
1 and 2 having a chamber filling time of 6 min and
Experiment 3 having a filling time of 10 min. The initial
size distributions for the simulations were taken to be
the measured distributions after filling was completed.
The code directly read in the particle number counts in
the SMPS size bins. As a summary, the initial number
concentrations, mean diameters, and standard deviations
are listed in Table 1.

The evolution of the particle size distribution was
tracked in each experiment for a minimum of 5 h. The

Figure 2. Normalized number concentration decay as a function of dimensionless time obtained from PartMC simulations (symbols) and
the Vemury and Pratsinis (1995) code (lines) for various df values in free-molecular regime (left panel) and continuum regime (right panel).
The dimensionless time is defined in Equation (S-13) for the free molecular regime and Equation (S-14) for the continuum regime.

Table 1. Initial conditions for ammonium sulfate experiments
from UIUC chamber measurements.

Exp. ID r
Initial conc.
(cm¡3)

Initial mean
diam. (nm)

Initial standard
dev. (nm)

1 4.275 ¢ 105 114 53.9
2 3.548 ¢ 105 93.2 53.8
3 1.196 ¢ 106 71.5 48.9
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relative humidity and temperature monitored near the
inlet and at the outlet of the chamber ranged from 3.2 to
9.1% and from 19.5 to 22.2�C, respectively, for all experi-
ments. Temperature and relative humidity were mea-
sured with a Sensirion SHT-75 sensor (Sensirion Corp.,
St€afa, Switzerland).

Filter samples were collected at the end of each experi-
ment by drawing the barrel’s remaining contents
through 47 mm PTFE Membrane Filters (FGLP04700,
Merck Millipore, Billerica, MA, USA). These samples
were then used in scanning electron microscopy (SEM)
imaging to obtain information about the microstructure
of particles. The instrument was an FEI Company (Hills-
boro, OR, USA) XL30 ESEM-FEG environmental scan-
ning electron microscope, operated in HiVac mode. The
imaging parameters were 5 kV and spot size 3 (2.1 nm)
at a 10-mm working distance. The samples were received
dry, mounted on aluminum stubs with double-stick car-
bon tabs (SPI Supplies, West Chester, PA, USA), sputter
coated (Desk-2 turbo sputter coater, Denton Vacuum,
Moorestown, NJ, USA) with ca. 6 nm of gold-palladium,
and grounded using Flash-Dry (SPI Supplies) silver paint
before imaging.

4.2. Determination of model parameters

Including wall loss and fractal dynamics introduces five
unknown parameters in the governing equation, namely,
two parameters in Equation (4) for the wall loss treat-
ment (prefactor kD and exponent a), and three in

Equation (5) (fractal dimension df, radius of primary
particles R0, and volume filling factor f). As we will show
in Section 4.2.1, we used SEM images to estimate the
parameters f and R0. We determined the remaining three
parameters by a global optimization procedure as
described in Section 4.2.2.

4.2.1. Determination of parameters f and R0
Figure 3 shows the SEM images of the filters at the end of
Experiment 1, after about 6 h of evolution. The particles
show as bright agglomerates, some of which are
highlighted with red circles in Figure 3. Note that the
fibrous and smoother agglomerated material is the Tef-
lon filter. The images reveal that over the course of the
experiment, the dry ammonium sulfate particles formed
agglomerates consisting of spherical primary particles.

SEM images were analyzed using image analysis soft-
ware (ImageJ version 10.2, NIH) to estimate the values
of the radius of primary particles R0 and the volume fill-
ing factor f. The primary particles are not mono-disperse,
but show a size distribution with a number-based
median diameter of about 90 nm. Figure S-2 shows the
histogram of the size distribution of 130 particles identi-
fied from the SEM images. Since in the current model
implementation, the primary particle size is set to a con-
stant value during the entire simulation time, we tested
the sensitivity of the predicted size distribution to differ-
ent R0 values.

Figure S-3 shows the comparison of the number dis-
tribution at t = 280 min from Experiment 1 using three

Figure 3. Scanning electron microscope (SEM) images of the particle filter from Experiment 1 at different resolutions. The fibrous and
smoother agglomerated material is the Teflon filter.
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R0 values: 15 nm (the smallest), 45 nm (medium), and
80 nm (maximum). All other parameters are kept con-
stant for the three simulations. The resulting size dis-
tributions have a maximum percentage difference
(between the simulations with R0 = 15 nm, and 80
nm) of 24% at a particle diameter of 100 nm, and 5%
at 200 nm. Based on the uncertainty quantification as
described below in Section 4.2.2, we can estimate the
overall measurement uncertainty as 40% and 15% at

100 nm and 200 nm, respectively (see the light gray
[orange band] in Figure 4). We therefore conclude
that even extreme variations in R0 values cause varia-
tions of the results that remain within the measure-
ment uncertainties. This justifies setting R0 to a fixed
value, and we chose 45 nm, which is the median
radius from the sample.

The volume filling factor f accounts for the fact
that the spherical primary particles can occupy only
as much as 74% of the available volume. Given the
closely packed structure as shown in Figure 3, we
assumed that 70% of the available volume would be
occupied by the monomers (close to the extreme
case), corresponding to an f value of 1.43. Similarly
to the sensitivity test regarding R0, we tested the sen-
sitivity to the choice of parameter f. Figure S-4 shows
the number distribution comparison from simulation
results using f = 1.35, 1.43, and 2.0, corresponding to
the monomers occupying 74%, 70%, and 50% of the
available volume, respectively. The maximum percent-
age difference (between f = 1.35 and 2.0) is again
small, being equal to 25% at a particle diameter of
100 nm and 14% at 200 nm. Therefore, a fixed f value
of 1.43 was chosen for the model simulation.

4.2.2. Optimization procedure
With the determination of R0 and f values in the previous
section, the governing equation described in Section 2
now has three unknown parameters remaining: kD and a
in Equation (4) for the wall loss calculation, and df in
Equation (5) for the fractal formalism. To find the
appropriate values for these unknown parameters,
inverse approaches using non-linear least-square fitting
optimization on size distribution measurements have
often been conducted (Pierce et al. 2008). We applied a
similar approach in this study. To determine the combi-
nation of free parameters that gives the best agreement
between simulation and measurements, we produced an
ensemble of simulations for which we varied the parame-
ters systematically between simulations. The best fit was
determined when a chosen error metric was minimized
across all simulations.

We jointly optimized kD, a, and df by exhaustively
searching over a pre-defined parameter domain. We
considered all combinations of (kD, a, df) with kD varying
from 0.025 m to 0.095 m with increments of 0.005 m, a
varying from 0.22 to 0.27 with increments of 0.01, and df
varying from 1.5 to 3.0 with increments of 0.1. These val-
ues are within the ranges reported in previous studies
(Bunz and Dlugi 1991; Naumann 2003) and included the
minimum in the interior of the domain. This amounts to
a total of 14,400 simulations, generated by 15 £ 6 £ 16

Figure 4. Simulated (“PartMC”) and measured (“Barrel”) particle
size distributions from Experiment 1 at 7 min, 70 min, and
210 min (top to bottom). Shaded areas represent § 3s as
described in Equation (7). The highest line (blue curve) in the bot-
tom panel represents the simulated distribution assuming df = 3.
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cases, with each case repeated 10 times with different
random seeds.

We define Er,j to be the weighted ‘2-norm of the dif-
ference in the discretized number size distributions of
simulation and measurement at time j for experiment
number r:

Er;j D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNbin

iD 1

1

sr;i;j
� �2 nsim;r;i;j ¡ nmea;r;i;j

� �2s
; [6]

where nsim,r,i,j and nmea,r,i,j are the simulated and mea-
sured number concentration densities in size bin i at
time j for experiment r, respectively, and Nbin is the num-
ber of size bins. The weighting factor sr,i,j is the uncer-
tainty that arises from both the measurement and the
simulation. Similar to the approach in Moore et al.
(2010), the total uncertainty at time j for the ith size bin
and experiment r is

sr;i;j D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
flow C s2

sizeC scount;r;i;j
� �2 C 1

Nrun
spartmc;r;i;j
� �2r

:

[7]

The total error metric, er, for experiment r is defined
as the root mean square of the relative errors over the
entire simulation period:

er D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N C 1

XN

jD 0
Er;j
� �2r

; [8]

where N is the total number of time steps. The three
experiments are combined by taking the root mean
square error to give the total error e by

eD
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1ð Þ2C e2ð Þ2C e3ð Þ2

q
: [9]

The best-fit values for kD, a, df are found by determin-
ing the minimum value of e:

kD; a; dfð ÞD argmink 0
D;a

0
;d 0

f
e k

0
D; a

0
; d

0
f

� �
: [10]

Care has to be taken regarding the physical interpreta-
tion of the df value obtained, since our aggregates only
contain a small number of monomers. The implications
of this fact are discussed in the next section.

4.3. Results

With datasets from three experiments available, we per-
formed the optimization procedure on the data from all
experiments combined. We obtained kD D 6.0 cm, a D

0.26, and df D 2.3 as best fit estimates with the errors
e1 D 8.09, e2 D 9.62, and e3 D 14.91 for Experiments 1, 2,
and 3, respectively.

The coefficient kD is proportional to the laminar
boundary layer and can vary between different experi-
mental setups (Bunz and Dlugi 1991). Our best estimate
for kD (6.0 cm) is very similar to the results by van de
Vate and ten Brink (1980) who determined kD D 4.8 cm
as their best fit. Bunz and Dlugi (1991), in contrast,
found best agreement by reducing kD to 0.5 cm. For the
parameter a, Bunz and Dlugi (1991) reported a value of
0.25 from previous theoretical derivations by Fuchs
(1964) and 0.274 from their experiments. Our optimal
values for a is 0.26, close to these previously reported val-
ues. Our optimal fractal dimension of 2.3 is clearly below
the value of 3 for spherical particles, but it is significantly
higher than the value of 1.78 § 0.1 predicted by diffu-
sion-limited cluster-cluster aggregation (DLCA) theory
(Sorensen 2011).

In our case, the reason that df is higher than the theo-
retically expected value can be explained by the fact that
the aggregates only contain a small number of mono-
mers (N < 100). As described in Sorensen (2011), in this
case the scaling of the mobility diameter Rme can be writ-
ten as

RmeDbRg /bN1=d̂f /N ¡ 0:13N1=d̂f ; [11]

where d̂f is the true fractal dimension. As detailed in the
SI, Equation (S-3), we are using the Naumann (2003)
relationship

Rme D hKRRgeo D hKRR0 fNð Þ1=df / N1=df : [12]

Importantly, hKR does not depend on N, and so we see
that in the small-N case the parameter df in the
Naumann (2003) model that we use is in fact the mass-
mobility scaling exponent Dm described by Sorensen
(2011), which is defined by the relationship
Rme / N1=Dm .

Equating Equations (11) and (12) gives a relationship
between the fitted parameter df and the true fractal
dimension d̂f :

N ¡ 0:13N1=d̂f / Rme / N1=df : [13]

From our optimization procedure, we obtain the value
df D 2.3, so equating the exponents of N in (13) allows us
to compute that the true fractal dimension implied by
our model is d̂f D 1:78. This matches the theoretically
expected value of 1.78 § 0.1 for DLCA processes
(Sorensen 2011).
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Figure 4 shows the evolution of measured and simu-
lated number size distributions at 7 min, 70 min, and
210 min for Experiment 1 using the best-estimate
parameters for this experiment. The number size distri-
butions in Figure 4 and similar figures are shown as a
function of mobility diameter. The shaded areas indicate
the estimated uncertainty based on Equation (7) with the
width of 3s, i.e., we expect 99% of the values to be within
the bounds of the shaded range. Note that the maximum
values on the vertical axes change between the three

panels to ensure readability. For the entire simulation
time of about 3.5 h, the simulated distributions match
the experimental results within the uncertainties. This is
further shown by displaying the time evolution of several
key parameters of measured and simulated size distribu-
tions, including mean diameter, standard deviation, and
skewness, as shown in Figure 5. For comparison, we also
simulated the size distribution when spherical particles
are assumed throughout the entire simulation (blue trace

Figure 5. Time evolution of simulated (“PartMC”) and experimen-
tally determined (“Barrel”) mean diameter, standard deviation of
size distribution, and skewness of size distributions (top to bot-
tom) for Experiment 1.

Figure 6. Sensitivity of free parameters kD, a, and df on model-
measurement comparison results described by the value of root
mean square error e for the combined optimization procedure.
When a parameter was varied, the other two parameters were
fixed at their optimal value.
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in the right-most panel of Figure 4). This simulation
result does not capture the measured distribution, con-
firming the need to include the treatment for fractal
particles.

Figures S-5 and S-6 in the SI show the results for all
three experiments. Except for one occasion (Experiment
3, after 7 min) all model results are within the range of
the uncertainties. Overall, the good agreement between
PartMC simulations and chamber measurement indi-
cates that the model is able to capture the evolution of
particles in a chamber environment undergoing Brow-
nian coagulation and wall losses.

We further quantified the relative importance of parti-
cle loss due to coagulation and wall loss with two addi-
tional sensitivity runs for which coagulation and wall
loss were disabled, respectively (Figure S-7). For Experi-
ment 1, after around 5 h, wall loss and coagulation
accounted for an additional 5% and 20% of particle loss,
respectively, hence both processes are important in
shaping the aerosol size distribution, but coagulation
dominates.

A potential concern with an optimization proce-
dure as used in this work is that different combina-
tions of free parameters may result in errors of
similar magnitude. To investigate this, we show in
Figure 6 the dependence of e on each of the three
parameters individually, while keeping the other two
constant and equal to their optimal values. These
curves should exhibit a clear minimum within the
range of parameters used, which then indicates the
optimal parameter combination. From this figure we
also learn that the fractal dimension df is always the
dominant factor determining e, compared to kD and
a. This is in agreement with our finding that coagula-
tion is relatively more important than wall loss
(Figure S-7) and in line with the results by Naumann
(2003).

Lastly, we checked to what extent the parameters kD,
a, and df and the error e change when the optimization
procedure is performed on each experiment individually.
As expected, the error decreases when the optimization
is performed individually, namely, by 15%, 24%, and
4.5% for Experiments 1, 2, and 3, respectively. While the
optimal parameter values are not identical for the three

experiments, they remain in a relatively small range,
with kD between 0.040 m and 0.070 m, a between 0.22
and 0.26, and df between 2.2 and 2.4 (Table 2). This find-
ing is consistent with our initial approach of performing
the optimization procedure on the data from all experi-
ments combined.

5. Conclusions

We conducted verification and validation of the stochas-
tic particle-resolved aerosol model PartMC. Verification
was performed against self-preserving analytical solu-
tions, while for validation we performed three experi-
ments with coagulating ammonium sulfate particles in a
cylindrical stainless steel chamber under a range of input
conditions and measured the evolving aerosol size
distributions.

To compare with the chamber measurements, we
extended PartMC to include the representation of fractal
particle structure and wall loss. Including wall loss and
fractal dynamics in the governing equation introduced
five unknown parameters. We constrained two of them
(radius of the primary particles R0 and volume filling fac-
tor f) using SEM images and determined the remaining
three parameters (wall loss parameters kD and a, and
fractal dimension df) by a global optimization procedure
to fit the experimental data.

We showed that excellent agreement between mod-
eled and measured size distributions can be achieved
using the same set of parameters for all three experimen-
tal conditions, and we checked that estimating the
parameters for each experiment individually did not sub-
stantially improve the fit. This creates the foundation for
a model framework that can be applied to more complex
experiments, for example, to investigate the evolution of
aerosol mixing state when secondary aerosol material is
coating the particles.

While the aim of this study was to verify and validate
PartMC, we reach the following broader conclusions.
The fact that our fitted value of a D 0.26 is close to the
theoretically derived value of 0.25 is an excellent indica-
tion that our approach is valid. It would be interesting to
determine the value of kD for other chambers of similar
design (i.e., stainless steel chambers) or of different type
(e.g., teflon chambers). Further, it is likely that for aero-
sols generated as it was done in this study, a fractal
dimension smaller than 3 is appropriate. These hypothe-
ses should be tested on additional chamber datasets.

Currently, the model uses a constant value of fractal
dimension throughout the simulation period. From the
comparison of the model results to the experimental
data, we conclude that using a constant df value is a
good approximation for simulating coagulating particle

Table 2. Comparison of the optimal parameters obtained by opti-
mizing over all three experiments combined and optimizing over
each experiment individually.

Optimization kD (m) a df

combined 0.060 0.26 2.3
Indiv. Exp. 1 0.060 0.26 2.2
Indiv. Exp. 2 0.070 0.22 2.3
Indiv. Exp. 3 0.040 0.25 2.4
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populations in these experiments. At the same time, the
strong sensitivity of the results to the fractal dimension
value may justify the implementation of a more sophisti-
cated model treatment, which, for example, would allow
the simulation of particle restructuring during more
complex mixing and coating processes. This could be
easily achieved by adding fractal dimension as an addi-
tional per-particle entry in the particle-resolved repre-
sentation using the PartMC model. At the same time,
this would necessitate more detailed particle size meas-
urements to constrain the rate of change of df during the
evolution of particles in the chamber.
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ABSTRACT. Residential biofuel combustion is an important source of aerosols and gases in the atmosphere. The 
change in cloud characteristics due to biofuel burning aerosols is uncertain, in part, due to the uncertainty in the 
added number of cloud condensation nuclei (CCN) from biofuel burning. We provide estimates of the CCN activity 
of biofuel burning aerosols by explicitly modeling plume dynamics (coagulation, condensation, chemical reactions, 
and dilution) in a young biofuel burning plume from emission until plume-exit, defined here as the condition when 
the plume reaches ambient temperature and specific humidity through entrainment. We found that aerosol-scale 
dynamics affect CCN activity only during the first few seconds of evolution, after which the CCN efficiency reaches 
a constant value. Homogenizing factors in a plume are co-emission of SVOCs or emission at small particle sizes; 
SVOC co-emission can be the main factor determining plume-exit CCN for hydrophobic or small particles. 
Coagulation limits emission of CCN to about 1016 per kg of fuel. Depending on emission factor, particle size, and 
composition, some of these particles may not activate at low ssat. Hygroscopic Aitken mode particles can contribute 
to CCN through self-coagulation, but have a small effect on the CCN activity of accumulation-mode particles, 
regardless of composition differences. Simple models (monodisperse coagulation and average hygroscopicity) can 
be used to estimate plume-exit CCN within about 20% if particles are unimodal and have homogeneous 
composition, or when particles are emitted in the Aitken mode even if they are not homogeneous. On the other hand, 
if externally-mixed particles are emitted in the accumulation mode without SVOCs, an average hygroscopicity 
overestimates emitted CCN by up to a factor of 2. This work has identified conditions under which particle 
populations become more homogeneous during plume processes. This homogenizing effect requires the components 
to be truly co-emitted, rather than sequentially emitted. 

1. Introduction 
Residential combustion of biofuels (including wood, dung, agricultural residues, and 

charcoal) is an important source of trace gases that play a role in atmospheric chemistry (Chuen-
Yu et al., 2011; Williams et al., 2012). Ludwig et al. (2003) estimated that domestic biofuel 
combustion contributes 7-20% of the global budget of CO2, CO, and NO. Akagi et al. (2011) 
estimated that biofuel burning emits 150 Tg/yr of non-methane organic compounds.  

Biofuel combustion is also an important source of particles, contributing 20% of primary 
organic carbon (OC) and black carbon (BC) globally (Bond et al., 2004). These particles affect 
radiative transfer through interactions with sunlight and clouds. Scattering and absorption of 
solar radiation by aerosol particles is known as the “direct effect” of aerosols on climate, while 
the “indirect effect” refers to changes in radiation as aerosol particles alter cloud characteristics. 
The indirect effect can counteract the warming due to greenhouse gases and absorbing aerosols 
by increasing the cloud albedo.  

Improving model estimates of Earth’s radiative response to changes in human activities 
requires a better understanding of how aerosols with different compositions and mixing states 
can act as CCN and, hence, influence cloud properties. The overall climate impact of biofuel 
combustion aerosols is still uncertain because, although biofuel emissions contain BC, an 
important warming agent (Jacobson, 2000), the magnitude of the indirect effect of biofuel 



E-2 
 

combustion aerosols is still unknown. Jacobson (2010) found that eliminating biofuel soot and 
gases in addition to fossil fuel soot emissions resulted in a cooling effect and reduced surface air 
temperatures by 0.4 – 0.7 K, whereas eliminating fossil fuel soot emissions alone decreased air 
temperatures by only 0.3 – 0.5 K. In contrast, Bauer et al. (2010) found that reducing biofuel 
emissions of black and organic carbon aerosols by 50% decreased the number concentration of 
cloud condensation nuclei (CCN), leading to an increase in radiative forcing of 0.13 W/m2, and 
therefore led to an overall warming effect. Koch et al. (2011) summarized multiple model results 
showing that eliminating biofuel burning soot would reduce CCN concentrations and lead to a 
warming effect. The reason for the discrepancy in these studies lies, in part, in estimating the 
indirect effect. Both Bauer et al. (2010) and Koch et al. (2011) highlighted the sensitivity of their 
results to assumptions about aerosol properties such as size distribution and mixing state, that is, 
how chemical species are distributed across the particle population. Mann et al. (2014) compared 
models with observations under the AeroCom initiative and reported that some differences might 
be attributable to missing particle growth or assumptions in size distribution of emissions. 
Seinfeld et al. (2016) identified the necessity of assessing the level of detail in aerosol 
microphysical and chemical properties required to represent aerosol-cloud interactions.  

In this work, we examine combustion of biofuel to provide energy rather than open 
biomass burning. The latter refers to large open fires of natural origin or for deforestation and 
agricultural clearing. Although both activities combust cellulosic fuels, residential biofuel 
burning plumes dilute to ambient conditions within seconds to minutes. In contrast, biomass 
burning plumes from an individual event result from uncontrolled combustion of a large area of 
fuel, and can extend for several kilometers (Trentmann et al., 2006). Open biomass burning 
contributes 74% of primary OC and 42% of BC to the global budget (Bond et al., 2004). Biofuel 
burning contributes a smaller fraction (20% of primary OC and BC globally) but represents still 
a large fraction of global emissions that dominates some regions. 

In global models of atmospheric chemistry, emissions are instantaneously diluted into the 
large grid boxes in which the emissions occur. Therefore, plume-scale processes of coagulation, 
condensation and evaporation, chemical reactions, entrainment of dry air, and dilution, are 
neglected (Poppe et al., 1998; Gao et al., 2003; Jost et al., 2003), although they may affect the 
properties of aerosols in the plume (Trentmann et al., 2005). In young plumes, defined here as 
conditions where within-plume concentrations and temperatures are greatly elevated above 
background, high gas and particle concentrations intensify these processes. Within the first hour, 
it is common to observe increases in inorganic aerosol mass by factors of 2-10 (Gao et al., 2003; 
Hobbs et al., 2003), and increases in organic aerosol mass by factors of 1.6-4 (Alvarado and 
Prinn, 2009; Vakkari et al., 2014). Chemical and physical processes that occur during the early 
evolution of the plume affect aerosol composition, size, and hygroscopicity, and, thereby, the 
aerosols’ ability to become cloud droplets, known as activation. Research on activation 
properties within young plumes has examined large-scale biomass burning plumes (e.g., Mason 
et al. 2001; Trentmann et al. 2002, 2005, 2006; Gao et al. 2003; Jost et al. 2003; Alvarado et al., 
2009). To our knowledge, no study has investigated the plume dynamics that affect aerosol 
evolution within small-scale, young biofuel burning plumes.  

The objective of this study is to address this research gap for the specific case of 
residential biofuel combustion. We model the evolution of particles within biofuel burning 
plumes from emission until plume exit, defined here as the condition when the plume reaches 
ambient temperature and specific humidity. These simulations are performed for a range of 
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combustion and plume scenarios to estimate likely plume-exit properties and to understand the 
level of detail required for estimating CCN concentrations. 

2. Methodology 
A young plume is a rapidly changing environment. After emission, the plume rises due to 

thermal convection, and entrainment of background air lowers the plume temperature as well as 
the gas and particle concentration. The decrease in temperature increases relative humidity (RH), 
but the entrainment of background air counteracts this by decreasing the water content 
(Trentmann et al., 2006; Shrivastava et al., 2006). The following sections explain how we 
modeled each of these processes. 

2.1. Modeling aerosol evolution and CCN activation: PartMC-MOSAIC 
We modeled the aerosol dynamics within the plume with the Particle Monte Carlo 

(PartMC) model (Riemer et al., 2009) coupled to the Model for Simulating Aerosol Interactions 
and Chemistry (MOSAIC) (Zaveri et al., 2008). PartMC-MOSAIC is a box model that tracks the 
composition of individual particles within a Lagrangian air parcel as they evolve due to 
Brownian coagulation, condensation and evaporation (i.e. gas-particle partitioning), chemical 
reactions, and dilution. Whereas coagulation and dilution are modeled as stochastic processes 
with a Poisson distribution, MOSAIC simulates the gas and particle-phase thermodynamics, and 
gas-particle mass transfer (Riemer et al., 2009; Zaveri et al., 2008). MOSAIC uses the SORGAM 
scheme to model the formation of low- and semi-volatility products from the oxidation of 
precursors, and their gas-particle partitioning (Schell et al., 2001; Zaveri et al., 2010). PartMC-
MOSAIC simulates the mixing ratio of 77 gases and the mass concentration of 20 aerosol 
species in the plume. For each simulation we used a time-step of 0.005 s and 105 computational 
particles, each one representing a number of simulated particles in the plume. 

The high concentrations of gases and particles in a biofuel burning plume, as well as 
rapid temperature changes, lead to rapid condensation of semi-volatile species and aerosol 
coagulation. Since PartMC-MOSAIC is a particle-based method, which fully resolves the 
composition of a representative sample of individual particles in the plume, it is suited to study 
the evolution of complex biofuel burning aerosol distributions, and to investigate changes that 
may not be captured by moment-based (Whitby et al., 1997, McGraw et al., 1997) or sectional 
(Jacobson, 1997) schemes. While the latter two schemes have a long tradition in aerosol 
modeling studies, they approximate particle size and composition, and hence, their predictions 
are limited by the accuracy of the approximation. For scenarios where mixing state does not have 
an effect on particle properties, these approaches are sufficient; for instance, if mixing by 
coagulation can be neglected relative to the condensation rate and no fresh emissions are entering 
the aerosol population, then all particles evolve equally and a sectional or moment-based scheme 
will capture the particle evolution.  However, in the rapid dilution of young biofuel burning 
plumes, high coagulation and condensation rates affect particles’ composition and size. 
Capturing the evolution of the mixing state may be important for predicting CCN activity. To 
obtain confidence in modeled outcomes in a rapidly-changing environment, it is necessary to use 
a scheme, such as a particle-resolved model, that avoids a priori approximations for the particle 
mixing state and size, hence PartMC-MOSAIC is a uniquely-suited tool for our study. 
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PartMC-MOSAIC has been used to model aerosol dynamics in urban areas (Riemer et 
al., 2009, 2010; Zaveri et al., 2010), CCN activation (Ching et al., 2012; Fierce et al., 2013) and 
ship plumes (Tian et al., 2014).  Within PartMC-MOSAIC, we also implemented a module that 
reproduces the entrainment of background air (Jones, 2014), which allows for a variable water 
content in the plume.  

PartMC-MOSAIC uses prescribed temporal profiles of plume dilution rate, specific 
humidity, and temperature. Their derivation is detailed in Sect. 2.2. The initial conditions for the 
simulations are the particle size distribution, the particle composition at emission, and the gas 
mixing ratios in the plume at emission. To examine plume behavior and sensitivities, these initial 
conditions are specified and varied as described in Sect. 2.3. In the following section we explain 
how PartMC-MOSAIC outputs can be used to describe the evolution of the CCN activity of 
biofuel burning particles. 

2.1.1. CCN activation 

PartMC-MOSAIC returns the composition of individual particles in the plume for each 
time step of the simulation, which we use to calculate the hygroscopicity of each particle. We use 
the κ-Köhler model here to calculate particle hygroscopicity (Petters and Kreidenweis, 2007). 
The hygroscopicity parameter κ comes from a parameterization of Köhler theory (Petters and 
Kreidenweis, 2007) and represents the hygroscopicity of a substance, that is, its capacity to 
uptake water. The value of κ for a particle is calculated as the volume-average of the κ of each 
aerosol component. With the value of κ and the particle size, the critical supersaturation at which 
each particle activates can be calculated using the κ-Köhler model  

We also use several metrics to quantify CCN activity. First, the CCN efficiency is the 
fraction of particles that activate at a given supersaturation (ssat). At a sufficiently large ssat, all 
the particles activate and the CCN efficiency is one. Secondly, we calculate the critical 
supersaturation of the particle population, consisting of the supersaturation at which 5% (ssat5), 
50% (ssat50), and 95% (ssat95) of the plume particles activate. We also evaluate the Emission 
Index of CCN (EICCN), which is the total number of CCN present at plume-exit per mass of fuel 
burnt (units of kg-1).  

In laboratory or field measurements the particle population is not sampled directly at the 
flame but after a period of cooling, so we use 325 K as a reference temperature. We label 
parameters at this temperature with a ‘325’ subscript, e.g. the particle number concentration N325, 
or count median diameter CMD325. We also calculate the number of CCN at plume-exit 
normalized to the number of particles at a plume temperature of 325 K, which we term 
CCNexit/N325. This parameter indicates the fraction of emitted particles that result in cloud-active 
particles, accounting for losses due to coagulation and lack of activity due to small size or 
hydrophobic nature. Similarly, we calculate the fraction of plume particles that reach plume-exit 
(Nexit/N325). In the calculation, we normalize initial and final plume concentrations by the 
concentration of carbon monoxide (CO) to account for the plume dilution. Since coagulation is 
modeled as a stochastic process, repeated simulations are not identical, but EICCN differences are 
within about 3%.  



E-5 
 

2.2. Prescribed plume profiles used in PartMC-MOSAIC 

2.2.1. Plume entrainment  

Buoyancy-induced convection induces both vertical and horizontal dispersion 
(Trentmann et al., 2005, 2006). A higher dilution rate cools the plume faster, which lowers the 
saturation vapor pressure of semi-volatile organic compounds (SVOCs) and favors partitioning 
to the particle phase, but also lowers the concentration of SVOCs in the plume, which favors 
partitioning to the gas phase (Shrivastava et al., 2006). Hence, dilution influences the predicted 
concentration of species (Poppe et al., 1998; Mason et al., 2001; Shrivastava et al., 2006; 
Donahue et al., 2006).  

We use the two-parameter dilution model from Von Glasow et al. (2003) to represent 
plume entrainment. This model describes a rising ellipsoidal plume as it rises. The gas or aerosol 
species concentration dilutes according to  

!!!"
!"

= !!!
!
   C!" − C!" ,         (1)  

where Cpl and Cbg are the species’ plume and background mass concentration, 
respectively, t is the time since emission, and α and β are empirical parameters describing the 
dilution in the horizontal and vertical direction, respectively. The solution to this equation is  

C!! 𝑡   =   C!"#   −    C!"#  –   C!" 𝑡! × !!
!

!!!
,      (2) 

where t0 is a reference time for the emission of the plume. Because we model dilution, 
rather than plume shape, we set α = β since one can choose different dilution rates by varying 
only one of the parameters.   

2.2.2. Specific humidity profile 

Combustion of biofuel produces water due to: (a) oxidation of the hydrogen contained in 
the fuel, also termed ‘combustion moisture’, which can be calculated from the stoichiometry of 
the combustion reaction, and (b) the release of the water present in the fuel that is not chemically 
bound to the organic molecules of the fuel. The latter is also termed ‘fuel moisture’, expressed as 
a percentage of the fuel mass (Parmar et al., 2008). 

Combustion moisture ranges from 0.53 to 0.83 moles of water per mole of CO2 emitted, 
depending on the type of biofuel (Parmar et al., 2008); we use 0.72 according to the fuel 
composition in Nussbaumer et al. (2003). A fuel moisture (wet basis) of 50% gives a total of 
1.54 kg of water emitted per kg of biofuel combusted. This corresponds to a water mixing ratio 
of 4 x 104 ppmv after stoichiometric combustion and complete evaporation, similar to the value 
Mason et al. (2001) used for a fresh biomass burning plume (104 ppmv). The specific humidity 
profile (Figure 1a) is derived by using the dilution model (Eq. (1)) with an initial and background 
specific humidity of 0.15 and 0.01 kg/kg, respectively. 

2.2.3. Temperature profile 

The lower heating value of the fuel (16,000 kJ/kg; Boundy et al., 2011) combined with an 
energy balance gives the initial temperature of the parcel (1560 K) after stoichiometric 
combustion. The dilution model (Eq. (1)) provides the mass of air entrained from the background 
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at each time step. By combining this mass balance with an energy balance, one can derive the 
temperature at each condition. Discretizing the plume evolution in k = 1, 2, …, N time steps of 
width Δt = 0.05 s gives an equation for the temperature profile:  

T!!! = T!×   !!
!!
  ∆!   !!!

!!
+ 1 − ∆!   !!!

!!

!!

,      (3) 

where tk is the time after emission at the k-th time step, Ta is the ambient temperature, and 
T1 is the stoichiometric combustion temperature. As explained in Sect. 2.2.1, we assume α = β. 
Within 15 s the plume reaches ambient temperature and specific humidity (i.e., plume-exit), so 
this time period is used for presentation. 

2.2.4. Background species 

Background aerosols and gases are brought into the plume by entrainment. The 
background gas composition is the same as in the work of Riemer et al. (2009), and there are no 
additional sources of particles or gases. Background aerosols are composed of 50% ammonium 
sulfate and 50% OC, are lognormally distributed with a count median diameter (CMD) of 500 
nm, geometric standard deviation (GSD) of 1.3, and number concentration of 2.8 x 108 m-3. We 
chose this low concentration, characteristic of a clean atmosphere, to focus on the evolution of 
the plume rather than the effects of background aerosols, since they can significantly affect the 
CCN activity of plume particles (Fierce et al., 2013). 

2.3. Study design 
About 300 PartMC-MOSAIC simulations with varying initial conditions were conducted, 

as summarized in Table 1. These initial conditions do not reproduce conditions exactly at the 
flame exit, because all reported measurements occur after some dilution and cooling. Instead, we 
chose initial conditions that produce plume-exit properties consistent with reported 
measurements. This allows an evaluation of how plume-exit properties are affected by in-plume 
dynamics. This section describes how initial conditions or other model parameters were varied to 
explore the sensitivities of plume-exit CCN. Table 1 also identifies an “illustrative case” which is 
used to introduce general plume behavior.  

2.3.1. Initial condition: particle composition 

The initial composition of the plume aerosols is taken from laboratory experiments of 
biomass combustion of chamise, ponderosa pine, and palmetto reported by Lewis et al. (2009). 
Composition of biofuel emissions other than BC and OC has not been reported, and, although 
biomass and biofuel aerosol emissions are not identical (Hays et al., 2002), the composition is 
similar (Woo et al., 2003); we use a range of compositions in this work. Since potassium is not 
represented in PartMC-MOSAIC, all potassium was apportioned as sodium (Na) following the 
work of Hand et al. (2010) and Zaveri et al. (2008). Detailed composition is given in Table 2. 
BC/OC ratios from in-use cooking with biofuel have been measured between about 0.05 and 0.6 
(Roden et al., 2006), consistent with the values used here. Aerosols from the combustion of 
ponderosa pine have a lower BC/OC ratio and inorganic content than those from combustion of 
chamise, and aerosols from combustion of palmetto have a large inorganic content. The 
variability in inorganic content gives a wide range of hygroscopicities, as shown in Table 2. 
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In the initial model input, the aerosol is assigned the composition in Table 2. Some of the 
constituents may partition to the gas phase at high temperatures (Knudsen et al., 2004), and 
MOSAIC brings the system to equilibrium within 0.2 s. 

2.3.2. Initial condition: particle size distribution 

Particles at emission are assumed to follow a lognormal size distribution described by a 
Count Median Diameter (CMD) and Geometric Standard Deviation (GSD). Studies on 
residential stove emissions report measured CMD values between 50 and 300 nm, and GSD 
values between 1.3 and 2.2 (e.g., Dasch et al., 1982; Hedberg et al., 2002; Tissari et al., 2007). 
For the initial size distribution we modeled a unimodal distribution with CMD0 of 25, 50, 100, or 
300 nm, and GSD0 of 1.3. The corresponding initial particle number concentration was 
calculated using an emission factor of particulate matter (EFPM) of 2, 4, 8, or 12 g/kg. We also 
modeled scenarios with GSD0 of 1.1, 1.3, or 1.6, each with a CMD0 of 25, 50, or 100 nm, each 
with EFPM of 4 g/kg.   

2.3.3. Initial condition: Gases and semi-volatile organic compounds 

Table 3 presents EFs of the major gas species in the plume. To assemble a plume 
composition from diverse reports, we used the ratio between the EF of each species and the EF 
of CO, and multiplied it by a central estimate of EFCO (42 g/kg, Akagi et al., 2011). 

SVOCs affect the particle size and composition of emitted aerosols (Martin et al., 2013; 
Vakkari et al., 2014). The exact chemical identification of secondary organic species is not 
necessary for our purposes, instead only the volatility is important to describe partitioning in the 
plume (Donahue et al., 2006) because the short residence time in the plume precludes significant 
photochemical reactions. The species SVOC1 and SVOC2 in Table 3 are proxies for two SVOCs 
that we use to explore the effects of gases with different volatilities in the plume. MOSAIC uses 
the SORGAM scheme to model the formation and partitioning of low-volatility gas species. 
SVOC1 and SVOC2 correspond to two of eight model species specified in SORGAM with vapor 
pressures of 4.0x10-6 Pa and 1.2x10-4 Pa at 298 K, respectively.  

To model different situations of total mass released, we used two values of emission 
factors (EFSVOC) for all non-methane hydrocarbons: EFSVOC of zero, representing a combustion 
event with no or negligible emissions of SVOCs, and 5.62 g/kg, a low estimate for cooking 
stoves (Akagi et al., 2011). Simulations with higher EFSVOC values lead to the same conclusions. 

2.3.4. Plume dilution rate 

Dilution rate influences the predicted concentration of species in the plume, and hence, 
can affect the resulting particle composition and size. We model the range of dilution that could 
be expected in a biofuel burning plume, represented by the parameter α in Eq. (1). We estimate a 
value of α between 1 and 2 by comparing modeled and measured temperature profiles of a 
plume from a wood heating stove, as shown in Fig. S1. This is equivalent to a dilution rate 
between 1.0 and 2.7 s-1 when the plume reaches 325 K. Values of α smaller than 0.5 are not 
likely since this would correspond to dilution rate below 0.02 s-1 at 325 K, or a dilution ratio 
smaller than 5:1, and would take the plume more than 30 s to reach ambient temperature. On the 
other hand, values of α greater than 1 do not affect the mass of SVOC condensed, but reduce the 
coagulation rate so that changes in particle size and mixing state are less prounounced. Hence, 
simulations with α greater than 1 do not yield different CCN activity at plume-exit, although the 
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plume reaches ambient temperature faster. Therefore, we present scenarios modeled with α = β = 
0.5, 0.7, and 1.0. 

2.3.5. Mixing state: external vs. internal mixture as initial condition 

Biofuel combustion is a dynamic process, varying between flaming and smoldering. 
Hence, the composition of the particles emitted is not perfectly homogeneous and might change 
with time. To assess the effect of the initial mixing state on plume-exit CCN we used as initial 
condition an external mixture containing three unimodal populations: an inorganic mode 
composed of ammonium sulfate, one of non-volatile OC, and one of BC. The three populations 
have the same CMD0 and GSD0, and the mass of each population follows the composition in 
Table 2 for κ0 of 0.11. We compare and contrast the results of the external mixture with a case 
where we assume an internal mixture of the same components as initial condition, with the same 
mass fractions as the external mixture case.  

2.4. Role of Aitken mode particles in determining plume-exit CCN 
Biofuel burning aerosols often have bimodal size distributions, containing an Aitken 

mode (particles less than 100 nm) and an accumulation mode (particles larger than 100 nm and 
less than one micrometer) (e.g., Hedberg et al., 2002; Li et al., 2007). The particles in the Aitken 
mode have a high coagulation rate, and inorganic species are usually more abundant in this mode 
(Torvela et al., 2014). 

We modeled a plume in which the initial distribution contained an Aitken mode with 
CMD1 = 30 nm and an accumulation mode with CMD2 = 100 nm. We studied two different 
cases: an internal mixture in which particles in both modes have the same composition, and an 
external mixture in which the Aitken mode is composed of only ammonium sulfate and the 
accumulation mode is composed of a mixture of BC and OC. We call these the ‘homogeneous’ 
and ‘heterogeneous’ bimodal distribution scenarios, respectively. In both cases the mass 
fractions of BC, OC, and ammonium sulfate of the overall population are the same. To study the 
effect of small particles on plume-exit CCN we also varied the initial concentration of the Aitken 
mode (N0,Aitken), and changed the concentration of the accumulation mode to keep the same 
particulate mass emitted (EFPM  of 4 g/kg). Since the mass of ammonium sulfate varies with 
N0,Aitken, the modeled composition differs from those described in Table 2 in these cases. 

We also repeated simulations with either the Aitken or accumulation mode removed, 
leaving only the remaining mode as a unimodal distribution. By comparing the resulting 
activation properties of these simulations, we assessed the role of the Aitken mode aerosols on 
the resulting CCN concentration. 

2.5. Simple estimates of condensation and coagulation 
While PartMC-MOSAIC models the aerosol population in great detail, this detail may 

not be necessary to capture all aerosol evolution. We assess the plume processes that can be 
simplified or parameterized by comparing simple estimates of the evolution of particle properties 
with PartMC-MOSAIC predictions. These simple estimates are described below. 

For coagulation, we estimated the number of particles lost at each time step using the 
formulation for a monodisperse aerosol distribution (Seinfeld and Pandis, 2006),  
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d𝑁
dt

= 4
6𝑘!T𝐷
𝜌

  𝑁!   

where N is the particle number concentration, kB is Boltzmann’s constant, T is the 
plume’s temperature, and D and ρ are the particle diameter and density, respectively. 

Regarding condensation, from the total mass condensed determined by PartMC-
MOSAIC, we derived the consequent increase in particle size (CMD) by assuming that the GSD 
stays constant. We also calculated an average hygroscopicity κ for all the plume particles to 
assess whether it could reproduce the results obtained with PartMC-MOSAIC. With the derived 
CMD, average κ, and particle number concentration, we estimated the plume-exit CCN and 
compared with PartMC-MOSAIC predictions. This discussion is presented in Sect. 3.1. 

3. Results 
We begin the discussion of results with an illustrative case (Sect. 3.1) that demonstrates 

the evolution within the plume for a reference case, and then evaluate how this evolution changes 
with variations in the initial conditions (Sections 3.2 through 3.5). Inputs for the illustrative case 
are listed in Table 1.  

3.1. Illustrative case 
Figure 1b shows the evolution of the mass concentration of the main aerosol species for 

the illustrative case. SVOCs condense within the first two seconds of the plume’s evolution, 
driven by the rapid drop in temperature (Figure 1a). The increase in inorganic species shortly 
after SVOC condensation consists mostly of NH4Cl that condenses at temperatures below 340 K 
(Zaveri et al., 2008). Condensation of NO3 constitutes only 10% of the inorganic mass. Number 
concentration is also shown in Fig. 1b; it decreases faster than mass concentration due to 
coagulation. 

The effect of the rapid condensation of SVOCs and inorganic species on particle size and 
hygroscopicity can be seen in Fig. 1c. CMD increases from 100 to 140 nm (black line), and the 
average κ of the plume aerosols increases from 0.004 to 0.06 (blue line). By repeating the 
simulations with either condensation or coagulation disabled and comparing the results, we 
conclude that about 20% of the increase in CMD can be attributed to coagulation, and the 
remaining 80% is from condensation of SVOCs. In this scenario, where the particles begin with 
a homogeneous composition, κ of individual particles changes only by condensation. Once the 
plume cools below 350 K (t=2.4 s), the CMD and average κ change by less than 1% and 3%, 
respectively. Since most particle sampling occurs at conditions below 300-325 K, aerosol 
properties measured at this temperature are sufficient to represent particles later in the evolution 
of a young plume. 

Since condensation is the main cause of increased particle size and hygroscopicity, it is 
also the main factor driving particle activation. Coagulation increases CCN efficiency by about 
20% by increasing particle size, but it also lowers plume-exit CCN by 25% due to the decrease in 
particle number. The increase in particle size and hygroscopicity leads to an increase in the 
fraction of particles that can become CCN, as shown in Fig. 1d for different ssat values. About 
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half of the plume particles can activate at ssat of 0.3%, while most, but not all, particles activate at 
ssat of 0.5%. Regardless of the value of ssat chosen, CCN(t)/N325 changes by less than 3% after the 
initial rapid evolution of the plume. 

Transformation in this illustrative case can be summarized as a rapid increase in particle 
size and hygroscopicity dominated by SVOC condensation, and a decrease in particle number 
concentration determined by the coagulation rate and plume dilution. Since condensation is the 
main factor, one can estimate activation with a simple analysis as described in Sect. 2.5. Using 
only the condensed SVOC mass to derive the increase in particle size, and both the condensed 
SVOC and inorganic mass to derive the increase in hygroscopicity, one can estimate a CCN 
efficiency within 15% of PartMC-MOSAIC’s result, the mismatch being due to neglecting the 
growth by coagulation. Furthermore, using the monodisperse coagulation model to estimate the 
particle loss, one can estimate CCNexit/N325 within 19%. Despite the complexity of the processes 
occurring in a fresh plume, at least in this illustrative case they can be qualitatively described 
with simple models. 

3.2. Initial size and hygroscopicity, without co-emitted SVOCs 
In this section we analyze the sensitivity of plume-exit CCN to initial particle size and 

composition, when SVOCs are not emitted simultaneously. Figure 2a to 2c show the scenarios 
analyzed: CMD0 of 25, 50, 100, and 300 nm, and κ0 of 0.004, 0.11, and 0.2.  

Particles in all scenarios follow an evolution similar to that of the illustrative case: a rapid 
increase in hygroscopicity due to condensation of inorganic species (from κo = 0.004, 0.11, and 
0.2, to κ325 = 0.02, 0.13, and 0.25, respectively), and in size due to the high coagulation rate, 
especially for small particles (from CMD0 = 25, 50, 100, and 300 nm to CMD325 = 60, 78, 111 
and 304 nm, respectively). In particular, it is not possible to obtain a CMD325 of 50 nm or smaller 
with an EFPM above 3 g/kg due to the high coagulation rate. Below 325 K there is no more 
condensation, and coagulation is the only process affecting particle size. During the short time 
between this temperature and plume-exit, size changes by less than 5%. 

Figure 2a shows the critical supersaturations of the particle populations at plume-exit for 
these scenarios. The mid-point is the supersaturation at which 50% of the plume particles 
become CCN (ssat50), and the error bars indicate the supersaturation at which 5% (ssat5) and 
95% (ssat95) of the particles become CCN. Despite the high critical supersaturations of small 
particles, e.g., CMD325 below 100 nm in Fig. 2a, they can contribute substantially to CCN for 
supersaturations above 0.3%, as shown in Fig. 2b and Table 4. This is because more small 
particles are emitted for a given EFPM. However, small particles with low inorganic content form 
CCN with low efficiency, with CCNexit/N325 differing by up to a factor of 7 in the scenarios with 
κ325 of 0.02 and 0.25 (black columns in Fig. 2c). 

We also conducted simulations using size distributions with GSD0 of 1.1, 1.3, and 1.6, 
each with CMD0 of 25, 50, or 100 nm. As with the CMD and κ, the GSD changes less than 5% 
below 325 K. Regarding CCN activity, the scenario with GSD0 of 1.1 can have EICCN up to twice 
as large as with GSD0 of 1.6. This is because a wider size distribution allocates some of the mass 
to particles too small to become CCN. 
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3.3. Effects of co-emitted SVOCs 
The scenarios described in the previous sections were also modeled with co-emitted 

SVOCs (EFSVOC of 5.62 g/kg). Results appear in Fig. 2d, 2e, and 2f. The main effect of co-
emitted SVOCs is the particle size increase due to the added mass, and the consequent decrease 
in critical supersaturation as shown in Fig. 2d and Table 5. The change in hygroscopicity is more 
varied; simulations with EFSVOC of 5.62 g/kg and an initial hygroscopicity κ0 of 0.004, 0.11, and 
0.20 changed to κ325 of 0.06, 0.11, and 0.16, respectively. Engelhart et al. (2012) observed a 
similar change in aged biomass burning plumes; condensation of organic species increases the 
hygroscopicity of hydrophobic particles, but decreases it for more hygroscopic particles. This is 
because SVOC condensation decreases the volume fraction of the (more hygroscopic) inorganic 
species. Hence, the inorganic content plays less of a role in determining the CCN activity of 
small particles when SVOCs are co-emitted, as can be seen by comparing Fig. 2c and 2f. Results 
of simulations with SVOC1 and SVOC2 are the same within a few percent. 

For EFSVOC above about 3 g/kg, condensation dominates the in-plume increase in particle 
size, change in hygroscopicity, and hence, critical supersaturation. This is shown in Table 5 for 
ssat50 and different values of EFSVOC and EFPM. Changes in EFPM, and hence, particle number 
emitted and their coagulation rate, have a small effect in ssat50. For EFSVOC smaller than about 3 
g/kg, particles grow more by coagulation.  

These results indicate that co-emission of SVOC material can be the main factor 
determining the CCN activity of biofuel burning aerosols. The CCN-modifying effect may be 
achieved only when SVOCs and primary aerosols are emitted simultaneously; it is not enough 
for them to be emitted from the same fire at different times. 

3.4. Initial mixing state  
In the previous scenarios, all particles had the same composition at emission. In this 

section we study the importance of the initial mixing state for plume-exit CCN. As initial 
condition we use an external mixture of three modes, OC, BC, and ammonium sulfate, all with 
the same size distribution, and we analyze how results differ from the case in which the initial 
aerosols are internally mixed, corresponding to κ0 of 0.11 in Table 2. Unless otherwise stated, no 
SVOCs are co-emitted. 

The particle size distribution follows the same evolution as in the previous scenarios. The 
hygroscopicity, however, is much more varied. Since PartMC-MOSAIC keeps track of the mode 
where each particle started, as well as each coagulation event, we can derive the fraction of 
particles that have coagulated with a particle from another mode. This is presented in Fig. 3, 
which shows pairs of graphs for four scenarios, with the left figure of each pair demonstrating 
the evolution of coagulated particles with time, and the right figure showing the plume-exit 
distribution of CCN as a function of supersaturation and particle type. Fig. 3b shows that 
coagulated and inorganic particles contribute the most to plume-exit CCN. Particles in the OC 
and BC mode that do not coagulate remain too hydrophobic or too small, and contribute to CCN 
only at supersaturations close to 1%.  

The fraction of particles that coagulate with another mode is sensitive to initial size: 
about 1% for CMD0 of 300 nm (CMD325 of 303 nm), 17% for CMD0 of 100 nm (CMD325 of 110 
nm, Figure 3a and 3b), and 97% for CMD0 of 25 nm (CMD325 of 70 nm, Figure 3g and 3h). 
Slower dilution rates (Figure 3c) and higher EFPM (Figure 3e) also increase the coagulation 
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between modes, but these factors affect plume-exit CCN substantially less than initial particle 
size, as can be seen by comparing Fig. 3d and 3f with Fig. 3h. A higher dilution rate (α = 1) 
actually decreases the coagulation rate, hence it affects plume-exit CCN by just a few percent. 
While other research has indicated that dilution is an important factor in plume chemistry and 
aerosol composition (Shrivastava et al., 2006; Poppe et al., 2000; Donahue et al., 2006), their 
work addresses large plumes aging over hours, while our work focuses on small plumes and 
aging time scales of seconds. 

As shown in Fig. 3a, most of the coagulation between modes occurs early in the 
evolution of the plume. This fraction of coagulated particles increases by less than 16% below 
325 K. This implies that activation properties are set early in the plume evolution, with ssat50 
changing by only 10% between 325 K and plume exit.  

Figure 4 shows how EICCN differs when particles of different size are externally mixed at 
emission, as compared with the internal mixture case (solid and dashed lines, respectively). For 
CMD0 of 50 nm (black lines), EICCN of both mixing states is within 20%. For CMD0 of 300 nm 
(blue lines) EICCN is the same within 5% for ssat above 0.2%. The deviation grows with 
decreasing supersaturation, up to a factor of 2.5 at ssat of 0.1%. This low sensitivity to initial 
mixing state occurs because small particles have a higher coagulation rate and hence have a more 
homogeneous composition at plume-exit. This is consistent with Che et al. (2016), who observed 
that particles growing in the Aitken mode become more internally mixed in part due to 
coagulation. On the other hand, large particles have a low critical supersaturation, regardless of 
mixing state. For intermediate particles with CMD0 of 100 nm (red lines) EICCN differs by up to a 
factor of 4, indicating that particles are still externally mixed by plume-exit. However, when 
SVOCs are co-emitted (red dotted line), the two scenarios differ by only 5% to 20% (red dashed 
line), because the added SVOC mass also has a homogenizing effect on the composition of the 
particle population. Hence, the initial mixing state has a smaller effect on plume-exit CCN when 
SVOCs are co-emitted.  

Figure 5 shows the distribution of critical supersaturation at plume-exit, similar to the 
presentation in Fig. 2. The distribution calculated using the composition from PartMC-MOSAIC 
is compared with the one using an average hygroscopicity for all particles. The use of an average 
hygroscopicity for particles that started with an external mixture leads to overestimating the κ of 
OC and BC particles, and hence, their contribution to CCN. This is consistent with the field 
studies of Wang et al. (2010) and Che et al. (2016), who found that the internal mixture 
assumption overestimates CCN number by 10% to 45%. Figure 5 shows that an average 
hygroscopicity underestimates ssat50 by at least 60% in the scenarios with CMD325 of 110 nm, α 
of 0.5, or EFPM of 12 g/kg.  Since an average κ implies that all particles have the same 
hygroscopicity, its use also narrows the range of critical supersaturations (i.e., ssat95 – ssat5) by 
up to 80% for these scenarios. On the other hand, an average hygroscopicity is correct to within 
10% for the case of small particles (CMD325 of 70 nm, top of Fig. 5) and 29% for a case with co-
emitted SVOCs (EFSVOC of 5.62 g/kg). Hence, there is less need to understand the initial mixing 
state when plume particles have either a small size at emission, or SVOCs are co-emitted. This is 
consistent with the findings of Fierce et al. (2013) in their study of CCN formation from diesel 
emissions under atmospheric aging, that is, that CCN number is less sensitive to initial mixing 
state under rapid aging by condensation.  
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3.5. Role of Aitken mode particles in determining plume-exit CCN 
In Sect. 3.2 we showed that small particles, i.e.¸ those with a CMD325 smaller than 100 

nm, can substantially contribute to plume-exit CCN (Figure 2). In this section we examine the 
CCN activity of these small particles when they are emitted in a bimodal distribution. We 
differentiate between homogeneous distributions, in which all particles have the same 
composition, or heterogeneous distributions, in which the Aitken mode is composed of 
ammonium sulfate and the accumulation mode contains BC and OC. For most of the simulations, 
we exclude co-emitted SVOCs in order to focus only on how the differently sized particles 
interact. All simulations use EFPM of 4 g/kg.  

Figure 6 shows EICCN for different initial relative concentrations of the Aitken (N0,Aitken) 
and accumulation mode (N0,Acc). We use the ratio between the two (RAit = N0,Aitken/N0,Acc) to 
indicate it. The figure also shows whether plume-exit CCN originate in the accumulation mode, 
the Aitken mode, or both (colored areas). When particles are heterogeneously mixed at emission, 
EICCN change by up to a factor of 2 from RAit of 0.25 (Figure 6a) to 8.4 (Figure 6c).  

Figure 6 also shows the CCN spectra if the same size distribution were emitted with a 
homogeneous composition (black dashed lines). When the homogeneous-composition curves 
differ from the heterogeneous scenario (area graph), then identifying compositional differences 
between Aitken and accumulation mode is important. Also shown in the Figure are the CCN if 
the accumulation mode component of the size distribution were emitted alone (red dotted lines), 
and if the Aitken mode component were emitted alone (blue dashed lines). Comparison between 
the bimodal result and the accumulation or Aitken mode spectra shows how the interaction 
between the modes affects plume-exit CCN. When these curves differ, plume-exit CCN would 
differ if the two modes were emitted simultaneously or sequentially.   

For RAit less than 1 (Figure 6a), most of the CCN originate with accumulation-mode 
particles. EICCN decreases by less than 17% when the simulation is repeated with the Aitken 
mode removed (red dashed line).  On the other hand, when N0,Aitken is similar to N0,Acc (Figure 
6b), most of the CCN have a component from the Aitken mode. A simulation using only the 
Aitken mode gives EICCN within a few percent of the bimodal distribution (blue dashed line), 
indicating that the accumulation mode does not contribute much to EICCN. When the Aitken-
mode number concentration is much higher than that in the accumulation mode (Figure 6c), most 
CCN also have a component from the Aitken mode, and the presence of the accumulation mode 
can actually decrease EICCN due to the higher coagulation rate and particle loss, as shown by 
the comparison with the Aitken-only simulation (blue dashed line).  Increasing N0,Aitken increases 
plume-exit CCN because it increases the inorganic mass in the plume (by a factor of 4 in Fig. 6c 
compared to Fig. 6b), and also the hygroscopicity of OC and BC particles that coagulate with 
inorganic particles, as discussed in Sect. 3.4.  

When particles are initialized with a homogeneous composition (black lines in Fig. 6), 
the number of particles originally in the Aitken mode has a small effect on EICCN. Varying RAit 
from the minimum (Figure 6a) to the maximum case (Figure 6c) changes EICCN by 7%, because 
the accumulation mode is already hygroscopic enough to become CCN.  

Figure 7 summarizes plume-exit properties for simulations in which the initial 
distribution is a bimodal, heterogeneous distribution. Figure 7a shows the critical supersaturation 
distribution within each particle population for the composition from PartMC-MOSAIC (blue), 
beginning with either a homogeneous or a heterogeneous population. The critical saturation that 
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would be predicted with the use of an average κ across all particles is also shown (red). 
Accumulation-mode (squares) and Aitken mode (triangles) are separated. In the heterogeneous 
case, the inorganic mass is found in the Aitken mode; artificially spreading this mass across the 
entire particle distribution with an average κ leads to overestimating the critical supersaturation 
of the Aitken mode and underestimating that of the accumulation mode.  

Figures 7b and 7c summarize EICCN for two atmospherically-relevant values of ssat: 0.3% 
and 0.7%. At ssat of 0.3% (Figure 7b), the use of an average κ disagrees with PartMC results by 
61% for RAit of 8.4, to a factor of 47 for RAit of 0.25. This occurs because the uncoagulated 
particles emitted at RAit of 0.25 have a great diversity in composition. When SVOCs are co-
emitted, particles become hygroscopic and also reduce the diversity in κ; the estimated EICCN 
agrees within 48% at ssat of 0.3%. At higher supersaturations (ssat of 0.7% in Fig. 7c), most 
particles can function as CCN, and the disagreement in EICCN is at most 27%.   

4. Summary and conclusion 
We modeled the evolution of a biofuel burning plume from emission until it reaches 

ambient temperature and RH, for a variety of initial conditions and plume properties, with the 
objective of improving estimates of emitted CCN from residential biofuel combustion. The main 
findings of this study are: 

• After the plume dilutes and temperature drops below 350 K (t = 2.4 s for α = β = 0.7), 
particle size and κ values change by less than 5%. This is observed in all scenarios.   

• Co-emission of SVOCs can be the main factor determining plume-exit CCN for hydrophobic 
or small particles, increasing EICCN by up to three orders of magnitude. If particles are 
already large and hygroscopic enough to activate at emission, co-emission of SVOCs has a 
small effect on EICCN (less than 5%).  

• Some combinations of emission factor and size are impossible because of rapid plume 
coagulation. The upper limit of EICCN is about 1016 kg-1. Depending on emission factor, 
particle size, and composition, some of these particles may not activate at low ssat. For EFPM 
greater than 3 g/kg, plume-exit CMD is at least 50 nm.  

• When particles are emitted with smaller diameters, more CCN result from the same emitted 
mass, yet these particles activate at higher supersaturations. For particle diameters below 100 
nm, 10-80% of the particles can serve as CCN at atmospheric supersaturations. This 
dependence on initial particle size and hygroscopicity is shown in Fig. 2.  

• When particles are emitted as a bimodal distribution, the Aitken mode contributes less than 
2% to the plume-exit CCN if both modes have the same composition.  

• When the number concentration of more-hygroscopic Aitken mode particles is high 
compared to less-hygroscopic accumulation mode particles, the Aitken mode particles can 
create additional CCN through self-coagulation, but they have little effect on the CCN 
activity of accumulation-mode particles despite a large number of coagulation events 
between Aitken mode and accumulation mode particles. 

• A simple model (monodisperse coagulation and average hygroscopicity) can be used to 
estimate plume-exit CCN within about 20% if particles are unimodal and have homogeneous 
composition. The simple model would underestimate particle loss by coagulation in a 
bimodal distribution by at least an order of magnitude.  
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• External mixtures become more internally mixed when particles are emitted in the Aitken 
mode, due to the higher coagulation rate, or with co-emitted SVOCs due to the homogenizing 
effect of the added mass. 

• Plume-exit average hygroscopicity can be used to estimate EICCN within 5-20% if particles 
are emitted in the Aitken mode, even if externally-mixed subpopulations exist within the 
Aitken mode. This is also true when SVOCs are co-emitted. The estimate improves as the 
particle size decreases, EFPM increases, or EFSVOC increases, since these factors enhance 
internal mixing in the particle population. 

• On the other hand, if externally-mixed particles are emitted in the accumulation mode 
without SVOCs, an average κ overestimates hygroscopicity, and hence overestimate EICCN 
by up to a factor of 2. 

This work has identified conditions under which particle populations become more 
homogeneous during plume processes. This homogenizing effect requires the components to be 
truly co-emitted. Sequential emission, even if separated by a few seconds, results in greater 
heterogeneity. 

Atmospheric aging through coating or coagulation also affects the relationship between 
emitted particles and cloud influence (e.g. Fierce et al., 2014). The findings here are important 
because they describe (1) limitations in the emitted size distributions of primary particles, (2) the 
nature of directly-emitted particles near sources, before atmospheric aging has occurred, and (3) 
the nature of atmospheric particles when other atmospheric aging is slow.  

Experimental verification of the important findings could include observations of EICCN 
using a CCN counter, compared with gaseous carbon emissions, to demonstrate that EICCN is 
limited to 1016 kg-1. The effect of co-emitted SVOCs could be evaluated by comparing CCN 
activity of a plume at different dilution ratios, where SVOCs would be expected to partition to 
the gas phase in the most dilute environments. The conditions under which the average-
hygroscopicity assumption is expected to fail could be confirmed by performing CCN closure 
studies on aerosol generated with those specific characteristics; that is, aerosol size and 
composition could be measured with an Aerodyne Mass Spectrometer, and then CCN predicted 
from those values could be compared to measurements. Because biofuel emissions vary during 
the course of combustion, and because simultaneous emission affects the particle properties, 
these experiments should be conducted in real-time or on emissions from isolated phases of 
burning. 
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Tables 
 
Table 1. Range of initial conditions and plume parameters analyzed to determine sensitivity. The “Illustrative Case” 

is a simulation used to present the general features observed in the plume evolution. 

Parameter Scenarios  Illustrative 

Case 

Initial hygroscopicity  κ0 = 0.004 (ponderosa pine), κ0 = 0.11 (chamise),  

κ0 = 0.20 (palmetto) 

κ0 = 0.004 

Initial CMD and GSD CMD0 = 25, 50, 100, 300 nm 

GSD0 = 1.1, 1.3, 1.6 

100 nm 

1.3 

EFPM 2, 4, 8, 12 g/kg  4 g/kg 

Dilution rate α = β = 0.5, 0.7, 1.0 0.7 

SVOC volatility SVOC1 (saturation vapor pressure1 = 4.0x10-6 Pa) or SVOC2 

(saturation vapor pressure1 = 1.2x10-4 Pa) 

SVOC1 

SVOC emission factor 

(EFSVOC) 

0 (no SVOCs), 5.62 g/kg  5.62 g/kg 

Initial aerosol 

distribution 

Unimodal or bimodal distribution Unimodal 

Initial mixing state External mixture of OC, BC, and ammonium sulfate, or internally 

mixed 

Internal 

mixture 
1saturation vapor pressure at 298 K 
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Table 2. Initial composition of aerosols emitted from the combustion of three fuels, from Lewis et al. (2009), and the 

corresponding volume-average hygroscopicity parameter κ (Petters and Kreidenweis, 2007). OC specified here is 

assumed to be non-volatile. 

Component 

Mass Fraction [%] 

Ponderosa Pine  Chamise 

 

Palmetto 

 

OC 
 

97.8 48.8 42.8 

BC 
 

1.2 27 4.4 

SO4 
 

0.25 12.1 1.32 

NO3 
 

0.25 1.21 0 

Cl 
 

0.25 4.84 33 

NH4 
 

0.12 0 13.2 

K 
 

0.1 6.05 2.64 

Na 
 

0.03 0 2.64 

κ0  0.004 0.11 0.20 

 

 
Table 3. Emission factor of plume gases 

Gas Emission Factor 

[g/kg] 

Reference 

CO2 1626 Akagi et al. (2011) 

NOx (as NO2) 2.04 Christian et al. (2010) 

CO  42 Akagi et al. (2011) 

NH3  0.947 Akagi et al. (2011) 

SO2 0.57 Burling et al. (2010) 

HCl 0.139 Burling et al. (2010) 

CH4  2.32 Akagi et al. (2011) 

SVOC1, SVOC2  0, 5.62  Akagi et al., (2011)  
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Table 4. EICCN [kg-1] at ssat of 0.7% for scenarios with CMD0 = 25, 50, 100, and 300 nm (i.e., CMD325 = 60, 78, 111, 

and 304 nm), and κ0 = 0.004, 0.11, and 0.2 (κ325 = 0.02, 0.13, and 0.25), and no co-emitted SVOCs. 

EICCN at a ssat of 0.7% (x 1015) 

  

κ0 

CMD0 [nm] 0.004 0.11 0.2 

25 

 

1.05 5.73 7.44 

50 

 

1.86 6.54 7.84 

100 

 

2.57 3.46 3.14 

300   0.21 0.17 0.15 

 

Table 5. Median critical supersaturation (ssat50) from simulations with EFPM of 2, 4, or 8 g/kg, and EFSVOC of 0, 3, 

5.62, and 10 g/kg. An initial size of CMD0 of 25 nm was used to model a high coagulation rate. 

ssat50 [%] 

 

EFSVOC [g/kg] 

EFPM [g/kg] 0 3 5.62 10 

2 >1 0.65 0.48 0.36 

4 >1 0.64 0.48 0.38 

8 0.91 0.63 0.49 0.38 
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Figures 

 

Figure 1. a) Prescribed profiles of specific humidity (left axis) and temperature (right axis). From these profiles, 
PartMC-MOSAIC calculates the plume RH (right axis). Time series of b) mass concentration of plume aerosol species 
(left axis) and number concentration (right axis), c) CMD (left axis), GSD and the average κ  of all plume particles (right 
axis). The shaded area in κ  is one standard deviation from the average. d) CCN(t)/N325 for ssat of 0.1, 0.3, 0.5, and 0.7%. 
The vertical black line highlights when the plume temperature is 325 K. Although we modeled the first 30 seconds, we 
present results until the plume reaches ambient temperature and RH (plume-exit), i.e., t = 15 s. 
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Figure 2. (a) Critical supersaturation of particle populations (ssat5, ssat50, and ssat95), (b) EICCN, and (c) 

CCNexit/N325 at ssat of 0.7% for four different initial sizes (CMD0 = 25, 50, 100, and 300 nm) and compositions (κ0 = 0.004, 
0.11, and 0.20). Labels show CMD and κ  at 325 K. No SVOCs are co-emitted (EFSVOC = 0).  Figures (d), (e), and (f) show 
the same scenarios but for EFSVOC = 5.62 g/kg. The scenario with CMD0 = 25 nm uses EFPM of 2 instead of 4 g/kg to 
achieve smaller CMD325 at plume exit. 

 

 
Figure 3. Fraction of particles in each mode (OC, BC, inorganic, or coagulated) as the plume evolves, showing 

how different initial conditions affect the coagulation between modes in an external mixture. a) Scenario with CMD0 of 
100 nm and GSD0 of 1.3, EFPM of 4 g/kg, α  of 0.7, and no SVOCs. The other figures are the same scenario modified with 
(c) slower dilution (α  = 0.5), (e) EFPM of 12 g/kg, or (g) CMD0= 25 nm (CMD325= 70 nm). The vertical red line highlights 
when the plume temperature is 325 K. Figures (b), (d), (f), and (h) are the corresponding EICCN graphs to scenarios (a), 
(c), (e), and (g), respectively. 
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Figure 4. EICCN for different initial mixing states and initial CMD0 of 50 nm (black), 100 nm (red), or 300 nm 

(blue). In the internal mixture case (dashed lines) all particles have the same initial composition, and no co-emitted 
SVOCs. The external mixture scenarios (solid lines) have an initial composition of three modes (OC, BC, and inorganic) 
with the same mass fraction as in the internal mixture, and no co-emitted SVOCs. The dotted line is the same external 
mixture scenario but now with co-emitted SVOCs (EFSVOC = 5.62 g/kg). 

 

 
Figure 5. Critical supersaturation of particle populations (ssat5, ssat50, and ssat95), calculated with either the 

particle composition from PartMC-MOSAIC (blue), or an average κ  for all plume particles (red). The arrow highlights a 
“base case” simulation, i.e., an external mixture with EPPM of 4 g/kg, CMD325 of 110 nm, α  = 0.7, and EFSVOC = 0. All 
other cases shown here are variations of this base case, obtained by changing one of the parameters as indicated in the 
labels. The horizontal dotted line separates scenarios testing the sensitivity to initial size (above), or SVOCs, dilution rate, 
or EFPM (below). 
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Figure 6. EICCN for three different RAit = N0.Ait/N0,Acc values. The scenario with RAit ~ 1 has N0,Aitken  = 1.6x1014 m-3 

and N0,Acc = 1.2x1014 m-3. The colored area corresponds to a heterogeneous bimodal distribution, each color describing the 
source of the particle that is CCN-active at plume exit. The label ‘self coag’ refers to particles that have coagulated only 
with particles from the same mode. ‘no coag’ refers to particles that have not coagulated with any other particle type. The 
dashed blue and red lines correspond to a repetition of the simulation but with either the accumulation or Aitken mode 
removed, respectively. The black line corresponds to a homogeneous bimodal distribution, using the same RAit values. 

 

 

 

Figure 7. a) ssat5, ssat50, and ssat95 of homogeneous and heterogeneous bimodal distributions with 
different RAit values, calculated separately for the Aitken mode (triangles) and accumulation mode (squares). 
Calculations were made with either the composition from PartMC-MOSAIC (blue), or using an average κ  for 
all particles (red). The vertical blue lines highlight ssat of 0.3% and 0.7%. b) EICCN for the same scenarios for 
ssat of 0.3%, and (c) ssat of 0.7%. 
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Appendix F 
Implementation of the volatility basis set (VBS) approach into PartMC-MOSAIC to 
simulate the chemical aging of primary organic aerosol  
Journal article: J. Ching, J. Tian, N. Riemer, J. Fast, M. Srivastava, and R. Zaveri. 
Particle-resolved modeling and measurements of aerosol mixing state during 
CARES, 2017, in preparation for Atmos. Chem. Phys.  

 
As part of this project, we implemented the “volatility basis set” framework in the 

particle-resolved box model PartMC-MOSAIC. The implementation follows the approach by 
Srivastava et al. (2011) and is described in detail in Tian (2016). Instead of treating primary 
organic aerosols (POA) as non-volatile and non-reactive, we now classify POA into nine 
volatility bins by assuming that they are semi-volatile and the evaporated gas phase species can 
undergo further oxidation to form secondary organic aerosols (SOA). This approach can increase 
the level of SOA concentration, which is usually underestimated in existing aerosol models. The 
contribution of this work is to extend the capability of PartMC-MOSAIC on simulating aging of 
organic aerosols, including, but not limited to, biomass burning aerosol. While most previous 
studies only focused on the bulk concentration of SOA production, the new model capability 
uniquely provides particle-level information and mixing state of SOA-containing particles.  

The updated PartMC-MOSAIC model with VBS framework was applied to the 
simulations of air trajectories obtained from the CARES field campaign conducted in California 
in June 2010. A blend of measurement and model data were used as input to setup the case 
studies. We also adjusted the POA emissions to consider the semi-volatile nature of POA. We 
then conducted model simulations on five air trajectories from CARES campaign on June 15, 
2010.  

The results were compared to the aircraft measurement for gas and aerosol mass 
concentrations and aerosol number concentrations. For a representative trajectory starting at 10 
am local time at T0 in Sacramento, PartMC-MOSAIC was able to simulate gas and aerosol 
concentrations at similar levels compared to the observational data. Moreover, the simulation 
with VBS enabled produced additional 2 µg m-3 of SI-SOA which brought the total OA 
concentration closer to the observed values, as shown in the figure below. 

 

Figure 1: Evolution of the mass concentration of total organic aerosol. The trajectory started at 
10am in Sacramento. 
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Figure 5.11: Evolution of bulk aerosol species along the trajectory starting at 10 am local time.

Similar evolution patterns of gas and aerosol species (inorganics and BC) were obtained in simulations of

other trajectories (Appendix B). Using VBS leads consistently to more OA mass which sometimes improves

the comparison to observations, while for some trajectories it overestimates the total OA mass loading (e.g.,

Fig. B.7) since a large fraction of OA has already been captured by biogenic SOA. Overall, these comparison

results demonstrate that PartMC-MOSAIC is able to reproduce the aerosol and gas concentrations in an

aged air plume, although it can not resolve the spatial resolution over the measurement domain, which is a

general limitation of box models.

5.3.2 Evolution of total number concentration

Figure 5.12 compares the predicted aerosol number concentrations to those measured in the G-1 aircraft

during the trajectory that started at 10 am. The measured data were obtained from condensation particle

87
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