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ABSTRACT 

 

 

 

TOWARDS A PHYSICALLY INFORMED UNDERSTANDING OF NEW PARTICLE 

FORMATION AND GROWTH IN THE ATMOSPHERE 

 

 

 

 Aerosol particles are among the most uncertain yet influential components of Earth’s 

radiative balance, influencing it directly through interactions with radiation and indirectly by 

serving as the formation sites for cloud droplets and ice crystals. Understanding the size and 

composition of the aerosol particles is critical for understanding their climate impacts. The 

majority of aerosol particles in the atmosphere form through the process of new particle formation 

and growth (NPF&G), the process by which new small particles form from the clustering of low-

volatility vapors. These newly formed particles may grow to climatically relevant sizes through 

condensation of vapors or be lost through collisions with pre-existing larger particles. NPF&G 

events are time periods where NPF&G occurs, and the particles grow substantially over the 

following several hours. This dissertation examines the processes governing NPF&G in the 

atmosphere.  

First, we investigate the implications of stationary-site observations of NPF&G events by 

contrasting them with a Lagrangian perspective. Most observations of NPF&G events are 

conducted at stationary sites; however, NPF&G observed from stationary sites is influenced by 

gradual or rapid changes in the air masses passing over the site, complicating NPF&G analysis. In 

this work, we use observations and a 3D aerosol model to compare aerosol size distributions at a 

stationary site (Southern Great Plains (SGP) observatory, Oklahoma, USA) and along Lagrangian 

trajectories crossing the site. The model simulates the NPF&G events reasonably well compared 
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to observations at SGP. Using the model to compare the Lagrangian and stationary perspectives, 

we can explain previously unanalyzable days with some evidence of NPF&G as either non-event 

or analyzable NPF&G days. We find most of the unanalyzable NPF&G days are due to isolated 

and inhomogeneous NPF&G occurring upwind of the stationary site, often in the outflow of urban 

regions. Finally, we compare formation rates of 3 nm particles, growth rates, and the survival 

probability of 3 nm particles growing to 25 nm between the stationary and Lagrangian 

perspectives. Due to the much larger number of analyzable days along the Lagrangian trajectories, 

this perspective potentially provides more robust statistics and better characterization of NPF&G 

event extremes. Our method for extracting chemical/physical properties along Lagrangian 

trajectories from 3D models can be applied to a wide range of science questions. 

 Second, to better understand NPF&G in urban environments, we examine NPF&G 

occurring in a unique environmental chamber. While our understanding of NPF&G in certain 

environments has advanced, the processes that govern NPF&G in some urban environments are 

still poorly understood. As part of the Tracking Aerosol Convection Interactions Experiment 

(TRACER) Ultrafine Aerosol Formation and Impacts (UFI; together TRACER-UFI) campaign, 

the University of California, Riverside’s Captive Aerosol Growth and Evolution (CAGE) chamber 

operated during July and August of 2022. The CAGE chamber filters out ambient particles, 

allowing only ambient vapors to enter. On most days during TRACER-UFI, NPF&G events 

occurred in the chamber, providing the unique opportunity to assess what chemical species and 

mechanisms have the potential to drive secondary aerosol processes in Houston. In this work, we 

use the SOM-TOMAS chemistry and aerosol-microphysics model to represent the CAGE chamber 

to better understand the governing processes within it. We calculate that aerosol mass in the 

chamber is primarily derived from toluene, trimethylbenzene, styrene, and monoterpene products. 



 

iv 

 

Aerosol measurements in the chamber corroborate the contribution of anthropogenic species to 

aerosol particles; however, because of challenges of simulating the unique particle and vapor loss 

mechanisms in the chamber (wall losses, instrument flows, diffusional membrane), other 

conclusions are less robust. 

Finally, we examine the effects of particle phase state (i.e., liquid or solid) on the global 

size-dependent condensation and growth of aerosol particles. The phase state of atmospheric 

aerosol particles ranges from liquid-like to solid-like, which can profoundly affect size-dependent 

secondary organic aerosol (SOA) partitioning. In this work, we examine some of the effects of 

phase state and size-dependent SOA condensation on aerosol size distributions, with a specific 

focus on NPF&G events. To this end, we use the 3D chemical transport model, GEOS-Chem with 

the TwO-Moment Aerosol Sectional (TOMAS) microphysics module to test the size-distribution 

effects from including an updated phase-state-dependent SOA condensation scheme that depends 

on humidity, temperature, and aerosol composition. Compared to a liquid-like-aerosol assumption, 

using the phase-state scheme shows a global decrease in the surface number concentration of 3-20 

nm particles, likely due to faster growth and increased survival of small particles growing to larger 

sizes, which consequently hinders further new particle formation (NPF). We find increases in the 

number concentrations of 20-80 and 80-200 nm particles, with the largest increases occurring in 

low-relative-humidity regions where particles are more solid-like. Zonally averaged changes in 

the number concentration of particles mirror the changes at the surface, but the greatest changes 

are in regions of large-scale subsidence, which generally have low relative humidity. We also 

investigate regional changes over the south-central United States, where, again, we see the greatest 

changes in number concentration in dry, cool regions. Finally, we compare average size 

distributions between the model and several observational datasets, and we highlight several 
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NPF&G event case studies from the Southern Great Plains (SGP) observatory, where the inclusion 

of size-dependent SOA condensation in the model led to better model-measurement agreement. 

This work provides novel insights into the global, regional, and site-specific impacts of phase state 

on size-dependent SOA condensation and aerosol size distributions.   
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CHAPTER 1 

 

INTRODUCTION TO AEROSOLS AND NEW PARTICLE FORMATION 

 

 The mean temperature of Earth’s atmosphere is regulated by the delicate balance of 

incoming shortwave and outgoing longwave radiation. Aerosol particles, suspended solids or 

liquids in the atmosphere, can affect this balance through two broad mechanisms: (1) direct 

absorption and scattering of either longwave or shortwave radiation, which is known as the aerosol 

direct effect, and (2) serving as the sites for cloud droplet or ice crystal formation, which in turn 

interact with both longwave and shortwave radiation and is known as the aerosol indirect effect. 

For context, the 2001-2025 average top of atmosphere (TOA) energy imbalance (incoming - 

outgoing) associated with anthropogenic climate change is on the order of ~0.75 W m-2 (Mauritsen 

et al., 2025), whereas the globally and annually averaged net top of atmosphere direct aerosol 

effect is -0.22 [-0.47 to 0.04] W m-2 (Forster et al., 2021). While the net radiative forcing from the 

direct aerosol effect serves to cool the Earth system, more localized effects can exist. In general, 

particles that appear visibly lighter (e.g., sulfate aerosols or dust) will scatter or reflect in the 

shortwave bands with an overall net cooling of the Earth system. Conversely, particles that are 

visibly darker (e.g., soot from diesel exhaust) will absorb in the shortwave and reemit in the 

longwave, generally having a localized warming effect (Bond et al., 2013).  

The net effect of aerosol particles on warm cloud properties is more uncertain than the 

direct aerosol radiation effects, in part due to a more complex dependence on aerosol composition 

and size, as well as regime-dependent dynamics of warm cloud formation. The global average total 

shortwave TOA energy reflected by clouds is about -47.5±3 W m-2, however, clouds also interact 

strongly with longwave reflecting about 26.6±5 W m-2 back towards Earth’s surface (Stephens et 
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al., 2012). Since aerosol particles serve as cloud condensation nuclei (CCN), the concentration of 

aerosol particles directly affects the number of cloud droplets for a given amount of water, in turn 

affecting the radiative properties of clouds. The estimated instantaneous change in TOA energy 

from 1750 to 2019 due to changes in cloud properties by anthropogenic aerosols is estimated to be 

~-0.84 [-1.45 to -0.25] W m-2 (Forster et al., 2021). Understanding how aerosol particles come to 

serve as the activation sites for cloud formation is of great importance for understanding Earth’s 

radiative balance. 

For a given supersaturation of water vapor, the ability of an aerosol particle to act as a CCN 

is dictated by its size and composition. Studies have found that CCN activity tends to be more 

sensitive to fractional changes in particle size than fractional changes in particle hygroscopicity 

(Farmer et al., 2015; McFiggans et al., 2006). Particles with diameters larger than ~200 nm 

generally have enough soluble material to readily activate into cloud droplets at moderate 

supersaturations (0.5%); however, for particles in the ~30-200 nm diameter range, particle 

composition plays a greater role in determining which particles activate at what supersaturation 

(Farmer et al., 2015). The aerosol size distribution in the 30-200 nm diameter range often contains 

a significant number of particles and is shaped by both primary emissions and secondary aerosol 

processes (Seinfeld and Pandis, 2016), further complicating the ability to fully understand the 

effects of aerosols on cloud droplet activation.  

 The process of new particle formation (NPF), the process by which new ~1 nm aerosol 

particles are formed from vapors, is a significant contributor to global cloud-level CCN 

concentrations at 0.5% supersaturation as well as the dominant contributor to global aerosol 

number (Gordon et al., 2017; Zhao et al., 2024). The exact mechanisms by which new particles 

form and grow to larger sizes in different environments is still an active area of research. In most 



 

3 

 

scenarios, NPF involves sulfuric acid due to its extremely low vapor pressure and relative 

abundance in the atmosphere. Sulfuric acid can form clusters with water (Vehkamäki et al., 2002), 

ammonia (Dunne et al., 2016), amines (Johnson and Jen, 2023; Olenius et al., 2017), low-volatility 

organics (Riccobono et al., 2014; Zhao et al., 2024), and iodine oxoacids (He et al., 2023). Some 

NPF mechanisms may interact synergistically in ways that are difficult to quantify both in chamber 

experiments and models (Wang et al., 2022). The dominant NPF mechanism varies greatly with 

surface location and altitude, and the inclusion of many NPF mechanisms into models has been 

shown to improve model-measurement comparisons of aerosol size distributions in specific 

regions (Zhao et al., 2024).  

Once formed, the ~1 nm particles can collide with larger existing particles, thus reducing 

the total number of particles and the potential contribution of NPF to CCN concentrations. The 

freshly nucleated particles are subject to Brownian diffusion and generally have high velocities, 

whereas larger particles (≳50 nm) have lower velocities and greater cross-sectional area, making 

them perfect targets for collisions with smaller particles. The aerosol size distribution is often 

represented by discretized bins that represent the number or mass of particles within a given 

diameter range, hence the following discussion will focus on aerosol processes in the context of 

this bin framework. The first-order timescale for the loss of small particles via collisions with 

larger particles is described by the coagulation timescale (s), which is the inverse of the coagulation 

sink (s-1) (Pierce and Adams, 2007):  

 

𝜏𝑘𝑐𝑜𝑎𝑔 = 112𝐾(𝐷𝑝,𝑘, 𝐷𝑝,𝑘)𝑁𝑘+∑ 𝐾(𝐷𝑝,𝑘,𝐷𝑝,𝑗)𝑁𝑗𝑘𝑚𝑎𝑥𝑗=𝑘+1      (1) 
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Where 𝐾 is the coagulation kernel, 𝑁𝑘 and 𝑁𝑗 are the number of particles in bins 𝑘 and 𝑗, 

respectively. Hence, the loss rate of freshly nucleated particles by coagulation depends strongly 

on the number of pre-existing particles. 

The less time small particles spend as small particles, the less likely they are to be lost by 

coagulation, therefore, rapid particle growth is necessary for the survival to CCN sizes. Further 

nuances will be discussed in later paragraphs, but particle growth at the smallest sizes (diameter, 

Dp ≲ 10 nm) is driven by species with extremely low saturation vapor pressures (C* < 10-4 µg m-

3), principally sulfuric acid and extremely low-volatility organic compounds (ELVOC). Once 

particles are slightly larger, particle curvature (Kelvin effect) plays less of a role, therefore, species 

with higher C* values can contribute to particle growth. Unfortunately for the small particles, they 

must compete with the existing particles for condensable vapors in order to grow. The first-order 

rate for uptake of vapors to the Fuchs-corrected surface area can be described by the condensation 

sink (CS; s-1; Pierce and Adams, 2007): 

 𝐶𝑆 =  2𝜋𝐷 ∑ 𝛽𝑖𝐷𝑝,𝑖𝑁𝑖𝑚𝑎𝑥𝑖=1         (2) 

 

Where 𝐷 is the gas-phase diffusion constant, 𝐷𝑝,𝑖 is the particle diameter in bin 𝑖, 𝑁𝑖 is the particle 

number concentration in bin 𝑖, and 𝛽𝑖 is the transition regime correction factor (Seinfeld and 

Pandis, 2016). Given that larger particles have greater surface area, their presence increases the 

condensation sink, lowering the ambient vapor pressure of the condensing material and reducing 

the growth rate of the freshly nucleated particles. 

The rate of change in particle diameter, or “growth rate” (GR), as a function of the vapor 

pressure of low-volatility species is expressed as follows: 
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 𝐺𝑅 = 𝑑𝐷𝑝𝑑𝑡 = 4𝐷𝑔𝜌𝐷𝑝 (𝐶∞ − 𝐶𝑆)𝛽        (3) 

 

In the above equation, 𝐷𝑝 is the particle diameter, 𝐷𝑔 is the diffusion coefficient of the condensing 

vapor, 𝜌 is the density of the condensing vapor, 𝐶∞ is the ambient partial pressure of the condensing 

vapor, 𝐶𝑆 is the vapor pressure of the condensing vapor over the particle surface, and 𝛽 is a 

correction factor for non-continuum-regime effects. The greater the difference between the partial 

pressure of the vapor and the vapor pressure at the particle surface, the faster mass will condense. 

For low-volatility species, the vapor pressure at the surface of the particle approaches ~0.0 Pa, 

therefore, the driving force for condensation is dictated by the partial pressure of the vapor and 

particle surface area (i.e., CS, Equation 2).  

 For these low-volatility vapors, such as sulfuric acid, accurate representation of the ambient 

vapor concentrations is important for the accurate representation of NPF and early particle growth. 

The concentration of low-volatility species can be found through a balance between gas-phase 

chemical production and loss by condensation. Pierce and Adams (2009a) developed a 

computationally efficient pseudo-steady-state approximation for vapor concentrations that can be 

used for calculations of condensation and nucleation dynamics in aerosol models. The pseudo-

steady-state concentration of the low-volatility vapor (PSSV) is expressed as follows:  

 [𝑃𝑆𝑆𝑉] = 𝑃𝑉𝐶𝑆 + 𝐽𝑛𝑢𝑐𝑀𝑛𝑢𝑐         (4) 
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In the above equation, 𝑃𝑉 is the production rate of the low-volatility vapor, CS is the condensation 

sink (Equation 2), 𝐽𝑛𝑢𝑐 is the nucleation rate of particles at some diameter, and 𝑀𝑛𝑢𝑐 is the mass 

of each nucleated particle. In the absence of nucleation or if the vapor does not participate in 

nucleation (i.e., 𝐽𝑛𝑢𝑐= 0), the above equation converges to [𝑃𝑆𝑆𝑉] = 𝑃𝑉/𝐶𝑆. The pseudo-steady-

state approximation provides a useful means to understand the potential growth of freshly 

nucleated particles. Assuming the gas-phase production does not change (𝑃𝑉 = 0), a high CS (i.e., 

more pre-existing particles) reduces the vapor concentration, and thus reduces the growth rate of 

small particles. Conversely, a low CS increases the vapor concentration, leading to faster growth 

of small particles and, in the case of sulfuric acid, increases the vapor available for NPF. It is also 

apparent that faster gas-phase production leads to higher vapor concentrations which can 

accelerate growth and production of small particles.  

While the CS describes the rate of vapor condensation, the condensation timescale 

describes the time it takes a particle to grow in a given size range (Pierce and Adams, 2007):  

 

𝜏𝑘,𝑘+1𝑐𝑜𝑛𝑑 = 𝐷𝑝,𝑘+1−𝐷𝑝,𝑘𝐺𝑅𝑘,𝑘+1          (5) 

 

Where 𝐷𝑝 is the particle diameter in bins k and k+1, and 𝐺𝑅 is the average diameter growth 

rate between bins k and k+1. The condensation and coagulation timescales can be used to envisage 

the two competing forces for small particle survival. For a given size range, a shorter condensation 

timescale means particles will grow faster to the larger size, while a shorter coagulation timescale 

increases the likelihood of collisions with larger particles. This competition between these two 

processes can be represented by the survival probability (SP) (Pierce and Adams, 2007): 
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𝑆𝑃𝑚,𝑛  =  ∏ 𝑒𝑥𝑝 (− 𝜏𝑘,𝑘+1𝑐𝑜𝑛𝑑𝜏𝑘𝑐𝑜𝑎𝑔 )𝑛−1𝑘=𝑚        (6) 

 

Where 𝑆𝑃𝑚,𝑛 is the probability of a particle in diameter bin 𝑚 surviving to diameter bin 𝑛. The SP 

parameter is a useful means to quantify the potential contribution of NPF to particles in a specific 

size range (e.g., CCN).  

 Equations 1-6 describe how freshly nucleated particles grow and survive to sizes at which 

they can act as CCN and interact with radiation, processes that need to be constrained to reduce 

uncertainty in global radiative forcing. Equations 1 and 5 express the timescales for coagulation 

and condensation, the two most important processes impacting freshly nucleated particles. The 

pseudo-steady-state approximation (Equation 4) provides a useful means to understand the 

availability of low-volatility vapor for NPF and growth based on the number of pre-existing 

particles (i.e., CS, Equation 2) and vapor production rate. We can also quantify the likelihood of a 

particle growing to CCN sizes using Equation 6. While Equations 1-6 broadly capture the pertinent 

processes for NPF&G in the atmosphere, many complicating factors influencing aerosol formation 

and growth that are not accounted for, necessitating further research to better develop a physically 

informed understanding of NPF&G in the atmosphere.  

 Up until now, we have treated vapor condensation as that of extremely low-volatility 

compounds (i.e., sulfuric acid and ELVOCs) condensing onto liquid-like particles, where the 

vapors condense according to the Fuchs-corrected particle surface area size distribution. While 

this treatment has led to good agreement between modeled and measured size distributions 

(D'Andrea et al., 2013; Pierce and Adams, 2007, 2009a; Westervelt et al., 2013), there is evidence 

of another bounding regime for size-dependent vapor condensation (Pierce et al., 2011; Zaveri et 
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al., 2014; Shiraiwa et al., 2011, 2017). This second regime involves the equilibrium partitioning 

of semi-volatile organic compounds (SVOC; 0.3 < C* < 300 µg m-3) onto either liquid- or solid-

like particles (Pierce et al., 2011; Riiponen et al., 2011; Zaveri et al., 2014). For liquid-like 

particles, SVOCs partition into the particle phase proportional to the aerosol mass size distribution, 

similar to how water partitions into aerosols. Given that large particles contain significantly more 

mass than smaller particles, SVOCs partition favorably to the larger particles, hindering the growth 

of smaller particles.  

Beyond the two limiting cases described above (and the continuum between them), solid-

like particles exhibit slow intraparticle mixing timescales that scale with the square of particle 

diameter (Zaveri et al., 2014, 2018; Luu et al., 2025). The slow internal mixing effectively limits 

the available aerosol mass for SVOCs to partition into, and this limitation affects larger particles 

more than the smaller particles, thereby favoring the growth of smaller particles. The influence of 

particle phase state (i.e., liquid- or solid-like particles) on size-dependent vapor condensation has 

implications for early particle growth by the reduction of the effective CS, which increases the 

vapor available for small-particle growth. Particle phase-state effects on the aerosol size 

distribution have been investigated theoretically (Zaveri et al., 2014), in chamber experiments (He 

et al., 2021; Hodshire et al., 2018; Zaveri et al., 2018), and in urban outflow over the Amazon 

(Zaveri et al., 2022; He et al., 2025). Additionally, particle phase state, intraparticle mixing 

timescales, and SOA equilibrium timescales have been modeled at the global scale (Shiraiwa et 

al., 2017; Luu et al., 2025); however, the effects of particle phase state on aerosol size distributions 

have not been examined in a global context, nor have the specific impacts on NPF&G events been 

explored. The effects of particle phase state on NPF&G and global aerosol number concentrations 

will be examined in Chapter 4.  
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 Much of our understanding of NPF&G (e.g., Equations 1-6) has been derived from 

measurements of NPF&G events at stationary surface sites across the globe. While observations 

from stationary sites have been integral for developing a theoretical framework for NPF&G in the 

atmosphere, as well as serving as the benchmark for model evaluation, an analysis of such 

observations often presumes horizontal and vertical homogeneity in the process rates (e.g., 

emissions, chemistry, particle growth) affecting the aerosol size distribution around the site. This 

is because air moves over the site due to winds, and hence, spatial inhomogeneities lead to temporal 

variability in aerosol properties at the stationary site. In other words, deriving statistics, such as 

nucleation rates, from a NPF&G event measured at a stationary site may lead to erroneous 

conclusions due to unaccounted for changes in the air mass passing over the stationary site. 

Additionally, many days at stationary sites show partial or interrupted NPF or particle growth, 

indicating the NPF or growth is occurring elsewhere in the atmosphere and making deriving 

statistics impossible. There is evidence that these less-clear NPF events may have non-trivial 

contributions to aerosol number (Kulmala et al., 2022).  

It has long been acknowledged that, in order to derive nucleation rates in the atmosphere, 

the Lagrangian perspective (i.e., tracking changes following a moving air parcel) must be 

considered (O’Dowd et al., 1998). Unfortunately, measuring aerosol size distributions from the 

Lagrangian perspective is often logistically prohibitive, therefore, we rely on models to help 

interpret stationary observations (Hakala et al., 2023). This issue is the focus of Chapter 2, where 

we use a 3D chemistry-aerosol along with Lagrangian trajectories to investigate the stationary and 

Lagrangian perspectives of NPF&G events.  

While modeling the Lagrangian perspective of NPF&G events may provide a better means 

to interpret ambient NPF&G events, semi-ambient environmental chambers that partially parallel 
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the ambient atmosphere can isolate and control the conditions under which particles form (Sickles 

et al., 1979; Jeffries et al., 2013; Sirmollo et al., 2021). This approach is particularly powerful for 

highly polluted regions where large numbers of vapor and particle emissions sources can confound 

an analysis of chemical or aerosol processes. These chambers often utilize sunlight to drive 

photochemistry, and the conditions (i.e., temperature, relative humidity, etc.) in the chambers are 

often close to those in the ambient atmosphere. The goal of these chambers is to isolate certain 

chemical or aerosol processes while retaining relevance and applicability to the ambient 

atmosphere.  

The Captive Aerosol Growth and Evolution (CAGE) chamber is one such chamber that 

filters out ambient particles but allows vapors to diffuse into the reactor chamber. The CAGE 

chamber removes the direct effects of aerosol transport on the aerosol size distribution, while 

retaining the local time-varying gas-phase species and atmospheric conditions. Chapter 3 focuses 

on a modeling analysis of the CAGE chamber during the Tracking Aerosol Convection 

Interactions Experiment (TRACER) Ultrafine Aerosol Formation and Impacts (UFI; together 

TRACER-UFI) in Houston Texas during the summer of 2022. The surrounding area of Houston 

is home to many petrochemical plants with numerous sources of particles, VOCs and inorganic 

vapors. Isolation of the secondary aerosol processes is important for a better understanding of the 

chemical and physical drivers of aerosol concentrations in Houston as well as other highly polluted 

urban areas.  
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CHAPTER 2 

 

GOING OFF GRID: A COMPARATIVE STUDY OF THE LAGRANGIAN AND EULERIAN 

PERSPECTIVES OF NEW PARTICLE FORMATION EVENTS1 

 

2.1. Introduction 

Aerosol particles in the atmosphere, if large enough, can alter Earth’s radiative balance 

directly by scattering and absorbing light, and indirectly by acting as cloud condensation nuclei 

(CCN; Charlson et al., 1992; Myhre et al., 2013; Bulatovic et al., 2021). The number of CCN can 

directly alter cloud properties such as albedo, lifetime, and precipitation efficiency, and the effects 

are enhanced in regions where CCN concentrations are low (Albrecht, 1989; Clement et al., 2009; 

Gryspeerdt et al., 2014; Rosenfeld et al., 2014; B. Stevens & Feingold, 2009; Twomey, 1974). By 

most estimates, the majority of global aerosol number and ~50% of cloud-level CCN are produced 

via the process of new particle formation (NPF) and growth (NPF&G: Gordon et al., 2017; Pierce 

& Adams, 2009b; Dunne et al., 2016). The combined uncertainty of the direct and indirect aerosol 

effects remains the largest uncertainty among the radiative forcings (Forster et al., 2021). Many of 

the uncertainties associated with aerosol forcings stem from the lack of knowledge of pre-industrial 

aerosol characteristics, which serves as the baseline for radiative forcing calculations (Forster et 

al., 2021). This pre-industrial uncertainty highlights the need for understanding the processes that 

govern aerosol formation, to enable prediction of aerosol concentrations when measurements are 

not possible.  

1This chapter accepted as: Samuel E. O’Donnell, Betty Croft, Bonne Ford, Nicole A. June, 
Chongai Kuang, Ashish Singh, Rachel Y.-W. Chang, Don R. Collins, Simo Hakala, Shantanu H. 

Jathar, Pauli Paasonen, Manish Shrivastava, James N. Smith, Jeffrey R. Pierce: “Going Off Grid: 

A Comparative Study of the Lagrangian and Eulerian Perspectives of New Particle Formation 

Events”, submitted to Journal of Geophysical Research, 2025. 
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The process of NPF involves the formation of new ~1 nm particles through the clustering 

of low-volatility vapors, principally sulfuric acid (Ball et al., 1999) with one or more vapor 

molecules(s) of other species, including ammonia/amines (Dunne et al., 2016; Napari et al., 2002; 

Vehkamäki et al., 2002), low-volatility organics (Riccobono et al., 2014; Bianchi et al., 2019) and 

iodine oxoacids (He et al., 2023; Baccarini et al., 2020). These new particles are 

thermodynamically stable; however, in order to avoid being lost by collisions with existing 

particles, they must grow rapidly through continued condensation of low-volatility molecules 

(Kuang et al., 2008; Westervelt et al., 2014). The faster the newly formed particles grow, the less 

likely they are to be lost via coagulation with larger particles (Pierce and Adams, 2007). 

Additionally, existing particles compete with the freshly nucleated particles for condensable gases, 

inhibiting the growth and survival of nucleated clusters to larger sizes (Westervelt et al., 2014). 

The condensation sink describes this first-order uptake of condensable gases to existing particles, 

and it is proportional to particle surface area in the kinetic regime (~1-100 nm) and diameter in the 

continuum regime (≥10 µm; Kuang et al., 2008; Westervelt et al., 2014; Seinfeld and Pandis, 

2016). Environments that are favorable for NPF&G are those with lower condensation sink and 

high production rates of low-volatility compounds (Wang et al., 2020; Lee et al., 2024; Kirkby et 

al., 2023). This complexity makes understanding NPF&G in different environments difficult given 

the spatial and temporal variability in existing particle concentrations and production rates of low-

volatility gases. 

Much of our understanding of NPF&G in the atmosphere has relied on ambient aerosol 

size distribution measurements. From these measurements, NPF&G events have been observed in 

many regions and environments, from megacity complexes (Deng et al., 2020; Hussein et al., 2008; 

Qian et al., 2007; Sebastian et al., 2022) to the remote Arctic (Collins et al., 2017; Croft et al., 
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2016), and from the surface (Lee et al., 2019; Kerminen et al., 2018) up to the upper troposphere 

(Weigel et al., 2021; Williamson et al., 2019; Xiao et al., 2023). Multi-year size distribution 

measurements at stationary ground sites provide long term statistics about NPF frequency, 

nucleation rates, growth rates, and CCN production (Nieminen et al., 2018; Parworth et al., 2015; 

Shen et al., 2022). These long-term measurements have been crucial for our understanding of 

NPF&G; however, NPF&G rates are regionally dependent and measurement sites have limitations 

in how well they represent the surrounding areas (Fast et al., 2022). Different sites report varying 

frequencies of NPF events (see Section 2.2.1 in the Methods), and many sites report frequent 

“undefined” days (Pierce et al., 2014; Shen et al., 2022; Deng et al., 2020). Undefined days are 

days where there is evidence that some part of the NPF&G process was observed, but extracting 

meaningful statistics (e.g., particle growth rates, nucleation rates, and survival probabilities) is 

close to impossible due to incongruencies and rapid changes in the nucleation mode of the size 

distribution. Additionally, many NPF&G events show fluctuations in particle formation and 

growth that makes deriving meaningful statistics difficult, and such events are classified as class 

II NPF&G events. In other words, there are many days where the conditions driving NPF&G are 

varying in space and/or time in such a way that understanding the underlying processes is difficult. 

Given the non-trivial number of undefined days (~5% to ≥ 40%, Deng et al., 2020; Buenrostro 

Mazon et al., 2009; Aktypis et al., 2023) and class II events (~12% to ≥ 23%, Dal Maso et al., 

2005) observed at different locations, a large number of days are likely ignored in any analysis of 

NPF&G. In the analysis in this manuscript, we combine both the traditional undefined days with 

class II days referring to both under the umbrella term of “undefined/class II days”.  

In addition to long-term fixed-site observations of NPF events, there have been many 

targeted short-term studies to investigate the regionality and spatial gradients of NPF, often 
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involving multiple sites, vehicles, and aircraft (e.g., O’Donnell et al., 2023; Chen et al., 2018; 

Carnerero et al., 2018). Large piloted aircraft can carry suites of instruments to characterize the 

chemical and microphysical properties of aerosols as well as gas-phase species; however, aircraft 

flights are often too short to capture the full progression of NPF&G events (Fast et al., 2019; 

Lampilahti et al., 2021; Leino et al., 2019). Unmanned aerial vehicles and tethered aerostats have 

also been used to characterize NPF closer to the surface (≲ 1000 m), often finding large vertical 

gradients in NPF&G rates (Platis et al., 2016; Chen et al., 2018; Lampilahti et al., 2020). 

Observations from surface sites and aerial platforms during intensive campaigns have provided 

important site-specific information about NPF spatial gradients and chemical drivers, along with 

detailed particle property measurements (Hodshire et al., 2016; Wehner et al., 2007; O’Donnell et 

al., 2023). In conjunction with the long-term measurements, intensive campaigns have proved an 

invaluable tool for our understanding of NPF&G in the atmosphere, especially as it pertains to the 

spatial extent of NPF events. However, as mentioned, these intensive NPF&G studies are often 

limited in the extent to which they capture the full lifecycle of NPF&G events, often only capturing 

a snapshot of spatial gradients or a subset of NPF events during a season. 

It has long been hypothesized that in order to fully understand aerosol processes (including 

NPF&G), observations must be made from the Lagrangian perspective (i.e., following along the 

wind; O’Dowd et al., 1998; Hoppel et al., 1994). Notably, several campaigns in the 1990’s used a 

combination of ships, aircraft and stationary observations to characterize aerosol and cloud 

interactions from this perspective. The Atlantic Stratocumulus Transition Experiment (ASTEX; 

Albrecht et al., 1995), the Aerosol Characterization Experiment (ACE; Raes et al., 2000), and the 

Marine Aerosol and Gas Exchange (MAGE) campaigns (Huebert et al., 1996) used GPS tracked 

balloons in order to follow and sample air masses in the European outflow over the Azores. 
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Overall, these experiments were some of the largest and most comprehensive efforts to 

characterize continental aerosol and chemical processes for an extended period of time from the 

Lagrangian perspective, but measurements pertaining to NPF&G were limited or non-existent. 

Since ASTEX/MAGE and ACE, there have been targeted aircraft campaigns using a pseudo-

Lagrangian framework to investigate urban outflow (Borbon et al., 2013; Zaveri et al., 2022), 

wildfire plumes (Juncosa Calahorrano et al., 2021; Kleinman and Sedlacek, 2016; June et al., 

2022), and aerosol-cloud interactions (Zaveri et al., 2022; Fan et al., 2018). However, to our 

knowledge, there has not been an NPF specific campaign to understand NPF&G in the atmosphere 

from the Lagrangian perspective.  

While there have been several aerosol-focused Lagrangian field campaigns (with many 

other campaigns utilizing pseudo-Lagrangian techniques as well), there have been more modeling 

efforts to investigate aerosols and aerosol processes using a variety of different Lagrangian 

modeling frameworks. Lagrangian particle dispersion models have been used to provide particle 

or air mass trajectories. These trajectories are commonly used to understand the air mass history 

at stationary sites, but they have also been used in conjunction with 0-D box models to understand 

aerosol processes (including NPF&G). Notably, the FLEXible PARTicle (FLEXPART) model 

was used in conjunction with an aerosol formation and growth model to explain apparent particle 

shrinkage events in Hada Al Sham, Saudi Arabia (Hakala et al., 2023). Hakala et al. (2023) found 

that the apparent shrinking (or evaporation) of particles could be explained by air masses with 

different origins passing by their observation site (i.e., different aerosol characteristics and particle 

growth history, so that the observed decrease in mode diameter is due to decreasing net growth 

instead of shrinkage).  
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A number of other studies have used box and column models representing aerosol 

microphysics and chemistry along Lagrangian trajectories to explain aerosol mass (Emmerson et 

al., 2004; Murphy et al., 2012), aerosol partitioning and volatility (Murphy et al., 2011), volcanic 

and wildfire plumes (Sellitto et al., 2016; Alvarado and Prinn, 2009; June et al., 2022), transport 

of dust and microplastics (Kim and Lee, 2013; Tatsii et al., 2024), aerosol sources (Derwent et al., 

2003), and aerosol size distributions (Tunved et al., 2010). Additionally, Lagrangian particle 

dispersion models (like FLEXPART) have been used within 3D Earth system models. This 

framework has been used extensively to investigate aerosol source/receptor regions (Fairlie et al., 

2009; Kuhn et al., 2010), aerosol cloud interactions (Christensen et al. 2023; Van Leuven et al., 

2023; Talvinen et al., 2025), and chemical budgets (Bergamaschi et al., 2022; Che et al., 2022; 

Khan et al., 2015). However, utilizing Lagrangian trajectories within a 3D model has only been 

employed very recently for a couple of NPF event days to understand NPF&G processes in the 

atmosphere (Shrivastava et al., 2024). Additionally, Talvinen et al., (2025) utilized Lagrangian 

trajectories in several general circulation models to investigate the effects of clouds and 

precipitation on aerosol lifecycles. However, to our knowledge, the combination of 3D models 

with trajectories has not been used to understand the Lagrangian perspective NPF&G and issues 

with stationary NPF&G measurements. Our study addresses this gap. 

In this work, we seek to understand the source of undefined/class II NPF days in stationary 

measurements by examining Lagrangian trajectories through a 3D model. Specifically, we 

interpolate aerosol size distributions along Lagrangian trajectories within the GEOS-Chem-

TOMAS chemical transport model with online aerosol microphysics to interpret NPF&G events 

simulated at the SGP observatory. Section 2.2 outlines the methods of our work, including 

observational data and modeling tools. In Section 2.3, we evaluate the model’s ability to represent 
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NPF events at the SGP site, and then we show three case studies (three undefined/class II days) 

comparing the Lagrangian and Eulerian perspectives. For all the simulated days, we compare the 

event classification between the stationary and Lagrangian perspectives. For days where the model 

simulates NPF events, we compare formation rates of 3 nm particles, growth rates, and survival 

probabilities to 25 nm between the Eulerian and Lagrangian perspectives. Finally, in Section 2.4 

we discuss the implications and limitations of our work as well as future research directions.  

2.2. Methods 

2.2.1 Observations 

 Measurement data were taken from the Atmospheric Radiation Measurement (ARM) 

Southern Great Plains (SGP) observatory, located in north-central Oklahoma (36.60°N, 97.48°W). 

The SGP observatory has a long-term record (＞20 years) of aerosol, chemical, and meteorological 

observations. SGP is primarily surrounded by agricultural land with intermittent agricultural and 

rangeland burning, but the site is influenced by air masses from a diversity of rural and 

anthropogenic origins (Liu et al., 2021; Shrivastava et al., 2024). Organic aerosol (OA) is a 

significant contributor to the submicron aerosol mass at the SGP site with non-trivial portions of 

OA being attributed to biomass burning in fall, winter, and springtime (Parworth et al., 2015). 

Based on available data, both from the SGP site and for the model (Section 2.2.2), and 

computational constraints, we investigate NPF&G events from 10 April 2019, through 30 

September 2019. This analysis period generally encompasses the peak period of NPF (spring and 

summer; Fast et al., 2019), but we recognize this short analysis period is a limitation, especially 

regarding the robustness of our statistics. This work is intended to serve as an initial exploration 

of analyzing NPF&G events from the Lagrangian perspective in a 3D model.  
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The current generation of Aerosol Observing System (AOS) has been stationed at the SGP 

observatory since November 15, 2016, and has been making semi-continuous measurements of 

particle size distributions since then to the present day. As part of the AOS, a TSI, Inc. Model 3938 

scanning mobility particle sizer (SMPS) was deployed to measure particles with electrical mobility 

diameters between 10 and 500 nm. Particles entering the AOS SMPS system are given a known 

charge distribution by a bipolar aerosol charger (TSI, Inc. Model 3077A). Particles are then 

classified by a long column differential mobility analyzer (DMA; TSI, Inc. Model 3081a) based 

on their electrical mobility. Finally, a TSI, Inc. Model 3772 condensation particle counter (CPC) 

counts the total number of particles at the given electrical mobility. The measurement cycle for the 

SMPS was 5 min, and the sample flow was dried to a relative humidity below ~40% using a Nafion 

dryer (Perma Pure Inc. PD-07018T).  

2.2.1.1 NPF&G event classification 

 Daily size-distribution data from the SMPS at the SGP site are classified into three 

categories based on the potential to derive NPF&G statistics. Our method is similar to the method 

in Dal Maso et al. (2005), except we have combined the class II and undefined event categories. 

Doing this, we end up separating the clearest NPF&G events (class I), the non-event days, and the 

days where NPF is occurring but derivation of reliable nucleation and growth statistics is not 

possible (undefined/class II). Each day in the analysis period is classified visually as one of the 

three aforementioned categories. The criteria for an NPF-event day are (Dal Maso et al., 2005): 

1. A distinctly new mode of particles must appear in the size distribution; 

2. The mode must start in the nucleation mode size range (we define the nucleation mode as 

the 10 - 25 nm diameter range in this study); 

3. The mode must prevail over a time span of hours (≥ 4 h); 
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4. The new mode must show signs of uninterrupted growth. 

These criteria are designed to filter out events where only a portion of the NPF&G is observed, 

cases where nucleation or growth is interrupted, cases when ultrafine primary emissions might be 

the source of small particles and days where no apparent new nucleation mode particles are seen 

(non-event days), while retaining the NPF events from which growth rate, nucleation rate, and 

survival probability statistics can be calculated. Non-event days are days where little to no 

nucleation mode particles are present throughout the day, indicating there is no influence from 

emission sources or NPF&G. We combine the undefined event days and the class II event days 

because both event classes indicate that there are some inhomogeneities in the air mass causing 

either nucleation or growth rates to vary in time. In doing this, our goal is to explain peculiar 

aerosol size distribution behaviour by looking at the Lagrangian perspective. While this category 

analysis is not perfect, similar methods have been utilized in many prior NPF studies (e.g. Zhang 

et al., 2012; Kerminen et al., 2018; Kulmala et al., 2013; Wang et al., 2020; Pierce et al., 2014), 

and it provides us with understanding of the number of undefined and class II days, which are of 

interest for this work. Recent studies have utilized newer methods to analyze NPF events, such as 

nanoparticle ranking analysis (Aliaga et al., 2023). However, such methods make it difficult to 

distinguish between the different types of event classes, as undefined/class II event days can be 

associated with large changes in the ultrafine mode and thus rank in the top percentiles of the NPF 

ranking. For this work, only one individual performed the event classification (as opposed to three 

in Dal Maso et a., 2005), and that is a limitation of our work. We employ the same categorization 

method for the modeling (discussed in section 2.2.3).  

 In addition to the SMPS data, we used aerosol chemical speciation monitor (ACSM) data 

from the AOS to compare aerosol mass and composition from our modeling (Section 2.2.2; Figure 
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A1). The ACSM measures the chemical mass concentration of non-refractory submicron (diameter 

80 nm to 1 μm) aerosol species including sulfate, ammonium, chloride, nitrate, and organic matter 

(Parworth et al., 2015; Uin et al., 2019) with a measurement accuracy of ±30% (Ng et al., 2011). 

Similar to the SMPS systems, samples were dried using a Nafion dryer (Perma Pure Inc. PD-

07018T). Finally, we utilized wind speed and direction data from the surface meteorological 

system which had a RM Young 05103/05106 Wind Monitor. Wind speeds are measured in the 

range of 0-100 m/s with a manufacturer reported accuracy of ±0.3 m/s or 1% of reading, whichever 

is greater. Wind direction data are reported in the range of 0°-360° with a manufacturer reported 

accuracy of ±3°. The surface wind data serves as a “ground truth” check for our modeling 

involving Lagrangian trajectories.  

2.2.2 GEOS-Chem-TOMAS 

 To simulate NPF&G events regionally, we used the GEOS-Chem (version 14.3.0, 2024) 

chemical transport model with the TwO Moment Aerosol Sectional (TOMAS; described next) 

microphysics module (GC-TOMAS; Kodros and Pierce, 2017). GC-TOMAS has been used to 

investigate many chemical and aerosol processes including NPF&G (e.g., Croft et al., 2021; 

Westervelt et al., 2013; Williamson et al., 2019), aerosol-cloud interactions (e.g., Kodros and 

Pierce, 2017), aerosol direct radiative effects (e.g., Kodros et al., 2016a), and SOA condensation 

(e.g., D'Andrea et al., 2013). We ran a global simulation at 4° x 5° resolution with 47 vertical levels 

from March to September 2019 with a chemistry time step of 1 h and a transport time step of 0.5 

h. Output from the 4° x 5° simulation serves as the boundary conditions for the high resolution 

(nested) simulation over the central United States. The nested simulation was run using a 0.25° x 

0.3125° grid starting two weeks after the 4° x 5° simulation in order for aerosol species’ 

concentrations to be adequately spun up in the troposphere, and the chemistry time step 600 s and 
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the transport time step is 300 s. The bounds of the nested simulation are -110°E to -85°E and 45°N 

to 25°N in order to adequately capture the regional processes impacting the SGP site. The 4° x 5° 

simulation was driven using NASA’s Global Modeling and Assimilation Office (GMAO) 

MERRA-2 meteorology, and the 0.25° x 0.3125° degree simulation was run using GEOS Forward 

Processing meteorology (GEOS-FP).  

 We used the TwO Moment Aerosol Sectional (TOMAS) aerosol microphysics package to 

simulate size-resolved aerosol microphysics (Adams and Seinfeld, 2002; Lee and Adams, 2012). 

TOMAS is set up with 13 logarithmically spaced mass-quadrupling size sections ranging from 

diameters of 3 nm to 1 𝜇m with 2 additional size sections between 1-10 𝜇m. Both particle number 

and the mass of each species are tracked in each bin. The sectional scheme in TOMAS is based on 

Tzivion et al., (1987) which has been shown to be more accurate than single-moment sectional 

schemes (van Salzen, 2006) in representing aerosol processes. Our simulations include sulfate, 

hydrophilic and hydrophobic organic aerosol, internally and externally mixed black carbon, sea 

salt, dust, nitrate, ammonium, and aerosol water tracked across the size bins. TOMAS represents 

changes due to nucleation (discussed next), coagulation, irreversible sulfate and secondary organic 

aerosol (SOA) condensation, primary emissions, and dry and wet deposition (Trivitayanurak et al. 

2008; Westervelt et al. 2013). TOMAS uses GEOS-Chem’s “simple scheme” for organic aerosol 

(OA) which represents primary OA (POA) as non-volatile and it uses a fixed-yield approach for 

SOA (Pai et al., 2020). Size-dependent SOA condensation is driven by altering the accommodation 

coefficient following the methods outlined in Shiraiwa and Pöschl (2021). We assume that aerosol 

particles at all sizes have a bulk diffusion coefficient of 1x10-15 cm2 s-1 (solid), the condensing 

SOA has a volatility of C* = 1.0 µg m-3, and the condensing species do not react in the particle 

phase. The size-dependent accommodation coefficient used in this work is shown in the 
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Supplement (Figure A3). The accommodation coefficient for sulfate is a constant value of 0.65 for 

all sizes.  

 In TOMAS, the inorganic nucleation rates have been updated to those from Dunne et al. 

(2016), and organic nucleation rates have been added from Riccobono et al. (2014). The inorganic 

nucleation scheme represents both binary (sulfuric acid and water) and ternary (sulfuric acid, 

water, and ammonia) nucleation with ion mediated and neutral versions of each (four mechanisms 

total). For ion-mediated NPF mechanisms, we used an ion-pair formation rate of 10 pairs cm-3 s-1, 

representative of the continental boundary layer. We found that using the inorganic nucleation 

schemes as outlined in Dunne et al. (2016) produced too little nucleation, therefore, we added a 

103 scalar to the total inorganic nucleation rate. The necessity of the 103 scalar is likely due to not 

accounting for nucleation mechanisms involving amines (not represented in GEOS-Chem), which 

have been shown to be important for nucleation in this region (Hodshire et al., 2016; Shrivastava 

et al., 2024), or other species reacting with sulfuric acid. Further details of the inorganic nucleation 

rates can be found in Dunne et al. (2016). The organic nucleation rates are parameterized based on 

sulfuric acid clustering with low-volatility organic species. We include the temperature 

dependence of the organic nucleation rates from Yu et al. (2017). GEOS-Chem does not explicitly 

track low-volatility organic compounds. Therefore, in our simulations, we assume that 1% of 

condensing SOA has a low-enough volatility to participate in NPF, and we calculate the pseudo-

steady-state concentration of these low-volatility organics using the condensation sink calculated 

for these species (Pierce and Adams, 2009a) and an assumed molecular mass of 200 g mol-1. 

Similar to the inorganic nucleation scheme, we found that the organic nucleation rate required a 

102 scalar in order to see appreciable nucleation. Again, this may be due to not accounting for other 

organic nucleation mechanisms that have been included in other work (Zhao et al., 2024; Lehtipalo 
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et al., 2018). We recognize the limitations in scaling the inorganic and organic nucleation rates, 

and, because of these limitations, we do not draw any conclusions about the dominant nucleation 

mechanism in our study region. Additionally, with scaling the nucleation rates, but not accounting 

for additional nucleation mechanisms, we are likely reducing the model’s ability to represent 

variability in NPF&G events across different days. Fortunately, NPF&G is a buffered system as 

shown in Westervelt et al. (2014) where a two order of magnitude change in nucleation rates leads 

to a relatively smaller change in CCN concentrations at a 0.2% supersaturation. In other words, 

scaling the nucleation rates is a limitation of this work, however, the scaling has a lesser effect on 

the production of accumulation-mode particles (diameter > ~100 nm).  

 GEOS-Chem can be run with a variety of source-specific emission inventories for different 

aerosol and gas-phase compounds. For anthropogenic emissions, we used the Community 

Emissions Data System version 2, which is the default option in GEOS-Chem v14.3.0. For biomass 

burning emissions, we used the Quick Fire Emissions Dataset (QFED) which uses fire radiative 

power (FRP) from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite to 

derive daily-mean emissions of several aerosol and gas-phase species. We found using the QFED 

biomass burning emissions led to better agreement with SMPS data at the SGP site, seemingly due 

to QFED estimating the emissions from the small prescribed and agricultural fires in the US Great 

Plains and Midwest compared to the other biomass-burning inventories (Pan et al., 2020). Size 

dependent and source specific black carbon and organic aerosol emissions follow Kodros and 

Pierce (2017). Temperature dependent sea salt emissions follow Jaeglé et al. (2011), and dust 

emissions are parameterized based on the Dust Entrainment and Deposition (DEAD) model from 

Zender et al. (2003).  



 

30 

 

2.2.3 HYSPLIT 

 To extract aerosol size distributions along Lagrangian trajectories passing through SGP 

within the model, we used the HYbrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model (Stein et al., 2015; Rolph et al., 2017). HYSPLIT represents the forward or 

backward transport of a single particle or “puff” emission starting at a point and advects that 

particle based on the mean of the 3D velocity vectors provided by reanalysis meteorology. For 

each of the 174 days simulated with GEOS-Chem, we ran 24 h forward and backward trajectories 

every 3 h starting at 250 m over the SGP observatory. We chose 250 m as the initial height because 

this height is generally within the planetary boundary layer (PBL) at SGP, and 250 m is the optimal 

starting height for ensemble trajectories as recommended by the HYSPLIT website (Draxler, 

2003). Additionally, trajectories that intersect the ground surface are not realistic, as the vertical 

velocity is by definition zero, thus trajectories will remain at the surface once they reach it (Rolph 

et al., 2017). Therefore, starting trajectories at 250 m helps to avoid this intersection from 

happening. Figure A2 compares the simulated hourly average total number concentration of 

particles at the SGP site at the surface and 250 m, and there is little difference between the two 

heights. The forward and backward trajectories (initialized at the same time) are combined to 

create a continuous “flyby” trajectory that is used for offline analysis of the aerosol fields in GEOS-

Chem. For this work, we used MERRA-2 meteorology data to drive the HYSPLIT model. We 

recognize that comparing HYSPLIT trajectories driven by MERRA-2 meteorology (at 0.5° x 

0.625° resolution) with our GC-TOMAS simulations, which were driven by GEOS-FP (at 0.25° x 

0.3125° resolution), may lead to discrepancies; however, at the time of writing, there is currently 

no method for running HYSPLIT with GEOS-FP meteorology; both MERRA-2 and GEOS-FP are 

produced by NASA’s Global Modeling and Assimilation Office (GMAO) and the two models 
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have similar resolutions. For the case studies chosen in this analysis (discussed later in this 

section), we ran 27 ensemble HYSPLIT trajectories with slightly different initial meteorological 

conditions (Draxler, 2003) in order to test the sensitivity of our results to the trajectory path 

(Figures A4-6 and A8-13). We recognize that utilizing single trajectories for the bulk of this 

analysis leads to greater uncertainty, especially if NPF&G is spatially inhomogeneous; however, 

our current computational power prohibits utilizing ensemble trajectories for all analysis days. 

Although our focus is on comparing data below the PBL height, we do not remove trajectories that 

go above the PBL from our analysis. These trajectories are likely in the residual layer (layer 

between the PBL and the free Troposphere), and we specifically note these occurrences in the 

results. 

2.2.3.1 Lagrangian size distributions along trajectories 

 To extract the simulated aerosol size distributions along the HYSPLIT trajectories, we used 

a distance-weighted average between the trajectory location and the eight (in 3 dimensions) closest 

GEOS-Chem grid point centers. The aerosol number concentration for a given aerosol size bin can 

be expressed as the following equation:  

 

𝑁𝑛𝑒𝑤 = ∑ ∑ ∑ 𝑁𝑖,𝑗,𝑘 (1 − |𝑥𝑖−𝑥|0.3125°) (1 − |𝑦𝑗−𝑦|0.25° ) (1 − |𝑧𝑘−𝑧|𝑑𝑧 )2𝑘=12𝑗=12𝑖=1    (1) 

 

Where 𝑁𝑛𝑒𝑤 is the number concentration in a given size bin along the trajectory; 𝑘, 𝑖 and 𝑗 are 

counters for the closest model grid point centers in the horizontal (𝑖 and 𝑗) and vertical (𝑘) 

directions; 𝑁𝑘,𝑖,𝑗is the number concentration in a given diameter bin for the closest model grid 

points; 𝑧𝑘 is the height of the close by grid point centers; 𝑥𝑖 is the longitude of close by grid point 
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centers; 𝑦𝑗 is the latitude of close by grid point centers; 𝑧 is the height along the HYSPLIT 

trajectory; 𝑥 is the longitude along the HYSPLIT trajectory; and 𝑦 is the latitude along the 

HYSPLIT trajectory.  

2.2.3.2 NPF classification along Lagrangian trajectories 

 To explore the simulated size distributions at the SGP site and along trajectories, we 

employ the same manual categorization method (Sect. 2.1) that was used with the SGP SMPS data. 

While the model produces size distributions with diameters starting at ~3 nm, we only used size 

distribution data above 10 nm for the categorization for consistency with the SMPS data. The 

HYSPLIT trajectories pass over the stationary site every 3 h; however, we use the trajectory that 

looks most like an NPF event to make the daily event categorization. In other words, if one of the 

trajectories had an aerosol size distribution that looked like an NPF event, we classified that day 

as an NPF-event day from the Lagrangian perspective. Similarly, if no trajectories had a clear NPF 

event but at least one would be classified as undefined or class II, this day would be undefined/class 

II from a Lagrangian perspective. This methodology enables us to explore how NPF events along 

the trajectories might appear as undefined/class II days or non-event days at the stationary site. 

Examining only the trajectories that pass over the SGP site at 12:00 CDT, we found a higher 

fraction of undefined/class II days became non-event days because the use of only one trajectory 

per day sometimes missed the NPF&G that caused the undefined/class II day.  

2.2.4 Nucleation rates, growth rates, and survival probability 

Finally, we calculate particle formation rates, growth rates, and survival probability to 25 

nm during NPF events from the modeled size distributions at the stationary site and from the 

modeled size distributions along the Lagrangian trajectories, and compare these apparent values 
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at the stationary site and physical values within the moving air mass. Growth rates, formation rates 

of 3 nm particles, and survival probabilities are calculated using similar methods to those outlined 

in Westervelt et al. (2013), which we summarize here. The formation rate of 3 nm particles (𝐽3, the 

rate of appearance of 3 nm particles [cm-3 s-1]), is calculated using a time derivative of the 

nucleation mode (3 - 25 nm) number concentration (N3-25) with a correction for coagulational 

losses (𝐹𝑐𝑜𝑎𝑔). As in Dal Maso et al. (2005), we do not include the additional condensational 

growth (𝐹𝑐𝑜𝑛𝑑) correction term to account for growth out of the nucleation mode as the influence 

should be minor for short time periods. As a note, assuming there are limited anthropogenic 

sources of sub-25 nm particles near the SGP site in the model is a reasonable assumption; however, 

this assumption likely breaks down along the Lagrangian trajectories. Emissions of sub-25 

particles along the trajectories can potentially skew NPF&G statistics if the trajectories pass over 

a source area, but the number of cases is likely few and the classification method along the 

trajectories will filter out extreme cases. The formulation of 𝐽3 is thus as follows:  

 𝐽3 = 𝑑𝑁3−25𝑑𝑡 + 𝐹𝑐𝑜𝑎𝑔          (2) 

 

Diameter growth rates are derived by applying a linear fit to the mode diameter of the growing 

nucleation mode from 3-25 nm where the slope of the fit is the growth rate [nm hr-1]. The growth 

rate is used to calculate the condensation timescale which is used in the calculation of the survival 

probability of 3 nm particles to 25 nm following Pierce and Adams (2007). The timescale for 

condensational growth between TOMAS size sections (𝜏𝑐𝑜𝑛𝑑) is calculated as:  

 

𝜏𝑘,𝑘+1𝑐𝑜𝑛𝑑 = 𝐷𝑝,𝑘+1−𝐷𝑝,𝑘𝐺𝑅𝑘,𝑘+1           (3) 
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Where 𝐷𝑝 is the particle diameter in bin 𝑘, and 𝐺𝑅 is the average growth rate from 3-25 nm. The 

timescale for the loss of particles by coagulation in each size section is given by:  

 𝜏𝑘𝑐𝑜𝑎𝑔 = 112𝐾(𝐷𝑝,𝑘, 𝐷𝑝,𝑘)𝑁𝑘+∑ 𝐾(𝐷𝑝,𝑘,𝐷𝑝,𝑗)𝑁𝑗𝑘𝑚𝑎𝑥𝑗=𝑘+1        (4) 

 

Where 𝐾 is the coagulation kernel, 𝑁𝑘 and 𝑁𝑗is the number of particles in bins 𝑘 and 𝑗 respectively, 

the first term in the denominator represents coagulational losses of particles with the same 

diameter, and the second term in the denominator represents the loss of particles in bin 𝑘 with 

particles in bin 𝑗.  

Finally, the 25 nm survival probability (i.e. the probability of a given particle to survive to 

25 nm) is given by: 

 

𝑆𝑃𝑚,𝑛  =  ∏ 𝑒𝑥𝑝 (− 𝜏𝑘,𝑘+1𝑐𝑜𝑛𝑑𝜏𝑘𝑐𝑜𝑎𝑔 )𝑛−1𝑘=𝑚         (5) 

 

Where 𝑆𝑃𝑚,𝑛 is the probability of a particle in diameter bin 𝑚 surviving to diameter bin 𝑛. The 

survival probability equation essentially calculates the probability of a particle surviving growth 

from one TOMAS size section to the next, and the overall survival probability is the product of all 

the single-growth-step probabilities. Note, the linear fit to the growing aerosol mode, not the 

number of particles at 25 nm, is used to calculate the survival probability.  



 

35 

 

2.3. Results 

2.3.1 Frequency of NPF days in the observations and the model 

The number of days classified into different event categories for the observations at the 

SGP site and for the stationary model results at the SGP site is shown in Figure 2.1. Based on our 

classification, the SGP observations showed 54 (31.0%) non-event, 114 (65.5%) undefined/class 

II event, and 6 (3.4%) NPF event days, while GC-TOMAS simulated 86 (49.4%) non-event, 83 

(47.7%) undefined/class II event, and 5 (2.9%) NPF event days. Our analysis of GC-TOMAS 

output shows that the model accurately represents the event class for 125 (71.8%) of the specific 

days indicated by the green boxes in Figure 2.1. Notably, our classification using both the model 

and observations show a significant portion of days being undefined/class II, although using the 

model produced 31 fewer undefined/class II days than the observations. The discrepancy in 

undefined/class II days is expected given the limitations of the model to fully resolve sub-grid 

scale emissions sources that might influence the SGP observatory. For 47 (27.0%) of the 174 days, 

the model was one category off, indicated by the yellow colored boxes in Figure 2.1. For only two 

days, the model produced days with no NPF events when the observations visually showed NPF 

events, indicated by the red boxes (Figure 2.1). The 71.8% agreement between classifications using 

the model and observations aligns with previous work investigating NPF using GC-TOMAS 

(Westervelt et al., 2013), where agreement between the model and observations on simulating 

specific event/non-event days was generally between 50-60%. The model generally produces the 

correct number of NPF&G events, but the model produces more non-event days and fewer 

undefined/class II event days than the observations indicated by the numbers outside of the boxes 

in Figure 2.1. Additionally, the model does lack skill in reproducing the range of variability in the 

condensation sink (Figure A14). The model underrepresenting the number of undefined/class II 
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events is expected given the ~25 km horizontal resolution of the model, which is likely too coarse 

to resolve localized sources of gas and particle emissions. The number of undefined/class II days 

classified using the model and observations is a significant motivation for this work in attempting 

to understand what causes undefined/class II days, and we step through several case studies of 

undefined/class II days in the next section.  

 

Figure 2.1. Agreement of NPF, undefined/class II, and non-event days as determined using the 

observations from the SGP site compared with the model. Each of the 174 days is categorized as 

an NPF, undefined/class II, or non-event day for both the model and observations. Categorization 

method described in Sect. 2.1. The green boxes represent agreement between the model and 

observation classifications, the yellow boxes are days where the model was off by one category, 

and the red boxes are days where the model produced an NPF event or non-event when the 

observations showed a non-event or NPF event, respectively. The numbers at the far right and 

bottom indicate the sum across the rows and columns, respectively. 
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2.3.2 Case Studies of Lagrangian trajectories on undefined/class II days 

 To further develop our analysis, we have chosen three case studies when there were 

undefined/class II days classified using both the model and observations. Notably, we chose three 

days where the model and observations agree well in the characteristics of the undefined/class II 

days (e.g. particles appearing or disappearing around the same sizes and times). The findings of 

these case studies generally apply for most of the undefined/class II days, as will be shown in 

Section 2.3.3. The first case study is one where the model and observations show particles 

appearing already grown at the SGP observatory. The second case study resembles a class II type 

NPF&G event where there appears to be nucleation occurring but the particles show little growth 

and then disappear. The third case study is one where the model and observations suggest 

significant biomass burning influence as well as potential NPF.  

2.3.2.1 Already grown event 

For the undefined day of 6 May 2019, we find that the appearance of already grown 

particles can be attributed to NPF&G in the outflow of Dallas, TX (Figure 2.2). The SMPS 

measurements show particles appearing at SGP around 20:00 CDT with diameters of ~40 nm 

(Figure 2.2b), and the model shows particles appearing after 21:00 CDT with diameters of ~40 nm 

(Figure 2.2a). Notably, the modeled and observed size distributions agree well with the exception 

of the high number concentration of ~40 nm particles in the model in the early morning. Figure 

2.2c shows the six different HYSPLIT trajectories that pass over the SGP observatory at 3 h 

intervals. The six trajectories are consistently from the south, passing over a mix of crop land, 

rangeland, and urban centers. The direction of these trajectories matches well with the wind 

direction data at the SGP observatory (Figure A15). The six panels on the right side of Figure 2.2 

(2.2d.1-6), shows the simulated size distributions along the six HYSPLIT trajectories. We also ran 
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27 ensemble trajectories (described in Sect 2.3) for the case studies. The size distributions for these 

trajectories are included in the supplementary material for 6 May 2019 at 9:00, 15:00, and 21:00 

CDT (Figures A4-S6). The aerosol size distributions along the ensemble trajectories show more 

variation in the aerosol number given the location differences of the trajectories, both at the starting 

locations and up/down wind; however, the qualitative result of the later-arriving trajectories having 

stronger NPF events remains the same. 

The aerosol size distributions along the trajectories show little to no nucleation occurring 

except for the last trajectory, which has a typical NPF&G event leading to particles appearing 

already grown at the stationary site late in the evening. The size distributions for the trajectories 

that pass over the SGP site at 9:00 AM and 12:00 PM show little to no nucleation occurring. The 

subsequent two trajectories (15:00 and 18:00 CDT) show a small amount of nucleation occurring, 

starting around 11:00 CDT and continuing until about 16:00 CDT. These two trajectories show 

similar nucleation behavior as the modeled stationary site during the afternoon, indicating that 

there might be some weak regional nucleation occurring over a large area during that time and that 

the air mass transport remained very similar for the afternoon. Maps of the number concentration 

of 3-22 nm particles (Figure A16) show there is a large area of seemingly weak NPF occurring 

with other areas of enhanced nucleation, primarily in the outflow of urban centers. The trajectory 

that passes over the SGP site at 21:00 CDT shows more nucleation occurring than any of the earlier 

trajectories (Figure 2.2d.1).  

When looking at the maps of 3-22 nm particles (Figure A16), the 21:00 CDT trajectory 

passes over the Dallas, TX area just before nucleation initiates. The trajectory location is 

essentially on the leading edge of the nucleation occurring in the outflow of Dallas, hence we see 

considerably more nucleation occurring in that trajectory. The final trajectory passing over the 
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SGP observatory at 00:00 CDT on 7 May, shows the most significant NPF&G event compared to 

the prior trajectories. The 00:00 CDT trajectory (Figure 2.2d.6) passes over the Dallas, TX area 

around 13:00 CDT, when peak NPF is occurring in the urban outflow. As the air parcel is advected 

toward the SGP site, the particles continue to grow until they pass over the SGP site where they 

are observed as the appearance of ~40 nm particles.  

The modeled stationary aerosol size distribution located in Dallas, TX (Figure A7a) area 

shows NPF&G occurring, but the particle number concentration decreases significantly above 40 

nm indicating particles are advecting away. Additionally, the modeled size distribution in Houston, 

TX shows nucleation and limited growth (Figure A7b), and there is weaker NPF occurring between 

Houston and Dallas (Figure 2.2c). Our results indicate that the undefined NPF event observed at 

the SGP site on 6 May 2019 can be attributed to spatially inhomogeneous nucleation occurring in 

the air masses passing over the SGP site. On this day, it seems that weak regional NPF occurred 

over much of Texas and Oklahoma, and more vigorous NPF occurred in the outflow regions of 

large cities (Figure 2.2c).  
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Figure 2.2. Example case on 6 May 2019, where the model correctly predicts the appearance of 

already grown particles at the SGP observatory. (a) The modeled aerosol size distribution at the 

SGP observatory where particles appear around 21:00 CDT with diameters ~40 nm. (b) The 

corresponding aerosol size distribution measured by the SMPS at the SGP observatory. The 

colored vertical lines indicate the time at which the trajectories pass over the SGP site (matching 

color with vertical lines on d). (c) The HYSPLIT trajectories passing over the SGP observatory 

with the location of the trajectories at 13:00 CDT indicated by the triangles. The red colors indicate 

the number concentration of 3-22 particles (N3-22) at 13:00 CDT, and the grey spots indicate QFED 

fire hotspots. The time at which the trajectories pass over the SGP observatory is indicated by the 

time listed in the legend. (d) The interpolated modeled aerosol size distributions along the 

HYSPLIT trajectories shown in panel c. Each size distribution time series has a vertical line that 

shows the time at which the trajectory passes over the SGP observatory (matching lines on panel 

a). The black dots indicate times at which the trajectory is out of the planetary boundary layer.  
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2.3.2.2 Class II type event 

 Figure 2.3a shows the modeled aerosol size distribution on 15 April 2019, and Figure 2.3b 

shows the observed size distribution on the same day, both showing what we classify as a class II 

NPF event. We classified this day as a class II event because it illustrates signs of NPF with 

interrupted particle growth, shown by the mode mean diameter decrease after 14:00 CDT. While 

the time series of the aerosol size distributions do not exactly agree between the observations and 

the model on the event timing and magnitude, both show evidence that NPF&G is regionally 

inhomogeneous due to the rapid enhancement and reduction in the number of particles in the 

nucleation mode. The model at SGP does show nucleation and limited growth occurring below 10 

nm sizes between 9:00 and 14:00, but these particles appear to never grow into the SMPS size 

range. The model shows particles appearing above 10 nm around 15:00 CDT while the 

observations have particles appearing around 11:00 CDT.  

We cannot definitively say what process in the model is leading to the later appearance of 

10 nm particles, but it is likely due to a combination of weak NPF&G occurring in the 12:00 and 

15:00 trajectories, the linear interpolation method used, and the use of a single trajectory within a 

region of spatially inhomogeneous NPF&G. Similar to the event on 6 May, the HYSPLIT 

trajectories are all approaching the SGP observatory from the south on 15 April 2019 (Figure 2.3c) 

and then proceed northward over KS where there are biomass burning hotspots. Again, the 

directions of the trajectories align well with the surface winds at the SGP site (Figure A17). Finally, 

Figure 2.3d shows the aerosol size distributions along the six trajectories. The size distributions 

along the ensemble trajectories are included in the supplementary material for 15 April 2019 at 

9:00, 15:00, and 21:00 CDT (Figures A8-S10; only three times chosen for each case study to limit 

the number of Supplementary figures). The aerosol size distributions along the ensemble 
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trajectories show some variation, with some of the size distributions showing discontinuous NPF 

events due to some of the ensemble trajectories entering and leaving regions of enhanced 

nucleation at different times. All ensemble trajectory members remain within the planetary 

boundary layer during the day, and the variation is caused by the steep gradients in NPF&G 

occurring between 12:00 and 18:00 CDT around the SGP site. Additionally, the variation in the 

ensemble size distributions could be attributed to slight disagreement between MERRA2 and 

GEOS-FP meteorology (along with variability of NPF&G); however, the size distributions along 

the ensemble trajectories are qualitatively similar to the single trajectory approach. 

 The Lagrangian trajectories on 15 April 2019 show varying degrees of NPF&G occurring, 

indicating that NPF&G is regionally inhomogeneous (Figure A18). The size distribution for the 

earliest, 09:00 CDT HYSPLIT trajectory (blue line, Figure 2.3d.1) shows an NPF event that 

resembles a typical “banana” type event that begins as the trajectory passes over the SGP site. 

After the 9:00 CDT trajectory passes the SGP site, we see the influence of biomass burning 

emissions in Kansas around 15:00 CDT (of the 9:00 CDT trajectory time series), when the ~100 

nm particles increase in concentration (Figure 2.3d.1). The 12:00 CDT trajectory also shows NPF 

occurring (Figure 2.3d.2), though weaker than the earlier 9:00 CDT trajectory size distribution 

(Figure 2.3d.1). Similar to the 9:00 CDT trajectory, the 12:00 CDT trajectory shows the influence 

of biomass burning emissions after the trajectory passes over the SGP site. The 15:00 (Figure 

2.3d.3) and 18:00 CDT (Figure 2.3d.4) trajectories do not deviate significantly from the 9:00 and 

12:00 CDT trajectories, both showing more typical NPF&G events when compared to the 

stationary size distributions.  

Notably, the 15:00 CDT trajectory has weaker NPF occurring as the trajectory passes over 

the SGP site, and the 18:00 CDT trajectory shows a strong NPF event occurring upwind of the 
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SGP site. The contrast between the 15:00 and 18:00 CDT trajectory size distributions is consistent 

with the sudden appearance of the particles in the stationary size distribution at 15:00 CDT (Figure 

2.2a). These trajectories indicate that the <10 nm particles seen in the stationary size distribution 

just after 9:00 CDT indeed continue to grow, but the growth is not captured from the stationary 

perspective. Finally, the last two trajectories (21:00 CDT and 00:00 CDT on 16 April) show very 

limited NPF&G occurring upwind of the SGP site, leading to the rapid disappearance of the 

nucleation mode particles in the stationary size distribution. The appearance and disappearance of 

particles at the stationary site is again driven by horizontal variations in NPF&G occurring upwind 

of the site (Figure A18). Based on the back trajectories, the NPF&G observed is potentially driven 

by anthropogenic emissions from San Antonio, TX and the Central Termoeléctrica José López 

Portillo power station (28.482°N, 100.692°W) which is a >1200-megawatt coal fired power plant 

in Nava, Coahuila, Mexico. As mentioned, the SGP observations and the stationary modeled size 

distribution do not precisely agree; however, their behavior is consistent with variability in the 

strength of NPF&G in the trajectories passing over the site, likely due to heterogeneity in upwind 

sources.  
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Figure 2.3. Example case on 15 April 2019 where both the model and observations show a class 

II NPF event. (a) The modeled aerosol size distribution at the SGP observatory. (b) The 

corresponding aerosol size distribution measured by the SMPS at the SGP observatory. The 

colored vertical lines indicate the time at which the trajectories pass over the SGP site (matching 

color with vertical lines on d). (c) The HYSPLIT trajectories passing over the SGP observatory 

with the location of the trajectories at 14:00 CDT indicated by the triangles. The red colors indicate 

the number concentration of 3-22 nm particles (N3-22) at 14:00 CDT, and the grey spots indicate 

QFED fire hotspots. The time at which the trajectories pass over the SGP observatory is indicated 

by the time listed in the legend. (d) The interpolated aerosol size distributions along the HYSPLIT 

trajectories shown in panel c. Each size distribution time series has a vertical line that shows the 

time at which the trajectory passes over the SGP observatory (matching lines on panel a). The 

black dots indicate times at which the trajectory is out of the planetary boundary layer.  
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2.3.2.3 Smoke and NPF event 

 The third example is outlined in Figure 2.4 and illustrates a day (13 April 2019) when there 

was significant biomass burning influence on the aerosol size distribution at the SGP site, both in 

the model and observations. Figure 2.4a shows the modeled size distribution at the SGP site, where 

the number of particles with diameters of 40-200 nm fluctuates significantly (greater than an order 

of magnitude change in total number over the course of several hours). We ran GEOS-Chem-

TOMAS without QFED biomass burning emissions, and there was little fluctuation in the 

aforementioned size range on this day and the number of particles in this mode was greatly 

reduced. Figure 2.4b shows the observed aerosol size distribution at the SGP site on 13 April 2019, 

and there is significant fluctuation in the 40-200 nm number concentration indicative of 

intermittent biomass burning influence at the SGP site. The QFED biomass burning hotspots can 

be seen on Figure 2.4c, primarily in eastern Kansas (KS) and Nebraska (NE). Recent work has 

highlighted the significant prescribed and agricultural burning in this region in the springtime (e.g., 

Sablan et al., 2024). As with the other case studies, size distributions along the ensemble 

trajectories are in the supplementary material for 13 April, 2019 at 9:00, 15:00, and 21:00 CDT, 

and the size distributions broadly agree with the findings of our single trajectory analysis (Figures 

A11-A13).  

 All six trajectories on 13 April 2019 are originally traveling from the northwest, but their 

directions change over eastern KS (where there is significant biomass burning) to approach the 

SGP site from the northeast. As with the other case studies, the trajectory directions align well 

with surface winds at the SGP site (Figure A19). The aerosol size distributions along the first two 

HYSPLIT trajectories (Figure 2.4d.1-2) show little influence of biomass burning as evidenced by 

the limited changes in the accumulation-mode particle number concentration and no NPF 
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occurring. The QFED emissions inventory prescribes a diurnal cycle of emission rates, therefore 

we would expect little influence of biomass burning until the afternoon when springtime fire 

activity in this region usually peaks (Sablan et al., 2024).  

The 15:00 CDT trajectory shows an increase in the accumulation mode around 12:00 CDT, 

roughly three hours prior to passing over the SGP site. While the increase in the accumulation-

mode particle number concentration is abrupt from the Lagrangian perspective, we see a gradual 

increase in the stationary size distribution as fire activity increases and wind direction changes. 

The 18:00 CDT trajectory shows peak influence of biomass burning as it passes over the QFED 

hotspots in addition to some weak NPF occurring around 12:00 CDT. The 21:00 CDT trajectory 

(Figure 2.4d.5) shows more NPF occurring than the previous trajectory, but slightly less biomass 

burning influence after the NPF has occurred as evidenced by the lesser change in the 

accumulation-mode number concentration. Finally, the 00:00 CDT trajectory (Figure 2.4d.6) on 

14 April 2019 shows the most NPF&G occurring, but still some influence from biomass burning. 

The transition from biomass burning influence to NPF influence contributes to the shift in the 

stationary size distribution to smaller sizes around midnight CDT (Figure 2.4a). It appears that the 

NPF&G is occurring in the outflow of Omaha, NE. This analysis shows that air masses passing 

over different land types (e.g. urban and agricultural) at different times are influenced by different 

aerosol sources, leading to changes in the observed size distribution at a fixed location downstream 

of the different aerosol regimes (Figure A20).  
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Figure 2.4 Example case on 13 April 2019 where both the model and observations show smoke 

influence. (a) The modeled aerosol size distribution at the SGP observatory. (b) The corresponding 

aerosol size distribution measured by the SMPS at the SGP observatory. The colored vertical lines 

indicate the time at which the trajectories pass over the SGP site (matching color with vertical lines 

on d). (c) The HYSPLIT trajectories passing over the SGP observatory with the location of the 

trajectories at 16:00 CDT indicated by the triangles. The red colors indicate the number 

concentration of 3-22 nm particles (N3-22) at 16:00 CDT, and the grey spots indicate QFED fire 

hotspots. The black arrow indicates the location of Omaha, NE. The time at which the trajectories 

pass over the SGP observatory is indicated by the time listed in the legend. (d) The interpolated 

aerosol size distributions along the HYSPLIT trajectories shown in panel c. Each size distribution 

time series has a vertical line that shows the time at which the trajectory passes over the SGP 

observatory (matching lines on panel a). The black dots indicate times at which the trajectory is 

out of the planetary boundary layer. 
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2.3.3. Analysis of NPF and growth along Lagrangian trajectories for spring and summer 

2019 at SGP 

 For the 174 simulated days, our event classification methodology (described in Sect 2.1) 

was applied to the aerosol size distributions along the trajectories. Consistent with our 

methodology, each day was categorized based on the “most NPF”-looking trajectory upwind of 

the stationary site. The purpose of this analysis is to understand the potential for information gain 

in analyzing aerosol size distributions along Lagrangian trajectories.  

The results in Figure 2.5 compare the number of days categorized in each event class for 

the stationary perspective and for the Lagrangian perspective. The numbers on the outside of the 

boxes show the total number of events in each category from the two perspectives (the red numbers 

in the parentheses are the numbers of each event class analyzed including the downwind portion 

of the particle size distribution). As in Figure 2.1, our stationary classification of the model 

produced 5, 83, and 86 NPF, undefined/class II, and non-NPF days, respectively from the 

stationary perspective. However, from the Lagrangian perspective, our classification produces 44, 

13, and 117 NPF, undefined/class II, and non-NPF days, respectively. This shows that for almost 

one third of the simulated days, clear NPF events happen within the domain of the forward and 

backward HYSPLIT trajectories during that day. Our analysis finds ~90% of these NPF events are 

not clearly observed at the SGP location in the model because they are occurring upwind of the 

site and are not occurring over a large enough region to appear at the SGP site (similar to the case 

study outlined in Section 2.3.2.1). The number of undefined/class II days decreases from 83 to 13, 

indicating that the majority of the undefined/class II days in the model can be explained as either 

NPF occurring at sub-regional scales or non-NPF days. The number of non-NPF days increases, 

driven by days where changes in the stationary size distribution, that look like undefined/class II 
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NPF events, can be explained by trajectories with different aerosol characteristics (but no NPF) 

passing by the stationary site.  

The rapid changes in aerosol characteristics between successive trajectories could be 

explained in part by the changes in the single trajectory paths throughout the days. In addition to 

the spatial variability of emissions, the temporal variations of certain emissions sources (e.g., 

biomass burning) changes the aerosol characteristics for consecutive trajectories (exemplified by 

the third case study outlined in Section 2.3.2.3). In other words, a trajectory passing over an 

emission source in the morning may have different characteristics than a similar trajectory passing 

over in the afternoon. Further, the timing of a trajectory passing over an emissions site relative to 

the timing of photolysis rates and boundary-layer heights also affects the aerosol evolution along 

the trajectories. Notably, the bulk of our analysis is done using single HYSPLIT trajectories (i.e., 

not ensembles), so changes in consecutive single trajectory paths can lead to particle size 

distribution changes that are unphysical. Using this framework, due to resolution and process 

limitations of the GC-TOMAS model, we cannot fully constrain all influences on stationary 

observations of NPF&G; however, we can explain the majority of undefined/class II event days as 

either non-NPF days or inhomogeneous NPF&G.  
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Figure 2.5. Comparison of the number of NPF, undefined/class II, and non-event days in the model 

at the stationary site (SGP) and along the Lagrangian trajectories. The red numbers on the right 

indicate the total number of NPF events in each category when looking along the Lagrangian 

trajectories. The gray numbers on the bottom indicate the total number of each event class based 

on our classification from the stationary perspective. The red numbers on the right show the total 

number of events in each class based on our classification of the Lagrangian perspective, and the 

red numbers in the parentheses show the numbers of each class including an analysis of particle 

size distributions downwind of the SGP site. 

 

2.3.3.1 Formation rates, growth rates, and survival probability results 

  The data in Figure 2.6 show the distribution of 3 nm particle formation rates, growth rates, 

and survival probabilities for the stationary view from GC-TOMAS model as well as along 

trajectories. There is a slight increase in the median formation rate of 3 nm particles between the 
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Lagrangian and stationary perspectives for the five NPF&G events, but there is virtually no change 

in the mean formation rates between the two perspectives. The black lines on Figure 2.6a between 

the red and blue violin plots connect the same NPF&G events, and we see that three of the events 

show a decrease in formation rate of 3 nm particles from the Lagrangian perspectives and two of 

the events show an increase. For all 44 Lagrangian NPF&G events (Figure 2.6a, green violin plot), 

the mean and median formation rates of 3 nm particles are 0.39 cm-3 s-1 and 0.18 cm-3 s-1, 

respectively with values spanning more than two orders of magnitude (0.017 - 2.737 cm-3 s-1). The 

range of 3 nm particle formation rates is much wider than the range of five stationary NPF&G 

events, and we show several events with formation rates exceeding 1 cm-3s-1 that are not captured 

from the stationary perspective. There is no significant difference in the mean and median 

formation rates of 3 nm particles between the stationary and Lagrangian perspectives, but the latter 

perspective provides more robust statistics, especially of the extremes.  

For the five stationary NPF&G events captured by the model, mean and median particle 

growth rates differ by ~0.5 nm hr-1 between the stationary and the “most NPF&G looking” 

Lagrangian trajectory (Figure 2.6b). The mean and median growth rates for the five NPF&G events 

captured by the model from the stationary perspective are 3.04 nm hr-1 and 3.16 nm hr-1, 

respectively. However, when looking along the Lagrangian trajectories, the mean and median 

growth rates are 2.43 nm hr-1 and 2.57 nm hr-1, respectively. These changes in the particle growth 

rates are consistent with the findings from Hakala et al., (2023) who found similar growth rate 

differences downwind of strong emission sources; however, with only 5 days in our study, this 

change is not significant. The black lines between the red and blue violin plots on Figure 2.6b 

connect the same NPF&G events. Four of the five NPF&G events have a decrease in growth rate 

when looking along the Lagrangian perspective and one event shows no change. Finally, for the 
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44 Lagrangian NPF&G events, the mean growth rate (2.49 nm hr-1, Figure 2.6b green violin plot) 

is similar to the mean of the five NPF&G events mentioned earlier, but the median growth rate is 

lower at 2.07 nm hr-1. Overall, there is no significant difference in the mean or median growth 

rates; however, our analysis of the Lagrangian perspectives provides more robust statistics (e.g., 

better sampling of fast- and slow-growth events) and a more comprehensive view of growth rate 

extremes.  

Our final point of comparison between the stationary and Lagrangian perspectives is the 

survival probability (SP) of 3 nm particles to 25 nm. As with the growth and 3 nm particle 

formation rates, we do not see substantial differences between the two perspectives (Figure 2.6c) 

for the 5 NPF&G events, but there are differences looking at all 44 Lagrangian NPF&G events. 

The mean and median SP are both just below 0.4 for the five NPF&G events (Figure 2.6c, red 

violin plot), and the mean and median SP for the five corresponding Lagrangian trajectories are 

0.3 and 0.41, respectively (Figure 2.6c, blue violin plot). Two NPF&G events show increases in 

SP and two events show decreases in SP when looking from the Lagrangian perspective (one event 

is unchanged). Finally, the green violin plot shows the SP for all 44 Lagrangian NPF&G events. 

As with the nucleation and growth rates, there are no significant differences between the mean 

values; however, the SP values derived from the Lagrangian perspective span a wider range and 

are potentially more statistically representative.  
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Figure 2.6. (a) Violin plots of the model 3 nm particle formation rates [cm-3 s-1]. Color-coded as 

follows: Red: for the five NPF&G events that the model produces at the stationary SGP site. Blue: 

for the same five NPF&G events but along the most NPF&G looking Lagrangian trajectories; and 

Green: for all 44 Lagrangian NPF events. The black lines connecting the points on the red and blue 

violin plots connect the same NPF&G events. (b) Violin plots of model particle growth rates [nm 

hr-1] with the same color-code as 3a). (c) Violin plots of the survival probability of 3 nm particles 

to 25 nm following the same color-code as 3a).  

 

2.4. Discussion 

 In this work, we have presented a novel approach to interpreting stationary observations of 

aerosol size distributions based on the analysis of successive Lagrangian trajectories within a 3D 

model. This framework can serve as a means of better understanding and improving our 

mechanistic understanding of NPF&G in the atmosphere by allowing for a more complete 

understanding of the spatiotemporal evolution of aerosol particles in the atmosphere and their 

influence on stationary observation sites. This analysis was performed for the SGP observatory in 

northern Oklahoma, which is a regional background site. A similar analysis of other sites 
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influenced by spatially and temporally varying emissions of aerosols and vapors is likely to lead 

to different conclusions than those found in this manuscript.  

The 3D model used in this work can reasonably represent NPF&G events, undefined/class 

II days (in terms of NPF or not), non-NPF days, and biomass burning influences, relative to 

previous studies (Westervelt et al., 2013), at the SGP observatory. Considering the Lagrangian 

trajectories for all simulated days, we see a substantial reduction in the number of undefined/class 

II days (relative to the Eulerian perspective) because these events become either NPF or non-NPF 

days. The days with an undefined/class II-to-NPF transition (Eulerian versus Lagrangian) can be 

explained by regionally inhomogeneous NPF&G. These days, the Lagrangian trajectories show 

typical banana-like NPF&G events. Finally, we analyzed and compared particle growth rates, 

formation rates of 3 nm particles and SP of 3 nm particles to 25 nm between the five stationary 

NPF&G events with the Lagrangian perspectives. We found differences (some increases and some 

decreases) between the perspectives for the same events but negligible differences in the mean 

values. Finally, in our analysis, the mean and median 3 nm particle formation rates, growth rates, 

and survival probability of 3 nm particles to 25 nm for all 44 Lagrangian NPF&G events were 

negligibly different from the mean and median values for the five stationary NPF&G events. 

However, based on the sample size of our analysis, we cannot robustly discard potentially 

significant differences between the stationary and Lagrangian perspectives. Regardless, the 44 

events provide more robust statistics and a better understanding of extreme values than with only 

5 events.  

 Our findings suggest that the majority of undefined/class II days can be explained and 

analyzed from the Lagrangian perspective at the SGP site. However, there are several real and 

potential limitations that prevent closure on this problem. The first limitation stems from the 
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horizontal resolution of the GC-TOMAS model (0.25x0.3125° or ~27.5x27.7 km at the latitudes 

near SGP). This scale cannot resolve many small sources (e.g., nearby prescribed/agricultural 

burning) of particles and aerosol precursors that could potentially influence the SGP site (and the 

trajectories). Any future analysis following a similar framework as the one presented in this work 

should carefully consider the horizontal resolution of the model, especially if investigating aerosol 

processes in a region where sources of aerosols and vapors are spatially inhomogeneous. Our 

simulation will also suffer from numerical diffusion, though reduced due their relatively fine 

resolution (Eastham and Jacob, 2017). A second limitation stems from our assumptions about and 

scaling of the nucleation mechanisms. While scaling the nucleation rates has been employed in 

previous studies, it limits our understanding of the mechanisms driving NPF&G in the atmosphere 

and may yield better agreement with the observations for the wrong reasons. While the nucleation 

mechanisms used in this work are consistent with current state-of-the-science, they are a source of 

uncertainty, and future work will benefit from the inclusion of more nucleation mechanisms in 

GC-TOMAS. A further limitation of this work is the use of the simple SOA scheme (Pai et al., 

2020). Currently, the complex SOA scheme in GEOS-Chem is not compatible with TOMAS, but 

such coupling could be future work. An SOA scheme that considers the volatility of the condensing 

material will potentially capture peculiar NPF&G behavior (e.g. evaporation) that the current 

simple SOA scheme misses. Additionally, accurate predictions of low-volatility (e.g. C* < 1 µg 

m-3) SOA will help constrain the NPF&G process in the atmosphere. 

Along with the limitations in how GC-TOMAS represent aerosol processes, limitations 

also arise from our event categorization method when applied within the model’s grid. To explore 

this issue, for our three case studies, we ran ensemble (27) trajectories in order to test the sensitivity 

of our results to the trajectory path. However, running ensemble trajectories every three hours for 



 

56 

 

all 174 simulated days exceeded our computational resources. We recognize that the bulk of our 

analysis hinges on the HYSPLIT trajectories, however, we consider that the number of days and 

trajectories considered here provide reasonable confidence in the mean. Future investments in 

software to streamline the trajectory generation and analysis will greatly improve the utility and 

robustness of the methodology that we have developed here.  

 This work presents a framework for interpreting NPF&G events through the analysis of 

Lagrangian trajectories within a 3D model. Considering the Lagrangian perspective is important 

as potentially any measurement taken at a stationary site could be influenced by horizontal and 

vertical mixing and advection; therefore, careful consideration of the potential influences on 

stationary measurements should be taken. This is especially important for measurements from 

which process rates are derived, and considering the Lagrangian perspective using a model may 

be helpful in this regard. There are many potential future applications of this framework to aerosol, 

chemistry, and aerosol-cloud interaction problems. Interpreting stationary observations of 

atmospheric phenomena can be difficult, and analyzing the Lagrangian perspective provides a 

unique lens into understanding NPF&G upwind and downwind of a given stationary site. The 

Lagrangian perspective allows for discerning the role of chemical and microphysical processes 

compared to advection and mixing processes along the trajectory. Future work should include 

continued analysis of NPF&G events in different environments, and it can be extended to 

investigate chemical processes such as ozone formation in the outflow of urban centers. 

Additionally, with potential improvements to workflow, future work can utilize tools such as 

nanoparticle ranking analysis (Aliaga et al., 2023) to compare large numbers of days from the 

stationary and Lagrangian perspectives. Our analysis framework could also help reach better 
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closure for air quality studies looking at source-receptor regions, and it could help to constrain 

how representative stationary observational sites are. 
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CHAPTER 3 

 

PROBING THE POTENTIAL DRIVERS OF NEW PARTICLE FORMATION AND 

GROWTH DURING TRACER IN HOUSTON, TX2 

 

3.1. Introduction 

 The process of new particle formation and growth (NPF&G) is recognized as the dominant 

contributor to global aerosol number in the atmosphere (Fanourgakis et al., 2019; Kulmala & 

Kerminen, 2008; Westervelt et al., 2014; Williamson et al., 2019), and it contributes roughly half 

of global cloud condensation nuclei (CCN) concentrations at cloud level (Gordon et al., 2017). 

The abundance of CCN is important for climate due to the ability of CCN to alter cloud properties 

such as brightness, lifetime, and precipitation efficiency (Andreae & Rosenfeld, 2008; Petters & 

Kreidenweis, 2007; Albrecht, 1989; Clement et al., 2009; Gryspeerdt et al., 2014; Rosenfeld et al., 

2014; B. Stevens & Feingold, 2009; Twomey, 1974). While NPF&G is important for aerosol 

concentrations globally, the relative contribution of NPF&G varies in different environments due 

to the abundance of precursor vapors and the concentrations of existing particles. NPF&G is 

principally driven by reactions of sulfuric acid with one or more species, including of ammonia 

(Dunne et al., 2016), amines (Johnson and Jen, 2023; Yu et al., 2012; Yu et al., 2025), low-

volatility organics (Riccobono et al., 2014; Bianchi et al., 2019; Zhao et al., 2020; Williamson et 

al., 2019), and iodine oxoacids (Baccarini et al., 2020; He et al., 2023; Zhang et al., 2024), therefore 

the abundance of these vapors, in part, dictates the importance NPF&G. Additionally, high pre-

existing particle surface area can inhibit NPF&G by scavenging small particles in addition to 

2This chapter to be submitted as: “Probing the potential drivers of new particle formation and 
growth during TRACER in Houston, TX”, Samuel E. O’Donnell, Xuanlin Du, Jeremy Wakeen, 
Abraham Dearden, Yicong He, Rebecca J. Sheesley, James N. Smith, Don R. Collins,  

Shantanu H. Jathar, Jeffrey R. Pierce.  
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competing with freshly nucleated particles for condensable vapors (Westervelt et al., 2014). 

Disentangling the processes that govern NPF&G in the ambient atmosphere is difficult given 

advection and mixing of particles and vapors, along with the feedbacks between precursor 

concentrations, nucleation rates, particle growth, and coagulation rates. 

 Urban environments exemplify the complexities of NPF&G due to generally having 

elevated emission rates of both NPF precursors and primary particles (Yang et al., 2021; Wu et al., 

2011; Wiedensohler et al., 2009). Additionally, urban areas are often spatially inhomogeneous, 

meaning measurements of precursor vapors at a fixed site may not be representative of the 

environment in which particles measured at the same site formed. Understanding time series 

measurements at any stationary site is difficult given mixing and advection of air masses with 

different properties over time, likely confounding any interpretation of underlying processes and 

rates. NPF&G has been observed at many urban sites (Xiao et al., 2021; Hussein et al., 2008; Wu 

et al., 2021b; Li et al., 2023); however, deriving the driving mechanisms is difficult given the 

complications of vapor emissions, particle emissions, and spatial inhomogeneity.  

 To isolate processes that govern NPF&G, many studies have used batch laboratory 

chambers that replicate a simplified set of chemical species and processes in the real atmosphere 

(Kirkby et al., 2011; Chu et al., 2022; Dunne et al., 2016; Dada et al., 2020; Deng et al., 2020). 

While there is no strict definition of a batch chamber, here, we are referring to chambers where 

vapor and particle injections occur at the beginning of the experiment and are not replenished. 

Commonly, studies will investigate the nucleating ability of a vapor precursor when it is oxidized 

by the hydroxyl radical (OH), ozone, or NO3 while controlling the environmental conditions such 

as temperature, radiation, and humidity. There are virtually infinite combinations of parameters 

that can be tested using batch chambers (e.g., vapor species, seed particles, oxidants, temperature, 
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humidity); however, applying findings from highly controlled environments to the ambient 

atmosphere can be difficult due to non-linear interactions between many species and processes as 

well as spatiotemporal variability. There are also many chamber sizes, shapes, and materials, all 

of which influence how the vapors and particles behave, further complicating comparisons 

between individual chambers and between chambers and the ambient environment. Notably, 

outdoor batch chambers may somewhat more closely replicate the ambient atmosphere as they 

often use sunlight to drive photochemistry and temperature and humidity in the chambers are 

similar to the ambient air (Sickles et al., 1979; Jeffries et al., 2013; Sirmollo et al. 2021). Outdoor 

chambers have been regularly used to investigate chemical and aerosol processes starting in the 

1970s, often running multi-day experiments with a controlled set of chemical species (Sickles et 

al., 1979). However, outdoor chambers often have fewer constraints which can limit research 

findings for target processes of variables (Hidy, 2019). Additionally, outdoor chambers are often 

not accounting for changes in chemistry or vapor concentrations that are often seen in the ambient 

environment due to advection, mixing, and temporally varying emissions.  

 Recently, a unique continuous-flow outdoor chamber has been developed to isolate some 

NPF&G processes in the ambient environment (Sirmollo et al., 2021; Zhu et al., 2025). Similar to 

other outdoor chambers, the chamber replicates ambient atmospheric conditions, but ambient 

vapors can diffuse into the chamber while ambient particles are filtered out. This chamber setup 

allows for experiments that more closely match the vapors, temperature, and humidity in the 

ambient atmosphere. Additionally, since ambient particles are filtered out, the conditions under 

when the aerosol particles were formed in the chamber are known (as opposed to observations of 

recently formed particles in ambient urban environments). Outdoor chambers that utilize ambient 

gases allow for longer experiments relative to typical batch chambers due to the replenishing of 
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vapor concentrations in the chamber, but longer experiments can be subject to compounding 

ambiguities and uncertainties due to wall effects (Hidy, 2019; Sickles et al., 1979). However, these 

ambient, continuous-flow chambers provide an opportunity to gain insight into NPF&G processes 

in urban locations. 

 In this work, we endeavor to understand the potential drivers for three NPF&G events that 

occurred in the Captive Aerosol Growth and Evolution (CAGE) chamber in Houston, TX. We use 

a chemistry-aerosol model driven by observations to represent the CAGE chamber to investigate 

the various processes driving NPF&G events in the chamber. Specifically, we attempt to 

understand the unique chemistry and aerosol processes in the CAGE chamber, to reveal the 

important vapor precursors for NPF&G in the chamber, and understand how chamber artifacts 

affect our understanding of aerosol measurements in the chamber. Section 3.2 outlines the methods 

used in this work, including descriptions of the CAGE chamber and the model. Section 3.3 shows 

how well the model performs compared with observations. We evaluate the aerosol mass produced 

by the model during different events, pointing to several key vapor precursors. We then delve into 

details of different timescales within the chamber and how gas-aerosol partitioning is affected by 

some of these timescales. Finally, we test the sensitivity of NPF&G in our model to several 

processes and parameters, including chamber wall losses, temperature, and relative humidity. 

Section 3.4 discusses the main sources of uncertainty in this work, and Section 3.5 includes our 

conclusions and future outlook.  
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3.2. Methods 

3.2.1 Captive Aerosol Growth and Evolution (CAGE) chamber 

The Tracking Aerosol Convection Interactions Experiment (TRACER) Ultrafine Aerosol 

Formation and Impacts (UFI; together TRACER-UFI) campaign took place between July 1 and 

August 31, 2022 at the Atmospheric Radiation Measurement (ARM) Mobil Facility (AMF1) main 

site in La Porte, Texas. As part of TRACER-UFI, the University of California, Riverside (UCR) 

Captive Aerosol Growth and Evolution (CAGE) chamber was deployed. Details of the CAGE 

chamber can be found in Zhu et al., (2025) and Sirmollo et al., (2021), but we will provide an 

overview here.  

The CAGE chamber is a ~2 m3 cylindrical reactor primarily made of UV-transmitting 

perfluoroalkoxy (PFA; Saint-Gobain) film (Figure B1). The chamber rotates at approximately 3 

rpm around an axle that is made of a cylindrical channel with a diameter of 18 cm wrapped with 

an expanded polytetrafluoroethylene membrane (ePTFE; Phillips Scientific). Ambient gases (see 

Section 3.2.1.2) diffuse through the ePTFE membrane between the main chamber volume and the 

cylindrical channel, hereafter referred to the gas exchange channel, at a rate of ~33.3 lpm. When 

no sample flow is drawn from the chamber, the gas lifetime is ~1.0 h in the reactor. The gas 

exchange channel is continuously flushed with ambient air at 75 lpm in an effort to keep gas 

concentrations in the chamber close to those in the ambient atmosphere. Ambient air passing 

through the gas exchange channel first passes through a Teflon filter where particles are filtered 

out. The chamber is maintained with a positive pressure of 1 mbar to prevent deformation and 

contamination from ambient air. 

The PFA CAGE reactor is positioned inside a rectangular enclosure made of white powder 

coated stainless steel and UV-transmitting acrylic sheets. The UV sheets are sealed to the frame 
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using PTFE gasket tape (Inertech, UHF), and a variable speed blower (Ametek DFS, R304C) pulls 

air from inside the enclosure to create lower pressure around the CAGE reactor which helps to 

keep the PFA taught. The bottom of the rectangular enclosure is a sheet of UV- and visible light-

reflective PTFE (Inertech, SQ-S) which reflects sunlight back up into the reactor, in part to 

compensate for light attenuation of the enclosure and CAGE reactor. Temperature inside the 

chamber was monitored using two thermistors, and an additional two thermistors were placed just 

outside the chamber as a reference for ambient temperature.  

A monodisperse distribution of ammonium sulfate seed particles were continuously 

injected into the chamber, primarily during the nighttime hours throughout the campaign. Seed 

particles were produced using an atomizer (TSI, 3076), dried using a silica gel diffusion dryer, and 

size selected using a differential mobility analyzer (DMA) for a narrow particle size distribution 

with a mode ~30 nm. The flow rate of air with the injected particles is 3.0 lpm, however, the exact 

number or mass of particles per time was not tracked. While quantified injection rates, mostly at 

night, are not necessary for understanding NPF&G during the day, it provides a constraint on the 

modeled particle wall loss rates (Section 3.2.2.4). 

The sample flow to instruments alternated every ~30 minutes between the CAGE chamber 

and the ambient environment by using a solenoid valve. The rate of flow to the instruments was 

15.0 lpm, which increases the inward diffusion of gases in the gas exchange channel by 15.0 lpm, 

leading to a chamber lifetime of ~41 minutes for gases when sampling from the chamber. 

Additionally, the seed particles were injected with a flow rate of 3.0 lpm, increasing the diffusion 

rate out of the ePTFE membrane.  
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3.2.1.1 Aerosol Measurements 

Aerosol size distribution measurements in the CAGE chamber and in the ambient 

atmosphere were taken using a scanning mobility particle sizer (SMPS). The sample flow to the 

SMPS was switched every ~30 minutes between the chamber and ambient. The sample aerosol 

was dried using a Nafion tube bundle (Perma Pure, PD-070-18T) and charge neutralized using a 

soft x-ray neutralizer (made in house at UC Riverside using a Hamamatsu L12535 source). The 

SMPS system was constructed in-house at UCR using a high flow DMA and a TSI 3762 

condensation particle counter (CPC). The lower and upper dry diameter bounds for the SMPS 

system are 0.013 µm to 0.40 µm, respectively, and the total scan time across the diameter range 

was 90 s.  

A thermal desorption chemical ionization mass spectrometer (TD-CIMS; Voisin et al., 

2003; Smith et al., 2004) was used to measure the chemical composition of ultrafine particles 

during TRACER-UFI. The TD-CIMS was operated in “bulk collection mode” where pre-charged 

particles are collected on a high-voltage-biased Pt filament which is then heated to vaporize the 

collected particles. The vaporized particles are then measured using a chemical ionization high-

resolution time-of-flight mass spectrometer (CI-HTOF; Aerodyne Research Inc. and Tofwerk AG) 

with O2
- serving as the reagent ion. The collection efficiency of particles dramatically decreases 

with increasing particle size due to the decreased electrical mobility of larger particles; however, 

some larger particles will likely still influence the results. In this configuration, the TD-CIMS 

provides measurements of oxidized organic molecules, sulfur- and nitrogen-containing organics, 

inorganic sulfate, nitrate, and chloride. As a note, the CPC used as part of the TD-CIMS system 

had issues on August 4 and 5, therefore, we can only reliably use the TD-CIMS measurements for 
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our analysis of August 6. The TD-CIMS data shown in this dissertation are still somewhat 

preliminary, and finalized data are expected for publication.  

3.2.1.2 Ambient VOC, SO2 and ozone measurements 

Concurrent with TRACER-UFI, the TRACER-MAP (Mapping Aerosol across Houston) 

campaign took place at several locations around the Houston metropolitan area. TRACER-MAP 

utilized a mobile facility to investigate gas and aerosol processes, and the mobile facility was 

stationed at the AMF1 main site from August 1 to August 8, 2022. The TRACER-MAP mobile 

facility was equipped with a quadrupole proton-transfer reaction mass spectrometer (PTR-MS 

Q300; Ionicon Analytik) which was used to measure several VOCs in the ambient atmosphere. 

The PTR-MS uses protonated water (H3O
+) to ionize target VOCs through proton transfer. The 

ionized VOCs are then detected and quantified using the mass spectrometer. The sample flow was 

dried using a system similar to that in Jobson and McCoskey (2010) to reduce the effects of water 

vapor on the samples. Details of the PTR-MS calibration and operation can be found in Shrestha 

et al. (2022). In this study, we used benzene, toluene, styrene, xylene, trimethylbenzene, 

monoterpene, and isoprene measurements from the PTR-MS for our modeling work (Section 

3.2.2). PTR-MS measurements at the AMF1 main site began late morning on August 1, 2022, and 

ended the morning of August 8, 2022. Data between August 2 at 16:15 CST and August 3 at 11:50 

CST were largely missing, therefore we focus our analysis on the three NPF&G events occurring 

on August 4, 5, and 6.  

Sulfur dioxide (SO2) was measured using a Thermo Scientific (Model 43C-TLE) SO2 

analyzer. SO2 molecules absorb ultraviolet radiation and then floresce in the 220-240 nm 

wavelength range. The single measurement detection limit of the instrument is 0.12 [ppbv] and the 

combined uncertainty is 3.7% (Guo et al., 2021). 
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Along with VOCs and SO2, TRACER-MAP included measurements of  ambient ozone 

using a modified Thermo Environmental, Inc. (Model 42C) ozone monitor. The ozone monitor 

relies on chemiluminescence with nitrogen monoxide to measure ozone. Ozone data were 

smoothed using a Savitzky-Golay filter with a smoothing window of ~1 h.  

3.2.1.3 T, RH, and shortwave radiation 

Ambient temperature and relative humidity were measured at the AMF1 main site using 

Vaisala HMP155 probes. The probes use a Pt100 resistive platinum sensor to measure temperature 

in the range of -80-60°C with a reported accuracy of ± (0.1 + 0.00167 |temperature|) °C. Relative 

humidity was measured using the Vaisala HUMICAP 180 capacitive thin film polymer sensor in 

the range of 0-100% with a reported accuracy of ± (1.0 + 0.008 x reading) % in the temperature 

range of -20-40°C. For this work, we assume that temperature and relative humidity in the CAGE 

chamber is the same as ambient, which is a reasonable assumption given previous work 

characterizing the CAGE and similar chambers (Zhu et al., 2025; Sirmollo et al., 2021).  

Downwelling shortwave radiation (total hemispheric, 0.3 to 3.0 µm) was measured using 

a pyranometer (Precision Spectral Pyranometer, The Eppley Laboratory Inc.). Data reported by 

the pyranometer have a single measurement uncertainty of ±4% to -(4% + 20 Wm-2) for zenith 

angles < 80°. Shortwave radiation is used for the hydroxyl radical proxy in the modeling work 

(Section 3.2.2.5).  

3.2.2 Modeling 

3.2.2.1 Model overview and representation of CAGE 

In this study, we use a version of the Statistical Oxidation Model-TwO Moment Aerosol 

Sectional (SOM-TOMAS) chemistry and microphysics model to represent the CAGE chamber. 
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SOM-TOMAS is a 0D model that represents semi-explicit gas-phase oxidation chemistry, 

thermodynamics of SOA partitioning, and kinetic aerosol microphysics. SOM-TOMAS has been 

structured to best represent the CAGE chamber in terms of reactor volume, gas exchange, 

instrument flows, and wall effects. Previous work has used SOM-TOMAS to investigate SOA 

formation in indoor, batch laboratory chambers (Akherati et al., 2020; Garofalo et al., 2021; He et 

al., 2020, 2021, 2022), organic aerosol evolution in biomass burning plumes (Akherati et al., 

2022), and the vertical profile of NPF&G (O’Donnell et al., 2023).  

In SOM-TOMAS, the gas exchange channel is modeled using Euler’s method, by which 

the VOC and SO2 concentrations in the chamber are updated based on ambient concentrations and 

diffusion rate through the ePTFE membrane. The formulation goes as the following:  

  𝐶𝑡+1 = 𝐶𝑡 + (𝐶𝑎𝑚𝑏(𝐹𝑚−𝑖𝑛+ 𝐹𝑖) −  𝐶𝑡(𝐹𝑚−𝑜𝑢𝑡+ 𝐹𝑖+ 𝐹𝑠𝑒𝑒𝑑)𝑉 )𝛥𝑡   (1) 

 

Where 𝐶𝑡+1 is the VOC or SO2 concentration in the chamber for the next time step, 𝐶𝑡 is the 

concentration in the chamber at the current time step, 𝐶𝑎𝑚𝑏 is the ambient VOC (SO2) 

concentration measured by the PTR-MS (SO2 analyzer), 𝐹𝑖 is the flow rate [lpm] to instruments 

(which also causes an net pull of air through the ePTFE membrane), 𝐹𝑚−𝑖𝑛 is the gross  diffusional 

flow rate into the chamber via the ePTFE membrane, 𝐹𝑚−𝑜𝑢𝑡 is the gross diffusional flow rate out 

[lpm] of the membrane, 𝐹𝑠𝑒𝑒𝑑 is the flow rate for the injected particles which brings in an extra 3 

lpm of air (only at night), 𝑑𝑡 is the model time step [s], and 𝑉 is the chamber volume [l]. The flow 

rate into the chamber through the membrane is greater than the flow rate out when instruments are 

pulling. As a note, we can only perform this operation for the VOCs measured by the PTR-MS 

and used by the model (See next section). However, as will be discussed next, SOM-TOMAS 



 

85 

 

statistically represents many oxidation products of VOCs of which we lack ambient and chamber 

observations. Therefore, we made the assumption that only the VOCs measured by the PTR-MS 

diffuse through the membrane. This assumption implies that ambient concentrations of VOC 

oxidation products are the same as those in the chamber, and only the parent VOC concentrations 

are changing. We tested assuming ambient concentrations of the VOC oxidation products were 

zero (i.e., only diffusion out) which led to a significant and unrealistic reduction in aerosol mass 

(not shown).  

3.2.2.2 SOM 

The Statistical Oxidation Model (SOM) is set up as several two-dimensional carbon and 

oxygen grids that are used to track multigenerational oxidation, thermodynamics, and volatility of 

several VOC classes. For this work, five SOM grids are used that are representative of VOCs with 

the properties of or similar to benzene, toluene, xylenes, isoprene, and ɑ-pinene. For each 

representative grid, SOM uses six pre-fitted parameters (Table S1) that dictate the movement of 

mass through and properties at each grid cell, and we chose to use the high-NOX parameters 

outlined in Bilsback et al., (2023). The first parameter, ΔLVP, is the logarithmic change in 

equilibrium vapor concentration (C*) for the addition of an oxygen atom. The C* of the species in 

each grid cell is determined by C* = 10(-0.0337 ✖ MW_hc + 11.56 - No ✖ ΔLVP, where MW_hc is the 

molecular weight of the hydrocarbon backbone (accounting for only carbon and hydrogen atoms). 

The next four parameters, P1, P2, P3, and P4, dictate the molar yields of the functionalized 

reaction products from the addition of one, two, three, or four oxygen atoms to the existing 

molecule, respectively. Finally, mFRAG is a fitted exponent for the calculation of the probability 

of fragmentation (Pfrag) for each reaction with OH, defined as Pfrag = (NO:NC)mFRAG. Each SOM 

grid cell emulates the average properties of organic species with the corresponding oxygen and 
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carbon numbers, and each SOM grid represents the average oxidation pathway of a given VOC 

class. Each SOM grid is empty at the beginning of each simulation, therefore, we initialize the 

model using available PTR-MS from August 3, and run the model for a whole day to “spin up” 

the SOM grids. Notably, OH chemistry virtually stops overnight, so initializing the model on 

August 3 is likely not necessary.  

SOM is coupled with the SAPRC-11 chemical mechanism, which represents explicit 

reactions of the VOC species measured by the PTR-MS with the hydroxyl radical (OH) and ozone, 

and the subsequent reaction products enter the SOM grids. Additionally, SAPRC-11 includes 

reactions of OH with SO2 to produce sulfuric acid, which is the principal driver of NPF. As 

mentioned, since NOX concentrations in Houston are generally high (August 1 - 6 mean = ~5.2 

ppb), we used the high NOX SOM parameters that include a highly-oxygenated organic molecule 

(HOM) yield of 0.0 for all VOC species. Therefore, we are effectively ignoring HOM formation 

that could contribute to NPF&G in the chamber, and this is a potential limitation of this work.  

3.2.2.3 TOMAS 

TOMAS represents aerosol processes across 40 logarithmically spaced, mass-doubling size 

bins spanning the dry diameter range of 1.0 nm to 10 µm. TOMAS is a two-moment sectional 

model, meaning the total number of particles and the mass of sulfate, water, and organic species 

are tracked for each size section. The processes implemented in the model are reversible organic 

condensation, irreversible sulfuric acid condensation, coagulation, and nucleation. Condensation 

and evaporation of organic species in the SOM grids are size, volatility, and particle-phase 

diffusivity dependent (He et al., 2021). The relative humidity and O:C dependent particle-phase 

diffusivity is modeled following the diffusion-reaction framework outlined in Zaveri et al. (2014) 

and implemented in He et al. (2021). Sulfuric acid is assumed to condense irreversibly and the size 
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dependence of the condensation rate is therefore proportional to the Fuchs-corrected particle 

surface area. Particle coagulation is modeled between all size sections, and details of the 

coagulation and condensation routines can be found in Adams and Seinfeld (2002). The TOMAS 

bins are initialized using lognormal fits to the SMPS data at the beginning of each simulation, 

however, this is likely unnecessary given the length of model spinup and the chamber timescales.  

TOMAS represents inorganic nucleation mechanisms from Dunne et al., (2016), which 

includes both neutral and ion-mediated, binary and ternary nucleation for a total of four 

mechanisms. An ion formation rate of 8.0 cm-3 s-1 was used for the ion-mediated mechanisms 

(Dunne et al., 2016). The nucleated particles are assumed to have a diameter of 1 nm and are 

composed entirely of sulfate. TOMAS does have the ability to represent organic nucleation 

(Riccobono et al., 2014), but, as mentioned in Section 3.2.2.2, we do not produce HOMs, which 

are necessary for organic nucleation. Only including four, of potentially many (Zhao et al., 2024), 

NPF mechanisms is a limitation of this work, therefore we do not attempt to differentiate 

nucleation mechanisms in this work. Additionally, we found the best model-measurement 

agreement by multiplying the total inorganic nucleation rate by 100.0, but we also tested scaling 

by 10.0 and 1000.0 (Figure B2). Scaling the inorganic nucleation rate from Dunne et al., (2016) 

has been done in previous work for better agreement with observations (O’Donnell et al., 2025). 

The implications of this scaling are discussed more in Section 3.4.2.  

3.2.2.4 Wall losses 

 In order to best represent the CAGE chamber with SOM-TOMAS, we had to make several 

assumptions to derive the rate of particle loss to the chamber walls. As mentioned in Section 3.2.1, 

the exact injection rate of seed particles was not quantified, making constraining particle wall 

losses during those times difficult. Additionally, if particle wall loss rates were different during 
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peak NPF&G periods, fitting to the night time injections would be misleading. Unfortunately, 

deriving size-dependent wall loss rates is difficult during NPF&G events due to the confounding 

processes (e.g., condensation, coagulation, and nucleation) that make isolating particle loss 

processes uncertain. To best tackle this problem, we chose several NPF&G events throughout the 

campaign where the new particle mode stopped growing in the 60-100 nm diameter range. We 

then fit a first order exponential decay function of the following form k = -log10(N2/N1)/(t2-t1) where 

N1 and N2 are the total number of particles at time t1 and t2. The k term is the first order loss rate 

for particles in the 60-100 nm diameter range, and we averaged the k values for the chosen NPF&G 

events to get k = 8.0e-5 [s-1]. For size dependence, we used the functional form k = A/Dp, where A 

is a scalar [nm s-1] and Dp is particle diameter, which assumes Brownian diffusion near the chamber 

walls limits the rate of particle wall losses (Crump and Seinfeld, 1981; Pierce et al., 2008; Trump 

et al., 2016). From the exponential decay fit, we can assume that k for 80 nm particles is 8.0e-5 [s-

1], therefore A = 1e-3 [nm s-1]. To account for the kinetic limit of particle turbulent diffusion from 

the center of the chamber to near the walls, where Brownian diffusion dominates, we assume that 

particles below Dp = 3 nm have a constant loss rate. Figure B3 shows the size dependent loss rate 

coefficient (k), and Figure B4 shows the modeled aerosol size distributions from several sensitivity 

tests where A is scaled up and down by two.  

The implementation of vapor wall losses in SOM-TOMAS is outlined in He et al. (2020) 

and Akherati et al. (2020), and is based on Zhang et al. (2014) and Krechmer et al. (2016). The 

first-order uptake of vapors to the chamber walls (kon) is assumed to be the same as k for small 

particles, with the implicit assumption that Brownian diffusion limits wall uptake for gases and 

small particles. The release of vapors from the chamber walls follows absorptive partitioning 

theory where the chamber walls serve as the absorbing medium. The effective mass concentration 
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of the chamber walls (Cw) is varied based on the volatility of the modeled species with higher 

values being used for higher volatilities and vice versa (i.e., Cw = 10000 µg m-3 for C* > 104 µg 

m-3, Cw = 16 ✕ (C*)0.6 µg m-3 for 1 < C* < 104 µg m-3, and Cw = 16 µg m-3 for C* < 1 µg m-3). The 

rate of release of vapors from the chamber walls is then:  

 

 𝑘𝑜𝑓𝑓 = 𝐶∗𝐶𝑤 𝑘𝑜𝑛         (2)  

3.2.2.5 OH proxy 

To estimate the concentration of the hydroxyl radical (OH), we used a combination of two 

OH proxies based on the intensity downwelling shortwave radiation (Figure B5). The first proxy 

is from Pietikäinen et al., (2014), which was derived for ambient OH concentrations in Finland. 

We found this proxy to generate lower OH concentrations, with peak values approaching 1 ✕ 106 

[molecules cm-3] at 1000 [W m-2] shortwave. The second proxy that we utilized was from Stevens 

et al., (2012), which was developed for investigating SOA production in power plant plumes. The 

Stevens et al. proxy has a NOX dependence and has peak OH concentrations around 2 ✕ 107 

[molecules cm-3] at 1000 [W m-2] shortwave. We found using the Stevens et al. proxy led to a 

slower increase in OH in the morning hours, subsequently leading to later NPF&G in the model 

than observations. The details of how we combined the two OH proxies can be found in the 

Supplemental text, but, in short, we scaled the Pietikäinen et al. proxy up to have a similar peak 

OH concentration as the Stevens et al., proxy. This scaling led to faster morning increases in OH 

and better NPF event timing. Additionally, we scaled the night time OH to be the minimum value 

from the Stevens et al. proxy. Figure B6 shows modeled aerosol size distributions where OH is 

scaled down in order to test the model sensitivity.  
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3.2.2.6 Particle growth rates 

 For the three NPF&G events in the CAGE chamber, we calculated particle growth rates 

from the SMPS and modeled size distributions. Growth rates are derived using a similar method 

to that in Westervelt et al., (2013); however, we do not calculate particle formation rates or survival 

probabilities due to the uncertainties associated with wall losses. Particle growth rates are derived 

by applying a linear fit to the growing mode diameter in the 3-25 nm diameter range, and the slope 

of the fit is the particle growth rate [nm hr-1].  

3.3. Results 

3.3.1 NPF&G in the CAGE and model 

3.3.1.1 Characteristics of NPF&G in the CAGE chamber 

NPF&G events were observed almost daily in the CAGE chamber during the campaign 

(Figure B7); however, we focus here on the events that occurred on August 4, 5, and 6 due to 

available observations. Figure 3.1 shows several time series of observed and modeled aerosol, 

chemical, and state variables, with Figure 3.1a showing the aerosol size distribution measured in 

the CAGE chamber. The atmospheric conditions on August 4 were typical of Houston in August, 

with temperatures reaching approximately 306 K and some fair-weather cumulus clouds 

intermittently reducing the afternoon sunlight (See OH profile based on shortwave radiation in 

Figure 3.1c). On August 4, a narrow mode of small particles appeared in the chamber just before 

9:00 CST and grew to ~40 nm over ~6 hours. It is worth noting the atomizer for the injected 

particles experienced an issue the night before the August 4 NPF&G event, resulting in the seed 

particles having a larger mean diameter and a broader distribution. There is no apparent growth of 
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the injected particles overnight; however, they appear to grow in the early morning, concurrent 

with the likely start of the NPF&G event.  

The NPF&G event on August 5 in the chamber was significantly weaker than those on 

August 4 and 6, likely due to the cloud cover observed at the AMF1 main site starting around 

10:00 CST (Figure 3.1c). Freshly nucleated particles appeared around 08:30 CST and grew to ~20 

nm by 10:00 CST, but further growth was inhibited, likely from reduced photochemical production 

of condensable species and losses to the chamber walls and instruments. The seed particles injected 

on the morning of August 5 also appeared to grow close to sunrise, indicating photochemically 

driven SOA or sulfate production. The peak temperature on August 5 was ~304 K, and relative 

humidity was mostly above 90%.  

The NPF&G event on August 6 was the most intense, with the highest number 

concentration and fastest particle growth. The new nucleation mode appeared around 10:00 CST 

and grew to ~50 nm by 14:00 CST. This event followed a period of cloud cover where temperatures 

were low and relative humidity was high. The peak temperature on August 6 was around 304 K, 

and relative humidity was ~70% during the NPF&G event.  

3.3.1.2 Model representation of NPF&G in the CAGE chamber 

SOM-TOMAS generally captures both the intensity of and variability between the three 

NPF&G events in the CAGE chamber (Figure 3.1b). However, the model does miss certain 

features of specific events (e.g., overpredicting number concentration on August 5 and particle 

growth rate on August 4), likely as a result of missing measurements of key species (i.e., ammonia, 

amines, and some organics) and some model assumptions and structural limitations (see Section 

3.3.4.2).  
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Figure 3.1. (a) Aerosol size distribution in CAGE measured by the SMPS. (b) Modeled aerosol 

size distribution from SOM-TOMAS. (c) Time series of OH and measured ozone multiplied by 

0.9. (d) Time series of ambient temperature and relative humidity. (e) Time series of modeled 

sulfur dioxide and sulfuric acid. (f) Time series of VOC concentrations in the model.  

 

On August 4, the model captures the timing of the NPF&G event, but the simulated aerosol 

mode is broader than the one observed in the chamber. Additionally, particles in the model grow 

to larger sizes than those in the chamber. This day exhibited more continuously higher OH 

concentrations relative to the other two days (Figure 3.1c), contributing to elevated sulfuric acid 

concentrations throughout the day (Figure 3.1e). The high OH concentrations have the potential to 

drive higher SOA production as well, potentially leading to the overprediction of particle growth. 
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Notably, VOC concentrations during the August 4 NPF&G event were not particularly elevated 

(Figure 3.1f) relative to the other events.  

For the event on August 5, the model reasonably captures the event timing and growth, but 

the simulated nucleation is more intense and persists longer than the observations indicate. The 

initial nucleation appears to be driven by a morning spike in sulfuric acid (Figure 3.1e). Around 

10:00 CST, OH and sulfuric acid decrease substantially, likely inhibiting continued NPF&G. 

However, the concentrations of some VOCs (principally benzene) are elevated around 11:00, 

which may contribute to continued growth of freshly nucleated particles in the model.  

Finally, the August 6 event is well represented by the model in terms of event timing and 

the number concentration of the growing aerosol mode. However, the model simulates interrupted 

particle growth whereas the observations show more continuous growth. A small peak in 

trimethylbenzene around 15:00 CST is likely contributing to the variable growth pattern, as 

trimethylbenzene has the highest SOA yield of any of the VOCs used in this work (discussed in 

Section 3.3.2).  The interrupted growth is also potentially due to the variability of OH and ozone 

(Figure 3.1c), which modulates SOA production over time.  

3.3.2 Aerosol speciation 

3.3.2.1 Contributions from different VOCs in the model 

Figure 3.2a shows the total organic aerosol mass in each SOM grid and the total sulfate 

mass, and Figure 3.2b shows the fraction of aerosol mass in each of the same categories. Notably, 

during the night (gray shading in Figure 3.2b), the total aerosol mass is dominated by sulfate due 

to the seed injections (gold shading in Figure 3.2a). For the NPF&G events on August 4 and 5, the 

model indicates that the majority of SOA mass is derived from trimethylbenzene, toluene, and 
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styrene (Figure 3.2), all of which are modeled in the toluene SOM grid (Table S1). We tested 

simulating trimethylbenzene in the benzene SOM grid instead of the toluene grid which led to the 

benzene grid instead being the largest contributor to the SOA mass (not shown). Trimethylbenzene 

is a key contributor to SOA due to (1) its higher carbon number than other VOCs (e.g., toluene 

and styrene) leading to a higher SOA yield and (2) its generally higher ambient concentrations 

measured by the PTR-MS.  

On August 6, the model shows sulfate as the dominant contributor to particle mass during 

the first several hours of the event. After 15:00 CST, however, SOA mass in the toluene SOM grid 

increases corresponding to an increase in particle growth (Figure 3.1b). As mentioned in Section 

3.3.1.2, the sudden increase in particle growth is likely due to the afternoon spike in OH (Figure 

3.1c) and the spike in trimethylbenzene concentrations. There is also a spike in afternoon ozone 

concentrations, but an increase in ozone would likely lead to a proportionally larger increase in 

SOA mass in the terpene SOM grid due to their faster ozone reaction rate coefficients.  

Figure B8 shows classified subgroups (i.e., CHO, CHON, CHOS, CHONS) as measured 

by the TD-CIMS instrument separated by Double Bond Equivalence (DBE) above and below 4. 

A DBE of 4 or greater suggests that the compound contains an aromatic ring, while a DBE under 

4 is typically indicative of aliphatic (straight-chained) compounds. Aromatic compounds are often 

linked to anthropogenic sources, including combustion and industrial processes (Calvert et al., 

2002). Figure B8 shows that the aromatic fraction of each subgroup increased during the NPF&G 

event with the largest contribution occurring from 14:00-16:00 CDT, coinciding with the spike in 

TMB shown in Figure 3.1e. The aromatic fractions of CHON, CHOS, and CHONS subgroups 

were consistently above 50%, and CHO only reached over 50% once the TMB spike occurred, 

further suggesting anthropogenic aromatic influence during the event. In general, the high aromatic 



 

95 

 

fractions throughout are consistent with the large simulated contribution of aromatic compounds 

to SOA. 

 

Figure 3.2. (a) Time series of modeled aerosol mass colored by SOM grid and sulfate mass. The 

light brown shading indicates the time of aerosol injections. (b) Time series of the fraction of 

aerosol mass from each SOM grid and sulfate. The light gray shading indicates the night time 

hours.  

3.3.2.2 TD-CIMS comparison on August 6 

 Figure 3.3 [THIS FIGURE IS NOT THE FINAL VERSION AS WE ARE WAITING ON 

UPDATED TD-CIMS DATA] shows the aerosol size distributions from the SMPS and from the 

model, as well as a comparison between the elemental mass fractions of oxygen, carbon, and sulfur 

as measured by the TD-CIMS and the corresponding elemental fractions from the model on August 

6. Again, the TD-CIMS data are preliminary and likely inaccurate, hence we are waiting on 

updated data. The model only represents sulfuric acid formation through the OH + SO2 pathway, 

so the model could be missing the higher fraction of sulfur measured by the TD-CIMS later in the 

day on August 6 due to missing other formation pathways for sulfur-containing compounds. While 
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OH + SO2 is the dominant reaction pathway for SO2 in the gas phase (Stockwell and Calvert, 

1983), other pathways such as reactions with criegee intermediates, reactions with organic 

peroxides, multiphase or heterogeneous chemistry in or on droplets and particles, and aqueous-

phase oxidation (Ma et al., 2023) are also possible. The lack of representation of these mechanisms 

could lead to discrepancies between the model and TD-CIMS, and the uncertainties and 

implications in this work are presented in Section 3.4.  

 Presuming the TD-CIMS data are accurate, the mass fractions of carbon, oxygen, and 

sulfur remain relatively invariant throughout the NPF&G event on August 6 (Figure 3.3). The TD-

CIMS indicates that approximately one-fifth, two-fifths, and two-fifths of the mass are sulfur, 

carbon, and oxygen, respectively. The model simulates a similar fraction of sulfur mass prior to 

the NPF&G event, with the remaining mass consisting mostly of oxygen. Later in the NPF&G 

event, the model shows the sulfur mass fraction has decreased substantially, and the remaining 

mass fraction is almost evenly split between oxygen and carbon. The increase in the mass fraction 

of carbon is expected given the contributions of VOC oxidation products to particle growth, 

however, this is inconsistent with the TD-CIMS results. 

 As stated, the discrepancies between the model and the TD-CIMS measurements is likely 

due to either uncertainties associated with the TD-CIMS measurements or the limited 

representation of chemistry in the model. Figure 3.3a shows the aerosol size distribution measured 

by the SMPS on August 6, where there are larger particles (> 200 nm) that appear mainly after 

18:00 CDT which could influence the TD-CIMS measurements. While the number of these 

particles is lower (~102-103 [cm-3]) than the mode associated with the NPF&G event (~103.5 [cm-

3]), the relative mass of each particle is significantly higher (~1000x), therefore, we cannot 

discount the potential influence of these particles even if the electrical mobility of the larger 



 

97 

 

particles is lower than the smaller particles. Additionally, the TD-CIMS measures sulfur-

containing organics which the model does not simulate.  Nevertheless, both the model and the 

observations highlight the importance of sulfur containing compounds early in the NPF&G event, 

as well as the importance of organic species for growing particles.  

 

 

Figure 3.3. (a) [THIS FIGURE IS NOT THE FINAL VERSION AS WE ARE WAITING ON 

UPDATED TD-CIMS DATA] Aerosol size distribution in the CAGE chamber measured by the 

SMPS on August 6. (b) Aerosol size distribution from the model on August 6. (c) Vertical bars 

indicate the mass fraction of oxygen (black), carbon (green), and sulfur (red) measured by the TD-

CIMS. The background colors indicate the mass fraction of oxygen (grey), carbon (light green), 

and sulfur (light red) produced by the model.  
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3.3.3 Volatility and partitioning of aerosol mass 

Figure 3.4a shows a time series of the organic aerosol mass binned by the C*, and, in 

general, the amount of mass in the particle phase increases with decreasing volatility, consistent 

with expected mass partitioning behavior (Donahue et al., 2006; Donahue et al., 2011b). During 

the NPF&G events, the C*=10-2  [µg m-3] bin contains the greatest aerosol mass, highlighting the 

importance of low-volatility organic compounds (LVOCs) for NPF&G events in the CAGE 

chamber. At night, when seed particles are injected and OH-chemistry slows, the mass in the 

lowest volatility bin (C*=10-3 [µg m-3]) decreases less rapidly than mass in the other bins to be 

comparable or exceeding the mass in the C*=10-2 [µg m-3] bin. This nighttime decrease likely 

occurs because of the extremely low organic aerosol loading causing an environment that is 

unfavorable for organic vapors above ~C*= 10-1 [µg m-3] to be in the particle phase. Additionally, 

the low condensation sink causes species to remain in the vapor-phase for longer periods leading 

to condensation to the chamber walls and no appreciable mass in the C*=10-3 [µg m-3] bin.  

A unique feature of the CAGE chamber is the removal of ambient particles from the air 

entering the chamber, which, along with wall losses and instrument sampling, results in an 

extremely low condensation sink and long aerosol partitioning timescales. Figure 3.4b shows the 

calculated timescales for aerosol condensation, particle wall losses (DP = 10 nm), and combined 

instrument and vapor wall losses. We find the aerosol condensation timescale is much longer than 

the other timescales, except once NPF&G events have contributed to particle surface area enough 

to drive down the timescale for condensation (Figure 3.4; Figure B9). This result implies that low-

volatility vapors inside the chamber are more often condensing onto the chamber walls or being 

pulled through the sample flow than contributing to aerosol mass in the chamber. The low-

condensation-sink environment of the CAGE chamber underscores the importance of considering 



 

99 

 

aerosol partitioning and equilibrium timescales, especially as it relates to interpreting NPF&G 

events and aerosol mass.  

Figure 3.4. (a) Time series of organic aerosol mass in volatility bins ranging from C*=10-3 to 

C*=103 [µg m-3]. Darker shades indicate lower volatility and lighter shades indicate higher 

volatility. The shaded areas indicate the time of aerosol injections. (b) Calculated timescales in the 

chamber for condensation (blue), instrumentation and vapor wall losses (orange), and particle wall 

losses (green).  

 

As discussed in the last paragraph, the CAGE chamber is an environment where aerosol 

condensation timescales are often longer than other relevant timescales. We find SOA partitioning 

across a wide range of volatilities, including low volatility organics, is far from equilibrium during 

NPF&G events, particularly at the start. Figure 3.5 shows 3 h average volatility basis set (VBS) 

distributions at three different time intervals for the three NPF&G events. For each day, the ‘x’ 

symbols indicate the condensed-phase mass that would be present in each volatility bin if the gas-

particle system reached equilibrium. Across all NPF&G events and times, our analysis shows that 
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a portion of potential aerosol mass (i.e., space between the top of the green bars and the ‘x’) is not 

being realized due to kinetic limitations of aerosol condensation.  

 The numbers in the top left of each panel indicate: (1) the averaged total aerosol mass 

during the 3 h period [µg m-3], (2) the total aerosol mass that would be in the condensed phase at 

equilibrium (i.e., ‘x’ symbols) [µg m-3], and (3) the condensation timescale [h]. During all three 

NPF&G events, the total condensed-phase mass is significantly lower than the equilibrium mass, 

and the condensation timescales are usually longer than the other chamber timescales (Figure 3.4b) 

except for during the 13:00-16:00 CST period on August 4 and 6. Notably, the red bars indicate 

the mass of aerosol sulfate, and they indicate that sulfuric acid is often not reaching thermodynamic 

equilibrium (which would be fully in the particle phase) prior to the NPF&G events due to the low 

condensation sink. 
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Figure 3.5. (a) Time-averaged volatility distributions during three periods on August 4th. The red 

bar indicates sulfate mass in the particle phase and the green bars indicate organic mass in the 

particle phase. The white bars indicate the corresponding mass in the vapor phase. The ‘x’ symbols 
indicate the aerosol mass in each volatility bin if the system were to reach equilibrium at ambient 

temperature. The numbers in the top left of each panel indicate (1) the total modeled aerosol mass, 

(2) the total aerosol mass at equilibrium, and (3) the average condensation sink timescale over the 

period. (b) and (c) show the same panels as (a) but for August 5th and August 6th, respectively.  

 

3.3.4 Sensitivity of particle growth and aerosol mass to chamber artifacts 

The derived particle growth rates for the three NPF&G events do not perfectly agree 

between the model and SMPS measurements; however, particle growth rates in the model are 

sensitive to various assumptions and parameterizations. Figure 3.6 shows the derived particle 

growth rates for each NPF&G event. The “Base” model simulation overpredicts the particle 

growth on August 4 by a factor of ~2 (orange bar) relative to observations (black bar). Disabling 

particle wall losses in the model results in a reduction in particle growth (purple bar), due to 

increased survival of small particles, which enhances the condensation sink and thus limits the 

growth of particles, especially at larger sizes, by increasing competition for condensable vapors. 

In contrast, running the model without vapor wall losses leads to a substantial increase in the 

particle growth rate on August 4 (yellow bar), due to increased availability of condensable gases. 

Finally, with particle and vapor wall losses off (light blue), particle growth is similar to the “Base” 

simulation. The limited change likely reflects the competing effects of increased vapor availability 

and enhanced particle number, which together maintain a high condensation sink and constrain the 

overall growth rate.  

On August 5, the “Base” simulation and the SMPS-derived particle growth rates agree 

well. When particle wall losses are turned off, freshly nucleated particles do not grow into the 

SMPS size range, therefore, no particle growth rate is derived. Alternatively, when vapor wall 
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losses are turned off, the particle growth rate increases dramatically. Similar to the NPF&G event 

on August 4, this increase is due to the increased availability of condensable vapors. When both 

particle and vapor wall losses are disabled, particle growth is approximately double that of the 

“Base” simulation. For the August 6 event, the particle growth rate from the “Base” simulation is 

~1.5 nm h-1 higher than the SMPS growth rate. As was the case on August 4, turning particle wall 

losses off leads to a decrease in the particle growth rate, while turning vapor wall losses off leads 

to an increase in the particle growth rate. Finally, running the model with particle and vapor wall 

losses off leads to a particle growth rate similar to the rate derived from the observations. 

We tested running the model using the mean temperature and mean relative humidity over 

the simulation period to test the sensitivity of our results on the diurnal pattern of each variable. 

We find that running the model with constant temperature leads to a slight increase in particle 

growth on August 4 and a slight decrease on August 6 (Figure 3.6, green bars). On August 5, there 

was no particle growth above 10 nm when running with constant temperature. Running the model 

with constant relative humidity led to small increases and decreases in particle growth (Figure 3.6, 

dark blue bars). Overall, with the exception of August 5, we find that our results are not sensitive 

to the diurnal changes in temperature and relative humidity.  
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Figure 3.6. Derived particle growth rates for the three NPF&G events from the SMPS (black bars) 

and from the model. The orange bars indicate the particle growth rates from the “base” case 
simulation, and the other bars represent the particle growth rates derived from sensitivity 

simulations.  

 

3.3.5 Implications for potential SOA mass measured in CAGE 

Simulations without particle and vapor wall losses have increased number and mass of 

particles in the CAGE chamber (Figure 3.7 and Figure B10). However, the timescale for particle 

and vapor losses to the instruments is short enough (2.2 h) to provide the necessary reduction in 

aerosol loading to have continued NPF&G events. Without instrument pull, the model would likely 

produce a perpetually growing mode of large particles that would continue to grow and suppress 

further nucleation from occurring. This highlights a unique quality of some continuous reactor 

chambers, where sampling the chamber alters the chamber state.  
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Figure 3.7. (a) Modeled aerosol size distribution from the “base” case. (b) Modeled aerosol size 
distribution from the simulation with vapor and particle wall losses off.  

 

Our results indicate that particle and vapor wall losses play a significant role in altering the 

aerosol size distribution in the CAGE chamber. Running the model without particle and vapor wall 

losses led to a several fold increase in total aerosol mass (Figure B10) at certain times. Quantifying 

the exact amount of potential SOA mass being lost to the walls and instruments difficult given the 

confounding timescales for aerosol formation, thermodynamic partitioning, and loss processes, but 

our modeling results indicate that there is often 0.1-1.0 [µg m-3] of potential aerosol mass being 

lost to the walls (Figure B10). Additionally, when forced to thermodynamic equilibrium, we find 

an additional 0.1-1.0 [µg m-3] of aerosol mass that has the potential to contribute to aerosol mass 

in CAGE (Figure 3.5).  
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3.4. Uncertainties and limitations 

Wall losses: A non-trivial amount of uncertainty in our results stems from properties of the 

CAGE chamber, principally the rates of vapor and particle wall losses. While work has been done 

to quantify wall losses in the CAGE chamber (Sirmollo et al., 2021; Zhu et al., 2025) and other 

similar chambers (Jorga et al., 2023), it remains an open question as to how wall loss rates change 

based on the environmental conditions in Houson and how the loss rates change over the course 

of the entire campaign. With the suite of instruments deployed during TRACER-UFI, we cannot 

fully constrain the wall loss rates, therefore we had to make various assumptions for our modeling 

work. We derived the first order wall loss rate coefficient for particles in the 60 to 100 nm range 

by fitting a first order exponential decay function to the total number concentration in the size 

range during periods with little particle growth. Assuming a 1/DP dependence for particle loss 

rates, we scaled the particle wall loss rate for all other diameters. While the derived rate of particle 

losses in the 60 to 100 nm range is likely representative, loss rates for particles outside of that 

range have greater uncertainty. In other words, we are likely not capturing some of the size 

dependent characteristics of the particle wall losses in the CAGE chamber, possibly leading to 

poor model-measurement agreement. Additionally, assuming that the wall loss rate of small 

particles and vapors is limited by turbulent mixing from the core of the chamber to the edge and 

not by Brownian Diffusion close to the wall is a limiting factor of this work.  

Chamber timescales: Other properties of the CAGE chamber that contribute, to a lesser 

degree, to the uncertainty of our results are the diffusion timescale through the gas exchange 

channel and any potential losses of particles and vapors between the CAGE chamber and the 

instruments (e.g., line losses). The rate of gas-exchange between the chamber and the ambient 

environment is well constrained (Sirmollo et al., 2021). However, we do not account for any 

potential condensation and re-emission of vapors (e.g., organics and ammonia) throughout the 
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analysis period in the Teflon filter or in the gas exchange channel. While any potential influence 

of vapor condensation and re-emission in the Teflon filter and gas exchange channel is likely to 

be small, it is a source of potential error in our modeling results. Finally, we have investigated 

vapor and particle wall losses to the chamber walls, but we have not accounted for losses to the 

sampling lines. Again, we expect line losses to be limited due to the short distance between the 

CAGE chamber and the instruments, but we cannot fully account for the potential losses in this 

work.  

 TD-CIMS comparison: As stated, the TD-CIMS data presented in this dissertation are 

likely inaccurate due to issues with data sampling and processing. For our comparison of the mass 

fraction measured by the TD-CIMS with the model (Figure 3.3c), uncertainty arises both from the 

TD-CIMS measurements and the model. The primary source of uncertainty in the TD-CIMS 

measurements is the potential influence of the larger particles (Figure 3.3a) appearing later on 

August 6 that could potentially influence the mass collected in the instrument. As mentioned, the 

number of large particles is lower (~102-103 [cm-3]) than the number in the mode associated with 

the NPF&G event (~103.5 [cm-3]), however, the large particles have diameters around 200 nm and 

will have significantly more mass than the particles with diameters around 50 nm. Even with the 

lower collection efficiency of the TD-CIMS for larger particles, we cannot discount potential 

influence of the large particles on the mass fractions shown in Figure 3.3c.  

 In the SOM-TOMAS model, the only reaction pathway for SO2 is with OH, but there are 

many other potential pathways to create sulfuric acid, sulfate, and sulfur-containing organic 

species. Possibly the most important alternative reaction pathway for SO2 is the reaction of SO2 

with Criegee intermediates to form sulfuric acid. Criegee intermediates have been found to be an 

important pathway for both sulfuric acid formation and the formation of other sulfur-containing 
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organics in particles (Mauldin et al., 2012; Chen et al., 2025). Another potentially important 

pathway for the formation of organosulfate species is through heterogeneous reactions of oxygen-

containing species with SO2, especially if the aerosol is acidic. Chen et al. (2025) also found a 

variety of organosulfate species in particles, which they postulate were formed from heterogeneous 

reactions of oxygen-containing species with sulfuric acid. A less clear pathway for SO2 oxidation 

is through direct adsorption of SO2 onto the particle surface where it can then undergo oxidation 

with either H2O or O2; however, this importance of this pathway is difficult to elucidate across 

different environments given the complexities of heterogeneous chemistry on the surface of 

particles (Ma et al., 2023). Finally, OH can replace the Cl molecule in NaCl (i.e., sea salt) which 

can make particles more basic, driving uptake of SO2 to the particles which then undergoes 

heterogeneous oxidation to form sulfuric acid. These mechanisms, along with others, are a likely 

cause for the model-measurement discrepancies, and they are a source of uncertainty when 

considering our results.  

OH concentrations: A source of uncertainty in our modeling results is the use of an OH 

proxy based on downwelling shortwave radiation. Similar proxies have been used in previous work 

(Stevens et al., 2012; Pietikäinen et al., 2014; O’Donnell et al., 2023), but these proxies lack any 

mechanistic chemistry that can influence OH concentrations. We may be missing fluctuations in 

OH concentrations that could influence NPF&G in the CAGE chamber. We do test scaling the OH 

concentrations, but this scaling only tests for the sensitivity of our results to the magnitude of OH 

(i.e., does not test changing the slope in Figure B5).  

Nucleation mechanisms: Another source of uncertainty in the model is the nucleation 

mechanism and scaling of the total nucleation rate. As mentioned, since Houston is a relatively 

high NOX environment, we do not include HOM formation. Without HOMs, we do not have 
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organic nucleation. Therefore, we only use the four inorganic nucleation mechanisms outlined in 

Dunne et al. (2016). Unfortunately, we did not have measurements of ammonia at the AMF1 site, 

which would help to better constrain the inorganic nucleation rates. The inclusion of other 

nucleation mechanisms, such as those based on amines and iodine oxoacids, may have limited the 

need to scale the total nucleation rate, but more nucleation mechanisms would include further 

assumptions about the chemical precursors. Nucleation involving amines is potentially important 

in urban areas (Yu et al., 2012; Johnson and Jen, 2023; Zhao et al., 2024), but without 

measurements of these species, we cannot constrain such a mechanism relative to others. 

Additionally, nucleation involving iodine oxoacids can be important in coastal areas (Zhang et al., 

2023; Wan et al., 2020), but we again lack the measurement constraints to include this. In other 

words, scaling the inorganic nucleation rate leads to better model-measurement agreement, but the 

improvement may not be for the correct reasons. Because of this, we do not draw conclusions 

about the specific nucleation mechanisms contributing to NPF in the CAGE chamber.  

Diffusion of SOM species: The final assumption that leads to uncertainty in our results is 

the assumption of gas species in the SOM grids not diffusing out of the CAGE reactor through the 

gas diffusion channel. This assumption arises from the lack of measurements of comparable VOC 

species in the ambient environment, leading us to assume that the ambient environment is the same 

as the chamber for the species not measured by the PTR-MS. This assumption will affect the results 

in two ways: (1) there will be times when the chamber has higher concentrations of SOM species 

than the ambient environment, but those species do not diffuse out leading to increased VOC 

loading in the chamber; (2) there will be scenarios where ambient concentrations of species in the 

SOM grids will be higher than those in the chamber, but those vapors will not diffuse into the 

chamber, leading to lower VOC loading in the chamber relative to the ambient atmosphere. This 
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assumption is likely to alter results for specific NPF&G events (i.e., too much/little growth or 

nucleation), but the implications for model bias are likely more limited when looking over longer 

periods.  

3.5. Conclusions 

 In this work, we present an analysis of the three NPF&G events occurring on August 4, 5, 

and 6 in the CAGE chamber during the TRACER campaign in Houston, TX. By filtering out 

ambient particles and allowing ambient vapors to diffuse in, the CAGE chamber provides the 

unique opportunity to evaluate the NPF&G potential of VOCs in the ambient environment. Our 

modeling approach provides insight into the dominant contributors to NPF&G in the CAGE 

chamber, and we test the sensitivity of NPF&G to various assumptions, processes, and parameters.  

 The model used in this work, SOM-TOMAS, reasonably represents the NPF&G events 

that occur in the CAGE chamber on August 4, 5, and 6 (Figure 3.1a,b). The model estimates that 

the majority of organic aerosol mass is derived from trimethylbenzene, toluene, and styrene 

(Figure 3.2), with trimethylbenzene being the largest contributor due to its high carbon number, 

SOA yield, and generally elevated concentrations during the analysis period. We find during the 

night that SOA mass is dominated by ammonium sulfate due to the seed particles injections. 

Though they are suspect, the TD-CIMS measurements for the NPF&G event on August 6 show 

relatively invariant fractions of sulfur, oxygen, and carbon (Figure 3.3), whereas the model shows 

mostly sulfur and oxygen early in the event and carbon and oxygen later in the event. The 

discrepancy between the model and observations could be due to several factors influencing the 

measurements and model (see Section 3.3.2.2). 

 Our analysis of the pertinent timescales in the chamber shows that condensable vapors are 

lost more quickly to the walls and through instrument sampling than they are to condensing to 
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particles except for time periods after significant NPF&G has increased the condensation sink 

(Figure 3.4b). Given the low condensation sink and the relatively short timescales for wall losses 

and instrument sampling during much of the experimental time period, vapors and particles rarely 

are partitioned close to thermodynamic equilibrium, although closer during NPF&G events (Figure 

3.5). For all three NPF&G events, low-volatility VOCs appear to be the dominant contributor to 

SOA mass.  

 We test the sensitivity of particle growth rates in the model to particle and vapor wall 

losses, temperature, and relative humidity. We find that turning particle wall losses off decreases 

the particle growth rates for all three days, due to the increased survival of particles to larger sizes 

which then compete with freshly nucleated particles for condensable vapors (i.e., increase the 

condensation sink). Conversely, running the model without vapor wall losses led to an increase in 

particle growth rates due to the increased availability of vapors to drive growth. Running the model 

without particle and vapor wall losses showed mixed results for the different NPF&G events due 

to the competing effects of the two processes. Finally, our model results are relatively insensitive 

to temperature and relative humidity, with the exception of August 5, where the relative humidity 

in the “base” simulation appears to increase particle growth.  

 The CAGE chamber is a unique system designed to reflect ambient atmospheric conditions 

without the ambient aerosol concentrations. The continuous chamber system allows for longer 

experiments than typical batch chambers, with the potential tradeoffs of compounding chamber 

wall effects that may alter the results. Further applications of the chamber modeling framework 

presented in this work will be useful for understanding the conditions under which particles form 

and grow in different environments.  
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CHAPTER 4 

 

EFFECTS OF AEROSOL PHASE STATE ON NEW PARTICLE FORMATION 

AND GLOBAL AEROSOL CONCENTRATIONS3 

 

4.1. Introduction  

 Aerosol particles in the atmosphere are important for the radiative balance of Earth’s 

atmosphere through direct scattering and absorption of radiation (Myhre et al., 2013; Forster et al., 

2021) as well as serving as sites for cloud-droplet and ice-crystal formation (Albrecht, 1989; 

Gryspeerdt et al., 2014; Rosenfeld et al., 2014; Twomey, 1974; Demott et al., 2010). Together, the 

direct scattering and indirect effects of aerosols on clouds remain the largest uncertainty in global 

radiative forcing (Forster et al., 2021). By serving as cloud condensation nuclei (CCN), aerosol 

particles directly affect cloud properties such as albedo, lifetime, and precipitation efficiency 

(Gryspeerdt et al., 2014; Rosenfeld et al., 2014; Twomey, 1974). In general, particles must have 

diameters larger than ~50 nm to efficiently interact with solar radiation and influence clouds; in 

addition, particle composition plays a critical role in determining aerosol radiative and cloud 

interactions. Therefore, it is important to understand the processes governing aerosol size 

distributions and composition. 

The processes of new particle formation (NPF) and growth (together NPF&G) contributes 

roughly 50% of cloud level CCN globally (Gordon et al., 2017), and it is the dominant source of 

global total aerosol number (Gordon et al., 2017; Merikanto et al., 2009). NPF involves the 

formation of new ~1 nm aerosol particles from gas-phase precursors, primarily through clustering 

of sulfuric acid with one or more other species such as water (Vehkamäki et al., 2002), ammonia  

3This chapter to be submitted as: “Effects of aerosol phase state on new particle formation and 
global aerosol concentrations”, Samuel E. O’Donnell, Regina Luu, Manabu Shiraiwa,  
Chongai Kuang, Ashish Singh, Shantanu H. Jathar, Jeffrey R. Pierce. 
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(Dunne et al., 2016), amines (Johnson and Jen, 2023; Olenius et al., 2017), low-volatility organics 

(Riccobono et al., 2014; Kirkby et al., 2016, 2023), or iodine oxoacids (He et al., 2023). Once 

nucleated, particles are subject to one of two fates: (1) continued growth through vapor 

condensation or, (2) coagulation with larger particles, thus reducing the number of total particles. 

Rapid growth of nucleated particles is essential for their contribution to CCN concentrations, as 

longer residence times at smaller sizes increases the likelihood of being scavenged by larger 

particles. While sulfuric acid is crucial in particle formation and early growth, concentrations are 

often insufficient to grow particles to CCN sizes. Consequently, many studies have highlighted 

the importance of oxidation products of anthropogenic and biogenic volatile organic compounds 

(VOC) for the rapid growth of freshly nucleated particles (Riipinen et al., 2011, 2012; Roldin et 

al., 2019; Tröstl et al., 2016; Pierce et al., 2011). This secondary organic aerosol (SOA) is vital for 

the climatic importance of NPF&G, but the complexities of SOA condensation, chemistry, and 

thermodynamics makes modeling these processes challenging, especially in 3D regional and 

global models. 

 The details of how SOA partitions across different particle sizes is critical for determining 

how SOA contributes to the growth and survival of freshly formed particles. Under certain 

conditions, the size-dependent SOA condensation can approach two of the limiting cases shown 

in Figure 4.1: (1) size-dependent condensation of extremely low-volatility organic compounds 

(ELVOC; C* < 10-4 µg m-3) following Fuchs-corrected aerosol surface area, similar to sulfuric 

acid, and (2) fast size-dependent Raoult’s law-based equilibrium partitioning of semi-volatile 

organic compounds (SVOC; 0.3 < C* < 300 µg m-3) to liquid-like particles proportional to the 

aerosol mass size distribution, similar to aerosol water uptake (Riipinen et al., 2011; Pierce et al., 
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2011; Zhang et al., 2012). The first mechanism favors the growth of smaller particles due to their 

greater surface-area-to-mass ratio, whereas the second favors the growth of larger particles due to 

their greater mass for equilibrium partitioning. Basic equilibrium partitioning involves several 

implicit assumptions. First, it assumes that particles are liquid-like and exhibit rapid mixing 

between the surface to the interior of the particle, such that there are no diffusion-related limitations 

on the uptake of SVOCs into the particle bulk. Second, it assumes there are no reactions occurring 

in or on the surfaces of particles, whereby SVOCs can react to form lower-volatility species that 

will remain in the particles. In this work, we explore some of the effects of particle phase state 

(i.e., liquid vs. solid) on size-dependent SOA condensation and particle growth.  

 

Figure 4.1. Size-dependent condensation behavior for different aerosol phase states (rows) and 

gas-phase volatilities (columns).  
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 There is a growing body of evidence that organic aerosol particles can exist in more viscous 

states than liquids, adopting solid-like interiors and glassy exteriors that slow diffusion within the 

particle (Koop et al., 2011; Reid et al., 2018; Petters et al., 2019). In such cases, diffusion within 

semi-solid or solid-like particles becomes an additional rate-limiting step for SVOC partitioning, 

beyond gas-phase production rates and thermodynamic partitioning timescales. Intraparticle 

diffusion time scales can range from seconds in warm, humid regions to days in cooler, dry regions 

for 100 nm particles (Luu et al., 2025; Evoy et al., 2019; Riipinen et al., 2012). More viscous phase 

states effectively reduce the amount of aerosol mass available for equilibrium partitioning by 

restricting vapor and condensed-phase interactions to near the particle surface (for timescales 

shorter than the time to diffuse to the center of the particle). Additionally, slow intraparticle 

diffusion limits the opportunities for heterogeneous and multiphase reactions within particles. As 

previously discussed, SVOCs partition into liquid-like particles proportional to the aerosol mass 

size distribution, favoring uptake by larger particles (Figure 4.1, top right). In contrast, because 

the time scale for intraparticle diffusion is proportional to diameter squared (Dp
2), more solid-like 

phase states hinder SVOC uptake by larger particles more than by smaller ones. However, this 

does not mean that size-dependent condensation of SVOCs to solid-like particles converges to the 

Fuchs-corrected surface area limit. In these cases with semi-solid and solid-like particles the 

uptake of the small particles relative to the larger particles may be even more favorable than the 

predicted by the Fuchs-corrected-surface-area limit, but the specific details depend strongly on the 

particle-phase diffusivity (Figure 4.1, bottom right; Zaveri et al., 2014, 2018; 2022; He et al., 2021; 

2025). 

 While it is currently untenable to represent the details of aerosol size, phase state, mixing, 

and composition/chemistry, along with the appropriate vapor condensation dynamics in 3D 
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chemical transport models, studies have leveraged parameterizations to account for these 

processes. Recent work has developed parameterizations for the accommodation coefficient that 

account for the effects of particle phase state and vapor volatility on size-dependent SOA 

condensation behavior, ignoring heterogeneous and condensed-phase chemistry (Shiraiwa and 

Pöschl, 2021). The accommodation coefficient (𝛼) is used as a scalar to account for observed 

kinetic limitations of SOA condensation and evaporation on particle surfaces. Shiraiwa and Pöschl 

(2021) developed the effective accommodation coefficient (𝛼eff) that is similar to 𝛼, but accounts 

for the effective penetration depth of the condensing vapor. The 𝛼eff parameter can be incorporated 

into Fuchs-corrected SOA condensation parameterizations, thus changing the size-dependent SOA 

condensation behavior.  

 A growing number of studies have modeled aerosol phase state, viscosity, and SOA 

equilibrium timescales, while fewer studies have investigated the effects of aerosol phase state on 

aerosol size distributions. For most of the globe, SOA near the surface appears to be liquid-like, 

while SOA in dry regions and in the mid- to upper-troposphere appears to be a glassy solids (Luu 

et al., 2025; Shiraiwa et al., 2017; Zhang et al., 2024). The patterns of aerosol phase state have 

been found to align with observations, as well as the expected aerosol phase state based on chamber 

experiments (Zhang et al., 2024; Zaveri et al., 2018). Accounting for aerosol phase state and bulk-

diffusion-limited SOA condensation has led to better agreement between measured and modeled 

aerosol size distributions (Zaveri et al., 2018; He et al., 2021, 2025; Hodshire et al., 2018). 

Additionally, Zaveri et al. (2022) was able to corroborate experimental findings of diffusion-

limited SOA condensation through an analysis of aircraft data and modeling in an urban plume 

over the Amazon. Importantly, Zaveri et al. (2022) found that the size-dependence of the gas-

particle equilibration timescale was important for rapidly growing nucleation mode particles to 
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sizes at which they could act as cloud condensation nuclei (CCN). Contrarily, He et al. (2025) 

found little sensitivity of aerosol growth to prescribed aerosol phase state, perhaps due to slow gas-

phase chemistry and longer timescales for partitioning in an urban plume relative to chamber 

experiments. This body of evidence highlights the potential importance of considering the aerosol 

diffusion limitations for the evolution of aerosol size distributions, but more work is needed to 

unravel the potential implications for aerosol number, size, and climatic importance. 

Given the limited number of studies investigating the effects of diffusion-limited size-

dependent SOA condensation on aerosol size distributions in 3D models, this work aims to further 

investigate some of the implications of size-dependent condensation on aerosol number and size 

in a global and regional context. In Section 4.2, we introduce the aerosol size distribution 

measurements used in this work, along with the 3D model to represent aerosol processes in the 

atmosphere. We also discuss updates to the model incorporating an effective accommodation 

coefficient parameterization based on Shiraiwa and Pöschl (2021). In Section 4.3, we discuss the 

global changes in aerosol number, as well as changes from a regional model simulation over the 

south-central United States. This section concludes with two case studies that illustrate the impact 

of size-dependent SOA condensation on new particle formation events. In Section 4.4, we discuss 

the limitations and sources of uncertainty in this work, and in Section 4.5, we discuss the 

implications and conclusions from this work. 
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4.2. Methods  

4.2.1 Aerosol size distribution measurements 

4.2.1.1 Southern Great Plains 

Aerosol size distribution measurements were collected from the Atmospheric Radiation 

Measurement (ARM) Southern Great Plains (SGP) observatory, located in north-central 

Oklahoma (36.60°N, 97.48°W). The SGP site is primarily surrounded by agricultural land, with 

intermittent agricultural and rangeland burning, but it is influenced by air masses from a diversity 

of rural and anthropogenic origins (Liu et al., 2021; Shrivastava et al., 2024; O’Donnell et al., 

2025). Organic aerosol (OA) is a significant contributor to submicron aerosol mass at the SGP site, 

with non-trivial portions of OA attributed to biomass burning during fall, winter, and springtime 

(Parworth et al., 2015). The data used in this study span from 1 December 2018 to 1 December 

2019, in order to capture a full year of aerosol size distributions.  

The current generation of the Aerosol Observing System (AOS) has been stationed at the 

SGP observatory since November 15, 2016, and has been making semi-continuous measurements 

of particle size distributions from that time to the present. As part of the AOS, a TSI Inc. Model 

3938 scanning mobility particle sizer (SMPS) was deployed to measure particles with electrical 

mobility diameters between 10 and 500 nm across 106 size bins (Singh and Kuang, 2024). Particles 

entering the AOS SMPS system are given a known charge distribution by a bipolar aerosol charger 

(TSI Inc. Model 3077A), classified by a long column differential mobility analyzer (DMA; TSI, 

Inc. Model 3081a) based on their electrical mobility, and finally counted by a condensation particle 

counter (CPC; TSI Inc. Model 3772) at the given electrical mobility. The measurement cycle for 
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the SMPS was 5-minutes, and the sample flow was dried to a relative humidity below ~40% using 

a Nafion dryer (Perma Pure Inc. PD-07018T).  

4.2.1.2 CACTI 

 During the Cloud, Aerosol, and Complex Terrain Interactions (CACTI) field campaign the 

ARM mobile facility (AMF) was deployed at a site just to the east of the Sierras de Córdoba 

mountain range of north-central Argentina, from 1 October 2018 through 30 April 2019. Aerosol 

size distribution measurements were collected using a scanning mobility particle sizer (SMPS; 

Model 3938; Singh and Kuang, 2024). The SMPS deployed during CACTI is the same model as 

that used at the SGP observatory, therefore, refer to Section 4.2.1.1 for the details on SMPS 

operation. For this work, we use the data collected from 1 December 2018 through 1 March 2019, 

as this period overlaps with our analysis window.  

4.2.2 GEOS-Chem-TOMAS model 

To simulate aerosol size distributions from 1 December 2018 to 1 December 2019, we used 

the GEOS-Chem chemical transport model (version 14.3.0, 2024) coupled with the TwO Moment 

Aerosol Sectional (TOMAS) microphysics module (GC-TOMAS). TOMAS represents particle 

sizes from 3 nm to 10 µm across 15 size sections. We ran GC-TOMAS at 4° x 5° resolution with 

47 vertical levels driven by NASA’s Global Modeling and Assimilation Office MERRA-2 

meteorology, as well as at 0.25° x 0.3125° resolution with 47 levels (hereafter referred to as nested 

simulation) over the United States (US) midwest using GEOS Forward Processing (GEOS-FP) 

meteorology. Output from the 4° x 5° simulation serves as the boundary conditions for the nested 

simulation. The latitude and longitude bounds for the nested simulations are 110°W to 85°W and 

25°N to 45°N. All simulations were initialized using output files from pre-spun-up simulation; 
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however, we still allow for one month and two weeks of additional spin-up time prior to the 

analysis period for the 4° x 5° and 0.25° x 0.3125° simulations, respectively.  

 The TOMAS microphysics package is used to simulate size-resolved aerosol processes and 

it is set up as 13 logarithmically spaced, mass-quadrupling size sections ranging from 3 nm to 1 

µm, with two extra size sections from 1-10 µm. In each size section, the total number of particles 

is tracked, along with the mass of sulfate, hydrophilic and hydrophobic organic aerosol, internally 

and externally mixed black carbon, sea salt, dust, nitrate, ammonium, and aerosol water. TOMAS 

simulates changes in each size section due to nucleation, irreversible sulfate and SOA 

condensation (see Section 4.2.3), coagulation, primary emissions, and dry and wet deposition. 

Primary organic aerosol (POA) in GC-TOMAS is assumed to be entirely non-volatile, and SOA 

condenses using the fixed-yield approach (“simple scheme”) from Pai et al. (2020). The inorganic 

nucleation mechanisms are from Dunne et al. (2016), and the organic nucleation mechanisms are 

from Riccobono et al. (2014), with the temperature corrections from Yu et al. (2017). In previous 

work (O’Donnell et al., 2025), we found an improved model to measurement agreement when the 

organic and total inorganic nucleation rates were scaled up by 100 and 1000, respectively. These 

scaling factors are likely necessitated by the lack of representing other nucleation pathways, such 

as those involving amines (Johnson and Jen, 2023; Yu et al., 2012; Olenius et al., 2017), iodine 

(He et al., 2023; Baccarini et al., 2020), and organics (Zhao, et al., 2024; Kirkby et al., 2016, 2023). 

The scaling introduces uncertainty to our results, and, because of this, we do not draw conclusions 

about specific nucleation mechanisms. Further details of the implementation of the nucleation 

mechanisms can be found in O’Donnell et al. (2025).  

GC-TOMAS uses a variety of source-specific emission inventories for gas and aerosol 

species. The Community Emissions Data System (CEDS) provides anthropogenic emissions of 
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NOX, CO, SO2, NH3, non-methane VOCs, black carbon, and organic carbon. Biomass burning 

emissions are from the Quick-Fire Emissions Dataset (QFED) which was found to provide better 

agreement with observations at the SGP observatory (O’Donnell et al., 2025). The emissions of 

black carbon and organic aerosol are both source- and size-dependent, following Kodros and 

Pierce (2017). Sea salt emissions are temperature dependent, following Jaeglé et al. (2011), and 

emissions of dust are based on the Dust Entrainment and Deposition (DEAD) model from Zender 

et al. (2003).  

4.2.3 Phase state and the effective accommodation coefficient  

The accommodation coefficient (𝛼; 0 ≤ 𝛼 ≤ 1) is a scaling factor for the condensation and 

evaporation rates of vapors to/from particles in the kinetic size regime, and it is often used to 

account for the observed partitioning rate limitations of SOA (Shiraiwa and Pöschl, 2021, Zaveri 

et al., 2014). However, treatment of 𝛼 is generally rudimentary as it often does not have a physical 

coupling to the kinetic limitations of diffusion within the particle. The effects of particle-phase 

diffusivity on aerosol condensation are trivial for liquid-like particles that have rapid surface-bulk 

mixing timescales; however, for glassy or viscous particles, the timescale for a condensing vapor 

to mix from the surface to the interior of the particles becomes non-negligible. The effective 

accommodation coefficient (𝛼𝑒𝑓𝑓) is functionally similar to 𝛼, but it accounts for the kinetic 

limitations of diffusion within the particles. The details of deriving 𝛼𝑒𝑓𝑓 can be found in Shiraiwa 

and Pöschl (2021) and Luu et al. (2025), but we will provide an overview here including the 

necessary details and modifications for inclusion in GC-TOMAS. 
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Figure 4.2. Effective accommodation coefficient (𝛼𝑒𝑓𝑓) versus particle diameter plotted at 

different relative humidity values (colors) for the four seasons (line styles). The seasonal values 

are calculated using the seasonal average volatilities and temperature at the SGP observatory.  

 

 To estimate the glass transition temperature (i.e., the temperature at which a particle 

becomes a glassy semisolid), we use the following parameterization (Li et al., 2020): 

 𝑇𝑔 = 289.10 −  16.50 × 𝑙𝑜𝑔10(𝐶0) − 0.29 × [[𝑙𝑜𝑔10(𝐶0)]2 + 3.23 × 𝑙𝑜𝑔10(𝐶0)(𝑂: 𝐶)] (1)     

 

where 𝐶0 is the saturation mass concentration at 298 K for the pure compound, assuming that 𝐶∗ 

equals 𝐶0 with ideal mixing conditions. For this work, we assume an 𝑂: 𝐶 of 1.5 which is 

representative of a highly oxidized organic species and is typical for the majority of the troposphere 

(Aiken et al., 2008; Lambe et al., 2011), and offline calculations show that the effective 

accommodation coefficient is not very sensitive to 𝑂: 𝐶 relative to other parameters. We then 
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calculate the glass transition temperature for particles that consist of a mixture of pure organic 

compounds and water using:  

 𝑇𝑔(𝜔𝑜𝑟𝑔) = (1−𝜔𝑜𝑟𝑔)×𝑇𝑔,𝑤+(1/𝑘𝐺𝑇)×𝜔𝑜𝑟𝑔𝑇𝑔,𝑜𝑟𝑔(1−𝜔𝑜𝑟𝑔)+(1/𝑘𝐺𝑇)×𝜔𝑜𝑟𝑔       (2) 

 

where 𝑇𝑔,𝑤 is the glass transition temperature of pure water (136 K), 𝑘𝐺𝑇 is the Gordon-Taylor 

constant (2.5), and 𝜔𝑜𝑟𝑔 is the organic mass fraction of SOA. 𝜔𝑜𝑟𝑔 is calculated by:  

 

𝜔𝑜𝑟𝑔 = (1 + 𝜅𝜑𝑤𝜑𝑆𝑂𝐴((1/𝑅𝐻)−1))−1
        (3) 

 

We assume the hygroscopicity parameter (𝜅) is assumed to be 0.1 which is representative of aged 

organic species in the atmosphere (Petters and Kreidenweis, 2007; Pringle et al., 2010). Notably, 

we use a 𝜅 representative of only organic species to represent water uptake to particles, despite 

global mean 𝜅 values having been found to be significantly higher (Pringle et al., 2010; Cerully et 

al., 2015). This assumes that aerosol is entirely externally mixed, and water uptake by inorganic 

aerosol components does not affect particle phase state. This was done to maintain consistency 

with Luu et al. (2025), but this assumption will tend to lower aerosol water uptake, increase particle 

viscosity, and increase the effects of the effective accommodation coefficient. The density of water 

(𝜑𝑤) and the density of SOA (𝜑𝑆𝑂𝐴) is assumed to be 1.0 and 1.4 g cm-3, respectively.  

 In order to derive particle viscosity and diffusivity, the Vogel temperature (𝑇0) must first 

be calculated. The Vogel temperature is a hypothetical temperature at which viscosity becomes 

infinite (i.e., completely solid), and it is calculated as follows:  
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 𝑇0 = 39.17×𝑇𝑔(𝜔𝑜𝑟𝑔)𝐷 + 39.17           (4) 

 

where 𝐷 is the fragility parameter and is assumed to be 10 (DeRieux et al., 2018). We can then 

derive particle viscosity (𝜂; Pa s) using: 

 𝜂 = 𝐸𝑋𝑃 (−5 + 0.434 × 𝑇0𝐷𝑇−𝑇0)        (5) 

 

The bulk diffusion coefficient is then calculated using the Stokes-Einstein equation:  

 

𝐷𝑏 = 𝑘𝑇6𝜋𝑎𝜂𝑐 × (𝜂𝑐𝜂 )𝜉
           (6) 

 

where 𝑘 is the Boltzmann constant (𝑘 = 1.380 × 10−23 J/K), 𝜂𝑐 is the crossover viscosity (𝜂𝑐 = 1 × 10−3 Pa s), 𝑎 is the hydrodynamic radius of a diffusing species (𝑎 = 0.38 nm), and 𝜉 is an 

empirically fit parameter (𝜉 = 0.93; Evoy et al., 2019). Finally, the effective accommodation 

coefficient (𝛼eff) is derived using:  

 

𝛼𝑒𝑓𝑓 = 𝛼𝑠 11+𝛼𝑠𝜔𝐶04𝐷𝑏𝜌𝑝 ×𝑟𝑝5 ×10−12        (7) 
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where 𝛼𝑠 is the surface accommodation coefficient which we assume to be 1.0, 𝜔 is the mean 

thermal velocity (𝜔 = 2 × 104 cm s-1), 𝐶0 is the volatility of the condensing species, and 𝑟𝑝 is the 

particle radius.  

 As mentioned, GC-TOMAS uses the “simple scheme” for OA formation. In other words, 

GC-TOMAS does not explicitly resolve the volatility of either the gas-phase or condensed-phase 

organics species, therefore, we used seasonally averaged particle- and gas-phase organic 

volatilities from a GEOS-Chem simulation using the “complex OA scheme” at the SGP 

observatory (Table 1; Luu et al., 2025). Figure 4.2 shows 𝛼𝑒𝑓𝑓 versus particle diameter using the 

seasonal averages for volatility and temperature from Table 1 at different relative humidities. To 

isolate the effects of the average volatility values, Figure C1 shows 𝛼𝑒𝑓𝑓 using a constant 

temperature of 280.0 K, showing that 𝛼𝑒𝑓𝑓 is substantially higher during DJF than during the other 

seasons in part due to the higher volatility of the condensed phase (Table 1) at the reference 

temperature (300 K) leading to less size-dependence. Figure C1 illustrates that the choice of 

volatilities for particles and gases will have limited impact on our results, with the exception of 

during the DJF season. While Figure 4.2 uses the seasonal average temperature, the 𝛼𝑒𝑓𝑓 

calculation in the GC-TOMAS simulations uses the temperature and relative humidity from 

MERRA-2 and GEOS-FP in order to resolve the dominant influences on 𝛼𝑒𝑓𝑓. As mentioned, gas- 

and particle-phase volatility span many orders of magnitude, therefore, our assumption of spatially 

and temporally invariant values at 300 K for each is a limitation of this work.  
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Table 1. Seasonal average particle-phase volatility, gas-phase volatility, and temperature. The 

volatilities are at the reference temperature of 300 K. 

Season DJF MAM JJA SON 

Particle C* (300K) [µg m-3] 1.15 0.29 0.25 0.37 

Vapor C* (300K) [µg m-3] 45.73 26.69 14.64 29.63 

Tmean [K] 277.91 288.33 300.07 288.97 

 

 GC-TOMAS utilizes a fixed yield approach for irreversible OA condensation, meaning the 

amount of organic mass that will condense during a model timestep is predetermined. By 

implementing the effective accommodation coefficient, the total mass of OA being added to the 

aerosol size distribution is not being altered, rather, the sizes at which mass condenses is altered. 

This approach is fundamentally unphysical, as, for vapors with a distribution of volatilities, low-

volatility vapors will condense according to the Fuchs-corrected surface area while SVOCs will 

condense according to the mass size distribution for liquid-like particles. In other words, multiple 

regimes of SOA condensation are happening simultaneously in the real atmosphere, whereas we 

are forcing regime-specific SOA condensation for all SOA mass. This approach incorporates an 

updated parameterization of size-dependent condensation based on relative humidity, temperature, 

and assumed volatilities; however, without explicitly representing the distribution of SOA 

volatilities, we do not resolve potential spatio-temporal variation in SOA condensation driven by 

long equilibrium timescales for condensing vapors. In other words, the updated parameterization 

in GC-TOMAS includes size-dependent condensation, but that size dependent condensation may 

be occurring upwind or downwind of where it would occur if longer condensation timescales were 

allowed.  
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4.3. Results  

4.3.1 Changes in global surface level aerosol number 

 Figure 4.3 shows the global annual-mean surface percent change in the number 

concentration of particles in the 3-20, 20-80, 80-200, and 200-1000 nm diameter ranges between 

the simulation with the updated effective accommodation coefficient and the simulation with an 

accommodation coefficient of 0.65 that is constant across all sizes at all times. Figure 4.3a shows 

a global decrease in the surface level 3-20 nm size range due to decreases in NPF. The decrease in 

NPF is driven by increased coagulational losses and increased particle growth rates of small 

particles to larger sizes, in turn contributing to increases in the condensation and coagulation sinks. 

The increased particle survival is driven by the effective accommodation coefficient reducing the 

vapor sink of larger particles (Figure 4.2), thus allowing rapid growth of small particles to sizes 

where they are less likely to be scavenged by coagulation. As the freshly nucleated particles grow, 

they increase the condensation sink which then suppresses further NPF from occurring. The 

changes are especially noticeable in dry regions (e.g., Great Australian desert and southwest 

United States) where the effective accommodation coefficient has greater differences between 

small and large particles (Figure 4.2). There are significant increases in the number concentration 

of 20-80 nm particles (Figure 4.3b) due the increased particle survival into the 20-80 nm size range 

from the 3-20 nm size range. While the decreases in the concentration of the smallest particles are 

more spatially homogeneous, the increases in the 20-80 nm size range are concentrated in dry 

regions where the effects of particle phase state are the most pronounced.  
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Figure 4.3. Surface maps of the percent change of number between the updated and base 

simulations for (a) 3-20, (b) 20-80, (c) 80-200, (d) and 200-1000 nm diameter range.  

 

 The most significant percent changes in the surface annual mean number concentration are 

in the 80-200 nm size range. Similar to the 20-80 nm size range, the changes in the 80-200 nm size 

range generally correspond with the regions of low relative humidity (Figure C2); however, there 

are increases in regions with higher relative humidity that are likely due to horizontal advection or 

subsidence (discussed next). The more spatially homogeneous changes are in part due to the 80-

200 nm size range maintaining the history of enhanced growth from the 20-80 nm size range as 

the particles are advected downwind. Notably, the more homogeneous changes in the 3-20 nm size 

range are partially driven by the more homogeneous changes in the 80-200 which increase the 

coagulation sink for small particles. The substantial increase in the 80-200 nm size range is driven 

by the increased survival of freshly nucleated particles growing into this size range from the Aitken 

mode. Finally, Figure 4.3d shows the percent change in the surface level concentration of 200-
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1000 nm particles which shows substantially smaller changes than the other size ranges. Changes 

in the largest size range are buffered from changes in condensation behavior, as growth from only 

condensation into this size range takes significantly longer than other processes affecting aerosols 

in this size range (e.g., coagulation, wet deposition, and emissions).  

4.3.2 Vertical changes in global aerosol number 

While the surface changes in aerosol number shown in Figure 4.3 generally follow the 

spatial patterns of relative humidity (Figure C3), there are some changes in regions with high 

relative humidity, especially in the 80-200 nm size range, that indicate potential changes vertically 

in the atmosphere. Figure 4.4 shows zonal mean percent changes over the same time period and 

size ranges as Figure 4.3, and it shows changes principally in the mid-latitude free troposphere. 

The 3-20 nm size range (Figure 4.4a) changes are consistent with the surface plots showing a 

general decrease in small particles in the updated simulations, but the most significant decreases 

are in the descending branch of the Hadley Cell (25° to 35° N, 25° to 35° S; Hadley, 1735; Dima 

and Wallace, 2003). The subsidence regions generally have lower relative humidity (Figure C3), 

therefore, the effects of the effective accommodation coefficient are most significant in those 

regions. The 20-80 nm size range (Figure 4.4b) shows similar spatial changes as the small particles, 

but with the opposite sign. The updated effective accommodation coefficient causes increases in 

the Aitken mode number concentration, principally in the regions with large subsidence which 

partially helps to explain the changes at the surface (Figure 4.3b).  

 As with the surface changes, the most significant zonal mean changes are in the 80-200 nm 

size range, which shows a ubiquitous increase in the number of particles (Figure 4.4c). The greatest 

changes are around the lower descending branch of the Hadley Cell, likely near the top of the 

planetary boundary layer. The increases in the 80-200 nm size range also extends to the higher 
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latitudes in the upper atmosphere, corresponding to the decreases in the 3-20 nm number 

concentration in the same region. Finally, the changes in the 200-1000 nm number concentration 

are substantially lower than the other size ranges (Figure 4.4d), likely due to other processes 

driving growth into this size range (i.e., primary emissions other than aerosol condensation.  

 

Figure 4.4. Annual zonal mean percent change between the updated simulation and the base 

simulation for the 3-20 (a), 20-80 (b), 80-200 (c), and 200-1000 (d) nm diameter range. 

 

The aerosol changes in Figure 4.3 and Figure 4.4 illustrate a marked shift in the mean 

diameter of particles with some regions (e.g., southwest United States) having almost a two-fold 

increase in 80-200 nm particles in the simulation with the updated effective accommodation 
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coefficient. Additionally, the updated simulation shows a global decrease in the 3-20 nm number 

concentration, likely due to decreases in mean nucleation rates, faster growth out of the 3-20 nm 

size range, and increased coagulation sink. Nucleation rates decrease due to the greater survival of 

freshly nucleated particles to larger sizes, in turn, suppressing further nucleation from occurring. 

These results do not indicate that NPF and growth is less important for global aerosol number; 

contrarily, our results highlight that, even with a modest decrease in NPF frequency, the greater 

survival of freshly nucleated particles can create significant changes in accumulation mode 

aerosol. The changes in aerosol number are most pronounced in the dry regions of the atmosphere 

(Figure C2 and Figure C3) where the effective accommodation coefficient has the greatest size 

dependence (Figure 4.2). 

4.3.3 Seasonal changes in aerosol number 

Aerosol processes in the atmosphere, especially NPF and growth, often vary by season, 

therefore, Figure 4.5 shows the mean surface percent change in the 80-200 nm size range for the 

four meteorological seasons (winter as DJF, spring as MAM, summer as JJA, and fall as SON). 

We chose this size range as it had the greatest percent changes (Figure 4.3), and would therefore 

best highlight the seasonal changes. The greatest changes globally in the 80-200 nm number 

concentration tend to be in the shoulder seasons (MAM and SON) in the midlatitudes; however, 

there are persistent changes in all seasons that track with surface relative humidity (e.g., eastern 

China, southwest United States, and Australia; Figure C2). Notably, there are changes that do not 

track with surface relative humidity, like the changes extending off the southwest coast of Mexico, 

potentially the result of the tropical trade winds advecting enhanced number concentrations of 

particles from North America over the Pacific. The changes could also be attributed to subsidence 

in the midlatitudes. Additionally, the changes off the southeast coast of Argentina are potentially 
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the result of advection by westerly winds or vertical subsidence, especially during the MAM and 

SON seasons. 

 

 

Figure 4.5. Seasonal average maps of the percent change in the surface level number concentration 

of 80-200 nm particles between the updated simulation and the base simulation.  

 

4.3.4 Regional changes over south-central United States 

The results from the nested simulation over the United States agree with the results from 

the 4° x 5° simulation, both showing a decrease in the surface number concentration of 3-20 nm 

particles and an increase in 20-80 and 80-200 nm particles concentrations (Figure 4.6). The 

changes in the 200-1000 nm size range were substantially smaller than the other size ranges, 

therefore, we have left them out for brevity. The decrease in 3-20 nm particles is generally uniform 

across the land surface, though, the results show an increase in 3-20 nm particle concentrations 

over the Gulf of Mexico (Figure 4.6a). In the 20-80 nm size range, the changes are the most 
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significant over the western portion of the simulation domain (i.e., southern Colorado, New 

Mexico, and Northern Mexico) where the changes are in excess of 100% (Figure 4.6b). These 

regions generally have lower relative humidity (~10-40%, Figure C4) than other parts of the 

domain, therefore, the effects of the updated effective accommodation coefficient are significant. 

Finally, the 80-200 nm size range shows general increases in number concentration in the updated 

simulation (Figure 4.6c). The greatest changes are concentrated around Arkansas (US) and the 

surrounding states, with many other parts of the domain showing significant changes occurring as 

well.  

 

Figure 4.6. Seasonal average (MAM) percent change in surface level aerosol number concentration 

in the 3-20 (a), 20-80 (b), and 80-200 (c) nm diameter range. 

 

4.3.5 Comparisons with measurements 

4.3.5.1 CACTI 

 Figure 4.7a shows average aerosol size distributions from the 4° x 5° simulations, as well 

as from the SMPS measured during the CACTI campaign in Argentina. The black-dashed line 

indicates the size distribution from the SMPS showing a mean diameter of ~40.0 nm and a peak 

number concentration of ~4500 cm-3. The green line is the average size distribution from the base 
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model simulation at the AMF site during CACTI. The base model produces an average size 

distribution with a mean diameter of ~23.0 nm and a peak number concentration of ~4100 cm-3. 

Finally, the blue line is the average size distribution from the updated simulation with a mean 

diameter of ~33.0 nm and a peak number concentration of ~5000 cm-3.  

 The simulation with the updated effective accommodation coefficient shows better 

agreement in mean diameter as well as closer agreement with the number concentration between 

3 and 60 nm. However, the updated simulation overpredicts the number concentration of particles 

between 60 and 200 nm whereas the base simulation produces an average number concentration 

in that size range closer to the observations. Notably, changing the effective accommodation 

coefficient does not change the total amount of SOA mass that will condense in a given timestep, 

therefore, better model-measurement agreement could potentially be reached by scaling the total 

amount of primary SOA and SOA precursor. Additionally, errors in the model could arise due to 

the emissions inventories, deposition parameterization, as well as the lack of aqueous phase 

chemistry.  
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Figure 4.7. (a) Average aerosol size distributions from 1 December 2018 to 28 February, 2019 

from the SMPS during CACTI (black dashed line), the “base” 4° x 5° simulation (green line), and 
the 4° x 5° simulation with the updated effective accommodation coefficient (blue line). (b) 

Average aerosol size distributions from 3 March 2019 through 29 May 2019 from the SMPS at the 

SGP site (black line), the “base” 4° x 5° simulation (green line), the updated 4° x 5° simulation 
(blue line), the “base” 0.25° x 0.3125° simulation (purple line), and the updated 0.25° x 0.3125° 

simulation (gold line).  

 

4.3.5.2 Southern Great Plains 

 Figure 4.7b shows a comparison of average aerosol size distributions from four model runs 

(0.25° x 0.3125° and 4° x 5°; “base” and updated) and the SMPS observations from 3 March 2019 

through 29 May 2019. The SMPS aerosol size distribution (black dashed line) has a mode diameter 

of ~50 nm and a peak number concentration of 2800 cm-3. Both of the 4° x 5° simulations (green 

and blue lines) show a distinct bimodal distribution, but the updated simulation has substantially 

more particles in the larger mode. For the nested simulations, the “base” simulation (purple line) 

aerosol size distribution is trimodal, with peaks at ~5.5, ~30, and ~140 nm. The peak number 

concentration in each mode in the “base” nested simulation is similar to the unimodal peak in the 

observations; however, the integrated number of particles is substantially higher than the 

observations. Finally, the updated nested simulation (gold line) has a similar mean diameter as the 

observations (dry diameter, Dp ≅ 35 nm), but the total number of particles in the 20-200 nm size 

range is overpredicted.  

4.3.6 NPF event case studies at SGP 

 In order to illustrate the effects of the effective accommodation coefficient on NPF&G, we 

have chosen two representative case studies to examine. For the case studies, we are comparing 

output from the two nested simulations with SMPS data measured at the SGP observatory. 
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Notably, the model updates do not necessarily lead to improved agreement with measurements on 

all days, even with the improvements in the mean size distributions (Figure 4.7); however, we 

highlight two days (4 April and 22 May 2019) where the updated model shows better agreement 

with observations.  

4.3.6.1 NPF event on 28 April 

 Figure 4.8 shows a comparison of aerosol size distributions from the SMPS (Figure 4.8a), 

the “base” model (Figure 4.8b), and the updated model (Figure 4.8c) on 28 April 2019. The 

measurements show a new mode of particles appearing just before 12:00 CST, which grows over 

the next two hours. Around 14:00 CST, the number concentration of the growing mode rapidly 

decreases, indicating a potential shift from an air mass with NPF&G occurring to one where less 

is occurring. For the remaining several hours, new modes of particles appear and disappear in the 

20-50 nm size range, perhaps indicating that NPF&G is occurring inhomogeneously in the region. 
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Figure 4.8. (a) Aerosol size distribution measured by the SMPS at the SGP observatory on 28 April 

2019. (b) Aerosol size distribution from GC-TOMAS using a constant accommodation coefficient 

of 0.65. (c) Aerosol size distribution from GC-TOMAS using the updated effective 

accommodation coefficient. The transparent white patch on the (b) and (c) panels covers the 

portion of the size distribution not measured by the SMPS in the top panel.  

 

 The aerosol size distribution from the “base” model simulation is shown in the middle 

panel of Figure 4.8. Below ~11 nm, the size distribution is covered by a white patch to indicate the 

portions of the modeled aerosol size distribution for which there are no corresponding SMPS 

measurements. The “base” model simulation shows NPF&G starting around 9:00 CST; however, 

the particles never grow into the size range of the observations. Based on the typical categorization 

methods employed for NPF&G studies, this day would likely be categorized as a non-event day 
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(i.e., no NPF&G occurring) in the model unless measurements extended to smaller sizes, whereas 

the observations indicate a NPF&G event of some sort. The “base” model does show a NPF&G 

event where the number concentration of particles decreases rapidly after some growth, similar to 

the observations; however, the modeled NPF&G event does not grow enough compared with the 

observations. Notably, the “base” simulation does show particles appearing around ~70 nm just 

after 18:00 CST, which is consistent with the observations. 

 The bottom panel of Figure 4.8 shows the aerosol size distribution from the simulation with 

the updated effective accommodation coefficient. As with the “base” simulation, the updated 

simulation shows NPF&G starting around 9:00 CST; however, the updated simulation shows these 

particles rapidly growing to sizes larger than 11 nm by 10:00 CST. The modeled NPF&G event 

grows into the SMPS size range earlier than indicated by the observations, but the particle growth 

is more consistent with the observations. The observations indicate larger particles appearing after 

18:00 CST which is partially captured by both model simulations, but the updated model appears 

to capture the peak number concentration of the larger particles better.  

4.3.6.2 NPF event on 22 May 

 The second case study (Figure 4.9) is from 22 May 2019, where the observations (Figure 

4.9, top panel) shows a NPF&G event with seemingly continuous particle growth but with varying 

number concentrations in the growing mode. The NPF&G event initially appears in the SMPS size 

range around 9:00 CST and steadily grows until 12:00 CST. Just after 12:00 CST, the number 

concentration of the nucleation mode rapidly decreases from ~105 [cm-3] to ~104 [cm-3]. The new 

mode of particles continues to grow throughout the rest of the day. Around 22:00 CST, the number 

concentration of particles in the 30-100 nm size range increases rapidly, perhaps indicative of a 

shift to an air mass with more intense NPF&G occurring.  
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 The “base” model simulation (Figure 4.9, middle panel) also indicates NPF occurring 

around the SGP observatory; however, the event timing is delayed and the particle growth is less 

than the observations indicate. The model shows particles appearing at ~11 nm around 13:00 CST, 

whereas the SMPS shows particles appearing around 9:00 CST. It is difficult to ascertain if the 

modeled particles grow due to the lack of a clear growing aerosol mode and concurrent variation 

in the number concentration of ~20-80 nm particles. The model does show variations in the number 

of particles throughout the day, perhaps not entirely in alignment with the observations, but still 

indicative of varying aerosol processes and concentrations on this day.  

 Finally, the aerosol size distribution from the simulation with updated effective 

accommodation coefficient (Figure 4.9, lower panel) also shows particles appearing later than the 

observations, but the particle growth is more consistent with the observations. As with the “base” 

simulation, the updated model shows particles appearing in the SMPS size range around 13:00 

CST, much later than the observations (9:00 CST). The existing aerosol mode prior to the NPF 

event is shifted to larger sizes, making the new mode associated with the NPF event clearer. The 

freshly nucleated particles appear to grow around 15:00 CST, and the number concentration of the 

new aerosol mode decreases after 18:00 CST. The apparent decrease in particle number could be 

due to coagulation with the larger aerosol mode, or the decrease could be due to a shift in the air 

mass passing over the SGP site in the model. The elevated number of particles that appears around 

22:00 CST in the observations is better captured by the updated simulation, both in terms of 

number concentration and mode diameter. The particles appear well within the 30-100 nm size 

range which is consistent with the observations, whereas the particles in the “base” simulation 

appear at a smaller size.  
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Figure 4.9. (a) Aerosol size distribution measured by the SMPS at the SGP observatory on 22 May 

2019. (b) Aerosol size distribution from GC-TOMAS using a constant accommodation coefficient 

of 0.65. (c) Aerosol size distribution from GC-TOMAS using the updated effective 

accommodation coefficient. The transparent white patch on the (b) and (c) panels covers the 

portion of the size distribution not measured by the SMPS in the top panel.  

 

 The changes in the aerosol size distributions on 28 April 2019 and 22 May 2019 between 

the “base” simulation to the updated simulation are consistent with the changes globally and 

regionally (Figure 4.3, Figure 4.6). Freshly nucleated particles appear to grow more rapidly to 

larger sizes in the updated simulation. The overall duration and number concentration of the 

nucleation events are decreased, but the particles that are formed are more likely to grow and 

increase the number concentration of larger particles. The Aitken and accumulation modes (i.e., 
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larger particles) have higher number concentrations of particles, again consistent with the changes 

seen in the global simulation over the US (Figure 4.6). The updated model appears to improve the 

representation of aerosol size distributions, both in the mean and for specific NPF events; however, 

further work is needed to better understand the processes and assumptions that lead to better 

agreement with observations in the model. Section 4.4 outlines the principal uncertainties in this 

work, as well as discussion on the implications of various assumptions on the results.  

4.4. Uncertainties and Discussion 

Organic volatility: The greatest uncertainty in the changes in global aerosol number are 

from the assumptions made in the effective accommodation coefficient, principally the use of 

average volatilities for the condensed- and vapor-phase derived at the SGP site for global 

simulations. Condensed- and vapor-phase volatilities [µg m-3] span many orders of magnitude 

(~10-5 - 105 µg m-3), therefore, the effective accommodation coefficient parameterization will not 

capture the specific size dependent condensation behavior for organic species with differing 

volatilities. The volatilities used in this work should capture the mean condensation behavior of 

SOA, but this assumption will break down in regions where the mean volatility of organic species 

is substantially different than SGP. Notably, the greatest changes in aerosol number concentration 

were generally in the midlatitudes where the SGP values will likely be the most representative. 

The current configuration of GC-TOMAS does not resolve the volatility of organic species, but 

this is something that should be explored in the future.  

Aerosol hygroscopicity: While we do use constant volatilities, the effective 

accommodation coefficient is principally dependent on the ambient relative humidity, as water 

uptake to the aerosol particles drives changes in particle phase state. With this, we assume a 

constant value of 0.1 for the organic hygroscopicity parameter (𝜿), which dictates the assumed 
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water uptake in the effective accommodation coefficient parameterization. Currently, we do not 

consider water uptake by inorganic species (e.g., sulfate) in aerosol, which often have higher values 

of 𝜿. This assumes that aerosol particles are externally mixed, and this will tend to make particles 

more solid-like due to less water uptake. The value of 𝜿 for organic species varies globally (Pringle 

et al., 2010; Cerully et al., 2015), and our assumption of a 𝜿 representative of organic species for 

all aerosol is a limitation. Assuming 𝜿=0.1 will lead to less water uptake by the aerosol than a 

higher 𝜿 that might be more representative of a mixture of aerosol. The lower 𝜿 will lead to less 

water uptake, making the particles more solid-like, thus increasing the effects of the effective 

accommodation coefficient on aerosol condensation. Luu et al. (2024) tested changing 𝜿 by ±50% 

and found T/Tg changed by ~5% and ~10% for increasing and decreasing 𝜿, respectively. Future 

work should test the assumption of externally mixed aerosol, and include spatially varying 𝜿 values 

in order to better resolve water uptake and phase state of aerosol.  

Nucleation mechanisms: Another source of uncertainty in this work is associated with the 

limitations of the nucleation mechanisms in GC-TOMAS. We include the inorganic nucleation 

mechanisms from Dunne et al. (2016) and the organic-sulfuric acid mechanism from Riccobono 

et al. (2014), but other nucleation mechanisms have been found to be important in certain 

environments (Zhao et al., 2024). Additionally, the scaling of the total inorganic (1000x) and 

organic-sulfuric acid (100x) nucleation rates is potentially necessitated by not resolving other 

nucleation mechanisms; however, the scaling could also be necessary for the given model 

architecture. Given the nucleation mechanisms and scaling used in this work, we do not make 

conclusions about specific nucleation mechanisms. Similar work in the future will benefit from 

the inclusion of other nucleation mechanisms in order to resolve potential changes throughout the 

atmosphere.  
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 The assumptions and associated uncertainties discussed in this section ultimately limit the 

robustness of our conclusions; however, this work still illustrates a novel approach of including 

aerosol phase state parameterization into a 3D chemistry-aerosol model. The precise changes in 

the aerosol size distribution over short periods of time at specific locations are likely not well 

represented. The general shifts in the size distributions (Figure 4.7) as well as the global changes 

in number concentration (Figure 4.3) align with the theories of kinetically and phase state limited 

SOA condensation, and future work will do well to explore the many implications of these 

processes on aerosol populations.  

4.5. Conclusions 

In this work, we present an analysis of global and regional (south-central U.S.) aerosol 

number and size distributions using a size-dependent SOA condensation parameterization that 

accounts for kinetic diffusion limitations in aerosol particles using the GC-TOMAS model. We 

test the effects of this parameterization on seasonally averaged global aerosol number as well as 

regional aerosol concentrations over the United States. We also analyze two representative case 

studies of days where NPF occurs in order to illustrate the effects of the phase state and size-

dependent SOA condensation on the growth of freshly nucleated particles.  

Using the updated effective accommodation coefficient resulted in increases in the 20-80 

nm size range in dry regions, where particles are more likely to be solid-like. Global mean surface 

concentrations in the 3-20 and 80-200 nm size ranges show more homogeneous decreases and 

increases, respectively, with the largest changes again occurring in dry regions. The increases in 

the 80-200 nm size range reflect the persistence of earlier growth in the smaller size ranges (Dp < 

80 nm) as the particles advect downwind. These increases increase the coagulation sink for smaller 

particles, contributing to the more uniform decrease in the 3-20 nm size range. Surface changes in 
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the 200-1000 nm size range are generally small, as this size range is more affected by other 

processes than NPF&G. The most significant surface changes occur during the MAM and SON 

seasons. Zonally averaged changes align with the changes seen at the surface, but the most 

significant changes occur in regions of large-scale subsidence.  

The changes in the nested simulation over the United States align with the changes seen in 

the 4° x 5°. The reduction in the 3-20 nm size range is relatively uniform, while the increase in the 

20-80 nm size range is most significant over the western portion of the simulation domain. The 

substantial increase in the 20-80 nm size range is likely due to the lower relative humidity and 

lower temperatures at higher elevations. The 80-200 nm size range shows more uniform increases 

across the U.S.  

 When compared to observations, the updated simulations capture the mean aerosol size 

distribution diameter better than the base simulation. The base 4° x 5° GC-TOMAS simulation 

underpredicted the mean diameter of particles during the CACTI campaign in DJF, but the updated 

simulation better agrees with the observations in this regard. The base 0.25° x 0.3125° simulation 

greatly overpredicted the mean number concentration of nucleation mode particles at the SGP 

observatory during MAM, while the updated model, again, shows better agreement in terms of 

mean diameter. GC-TOMAS shows discrepancies with total number in different size ranges, but 

the mean particle growth appears to be improved. The two case studies show that the updated 

model simulation produces particle growth in better alignment with the observations, both in terms 

of the growing nucleation mode as well as the larger diameter modes.  

Considering aerosol phase state can improve model representation of aerosol particle 

growth and production of climate relevant particles. While this work presents an analysis of a 

diffusion-limited SOA condensation parameterization on aerosol number and size distributions, 
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there are many future research avenues to explore. Principally, there are many assumptions in this 

work, such as spatially and temporally constant volatilities and assumed organic hygroscopicity, 

that can be addressed with further sensitivity simulations. Furthermore, there are many other 

potential influences on size-dependent particle growth that can constructively or destructively 

interact with the effects of phase state presented here, such as condensed-phase reactions, gas and 

aerosol volatility distributions, non-ideal aerosol water uptake, aerosol hygroscopicity, aerosol 

mixing state, and organic oxidation state. Future work should endeavor to explore the impacts and 

interactions of these processes on aerosol formation and growth in the atmosphere.  
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 

 

 Motivated by the uncertainty associated with aerosol effects on the global radiation budget, 

this dissertation endeavors to better constrain the processes of NPF&G in the atmosphere. To that 

end, this work ranges from using a semi-explicit chemistry and aerosol box model to investigate 

details of early particle growth from different VOCs, to using a 3D chemical transport model to 

better understand and interpret how NPF&G events are observed in the atmosphere. From this 

work, we find the majority of undefined-NPF events at the SGP observatory can be explained as 

spatially inhomogeneous NPF&G (Chapter 2), the VOCs contributing to potential secondary 

aerosol processes in the CAGE chamber are primarily anthropogenic (Chapter 3), and including 

size-dependent vapor condensation based on aerosol phase state improves the representation of 

aerosol size distributions at several sites around the globe (Chapter 4).  

 

Chapter 2 summary: We used a 3D chemical transport model with online aerosol 

microphysics, along with a Lagrangian parcel model, to look at NPF&G events from two 

perspectives: (1) stationary (Eulerian), and (2) following the wind flow (Lagrangian). While 

previous work has investigated peculiar growth patterns of NPF events (Hakala et al., 2023; Salma 

et al., 2016) using box models, no approach includes interpolating aerosol size distributions along 

Lagrangian trajectories to understand NPF&G events. We find that the majority of undefined/class 

II events (i.e., events with some NPF occurring, but particle growth or number vary greatly in 

time) can be explained from the Lagrangian perspective, highlighting the plume-like nature of 

NPF&G events. Given the substantial number of undefined/class II NPF events that occur at many 
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sites, this work provides a potential avenue for better understanding how these events occur, as 

well as provide the means to derive meaningful statistics from previously unanalyzable data. 

Chapter 2 future work: There are many potential applications of the Eulerian versus 

Lagrangian comparison framework within 3D models, both for the understanding of NPF&G 

events and other aerosol and chemistry related problems. For NPF&G, this framework is 

particularly promising for investigating the condensation and evaporation dynamics of particles 

and how those microphysical processes manifest in stationary observations. While it seems as 

though particle shrinkage events can be explained simply through spatial inhomogeneities (Hakala 

et al., 2023), future work should also focus on how SOA partitioning dynamics influence stationary 

observations. Additionally, given the task of interpreting real-world observations, an exciting 

opportunity exists to leverage machine learning (ML) techniques to train an ML model on size 

distribution output from a 3D model, with the goal of interpreting real-world size distribution 

observations. Such an approach would depend greatly on the skill of the 3D model used for 

training, but the potential gains for interpreting stationary size distribution measurements are great, 

especially for sites close to emissions sources where clear NPF&G events are rare. Finally, this 

approach can be leveraged to understand how representative an observational site is of the 

surrounding area. Future work should utilize this framework to characterize existing observation 

sites as well as future ones. 

 

Chapter 3 summary: In this chapter, a box model with semi-explicit gas-phase chemistry, 

SOA partitioning thermodynamics, and aerosol microphysics, was used to characterize a novel 

environmental chamber in Houston Texas during the TRACER campaign. The CAGE chamber 

filters out ambient particles, allowing only gases to diffuse into the reactor chamber, therefore, the 
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conditions under which particles form in the chamber are known. The model used in this work was 

able to produce similar NPF&G events to the ones observed in the chamber, and the model shows 

most of the SOA in the chamber is derived from anthropogenic VOC oxidation products. This 

work included many sensitivity tests due to limited observational constraints, and because of this, 

this work explores many aspects of the CAGE chamber system. While the condensation sink (CS) 

in the ambient atmosphere plays a critical role in determining the strength of NPF&G, particle and 

vapor wall losses, in addition to instrument sampling, in the chamber are critical for shaping the 

aerosol size distribution.  

Chapter 3 future work: While the findings from Chapter 3 are relatively limited in their 

applicability to the ambient atmosphere, there are ways to utilize semi-ambient chambers and 

modeling to further target specific processes relevant to the real atmosphere. Specifically, the use 

of two identical chambers (Sirmollo et al., 2021; Zhu et al., 2025; Aktypis et al., 2024) at the same 

site allows for more targeted perturbations of either injected particles or vapors into one chamber 

to better understand the sensitivity of aerosol processes to the production rate of condensable 

vapors or CS. Additionally, semi-ambient chambers that filter out ambient particles could be useful 

for characterizing the potential sources of secondary aerosol in urban environments as particle 

loading decreases due to energy transitions. While modeling semi-ambient environmental 

chambers can be difficult due to the lack of constraints, the utilization of such modeling is 

potentially impactful as a means to bridge the gap between more controlled chemistry and aerosol 

chamber experiments and the real atmosphere.  

 

Chapter 4 summary: Given the increasing recognition of the intraparticle diffusion effects 

on the size-dependent condensation of SVOCs, this chapter investigates modeling size-dependent 
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condensation effects on global and regional aerosol number and size, as well as the effects on 

NPF&G events. While we make several simplifying assumptions in this work, the updated model 

simulation shows substantial increases in the concentration of 20-80 nm particles in regions where 

particles are expected to have solid-like phase states. Additionally, there are more uniform 

decreases and increases in the 3-20 nm and 80-200 nm size range as a result of increased survival 

of small particles leading to an overall increase in the coagulation sink. Size distributions from 

simulations with size-dependent condensation updates show improvement when compared to 

average size distributions from south-central United States and north-central Argentina. This work 

is a preliminary approach to understanding the effects of aerosol phase state on global aerosol 

number, CCN concentrations, and NPF&G events.  

Chapter 4 future work: With a modest investment in model updates, the approach presented 

in Chapter 4 can be improved to be more physically consistent. As discussed, GC-TOMAS does 

not resolve the volatility of condensing vapors. While implementing a full volatility distribution 

for SOA is likely computationally prohibitive in a large-scale 3D model, a simplified approach is 

likely reasonable, such as an assumed 50/50% split between nonvolatile and SVOC species or a 

reduced volatility distribution with ~3-4 representative vapor pressure bins. Beyond model 

updates, future research can further explore the implications of particle phase state on global CCN 

production and cloud-droplet activation. Additionally, given that Earth’s poles have and will warm 

more than the midlatitudes and tropics, investigating the potential changes on aerosol phase state 

in these regions could be meaningful. Higher temperature and relative humidity favors less viscous 

particles, therefore, investigating changes in aerosol phase state due to potential changes in 

temperature and relative humidity could be of interest from a climate perspective.  
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Broader future work: There is no realistic scenario in which aerosol particles in the 

atmosphere will cease to form through the process of NPF&G. Given this, future research on 

NPF&G in the atmosphere can be guided by questions: Where? How? and What?  

Where refers to the need for research in understudied regions where NPF&G is less well 

understood, such as the upper planetary boundary layer and troposphere, the marine boundary 

layer, and tropical environments. As shown in this work, the spatial extent of NPF&G events, both 

horizontally and vertically, are poorly understood, underscoring the need to map NPF&G events 

in both space and time. Integrating observations from multiple platforms (e.g., ground-based, 

airborne, and ship) into models will be essential in this effort.  

 How pertains to the need for research investigating the detailed mechanisms of 

multicomponent NPF and particle growth. Given the potential for synergistic interactions between 

multiple precursor vapors during particle formation (Wang et al., 2022), further investigation into 

these interactions is warranted. Additionally, as discussed in this dissertation, understanding the 

effects of particle phase state on the aerosol lifecycle and size distribution is of great importance 

for assessing both climate and human health related impacts.  

 What addresses the question, “so what?” - why do the aforementioned processes matter 

and what are their broader impacts? For air quality, this may look like investigating the impacts of 

NPF&G on air pollution and human health in urban environments. For climate, this may take shape 

as characterizing parametric and structural uncertainty within climate models to understand how 

the envelope of uncertainties in aerosol processes propagate in climate predictions. Fundamentally, 

scientific discovery requires us to ask whether the findings made from addressing the where and 

how are impactful to the Earth system. As scientists, we often focus on the where and how, 

justified by the what, but it is equally important to periodically step back and reexamine the what.  
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APPENDIX A 

 

SUPPLEMENT TO: GOING OFF GRID: A COMPARATIVE STUDY OF THE 

LAGRANGIAN AND EULERIAN PERSPECTIVES OF NEW PARTICLE FORMATION 

EVENTS 
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Figure A1. Comparison between the modeled organic and sulfate aerosol mass with the aerosol 

mass measured by the ACSM at the SGP site. Modeled organic aerosol mass is shown by the 

green dashed line and the modeled sulfate mass is shown by the red dashed line. The organic 

aerosol mass measured by the ACSM is shown by the solid green line and the sulfate mass 

measured by the ACSM is shown by the solid red line. 
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Figure A2. Size dependent accommodation coefficient based on Shiraiwa and Pöschl (2021) for 

a condensing species with a volatility of 1.0 µg m-3 and a particle phase diffusivity of 1.0x10-15 

m2 s-1.  
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Figure A3. Comparison of the modeled hourly averaged total number concentration between the 

surface and an altitude of 250 m. The dashed-black lines indicate the 2:1, 1:1, and 1:2 lines.  
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Figure A4. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 6 May 2019. The ensemble forward and backward trajectories were initialized at 

9:00 CDT indicated by the blue vertical line.  
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Figure A5. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 6 May 2019. The ensemble forward and backward trajectories were initialized at 

15:00 CDT indicated by the pink vertical line.  
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Figure A6. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 6 May 2019. The ensemble forward and backward trajectories were initialized at 

21:00 CDT indicated by the green vertical line.  
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Figure A7. Stationary modeled aerosol size distributions from Dallas, TX (a) and Houston, TX 

(b) on 6 May 2019.  
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Figure A8. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 15 April 2019. The ensemble forward and backward trajectories were initialized at 

9:00 CDT indicated by the blue vertical line.  
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Figure A9. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 15 April 2019. The ensemble forward and backward trajectories were initialized at 

15:00 CDT indicated by the pink vertical line. 



 

186 

 

 
Figure A10. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 15 April 2019. The ensemble forward and backward trajectories were initialized at 

21:00 CDT indicated by the green vertical line. 
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Figure A11. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 13 April 2019. The ensemble forward and backward trajectories were initialized at 

9:00 CDT indicated by the blue vertical line. 
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Figure A12. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 13 April 2019. The ensemble forward and backward trajectories were initialized at 

15:00 CDT indicated by the pink vertical line. 
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Figure A13. Modeled aerosol size distributions interpolated along the 27 ensemble HYSPLIT 

trajectories on 13 April 2019. The ensemble forward and backward trajectories were initialized at 

21:00 CDT indicated by the green vertical line. 
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Figure A14. Condensation sink comparison between the SMPS data at the SGP site and the GC-

TOMAS model in the SGP grid box.  
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Figure A15. Daily average surface winds at the SGP site on 6 May 2019.  
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Figure A16. Maps of the 3-22 nm particle number concentration and HYSPLIT trajectories every 

3 h on 6 May 2019.  
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Figure A17. Daily average surface winds at the SGP site on 15 April 2019.  
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Figure A18. Maps of the 3-22 nm particle number concentration and HYSPLIT trajectories every 

3 h on 15 April 2019. 
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Figure A19. Daily average surface winds at the SGP site on 13 April 2019.  
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Figure A20. Maps of the 3-22 nm particle number concentration and HYSPLIT trajectories every 

3 h on 13 April 2019. 
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APPENDIX B 

 

SUPPLEMENT TO: PROBING THE POTENTIAL DRIVERS OF NEW PARTICLE 

FORMATION AND GROWTH DURING TRACER IN HOUSTON, TX 
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Supplemental Text: 

 

Simple theory of gas-aerosol partitioning in CAGE chamber 

 

The following equations are used to derive the gas/aerosol ratio in the CAGE chamber (see 

Figure B2).  

 𝑑𝐴𝑑𝑡 = 𝐺𝜏𝐶𝑆 − 𝐴𝜏𝑝𝑤𝑙 − 𝐴𝜏𝑖𝑛𝑠𝑡 ≈ 0         (1) 

Where 𝐺 is the mass of low volatility gas in the chamber, 𝐴 is the aerosol mass, 𝜏𝑖𝑛𝑠𝑡 is the 

aerosol loss timescale from instruments, 𝜏𝑝𝑤𝑙 is the timescale for particle wall losses, and 𝜏𝐶𝑆 is 

the timescale for condensation.  

 

 𝐺𝐴 = 𝜏𝐶𝑆 ( 1𝜏𝑝𝑤𝑙 + 1𝜏𝑖𝑛𝑠𝑡)         (2) 

 

 

OH Proxy 

Stevens et al. 2012: 

 𝑥 = 𝑙𝑜𝑔([𝑁𝑂𝑥]) − 0.195          (3) 𝑦 = 𝑑𝑠𝑤𝑟𝑓𝑆0⋅𝑇             (4) 

 

Where [𝑁𝑂𝑥] is the mixing ratio of NOx in ppb, dswrf is the downward shortwave radiation flux 

[W m-2], 𝑆0 is the solar constant at the top of the atmosphere (1370 W m-2), T is the assumed 

transmittance of a clear atmosphere (0.76).  

 𝑃1 =  −0.014𝑥6 + 0.0027𝑥5 + 0.1713𝑥4 − 0.0466𝑥3 − 0.7893𝑥2 − 0.1739𝑥 + 6.9414       (5) 

 𝑃2 = (−1345𝑦3 + 4002𝑦2 − 471.8𝑦 + 42.72) × 104      (6) 

 

Where P1 and P2 are polynomial fits based on NOx and shortwave radiation. Finally, the OH 

concentration is calculated from the following:  

 [𝑂𝐻] = 0.82 ⋅ 10𝑃1×𝑙𝑜𝑔(𝑃2)/6.8    [𝑚𝑜𝑙𝑒𝑐/𝑐𝑚3]      (7) 
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Pietikäinen et al. 2014: 

 

During the day, the OH concentration is calculated as follows: 

 [𝑂𝐻] = 3081.0 ⋅ (𝑆𝑊𝐹 ↓)0.8397     [day time]      (8) 

  

Where [𝑂𝐻] is in [molecules cm-3] and 𝑆𝑊𝐹 is the downward shortwave flux [W m-2].  

 [𝑂𝐻] = 6.033 × 104    [night time]        (9)  

 
This work: 𝑋 = 3081.0 ⋅ (𝑆𝑊𝐹 ↓)0.8397         (10) [𝑂𝐻]  =  𝑋 +  10 ⋅ (𝑋 − 6.033 × 104 )       [day time]     (11) [𝑂𝐻] = 2.67 × 105          [night time]       (11) 

 𝑋 is the OH concentration directly from Pietikäinen et al., (2014), and Eqn. 11 scales the OH 

concentration up to be of a similar magnitude to the OH concentration from the Stevens et al., 

(2012) proxy. The goal was to have OH concentrations be of a similar magnitude to the Stevens 

et al., (2012), but with the functional response as the Pietikäinen et al., (2014) proxy. 
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Figures: 

 

 
Figure B1. Schematic representation of the CAGE chamber. Processes that are not continuous in 

time are indicated with a * and italics.  
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Figure B2. Modeled aerosol size distributions from tests scaling the total nucleation rate. The top 

panel shows the results from scaling nucleation by 10.0, the middle panel shows scaling 

nucleation by 100.0, and the bottom panel shows scaling nucleation by 1000.0.  
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Figure B3. Size dependent particle wall loss rates derived for the CAGE chamber. The black line 

is the curve used in the base simulations, and the blue curves are sensitivity cases where wall loss 

rates are scaled up and down by 2.  
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Figure B4. Modeled aerosol size distributions from sensitivity simulations where we perturbed 

the vapor and particle wall loss rates and the nucleation rate scalar.  
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Figure B5. Comparison of shortwave radiation (x-axis) and hydroxyl radical concentrations (OH) 

(y-axis) from three proxy calculations. The blue line represents the OH concentration derived 

from the Stevens et al., (2012) proxy with NOx concentrations set to 5 [ppb]. The orange line 

represents the OH concentration derived from the Pietikainen et al., (2014) proxy. Finally, the 

green line represents the OH proxy used in this work.  
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Figure B6. Modeled aerosol size distributions from sensitivity simulations perturbing the 

hydroxyl radical (OH) and nucleation rate scalar.  
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Figure B7. Aerosol size distribution measured in the CAGE chamber during the entire TRACER-

UFI campaign.  
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Figure B8. (a) Aerosol size distribution from the SMPS on August 6. (b) CHO, (c) CHON, (d) 

CHONS, and (e) CHOS classes separated by DBE greater than 4 (aromatic) and less than 4 

(aliphatic).   
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Figure B9. Time series of the ratio of mass in the gas-phase to mass in the condensed-phase. The 

black line indicates the ratio for organic species with a saturation vapor pressure below 10-3 [µg 

m-3], the red line represents the gas/aerosol ratio of sulfuric acid and sulfate, and the green line 

represents the gas/aerosol ratio derived using Equation 2. The times of aerosol injections are 

shaded in light gray. (b) Time series of the different timescales affecting the gas/aerosol ratio.  
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Figure B10. Time series of total aerosol mass (organic and inorganic) from the “base” simulation 
(dark blue line) and from the simulation with vapor and particle wall losses off (light blue line). 

The difference in total mass between the two simulations is indicated by the black line.  
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VOC class ΔLVP P1 P2 P3 P4 mFRAG kOH 

benzene 1.582 0.075 0.004 0.899 0.022 0.845 1.22✕10-12 

toluene 1.550 0.003 0.001 0.996 0.001 0.263 5.63✕10-12 

xylenes 1.571 0.296 0.323 0.350 0.031 0.080 2.31✕10-11 

isoprene 2.245 0.576 0.053 0.356 0.016 0.015 1.00✕10-10 

ɑ-pinene 1.503 0.454 0.251 0.247 0.048 0.236 5.23✕10-11 

Table B1. We use the high NOX parameters from Bilsback et al. (2023), accounting for various 

chamber artifacts (PWL+V2PWL+VWL in Bilsback et al., 2022). See section 3.2.2.2 in the main 

text for descriptions of each parameter.  
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APPENDIX C 

 

SUPPLEMENT TO: EFFECTS OF AEROSOL PHASE-STATE ON NEW PARTICLE 

FORMATION AND GLOBAL AEROSOL CONCENTRATIONS 
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Figure C1. Effective accommodation coefficient (𝛼𝑒𝑓𝑓) versus particle diameter plotted at 

different relative humidity values (colors) for the four seasons (line styles), but calculated at 

280.0 K instead of the seasonally averaged temperature.  
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Figure C2. Mean seasonal relative humidity at the surface.  

 

 
Figure C3. Zonal mean seasonal relative humidity.  
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Figure C4. top panel: Mean surface relative humidity during MAM. bottom panel: Mean surface 

temperature during MAM.  

 


