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ABSTRACT 
 
 
 

LOOK UP: PROBING THE VERTICAL PROFILE OF NEW PARTICLE FORMATION AND 

GROWTH IN THE PLANETARY BOUNDARY LAYER WITH MODELS AND 

OBSERVATIONS 

 

The processes of new particle formation (NPF) and growth are important contributors to 

cloud condensation nuclei (CCN) concentrations, and CCN are important for climate from their 

impact on planetary radiative forcing. While the general ubiquity and importance of NPF is 

understood, the vertical extent and governing mechanisms of NPF and growth in the lower 

troposphere are uncertain. We present a two-part analysis of the vertical profile of NPF during the 

HI-SCALE field campaign at the Southern Great Plains observatory in Oklahoma, USA. Firstly, 

we analyzed airborne and ground-based observations of four NPF events. Secondly, we used a 

column aerosol chemistry and microphysics model, along with the observations, to probe factors 

that influence the vertical profile of NPF. During HI-SCALE, we found several instances of 

enhanced NPF occurring several hundred meters above the surface; however, the spatio-temporal 

characteristics of the observed NPF made comparisons between airborne- and ground-based 

observations difficult. For six unique events, the model represented the observed NPF (or lack of 

NPF) and particle growth at the surface to within 10 nm. The model predicted enhanced NPF rates 

in the upper mixed layer, and this enhancement is primarily due to the temperature dependence in 

the NPF schemes. The simulations were sensitive to the initial vertical profile of gas-phase species 

from HI-SCALE, such that vertical mixing in the model either enhanced or suppressed NPF rates, 

aerosol number concentrations, and particle growth rates at the surface. Finally, our analysis 
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provides insights for future field campaigns and modeling efforts investigating the vertical profile 

of NPF.  
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CHAPTER 1 

 

 

INTRODUCTION 
 

Aerosol particles exert considerable influence on global climate through direct and indirect 

radiative forcing. Aerosol particles absorb and scatter shortwave-solar radiation, in turn having a 

direct influence on local and global planetary insolation (Charlson et al., 1992; Myhre et al., 2013). 

Additionally, aerosol particles with diameters (Dp) larger than ~50 nm can act as cloud 

condensation nuclei (CCN), the particles on which cloud droplets form, with more hydrophilic 

particles at the same size activating to cloud droplets more readily. Hence, CCN number 

concentrations directly influence the cloud droplet number concentration, subsequently altering 

cloud albedo, lifetime, frequency, precipitation efficiency, and development (Twomey, 1974; 

Albrecht, 1989; Gryspeerdt et al., 2014; Rosenfeld et al., 2014; Clement et al., 2009; Stevens and 

Feingold, 2009). The cumulative effects of aerosol particles, both direct and indirect, on climate 

remains one of the largest uncertainties in past and future climate estimates, driving the need to 

better understand the processes that influence these aerosol forcings (Boucher et al., 2013). 

New particle formation (NPF) is the formation of sub-nanometer particles from low-

volatility vapors and is the largest source of particle number in the atmosphere (Seinfeld and 

Pandis, 2016; Kulmala et al., 2004, 1998; Kulmala and Kerminen, 2008). To survive to reach 

climate-relevant sizes, these freshly nucleated particles with diameters ~1 nm must grow, primarily 

through condensation of low-volatility gases, to larger sizes where the rate of coagulational 

scavenging by existing particles is lower (Pierce and Adams, 2007; Wang et al., 2020). NPF events 

generally last for several hours with subsequent growth happening over subsequent hours to days 

(Kulmala et al., 2004; Kerminen et al., 2018; Pierce et al., 2012). This process of NPF and growth 

occurs in many locations throughout the lower and upper troposphere and has been estimated to 
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contribute a substantial fraction of the global average low-cloud-level CCN in the present-day (38-

66%) and pre-industrial (44-84%) atmospheres (Gordon et al., 2017; Pierce and Adams, 2009c; 

Dunne et al., 2016). Lower-tropospheric NPF events can take place over vastly different spatial 

scales ranging from localized plumes spanning several hundred meters, to regional events that take 

place over tens to hundreds of kilometers (Kerminen et al., 2018; Kulmala et al., 2004; Stevens 

and Pierce, 2014). The temporal frequency of NPF events also vary on annual (e.g., the seasonal 

cycles of precursor vapors and sinks) to hourly (e.g., changes in vapor sources and vapor/particle 

sinks that determine the length of NPF events) scales, thus creating a two-fold problem of scale 

when trying to create representative models for NPF and growth that will work in a diversity of 

environments in atmospheric models (Lee et al., 2019). 

While precise mechanistic descriptions of NPF are still uncertain, there are many 

theoretical and semi-empirical mechanisms describing NPF in the troposphere (Dunne et al., 2016; 

Riccobono et al., 2014; Lehtipalo et al., 2018; Lee et al., 2019). In most tropospheric environments, 

these mechanisms depend on sulfuric acid and one or more of ammonia, amines, water vapor, and 

certain organic species. In virtually all cases, lower temperature is more favorable for particle 

nucleation. Sulfuric acid has been recognized as a key component for stabilizing molecular clusters 

and early particle growth due to its low saturation vapor pressure and affinity for reaction with 

base compounds such as ammonia and amines to form salts (e.g., Ball et al., 1999). Along with 

sulfuric acid, recent studies have emphasized the importance of low-volatility and highly 

oxygenated organic molecules (HOMs) for their role in NPF and early particle growth (Bianchi et 

al., 2019). Studies using the European Council for Nuclear Research’s Cosmics Leaving OUtdoor 

Droplets (CLOUD) chamber have found that the HOMs can cluster efficiently with sulfuric acid 

under atmospheric conditions, which could help explain observed NPF in the boreal environment 
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(Tröstl et al., 2016). Additionally, Kirkby et al. (2016) found HOMs alone could form stable 

clusters under atmospheric conditions; however, the role of pure organic NPF in the atmosphere 

is still highly uncertain given the multitude of organic and inorganic species participating in NPF 

as well as the presence of non-trivial sulfuric acid concentrations in much of the present-day 

troposphere. Water vapor or relative humidity (RH) also plays a role in stabilizing reactions with 

sulfuric acid, especially in the absence of bases and organics (Dunne et al., 2016; Lee et al., 2019; 

Yu et al., 2017b). The sulfuric acid-water NPF can be an important mechanism in cold regions 

with lower concentrations of bases and organic species (e.g. upper troposphere). Finally, aerosol 

particle-phase diffusivity can affect the growth rate of particles by changing the equilibrium 

partitioning timescale for condensing mass. Several studies have found that treating particles as 

semi-solid leads to faster growth of nucleation mode particles due to the squared-radius 

dependence of internal mixing and, thus, equilibrium partitioning (He et al., 2021; Zaveri et al., 

2014, 2018).  

The most comprehensive observations of NPF events have been made at the surface, which 

is likely representative of the lower mixed layer (mixed layer: lower 0-2 km of the troposphere 

that is well-mixed due to free convection or mechanical turbulence; Figure 1). However, many 

studies have found NPF to occur at various levels between the surface and several km in altitude, 

including the top of the mixed layer and within the residual layer (residual layer: the region 

between the top of the currently developing mixed layer and the top of the previous-days’ mixed 

layer; Figure 1). Further, studies have also focused on NPF in the upper troposphere (Park et al., 

2021; Rose et al., 2017; Bianchi et al., 2016; Zhao et al., 2020), ~10 km and higher, but we will 

not focus on this NPF in this manuscript. Nilsson et al. (2001) found NPF events observed at the 

surface to be highly correlated with the rapid development of the mixed layer during the day, thus 
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pointing to several potential mechanisms for mixed layer-NPF interactions, namely (Figure 1): (1) 

entrainment of particles formed by NPF in the residual layer into the mixed layer; (2) mixing of 

NPF precursors between the residual layer and the mixed layer; (3) mixing of convective parcels 

in the mixed layer with adiabatic cooling during lifting leading to enhanced NPF; (4) decreases in 

existing aerosol concentrations in the mixed layer due to entrainment of cleaner air from the 

residual layer, thus leading to reduced coagulation and condensation sinks and enhanced NPF and 

growth. Since Nilsson et al. (2001), studies have utilized airborne measurement platforms and 

found NPF occurring at various levels within the mixed layer and often near the top of the mixed 

layer (e.g. Wehner et al., 2007, 2010; Schobesberger et al., 2013; Chen et al., 2018; Platis et al., 

2016; Leino et al., 2019; Nikandrova et al., 2018; Lampilahti et al., 2021a, 2021b; Qi et al., 2019, 

Boulon et al., 2011). These enhancements are still thought to be a result of the mechanisms (1)-(4) 

from Nilsson et al (2001); however, the exact influence of each mechanism is uncertain, and the 

influence of additional factors, such as temperature and chemistry, are not fully understood. Figure 

1 summarizes mechanisms (1)-(4) above, in addition to highlighting the potential influences of 

temperature, long-range transport, and different chemical drivers on NPF and growth.  

NPF occurring aloft can be indistinguishable from NPF occurring at the surface using 

surface aerosol size distributions if particles formed aloft rapidly mix down to the surface before 

they have grown to larger sizes. This is understandable since mixing timescales within the mixed 

layer are often on the order of ~30 minutes. In cases where mixing to the surface is delayed, 

particles may be first detected at the surface after they have already undergone substantial growth 

to ~10-20 nm sizes, indicating that NPF occurred elsewhere in the atmosphere (Pierce et al., 2012; 

Wang et al., 2016; Wehner et al., 2007, 2010; Birmili and Wiedensohler, 2000). However, surface 

observations of nascent 10-20 nm particles alone may not necessarily be from NPF and growth 
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aloft because these particles may also have been formed in a plume that advected over the 

measurement site due to a wind shift (Stevens and Pierce, 2012; Song et al., 2010; Wehner et al., 

2007) or be from primary ultrafine emissions such as from fungal spore rupturing (Subba et al., 

2021; Lawler et al., 2020; Ruiz-Jimenez et al., 2021). This difficulty in distinguishing NPF events 

occurring aloft can lead to inaccurate understanding of NPF in the troposphere from ambient 

surface data. 

Several studies have tried to address knowledge gaps associated with the vertical extent of 

NPF through the use of 1-dimensional (1D) column models. Hellmuth (2006) developed a 1D 

model to investigate gas-aerosol-turbulence interactions in the planetary boundary layer, which 

included a third-order closure approach to boundary layer turbulence, sulfur and ammonia 

chemistry, and aerosol dynamics. However, the model represented only ammonia and sulfur 

chemistry/aerosols, aerosol dynamics for three aerosol modes, and binary (sulfuric acid-water) and 

ternary (sulfuric acid-water-ammonia) inorganic nucleation schemes that are inconsistent with 

more recent experiments and schemes. The vertical profiles of aerosol particles and gas-phase 

species (including atmospheric oxidants) were assumed to decrease linearly with altitude. Using 

the model, Hellmuth (2006) found binary NPF to be favored in the upper third of the developing 

mixed layer while ternary NPF takes place earlier in the mixed layer development at the surface 

in addition to in the free troposphere. Particles that formed aloft were then mixed downward to the 

surface, leading to the conclusion that surface observations and single box models were 

insufficient to capture the origin of freshly nucleated particles; however, measurements were not 

used to constrain the model or test the results. Similarly, Boy et al. (2006) used a different column 

model (Model to predict new Aerosol formation in the Lower TropospherE: MALTE) to 

investigate NPF, particle growth, and deposition in and above a forest canopy. MALTE utilizes 
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relatively similar meteorology schemes and representations of aerosol nucleation and dynamics as 

Hellmuth (2006); however, the MALTE chemistry package is considerably more complex (70 

species, 123 chemical and 16 photochemical reactions), including secondary organic aerosol 

(SOA) production for aerosol growth. The aerosol size distribution and some gas-phase species 

were constrained with 12 h surface measurements, but the vertical gradients of said quantities were 

assumed to all follow the same linearly decreasing vertical fit. Boy et al. (2006) found most NPF 

and growth occurring in the lower mixed layer over the boreal forest in Finland due to the intense 

biogenic emissions of organic species that contributed to stronger particle growth and survival. 

Similarly, Lauros et al., (2011) used MALTE, with updated turbulence parameters and organic 

NPF mechanisms, to investigate the vertical gradients of NPF over boreal Finland, and they found 

organic mediated nucleation was likely to play a significant, but uncertain, role in that region. 

However, the vertical profiles of aerosol particles and gas-phase species were initialized at zero 

and again were not constrained by observations. Overall, this body of work highlights the 

importance of atmospheric turbulence and mixing for NPF in the lower troposphere, but there is a 

need for more constraints on the vertical profiles of aerosol particles and gas-phase species from 

observations.  

As discussed, some studies have investigated and compared observations of NPF events at 

the surface and from airborne platforms, and fewer studies have modeled NPF vertically; therefore, 

an opportunity exists to fill knowledge gaps by combining observations of vertically resolved NPF 

events with one-dimensional modeling. The small unmanned aerial vehicles and tethered balloons 

used in many studies have limited payloads, thus limiting the amount of potential data that can be 

used for modeling; however, this limitation is balanced by their ability to provide more frequent 

vertical profiles of the atmosphere, often extending from the surface up to ~1000 m. In contrast, 
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larger aircraft with greater payload capacity can provide a large suite of data products that are 

useful for modeling; however, the logistics of larger aircraft operations reduce flight frequency 

and the ability to collect data near the surface. Given this limitation, few studies have utilized the 

wealth of data from larger-capacity aircraft, such as the aircraft flown during the Holistic 

Interactions of Shallow Clouds, Aerosols, and Land Ecosystems (HI-SCALE) campaign, in 

conjunction with a one-dimensional model to investigate the vertical profile and drivers of NPF in 

the PBL.  

This work aims to test our understanding of the vertical profile of NPF in the lower 

troposphere and utilizes data from the Holistic Interactions of Shallow Clouds, Aerosols, and Land 

Ecosystems (HI-SCALE) field campaign in north-central Oklahoma, USA. We use the data from 

HI-SCALE to constrain and inform a mechanistic chemical and microphysical column model of 

the PBL in order to analyze the dominant drivers of NPF and probe uncertainties in our 

understanding of NPF vertically. We find that even using vertically informed field data and a state-

of-the-science model, many limitations remain in our analysis, and we highlight these throughout. 

Section 2 outlines the observations from HI-SCALE and the modeling approach used. Section 3.1 

shows the results from the HI-SCALE campaign, and Section 3.2 shows the subsequent modeling 

results. Section 3.3 is a discussion of relevant uncertainties/limitations in our work and suggestions 

for future approaches for field campaigns and modeling efforts. Conclusions and future work are 

outlined in Section 4.  
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Figure 1. Schematic highlighting processes that may contribute to the vertical 

profile of NPF and growth in the lower troposphere. Green arrows indicate long 

range transport of air in the free troposphere and the residual layer. NPF and early 

particle growth may occur within the residual layer, and these particles may be 

entrained into the mixed layer. NPF may also occur near the surface and in the 

upper parts of the mixed layer. NPF may be favored in the upper part of the mixed 

layer due to lower temperatures. Vertical mixing of aerosol particles and gases in 

the mixed layer may influence NPF and particle growth. 
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CHAPTER 2 

 

 

METHODS 

2.1. AEROSOL AND CHEMICAL DATA 

 

The Holistic Interactions of Shallow Clouds, Aerosols, and Land Ecosystems (HI-SCALE, 

Fast et al., 2019) campaign consisted of two intensive observational periods (IOPs) during the 

Spring and Summer of 2016 at the Atmospheric Radiation Measurement (ARM) Southern Great 

Plains (SGP) observatory in north-central Oklahoma (36.60°N and 97.48°W). The first IOP (IOP1) 

took place from 24 April to 21 May and the second IOP (IOP2) took place from 28 August to 23 

September. During HI-SCALE, a large suite of instruments at the surface measured gas-phase 

organic and inorganic species, aerosol size and composition, and atmospheric state variables. 

Ground-based instruments were either located in the SGP central facility or the guest facility (~300 

m apart), and this difference in location is considered to be unimportant for this work. The surface 

instrumentation was complemented by instruments aboard the ARM Aerial Facility (AAF) 

Gulfstream-159 (G-1) aircraft, which flew 38 research flights and collected similar, but not entirely 

identical, quantities as the surface instrumentation. The SGP site is mostly surrounded by 

agricultural land with intermittent seasonal agricultural fires, and several small towns are within 

100 km of the site and Wichita, Oklahoma City, and Tulsa are located within 200 km of the site 

(Sheridan et al., 2001); hence, the SGP site is influenced by air-masses from a diversity of regions 

with a diversity of characteristics. More details on the SGP site and the air-masses influencing it 

during HI-SCALE can be found in Parworth et al. (2015) and Liu et al. (2019), respectively.  
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2.1.1 - SURFACE INSTRUMENTATION 

 

The SGP surface sites had a suite of instrumentation to measure, among other quantities, 

aerosol size distributions, gas-phase organic species, and sulfur dioxide.. The ARM Mobile 

Facility (AMF3) Aerosol Observing System (AOS) operated during IOP1 and included an SMPS 

and a Nano-SMPS measuring mobility diameters in the range of 11-460 nm and 2.89-60 nm 

respectively (Uin et al., 2020). The AMF3 AOS SMPS system consisted of a long DMA with a 

model 3772 CPC and the Nano-SMPS system consisted of a nano-DMA with a model 3776 

ultrafine CPC. The measurement cycle for the SMPS and Nano-SMPS was 5 minutes, and the 

sample flow was dried using a Nafion dryer. SMPS and Nano-SMPS size distributions were 

merged in their overlapping size range, accounting for diffusional loss corrections and 

uncertainties in instrument flow rate. For our analysis, it was important to have measurements of 

sub-14 nm particles for the understanding of early particle growth; thus, we prioritized the use of 

the merged SMPS system data. The AMF3 AOS system Nano-SMPS and SMPS were only 

operational during IOP1, so the remainder of this work will focus on results from IOP1. During 

NPF events, particle growth rates of freshly nucleated particles were calculated using the merged 

AMF3 AOS SMPS data by tracking the change in the maximum of the dN/dlogDp particle size 

distribution between 2 and 80 nm. Reported growth rates are time averages of the changes in the 

maximum of the dN/dlogDp distribution (more discussion in the results section). Additionally, an 

Aerosol Chemical Speciation Monitor (ACSM) was deployed as part of the AOS system, which 

measures the chemical mass concentration of non-refractory sub-micron aerosol species including 

sulfate, ammonium, chloride, nitrate, and organic matter (Uin et al., 2019; Parworth et al., 2015). 

The ACSM measured in the size range of 80 nm to 1 µm with a measurement accuracy of ± 30% 

(Ng, et al. 2011). Similar to the SMPS systems, samples were dried using a Nafion dryer. 
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Gas-phase concentrations of benzene, isoprene, monoterpenes, toluene, xylenes, 

trimethylbenzene and its isomers, and several other species (not used) were measured using a 

proton transfer reaction mass spectrometer (PTR-MS, Ionicon; Liu et al., 2021). The instrument 

was run in the mass-scan mode in which a mass spectrum from m/z = 21 to m/z = 250 was recorded 

with 1 s dwell time on each unit m/z resulting in a total time for each measurement cycle of ~4 

min. Drift tube pressure was set at 2.2 mbar, chamber temperature at 60 °C, and SEM voltage at 

3250 V. Instrument background concentrations were subtracted from each sample, which limits 

the accuracy of the resultant concentration when initial concentrations were below 1 ppbv for the 

1 s data. Many of the concentrations were below the 1 s limit of detection (LOD), therefore, we 

employed averaging and substitutional methods in order to resolve species that were near the 1 s 

LOD, described below. For analysis days with detected NPF events (discussion of selection criteria 

is in Section 2.1.3), averages of the organic species were taken for the 6 h following the onset of 

the NPF event at the surface (Figure S1a-d). For days without detectable NPF events, where there 

is no definitive start to a NPF event, a full 10 h average of organic species concentrations was 

taken starting at 04:00 UTC (09:00 CDT; Figure S1e-f). Averaging the gas-phase concentrations 

improved the single-measurement LOD. After averaging, several of the measured concentrations 

were still below the new LOD, therefore, these values were substituted by 0.5*LOD. Additionally, 

gas-phase SO2 was measured using a Thermo Fisher Scientific Sulfur Dioxide Analyzer (Model 

43i trace level-enhanced pulsed fluorescence SO2 analyzer) during IOP1 only. For consistency, 

we employed similar averaging techniques for the SO2 as we did for the PTR-MS data.  

2.1.2 - AIRCRAFT INSTRUMENTATION 

 

The ARM Aerial Facility (AAF) Gulfstream-159 (G-1) aircraft flew a total of 17 research 

flights during IOP1 and 21 during IOP2. The AAF was fitted with a complementary suite of 
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instruments that measured similar, but not identical, quantities as the surface. Two Condensation 

Particle Counters (CPC) were onboard the G-1 aircraft which measured the total number 

concentrations of aerosol particles in diameter ranges of 10 nm - 3 µm (CPC 3010; TSI) and 3 nm 

- 3 µm (CPC 3025; TSI). The flow rate for the CPC 3010 was 1 LPM and the flow rate for the 

CPC 3025 was 1.5 LPM; both CPCs were located behind the isokinetic inlet, which adjusts sample 

flow depending on aircraft speed, and temperature and pressure changes; however, during spiraling 

vertical segments of the flights, the isokinetic inlet was not able to maintain optimal sampling 

conditions, ultimately affecting the accuracy of the CPC measurements. Hence, we only use the 

airborne CPC measurements for a qualitative estimate of layers with potentially recent NPF. We 

estimate the total number concentration of 3-10 nm particles (i.e., nucleation-mode particles) by 

subtracting the CPC 3010 number concentration from the CPC 3025 number concentration. For 

this work, we assume that significantly higher concentrations of 3-10 nm particles were indicative 

of recent NPF. In addition to the CPCs, a Fast Integrating Mobility Spectrometer (FIMS) was 

onboard the aircraft to measure aerosol size distributions in the 10-400 nm diameter range. 

Particles entering the FIMS receive a bipolar charge, are size-separated based on their electrical 

mobility, grown in a supersaturation of a working liquid, and their final state is recorded using a 

high-speed camera. 

The gas-phase oxidation products of several volatile organic compounds (VOCs) as well 

as ammonia (NH3), sulfur dioxide (SO2) and sulfuric acid were measured using the University of 

Washington high-resolution time-of-flight chemical ionization mass spectrometer (HRToF-

CIMS). When operating in standard mode, the HRToF-CIMS uses iodide (I-) as the reagent ion to 

selectively ionize and quantify the mixing ratios of SO2, sulfuric acid, and several VOC oxidation 

products by adduct formation with the iodide. For the 13 IOP1 research flights occurring after 1 
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May, the HRToF-CIMS was also run in positive-mode for relatively shorter periods of time, where 

benzene and benzene cluster cations were used as the reagent ion. In positive-mode, the HRToF-

CIMS is primarily sensitive to hydrocarbons such as isoprene, monoterpenes, dimethyl sulfide, 

and NH3. Calibration was performed using a gravimetrically calibrated source of 13C formic acid 

that was continuously added during all flights except for 20 May, and the subsequently derived 

sensitivities were used to correct the sensitivities to, and variability of, organics for each flight 

(variability within each flight was found to be ±10%). The sensitivity of the instrument to other 

organics was broadly estimated based on possible numbers of carboxyl, hydroxyl and 

hydroperoxide groups. Species co-measured by the PTR-MS and the HRToF-CIMS are limited, 

preventing the direct comparison of the aircraft and surface data. More details of how the HRToF-

CIMS and PT-RMS data were harmonized and used for modeling are outlined in Section 2.2.  

2.1.3 - CHOICE OF INCLUDED DATA AND ANALYSIS DAYS 

To mitigate the influence of horizontal inhomogeneities in gas-phase and aerosol 

properties, only the ascending or descending sections of each flight path around the SGP ground 

site were used in this study to gain vertical-profile information on particles and precursor vapors. 

Despite only using the ascending and descending parts of the flights, we cannot fully discount the 

influence of localized emission sources (e.g. plumes from power plants, fire, or urban emissions) 

on our results. IOP2 had more constant-altitude transects in the middle of the mixed layer than 

IOP1 (Fast et al., 2019), which limited the available data for that period. Additionally, to limit the 

influence of urban emissions from Bartlesville and airport traffic, the takeoff and landing portions 

of each flight were not used. This approach limited the number of flights (discussed next) that 

could be adequately analyzed since many flight paths were largely horizontal. It should be noted 

that we largely ignore the horizontal variations in flight paths as we are assuming that NPF is 
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taking place regionally; however, some limitations of this assumption will be discussed in the 

results section and in Section 3.3.  

In order to adequately constrain our modeling approach, we required data from the ground-

based PTR-MS, SO2 analyzer, the AOS SMPS system, and ACSM, in addition to HRToF-CIMS, 

CPC, and environmental-variable data from the aircraft. In conjunction with the flight-path 

constraints, only 4 NPF events (27 April, 28 April, 11 May, and 14 May 2016), all in IOP1, had 

sufficient data for our analysis. Further, we analyze two days without apparent NPF events 

detected at the surface (16 May and 19 May 2016) that meet these measurement criteria to aid in 

testing model fidelity. 

2.2. METEOROLOGICAL DATA 

 

Meteorological data used in this work included the height of the developing mixed layer, 

downwelling shortwave irradiance, temperature, and RH. We tested multiple data products for 

temperature, RH, and the height of the mixed layer for comparison and robustness; discussion on 

how the temperature, RH, and mixed layer height data were used in our model simulations is in 

Section 2.3.4. The height of the developing mixed layer was provided from radiosonde retrievals 

using the methods from Liu and Lang (2010), from doppler lidar retrievals at the SGP site, and 

from the MERRA-2 reanalysis dataset (Figure S2). Radiosondes were launched from the SGP site 

at 05:30, 11:30, 17:30 and 23:30 UTC (00:30, 06:30, 12:30, and 18:30 CST), giving the top of the 

mixed layer height at 6 h intervals. The doppler lidar product provided estimates of the mixed layer 

height every ten minutes. The final mixed layer height estimate was from the MERRA-2 reanalysis 

product which provided mixed layer depths every 3 h at 36.0° N 97.5° W, slightly departed from 

the SGP ground site. Broadband shortwave irradiance was provided from a value-added product 

derived from three radiometer systems located at the SGP central facility (Long, 2002). 
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Temperature and RH data were measured onboard the G-1 aircraft and on the radiosondes, giving 

some vertical information. Temperature and RH were also measured at the surface. Finally, the 

MERRA-2 reanalysis product provides 3 h temperature and RH data at 72 hybrid-sigma levels 

extending from the surface to 0.015 hPa. 

2.3. MODELS 

2.3.1 - SOM-TOMAS 

In this work, we use a one-dimensional (column) model, SOM-TOMAS, which is a 

coupling of the Statistical Oxidation Model of organic chemistry (SOM; Cappa and Wilson, 2012) 

with the Two Moment Aerosol Sectional microphysics model (TOMAS; Adams and Seinfeld, 

2002; Pierce and Adams, 2009a,b; Riipinen et al., 2011). SOM-TOMAS allows for the 

representation of semi-explicit gas-phase chemistry and partitioning thermodynamics coupled to 

kinetic aerosol microphysics. SOM-TOMAS has been used to model chamber studies of SOA 

formation in laboratory experiments (He et al., 2020, 2021 2022; Akherati et al., 2020; Garofalo 

et al., 2021), as well as organic aerosol (OA) evolution in biomass burning plumes (Akherati et 

al., 2022). For this work, we have expanded SOM-TOMAS into a vertical one-dimensional 

framework in order to represent the chemistry, aerosol dynamics, and mixing in the PBL.  

The basic architecture of SOM is a two-dimensional carbon and oxygen grid that is used 

to track the multigenerational oxidation chemistry, thermodynamics, and gas-particle partitioning 

of SOA precursors and their oxidation products. SOM is coupled to the SAPRC-11 chemical 

mechanism (Carter, 2010; Jathar et al., 2015) which explicitly represents the gas-phase reactions 

of the precursor species measured by the PTR-MS (isoprene, trimethylbenzene isomers, benzene, 

xylenes, toluene, and monoterpenes) with the hydroxyl radical (OH). Reactions between the 



 

16 
 

precursor species and other oxidants (e.g. ozone) are ignored for simplicity (and OH concentrations 

are scaled based on changes in OA mass - discussed later). Ignoring reactions with oxidants, such 

as ozone and nitrate radical (NO3), could potentially reduce the relative contribution of isoprene 

and monoterpenes, which react quickly with ozone, to the SOA mass; however, these species still 

generally dominate our simulated SOA production in our scaled-OH approach. The SAPRC-11 

mechanism also includes the production of sulfuric acid from the reaction of SO2 with OH. The 

oxidation products from the organic precursor reactions are assigned to one of five carbon-oxygen 

grids used within SOM that are representative of five compounds or compound classes: benzene, 

toluene, xylenes, isoprene, and ɑ-pinene. Additionally, reactions between the organic precursor 

species and OH create HOMs (more details in the following paragraph); the HOMs do not enter a 

SOM grid, and they are assumed to be non-volatile and non-reactive. Each carbon-oxygen grid 

cell emulates the average properties (e.g., volatility) of all organics species with the corresponding 

number of carbon and oxygen atoms. For each precursor class, the model utilizes parameters to 

simulate SOA formation, as described later, determined from fitting to chamber experiments 

(Akherati et al., 2020; He et al., 2022) with the parameters used here given in Table S1. The 

molecular weight of each species in the grid is given by the formula CNcH2*Nc+2-NoONo where No is 

the number of oxygen atoms and Nc is the number of carbon atoms in the molecule. The molecular 

weight formula assumes that oxygen atoms have a single covalent bond to the carbon backbone 

and the remaining valence electrons bond with hydrogen. HOMs are assumed to have a molecular 

weight of 300 g mol-1, representative of larger, low-volatility, HOMs (e.g., C10H16O10; Peräkylä et 

al., 2020). 

Each SOM grid has 6 pre-fitted parameters (outlined in Table S1) that track the movement 

of species through the grid (Bilsback et al., in prep). The ΔLVP (logarithmic change in vapor 



 

17 
 

pressure) value determines the associated reduction in volatility with the addition of one oxygen 

atom. The P1, P1, P3, and P4 values are the molar yields of the functionalized products with either 

one, two, three, or four oxygen atoms added to the existing molecule, respectively. mFRAG is a 

tunable parameter that dictates the probability of fragmentation (Pfrag). Pfrag is defined as Pfrag= 

(NO : NC)mFRAG. The volatility (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 

(including only the carbon and hydrogen atoms). Finally, fHOM is the yield of HOMs formed 

directly from the reaction of precursor species with OH. fHOM yields for SOA precursors in this 

work are based on yields compiled in Bianchi et al. (2019). Again, for this work, HOMs are 

considered to be completely non-volatile and non-reactive.  

TOMAS is set up as 40 logarithmically spaced, mass-doubling size bins that represent the 

dry diameter of particles in the 1.0 nm to 10 𝜇m range. The total number of particles and the mass 

of sulfuric acid, water, and each of the particle-phase organic species from SOM are tracked within 

each size range. TOMAS represents the changes in particle number and species mass 

concentrations in each size bin due to (1) nucleation, (2) coagulation, (3) irreversible condensation 

of sulfuric acid and HOM vapors, and (4) reversible condensation/evaporation of organic species 

within the SOM carbon-oxygen grid. Condensation/evaporation rates are size, volatility, and 

particle-phase-diffusivity dependent following He et al. (2021) TOMAS simulates the 

coagulational loss and growth of particles between and within each size section. Numerical details 

of the condensation and coagulation routines can be found in Adams and Seinfeld (2002). As there 

was an abundance of gas-phase ammonia observed on our simulated days, we assume that all 

sulfate is ammonium sulfate. The median nitrate and chloride concentrations measured by the 
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ACSM were 0.122 [µg m-3] and 0.008 [µg m-3] respectively, significantly lower than sulfate and 

organic concentrations, so we do not consider these species in our modeling (Liu et al., 2021).  

The inorganic NPF rates are from Dunne et al. (2016), and the organic-sulfuric acid NPF 

rates are from Riccobono et al. (2014) with the inclusion of the temperature-dependent adjustment 

from Yu et al. (2017b). The organic-sulfuric acid nucleation scheme includes sulfuric acid and 

low-volatility organic clusters, which are assumed to be composed solely of HOM vapors. We 

tested our model with 1%, 10%, 20%, and 100% of the gas-phase HOMs contributing directly to 

organic-sulfuric acid nucleation (Figure S3) and found that 10% of HOMs participating in organic-

sulfuric acid nucleation agreed well with observations. Assuming 10% of HOMs participating in 

organic-sulfuric acid nucleation may align with previous work from Lehtipalo et al. (2018), who 

had only HOM dimers participating in organic nucleation. Hence, our base simulation assumed 

that 10% of HOMs contribute to organic-sulfuric acid nucleation, but we show sensitivity 

simulations using other HOM fractions for nucleation. The inorganic nucleation scheme 

represents, both neutral and ion-induced, binary (sulfuric acid-water) and ternary (sulfuric acid-

ammonia-water) nucleation, although the RH (H2O) dependence is not included in this scheme. 

For the ion-mediated inorganic NPF schemes, we used an ion-recombination coefficient of 8.0 cm-

3 s-1, which is representative of the lower troposphere (Franchin et al., 2015; Zauner-Wieczorek et 

al., 2021). Output from the organic-sulfuric acid and inorganic NPF schemes are recorded in 

addition to the total nucleation rate. Nucleated particles are assumed to have diameters of 1 nm 

and are added to the smallest size bin in TOMAS.  

Previous versions of SOM-TOMAS (Akherati et al., 2020; He et al., 2020, 2021, 2022; 

Garofalo et al., 2021) were zero-dimensional (i.e., a single box); however, we have updated SOM-

TOMAS to represent a one-dimensional vertical column. The version of SOM-TOMAS used in 
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this work consisted of 20 vertical pressure levels between 700 hPa and the surface that are linearly 

spaced in pressure coordinates (i.e., same mass of air in each box). For this work, we assumed that 

rapid vertical mixing of aerosol particles and gas-phase species takes place only within the mixed 

layer, and not in the residual layer or free troposphere. Details of how the mixed layer heights are 

used in the model can be found in Section 2.3.4. In our base simulations we assumed a diffusional 

mixing coefficient (KZ) of 2000 m2 s-1 in the mixed layer (Du et al., 2020; Lai et al., 2022). We 

also tested KZ values of 500 m2 s-1, 75 m2 s-1, and 0.0 m2 s-1 (see vertical sensitivity cases). Our 

assumption of a constant vertical diffusivity coefficient within the mixed layer is a limitation of 

this work, as the rate of vertical mixing in the mixed layer is largely tied to the intensity of 

insolation as well as synoptic weather patterns. Additionally, our assumption of a simple mixed 

layer is a limiting factor of this work, as other studies (e.g. Schobesberger et al. 2013) have found 

enhancements of ultrafine particles at several levels within the mixed layer. In this study, water 

vapor does not mix vertically in the model, and the vertical profiles of RH are derived from the 

MERRA-2 specific humidity reanalysis data product (Section 2.3.4) in order to resolve the diurnal 

cycle and maintain consistency between the coupling of temperature and RH. We do not consider 

the deposition of gas- and particle-phase species in this study, which is a limitation of this work; 

however, dry deposition is likely to have only a small effect (<5%) on our results (Hodzic et al., 

2013, 2016). We also do not consider emissions of primary aerosol particles (e.g. dust, biomass 

burning, and vehicle exhaust). 
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Table 1. Gas-phase species inputs for the surface layer of the model for each 

simulation day. Also included are the initial condensation sink (CS) values at the 

surface and the OH scale factor used in the base simulation.  

Species 

[ppb] 

April 27 April 28 May 11 May 14 May 16 May 19 

SO2 0.241 0.246 0.277 0.275 0.243 0.296 

Benzene 0.028 0.029 0.017 0.011 0.004 0.022 

Trimethyl

-benzene 

0.011 0.012 0.046 0.026 0.032 0.006 

Toluene 0.029 0.033 0.047 0.024 0.084 0.070 

Xylenes 0.083 0.041 0.012 0.013 0.057 0.008 

Isoprene 0.079 0.046 0.132 0.048 0.136 0.011 

Terpenes 0.039 0.014 0.005 0.005 0.019 0.003 

NH3 5.0 5.0 5.0 2.0 0.3 0.3 

1/CS 

[min] 

12.07 22.37 8.59 17.47 4.00 4.38 

OH scale 0.9016 0.4888 0.9800 1.3114 1.7403 0.3258 

 

2.3.2 - INCORPORATING GAS-PHASE OBSERVATIONS IN THE MODEL 

For all of the days simulated, the SO2 and organic species measured by the PTR-MS 

showed little or no change throughout the simulation period; therefore, we held the column 

abundance of each gas-phase species in Table 1 fixed throughout each model run (i.e., these parent 

species are not removed through chemical reactions), but the species do mix vertically. This 

formulation was done to allow for the vertical mixing of the species while conserving the total 

column concentration and keeping surface concentrations roughly constant. Emissions of gas-

phase species are not represented in the model; thus, simulations that allowed the precursor species 

to be chemically removed via reactions with OH led to many of the species to be rapidly depleted 
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(to ~0.0 ppbv), inconsistent with observations. Additionally, NH3 concentrations were measured 

by the HRToF-CIMS while operating in ‘positive mode’ for short periods of time. We estimated 

the NH3 concentrations for each day based on the available data (Table 1), and we assumed a 

constant vertical profile of NH3 mixing ratios for each day. We also assumed that the mixing ratio 

of NH3 does not change during the simulation period. The constant vertical mixing ratio and the 

lack of depletion of NH3 is a limiting factor in this work.  

We tested several methods of obtaining initial vertical profiles of SO2 and the six organic 

SOA precursors needed for the modeling (Table 1). This was done because of the limited species 

co-measured by the HRToF-CIMS aboard the G-1 aircraft and the PTR-MS at the surface. The 

HRToF-CIMS was operated in standard mode for all six analysis days chosen, and it was 

occasionally switched to ‘positive mode’ for relatively shorter periods of time during the four 

analysis flights in May. With the exception of 14 May, the isoprene and monoterpene data 

collected in ‘positive mode’ were sparse, with vertical profiles covering only several hundred 

meters of PBL. To derive full profiles of the organic species outlined in Table 1, we assumed that 

the relative-enhancements vertically of isoprene, benzene, and toluene followed the relative 

enhancements of two assumed products of isoprene oxidation (C5H10O3 and C5H10O5) measured 

by the HRToF-CIMS in standard mode. Similarly, we assumed that the relative enhancements of 

trimethylbenzene and its isomers, xylenes, and monoterpenes followed the relative enhancements 

of two 3-4 hydr(per)oxy group molecules (C9H14O4 and C8H12O5). This assumption provides 

separate vertical profiles for smaller (~C5) and larger (~C8) organic species, but the lumping of 

different precursors to two groups of oxidized molecules is a limitation of our work that will be 

discussed later. Previous work (Sprung et al., 2001) has found strong correlations between species 

(acetone and acetonitrile) measured using a PTR-MS and a CIMS instrument aboard an aircraft; 
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however, this work is not entirely comparable as the instruments were measuring the same species. 

The enhancement profiles of isoprene oxidation products and the 3-4 hydr(per)oxy group 

molecules were derived by dividing each vertical profile by the average concentration in the lowest 

200 m of the profile (Figure S4). This was done so that the relative enhancements closest to the 

surface had a value of 1. The enhancement profiles were then extrapolated to the surface (i.e., 

vertical enhancements were equal to one from the surface to the lowest part of each profile). To 

initialize the species outlined in Table 1, the derived vertical enhancements were multiplied by the 

surface concentration of each species measured by the PTR-MS. For consistency, we employed 

the same technique using the SO2 analyzer on the aircraft and the SO2 instrument at the surface. 

This method may lead to erroneous concentrations of gas-phase organic species (and SO2) in the 

column since we assumed no gradient between the surface and the lowest part of each profile 

(~500 m). We recognize the large uncertainties in using the oxidation products of certain species 

as a proxy for the parent species, and we also recognize the limitations in using the relative 

enhancements of isoprene oxidation products as a proxy for non-biogenic organic species. This is 

a limitation owing to not having the same instrumentation at the surface and aboard the G-1 

aircraft. Comparisons of PTR-MS and CIMS instruments can be found in Riva et al., 2019.  

2.3.3 - INITIALIZING AEROSOL SIZE DISTRIBUTIONS 

We tested two methods of initializing the aerosol size distribution in SOM-TOMAS. The 

first method used a tri-modal lognormal fit of the merged SMPS aerosol surface area distribution 

for the 20-min average (~four samples) prior to detection of a NPF event at the surface. For this 

first method, all model levels were initialized with the fits to the ground-level merged SMPS data 

(accounting for volume, pressure, and temperature differences). The second method is the same as 

the first method within the initial mixed layer, above which, the initial aerosol size distribution 
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was set based on lognormal fits to the FIMS aerosol size distribution (Figure S5a-f). Using the 

FIMS data, we found little difference in the modeled NPF rate and aerosol growth rate at the 

surface; however, using the FIMS data often led to erroneous aerosol modes appearing at the 

surface after mixing down to the surface. Thus, we used the first method as part of our base 

simulation (see Section 3.2.1 for discussion). We found that fitting to the surface-area distribution 

led to the best agreement with both the observed aerosol mass and particle number distribution. It 

should be noted that the particle growth rates were calculated using the same method employed 

for the merged SMPS data. 

The initial aerosol composition was set using the ratio of observed sulfate and total organic 

mass measured by the ACSM. We assumed that the initial aerosol size distribution was composed 

only of ammonium sulfate and organic material, and we assumed that the initial organic mass was 

completely non-volatile. Assuming the initial aerosols were non-volatile is a limitation of this 

work, as we will not capture potential evaporation of the initial aerosol particles as the mixed layer 

develops; however, the simulation periods generally coincide with an increase in aerosol mass 

loading observed by the ACSM (Figure S6). Note that the initial aerosol mass concentrations were 

set based on the SMPS-fit size distributions and assumed densities of 1770 and 1400 [kg m-3] for 

sulfate and organics, respectively; hence, the initial mass concentrations in the model may not 

match those of the ACSM. Additionally, the ACSM only measures sulfate, ammonium, nitrate, 

chloride, and organic aerosol mass, while the merged SMPS would also include contributions from 

refractory species, such as fine-mode dust or soot. 

2.3.4 - METEOROLOGY IN THE MODEL 

We tested using observational and reanalysis temperature, RH, and mixed layer height data 

in the model. MERRA-2 temperature and RH data have a horizontal resolution of 0.5° lat x 0.625° 
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lon; therefore, we used data from 36.0° N 97.5° W. Typically, 15 MERRA-2 layers exist within 

the height of our 20 model layers; therefore, we linearly interpolate temperature and RH data 

between MERRA-2 vertical layers to avoid adjacent SOM-TOMAS levels artificially having the 

same values. Vertical profiles of temperature and RH data from the aircraft during the HI-SCALE 

campaign provided snapshots of the state of the atmosphere from ~500-2500 m; however, to better 

represent the diurnal changes in temperature and RH as well as data extending to the surface, we 

used data from the MERRA-2 dataset for our simulations. We also tested mixed layer height data 

derived from the radiosondes launched at the SGP ground site, doppler lidar, and the MERRA-2 

dataset (Figure S2). Mixed layer height data from the radiosondes are reported every 6 hours, 

doppler lidar data are reported every 10 minutes, and MERRA-2 reanalysis provides data every 3 

h. On most days, we found little difference between the MERRA-2 mixed layer height data and 

the radiosonde data; however, some days showed non-trivial differences in the mixed layer height, 

with MERRA-2 having a significantly higher mixed layer height on 16 May. Similarly, mixed 

layer heights from the doppler lidar, excluding even intermediate quality data, were unphysically 

variable, and many time periods lacked data altogether. Given the inconsistency of the MERRA-

2 and doppler lidar mixed layer height data, we used mixed layer heights from the radiosondes for 

our modeling.  

2.3.5 - HYDROXYL RADICAL CONCENTRATIONS 

The OA production in SOM-TOMAS is sensitive to the OH concentrations; therefore, we 

tested three OH proxies with varying magnitudes and vertical fidelity, as well as scaling an 

assumed OH concentration to constrain the OA production rate to match observations (discussed 

in the following paragraph). The first OH proxy (Pietikäinen et al. 2014; hereafter OH-1) estimates 

OH from downwelling shortwave radiation only, and it predicted the lowest average maximum 
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OH concentrations of ~1×106 molec cm-3. The second OH proxy (Stevens et al. 2012; hereafter 

OH-2) predicts OH from both downwelling shortwave radiation and NOx concentrations. OH-2 

had the highest average maximum OH concentrations of ~5×107 molec cm-3. Both OH-1 and OH-

2 provide no vertical information, so for these proxies, we applied constant OH concentrations 

vertically. Finally, we also used OH concentration output from the three-dimensional atmospheric 

chemistry model, GEOS-Chem (v12.9.3), run at 0.25°x0.3125° resolution in a nested-grid 

simulation over the central US (hereafter OH-3). The average maximum OH concentrations from 

GEOS-Chem were ~1×107 molec cm-3, in the middle of the other proxies. Importantly, GEOS-

Chem produced vertical profiles of OH concentrations, contrasting the two proxies. We generally 

found slightly increasing OH concentrations with increasing height within the mixed layer, and 

steadily decreasing OH concentrations in the residual layer and free troposphere. OH 

concentrations at the surface from each proxy for each day can be found in the supplementary 

material (Figure S7). As mentioned earlier, we do not consider ozone chemistry in our simulations; 

while we scale OH to match observed OH changes (below), we recognize this as a potential 

limitation of this work.  

The OA production rate is sensitive to the OH concentration in the model. To better match 

the observed OA change during the simulation periods, we scaled the OH-3 concentrations for 

each day by the ratio of the observed OA production rate (ACSM) to the modeled OA production 

rate using the original OH-3. The scale factors are listed in the last row of Table 1, and the scaled 

OH concentrations at the surface are shown in the supplementary material (Figure S7). Scaling the 

OH concentration led to the best agreement between observed and modeled aerosol mass 

concentrations; however, the aerosol particle number concentrations showed mixed results with 

this approach (see results). It should be noted that observed OA changes are often partially 
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attributable to changes/variability in advection over the SGP site, and this was not accounted for 

in this work. Additionally, scaling the OH concentrations in this way assumes a linear relationship 

between the OA production rate and OH concentrations, which may not be strictly correct. We 

used the simulations with scaled OH in our base simulations, from which we tested a variety of 

other uncertainties and model sensitivities (discussed later).  

2.3.6 - MODEL UNCERTAINTY ANALYSIS 

In order to best match the observations of NPF during HI-SCALE using the SOM-TOMAS 

model, we tested a variety of uncertain inputs to the model. Our goal was to test the model 

sensitivity to OH concentrations, particle-phase diffusivity (or viscosity), and fraction of HOMs 

contributing to organic-sulfuric acid nucleation, from which we derived our base simulation 

(bolded combination of variables as shown in Table 2: Model Uncertainties). As previously 

described, we tested three different OH concentrations in the model in addition to scaling OH to 

match the observed OA production rate. We also tested several particle phase diffusivity 

coefficients (Db) that represented liquid to semi-solid aerosol particles He et al., 2021; Zaveri et 

al., 2014, 2018; Reid et al., 2018; Manabu et al., 2017). We found that representing the particles 

as semi-solid (Db = 10-20 cm2 s-1) gave the best agreement with observations, so this is used as a 

base assumption with sensitivities (discussed later). As previously stated, we also tested 

assumptions about the fraction of HOMs contributing to organic-sulfuric acid nucleation, and we 

found that assuming that 10% of HOMs directly contributing to organic-sulfuric acid nucleation 

led to the best agreement with observations, so this is our base assumption.  

 

Table 2. Outline of the different model uncertainty simulations (top section) and 

the vertical sensitivity simulations (bottom section). The parameter being changed 

is in the left column, a description of the sensitivity simulation is in the middle 
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column, and the difference values (if applicable) are in the right column. Bold 

values denote the values in our base simulations. 

Model Uncertainties 

Parameter/Name: Description: Values:  

OH OH-1 - Pietikäinen et al., 2014 
OH-2 - Stevens et al., 2012 
OH-3 - GEOS-Chem output 

‘Scaled’ - GEOS-Chem output scaled to match the 

observed OA production rate 

 

HOM Percent of HOMs contributing to  
organic-sulfuric acid NPF 

1%  
10%  

20%  
100% 

Db Particle phase diffusivity coefficient 1 × 10-10  cm2 s-1 
3 × 10-19  cm2 s-1 
1 × 10-20  cm2 s-1 

 

 

Vertical Sensitivity Analysis 

Parameter/Name: Description: Values:  

KZ Vertical turbulent diffusivity 0  m2 s-1 

75  m2 s-1 

500  m2 s-1 
2000  m2 s-1 

RH Relative humidity MERRA-2  

50%  

Tnucleation Temperature used in the nucleation routine  MERRA-2 

Surface Temperature 

TC* Temperature used in the organic species volatility 
calculation 

MERRA-2 
Surface Temperature 

Const. Prec. Initial vertical profile of gas-phase species in Table 1 Constant 
Observations 

 

2.3.7 - VERTICAL SENSITIVITY ANALYSIS 

Additionally, we ran a series of sensitivity simulations to elucidate contributors to the 

vertical profile of NPF and growth in the model (Table 2: Vertical Sensitivity Analysis). We tested 

the sensitivity of our model results to the vertical profile of vertical turbulent diffusivity, RH, 
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temperature dependence of the nucleation routines, the temperature dependence of the volatility 

calculation for the organic species in the SOM grid, and the height of the developing mixed layer. 

During HI-SCALE, RH generally increased with height within the mixed layer, and then decreased 

significantly in the residual layer and free troposphere. To understand how this vertical profile and 

diurnal cycle of RH affects the model results, we set the RH for all levels in the model to 50% for 

the duration of the simulation. We tested the influence of the vertical mixing rate by running the 

model with slower mixing timescales (KZ = 500 m2 s-1, and KZ = 75 m2 s-1) as well as no vertical 

mixing (KZ = 0 m2 s-1). The influence of the temperature dependence in the nucleation routines on 

the model results was tested by setting the temperature in the nucleation routines at all levels in 

the model to the surface temperature. Lower temperatures favor NPF, therefore, our goal was to 

test how temperature contributes to faster nucleation at higher altitudes. Similarly, we tested the 

influence of temperature on the volatility of organic species by, again, setting the temperature at 

all model levels to the surface temperature for the volatility calculation. This tested for enhanced 

new-particle growth with altitude due to colder temperatures. We tested initializing all model 

levels with the surface mixing ratio of the gas-phase species outlined in Table 1. The goal of this 

vertical sensitivity simulation was to understand how the initial vertical profiles of gas-phase 

species derived from HI-SCALE data influences the results at the surface. Finally, we tested the 

influence of the developing mixed layer height on the surface aerosol size distribution by imposing 

a constant mixed layer height throughout each simulation. For the fixed mixed layer simulations, 

we used the average height of the mixed layer during each simulation period, leading to higher 

mixed layer heights early in the simulation and lower heights later in the experiment, relative to 

the base simulation. 
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2.3.8 - HYSPLIT 

To assess the recent influences on the air masses associated with the four NPF events 

observed at the surface and the two non-NPF events, we ran 48 h back trajectories using the HYbrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 2012; 

Rolph, 2012). We ran 24 ensemble back trajectories using North American Model (NAM) 

meteorology initialized 10 m above the surface at the SGP site for all six analysis days. 

Additionally, to assess the origin of observed enhancements of gas-phase species and aerosol 

particle number by the aircraft, we ran 48 h back trajectories initialized at 10, 500, and 2000 m 

above the SGP site. This second set of HYSPLIT trajectories can be found in the supplementary 

material (Figures S5).  
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CHAPTER 3 

RESULTS 

3.1 NPF DURING HI-SCALE 

3.1.1 - OVERVIEW OF SURFACE OBSERVATIONS FROM 4 NPF EVENTS AND THE 2 

NON-NPF EVENTS DURING IOP1 

During HI-SCALE IOP1, we identified a total of 8 significant NPF and growth events at 

the surface; however, as previously stated, our analysis focuses on four days (27, 28 April and 11, 

14 May), with concurrent aircraft flights and complete data, as well as two non-nucleation days 

with flights and complete data (16, 19 May). Figure 2 shows the ground-based aerosol size 

distributions for the four NPF-events days and the two non-NPF days in addition to the ensemble 

HYSPLIT back trajectories initialized at 10 m above the surface at SGP. The aerosol size 

distributions for 27 April, 28 April, and 14 May show typical NPF and growth events, with the 

exception of 27 April which shows interrupted growth early in the event. The condensation sink 

prior to the detection of NPF for each was 1.38×10-3, 7.45×10-4, and 9.54×10-4 [s-1] for 27 April, 

28 April, and 14 May, respectively. The air masses on 27 and 28 April and 14 May largely originate 

from the north in the 48 hr prior to arriving at the SGP site. These air masses were modeled to 

have spent most of the previous 48 hr within 1000 m of the surface. Air masses approaching from 

the north largely pass over grass and cropland (Trishchenko et al., 2004), and are therefore 

associated with weaker biogenic emissions than air masses associated with forested areas and 

likely had minor urban influence.  
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Conversely, for the 11 May NPF day, the air mass largely arrived from the south, having 

been at the Gulf coast of Texas 48 hours prior to the NPF event. The 11 May air mass passed over 

the SGP observatory the night before the NPF event and then shifted from a northward to a 

southward trajectory to then arrive again at the SGP site at 18:00 UTC (13:00 CDT). These 

trajectories were estimated to be within 500 m of the surface during the 48 hr prior to arrival. These 

air masses may have been more influenced by anthropogenic emissions from cities like Houston 

and Oklahoma City than the three trajectories from the north discussed above. However, the 

concentrations of potentially anthropogenic gases (e.g., SO2, benzene) are not clearly enhanced 

over the other study days (Table 1). The NPF and growth event on 11 May shows some particles 

appearing at larger sizes (~10 nm), indicating that the initial particle formation and growth 

occurred either elsewhere at the surface or aloft and then mixed down (hence, it is possible that 

the anthropogenic influence may be limited to the residual layer). 11 May had the largest 

condensation sink of 1.94×10-3 [s-1] prior to the detection of the NPF event.  

On the two non-NPF days (16 and 19 May), the back trajectories are similar to each other, 

both arriving at SGP from the east, having passed through Missouri and Arkansas in the previous 

48 hours, generally staying within 500 m of the surface. The regions to the east of the SGP 

observatory are generally more forested and may have larger biogenic influences compared to the 

air masses originating from other directions, but the monoterpenes and isoprene concentrations in 

Table 1 do not clearly show this. It should be noted that 16 May coincided with the passage of a 

warm front over the SGP observatory, and both 16 and 19 May had substantial cloud cover that 

likely contributed to suppressed mixed layer photochemistry and NPF. These two days both had a 

prevalent pre-existing accumulation (Dp ≈ 0.1-1.0 µm) mode leading to larger condensation sink 

values (4.16×10-3 and 3.80×10-3 for 16 May and 19 May, respectively) than the nucleation days 
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(Table 1) and acting to suppress nucleation. The ground-based particle size distribution on 19 May 

also showed potential influences of a smoke or emission plume in the afternoon, indicated by the 

enhanced number concentration of Aitken mode (Dp ≈ 10-100 nm) particles around 16:00 CDT. 

These two non-NPF event days also had lower observed NH3 concentrations (Table 1). 
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Figure 2. (a-f) 48 h ensemble HYSPLIT back trajectories using NAM meteorology 

initialized at 18:00 UTC (13:00 CDT) 10 meters a.g.l. at SGP (top panels). The 

SGP ground site location is denoted by the black star. (a-f) bottom panels show the 

aerosol size distributions measured by the merged SMPS at the SGP observatory 

for the four NPF events (a-d) and the two non-NPF events (e-f).  

3.1.2 - EVIDENCE FOR NPF EVENTS OCCURRING ALOFT DURING HI-SCALE. 

During the four NPF events analyzed here (Figure 2), we found NPF occurring at a variety 

of vertical layers (sometimes shallow) within the mixed layer and the residual layer. Figure 3 

shows the vertical profiles of the total number concentration of particles with diameters between 

3-10 nm derived from the two airborne CPCs. The observed NPF is largely occurring within the 

mixed layer (as measured by the radiosondes) and sometimes within the residual layer; however, 

the exact location of the mixed layer top, and thus the residual layer bottom, is variable depending 

on the mixed layer height estimate method (Figure S2). Additionally, NPF observed by the aircraft 

often illustrated strong horizontal inhomogeneities (Figure S8). We found a significant 

enhancement in 3-10 nm particles on 11 May (Figure 3(c), orange line) in the residual layer (Figure 

S8c) upwind of the SGP observatory. This enhancement was observed after the NPF event was 

detected at the SGP observatory; however, the 11 May merged SMPS data (Fig. 2(c)) show that 

the aerosol particles appear at diameters of ~10 nm, indicating the onset of NPF was not fully 

captured at the SGP observatory. Similarly, the NPF observed by the aircraft on 14 May indicates 

the potential influence of a plume, potentially from the 1138 megawatt Redrock Power Plant 

(36.45°N, 97.05°W; Liu et al., 2021; Fast et al., 2019), due to the steep horizontal and vertical 

gradients of ultrafine particles (Figure S8d). Finally, Figure 3 (e-f) shows that the two non-NPF 

event days show little NPF at any level in the lower troposphere. Overall, the strongest 

observational evidence for regional NPF initiating aloft is on 11 May with little direct 
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observational evidence on other days, which may be partly due to the challenge of timing aircraft 

vertical profiles with NPF initialization. 
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Figure 3. Vertical profiles of the particle number concentrations in the 3-10 nm 

diameter range derived from the two CPCs during selected ascending and 

descending transects of the flights on the four NPF event days (a-d) and the two 

non-event days (e-f). Transects selected are those closest to the onset of the NPF 

event. The aircraft often measured the NPF events well after the event was detected 

at the surface, leading to profiles of 3-10 nm particle number concentrations with 

little information about the onset of NPF; therefore, these profiles were excluded 

from these figures. Times listed correspond to the time at the beginning of each 

vertical transect in CDT. Horizontal dashed lines correspond to the average height 

of the mixed layer during the vertical transect. The colored ‘X’s at the bottom of 
each plot correspond to the average number concentration of particles in the 3-10 

nm diameter range measured by the merged SMPS at the surface.  

 

Each analysis day had different vertical profiles of organic and inorganic gas-phase 

species; however, most days had some vertical level that had substantially higher concentrations 

of organic or inorganic species than the surface (based on our method of connecting the airborne 

gas-phase measurements to the surface; Figure S4). From our analysis using the HYSPLIT model, 

we cannot elucidate the specific influences that near- versus far-field sources had on the observed 

profiles. We conclude, however, from back trajectory initiated at 2000 m above the SGP site, that 

the air mass with enhanced gas-phase organics, SO2, and aerosol mass observed between 2500 and 

3000 m on 28 April may have originated from close to ground level in Texas 48 h prior to arrival 

at SGP (Figure S5). The sulfate-rich aerosol in this air mass originating from the south aligns with 

the observations from Liu et al., (2021), who found a larger sulfate aerosol fraction in air masses 

originating from Texas, indicating that the observed enhancements are perhaps not attributable to 

power plant or urban emissions close to the SGP observatory. In contrast, other flights (e.g. 14 

May; Figure S8d) appeared to intercept power plant plumes or urban emissions from surrounding 

cities. The direct influence of these localized sources on observations at the SGP observatory are 

out of the scope of this study. 
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3.2. MODEL RESULTS 

3.2.1 - MODEL RESULTS OF NPF EVENTS AND NON-NPF EVENTS AT THE SURFACE 

SOM-TOMAS is largely able to represent the observed NPF, particle growth, and organic 

aerosol (OA) production rate across the four NPF days. Figure 4 (a-d) shows the aerosol size 

distributions from the surface model layer (top panels) and from the merged SMPS surface 

measurements (bottom panels) for the four NPF events analyzed. The black horizontal dashed lines 

indicate the diameter corresponding to the mode that nucleated particles have grown to. From 

Figure 4, we see that the surface model layer of SOM-TOMAS predicts the observed particle 

diameters, after several hours of growth, to within ~10 nm for all four NPF events. Further 

discussion on the particle growth rates and aerosol number concentrations can be found later in 

this section. On 27 April, 28 April, and 14 May, particles appear in the smallest mode and in the 

merged SMPS observations, indicating nucleation and early particle growth is occurring in the 

lowest model level and at the surface at the SGP observatory, respectively. Conversely, the model 

and the merged SMPS observations on 11 May show particles appearing at larger sizes at the 

surface, indicating that nucleation and early particle growth is occurring elsewhere in the model 

domain and atmosphere, respectively. The details of the vertical profiles of NPF and early particle 

growth in the model will be discussed in Section 3.2.2. Figure S6 (a-d) compares the modeled 

sulfate and total organic mass to corresponding observations by the ACSM on the four NPF event 

days. Since the OH concentrations in SOM-TOMAS were scaled based on the observed OA 

production rate, the model reasonably predicts the observed changes in OA mass during the 

simulation periods. We found that the OA mass produced came from a range of precursors (Figure 

S9), with no one precursor class dominating the changes in OA mass. 
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Figure 4. (a-f) Comparisons of the simulated and observed aerosol size 

distributions. For each panel (a-f), the top figure shows the resultant size 

distribution from the base simulation in SOM-TOMAS, and the bottom figure 

shows the aerosol size distribution measured by the merged SMPS at the SGP 

observatory. (a-d) The black x-markers indicate the maximum of the size 

distribution at the corresponding time, and the horizontal dotted lines indicate the 

diameter of the last black x-marker.  

 

For the two non-NPF-event days, SOM-TOMAS predicts weak NPF and growth (Figure 

4e,f; growth rates are not calculated for the non-NPF event days). Several factors contributing to 
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the prediction of weak NPF and growth on 16 May will be discussed in later sections. In short, 16 

May had the highest OH concentrations due to the high OH scale factor (Table 1) based on the 

increase in OA mass observed by the ACSM (Figure S6e). The observed OA mass increase is 

likely due to an air mass change associated with the passage of a warm front over the SGP 

observatory on 16 May; hence, the high OH concentrations used in the model to match the OA 

increase are likely too high. The model results from 16 May highlight the complications of 

potential airmass changes when simulating nucleation events at an observation site with a fixed-

location model, scaling OH by the OA production rate and not accounting for air mass changes. 

Additionally, 16 May had the second-highest monoterpene concentrations at the surface of any 

analysis day (Figure S1), promoting HOM production and organic-sulfuric acid nucleation in the 

model. On 19 May, low number concentrations of nucleation mode particles appear in the smallest 

model bins, but these nucleated particles do not grow beyond ~10 nm and are mostly scavenged 

by existing aerosol particles.  

3.2.2 - ANALYSIS OF UNCERTAIN MODEL PARAMETERS 

Figure 5a shows a comparison of the modeled and observed particle growth rates for the 

four NPF days at the surface. The base simulation, indicated by the black markers, used OH from 

GEOS-Chem that was scaled by the values outlined in Table 1. Overall, the base simulation 

overpredicts the particle growth rate by around 50% on 27 April, 11 May, and 14 May, but 

underpredicts the growth rate by about 40% on 28 April. Figure 5a also includes the model results 

from using the other three unscaled OH proxies, where OH-1 (low OH) and OH-2 (high OH) are 

based on downwelling irradiance and OH-3 is the raw OH output from GEOS-Chem (not scaled 

to match observed OA changes). Using OH-1 led to higher growth rates than the base simulation 

for all days, with the exception of 14 May, which had identical growth rates to the base simulation. 
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Similarly, OH-2 yielded growth rates that were higher than the base simulation for all days, likely 

due to the magnitude of the OH concentrations and potentially highlighting the importance of the 

vertical OH information provided by the GEOS-Chem output. We found that the GEOS-Chem 

output used in the OH-3 and the base simulations generally has lower OH concentrations in the 

residual layer; therefore, the OH-2 proxy overpredicts the OH concentrations in the residual layer, 

which may partially contribute to the higher growth rates. Finally, using OH-3, the unscaled OH 

from GEOS-Chem, led to better agreement with observations than the base simulation of particle 

growth rates; however, comparing other metrics, such as OA production and particle number 

concentration, OH-3 shows worse agreement with observations than the base simulation.  

Figure 5b shows the comparison of the modeled and observed aerosol particle number 

concentrations for the four event days at the surface (note: particle number concentrations are 

compared at the time of the last black ‘x’ for each day in Figure 4). The relationship between 

particle number concentration and OH concentration seems more straightforward than that of OH 

with growth rates, with higher OH concentrations generally leading to higher particle number 

concentrations. The base simulation, using scaled GEOS-Chem OH, underpredicts the particle 

number concentration on 27 April, 28 April, and 11 May, but overpredicts the number 

concentration on 14 May (opposite of the growth rates). Using OH-1 yields higher number 

concentrations than the base simulation on 28 April and 14 May, but lower number concentrations 

on 27 April and 11 May. Using OH-2 led to higher particle number concentrations than the base 

simulation for all days except for 27 April, where using OH-2 led to lower particle number 

concentrations than the base simulation, despite OH-2 having the highest OH concentrations of 

any proxy for that day (Figure S7). Finally, using OH-3 led to higher particle number 
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concentrations than the base simulation on 27 April, 28 April, and 11 May, and slightly lower 

concentrations on 14 May.  

Our base simulation assumes that 10% of HOMs are contributing directly to the organic-

sulfuric acid nucleation scheme; however, we also tested 1%, 20% and 100% of HOMs 

participating in organic-sulfuric acid nucleation to understand the model sensitivity to this 

assumption. Figure 5 includes comparisons of the particle growth rates (5a) and particle number 

concentrations (5b) for the three HOM-sensitivity cases with observations, in addition to the base 

simulations. Additionally, Figure S3 shows the particle size distributions for each HOMs 

sensitivity case for all six analysis days. In general, increasing the fraction of HOMs contributing 

to organic-sulfuric acid nucleation leads to increased NPF rates and slower growth rates as there 

are more particles to distribute the condensable material onto (and the amount of condensable 

material produced does not change across these sensitivity simulations). The uncertainty in the 

amount of HOMs contributing to the organic-sulfuric acid nucleation scheme, along with the OH 

sensitivities already discussed, are the largest contributors to the uncertainties in the predicted 

nucleation and particle growth rates.  

Through testing assumptions about the particle-phase diffusivity, we found that 

representing aerosol particles as our most-solid assumption (Db = 1 × 10-20 cm2 s-1) led to the best 

agreement with observations. Figure S10 shows the particle size distributions from simulations 

with particle phase diffusivity coefficients of 1 × 10-10, 3 × 10-19, and 1 × 10-20 (base simulations) 

cm2 s-1. Assuming particles to be higher diffusivity (semi-solid: Db = 3 × 10-19 cm2 s-1) and liquid 

(Db = 1 × 10-10 cm2 s-1) led to increased condensational growth in the pre-existing Aitken mode 

and decreased growth of the nucleation mode (Dp≈ 1-10 nm), which is inconsistent with 

observations. The increased condensation on larger particle sizes led to a reduction in the NPF 
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rate. Conversely, treating particles as our most-solid assumption led to slower growth in the Aitken 

mode and more NPF relative to the liquid and semi-solid particle assumptions, consistent with the 

findings from other work (He et al., 2021; Zaveri et al., 2014, 2018; Reid et al., 2018; Manabu et 

al., 2017).  

 
Figure 5. (a) Comparison of the simulated particle growth rates and the observed 

particle growth rates at the SGP observatory for the four NPF event days. The 

different colors indicate different simulation assumptions, and the marker shape 

indicates the NPF event day. (b) Comparison of the simulated and observed aerosol 

number concentrations after the majority of particle growth has occurred (compared 

at the time of the last black ‘x’ for each day in Figure 4). Colors and marker shape 
are the same as panel (a).  

3.2.3 - NPF INITIATING ALOFT IN THE MODEL 

Results from the base simulation show that SOM-TOMAS favors NPF occurring in the 

upper half of the developing mixed layer for all simulated NPF events (Figure 6). Similarly, the 

NPF simulated on 16 May, a non-event day, is largely occurring in the upper half of the shallow 

mixed layer and in the residual layer. The higher NPF rates on 27 April are primarily just below 
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the height of the mixed layer throughout the simulation, likely due to the lower temperatures in 

the upper parts of the mixed layer making nucleation more favorable and leading to lower 

saturation vapor pressures for NPF precursors; this pattern fits with previous work that found 

enhanced NPF at the interface between the mixed layer and residual layer (Wehner et al., 2010). 

The pattern is less clear for the other three NPF events, in part because the top of the mixed layer 

does not get as high on these days, leading to less lofting of NPF precursors to lower temperatures 

aloft and less entrainment of air from the residual layer. The patterns of the 1.5-25 nm particle 

number concentrations in the mixed layer are also less clear due to the rapid mixing that 

homogenizes these values; however, there is evidence of NPF and particle growth occurring at 

distinct levels within the residual layer that either remain there or get entrained into the mixed 

layer as it develops. Similarly, there are levels within the residual layer with lower number 

concentrations of 1.5-25 nm particles which serve to dilute the 1.5-25 nm particle number 

concentrations in the mixed layer.  
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Figure 6. For each sub-panel (a-f), the top panel shows the simulated total 

nucleation rate (# cm-3 s-1) from the surface layer to 2500 m (y-axis) for each 

simulation period. Additionally, the bottom panels show the simulated total number 

concentration of particles within the diameter range of 1.5-25 nm (note: colorbar 

scales for top and bottom panels are different). The height of the mixed layer is 

shown by the black line.  
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3.2.4 - ANALYSIS OF POTENTIAL DRIVERS OF NPF ALOFT AND THEIR INFLUENCE 
ON SURFACE NUMBER CONCENTRATIONS AND PARTICLE GROWTH RATES 

 

In this section, we discuss the results from the six vertical sensitivity simulations (Table 2: 

Vertical Sensitivity Analysis) and how the results influence nucleation rates and number 

concentration at the surface relative to the base simulation. Figure 7a shows bar plots of the total 

particle number concentrations at the surface for the base simulations (black bars, ‘Base’) and the 

sensitivity simulations (colored bars) compared at the time of the last black ‘x’ in Figure 4 for each 

NPF event day. Similarly, Figure 7b shows bar plots of the simulated particle growth rates [nm  

h-1] between 2 and 80 nm at the surface for the four NPF event days.  

The gray bars labeled ‘Nuc. Temp.’ in Figure 7a illustrate the effect of implementing a 

constant vertical temperature profile (set to the surface temperature) for the nucleation routine, 

leading to significantly decreased particle number concentrations at the surface due to the 

decreased NPF in the upper parts of the model domain, including the top of the mixed layer and 

regions of the residual layer that mix into the growing mixed layer. Contrarily, Figure 7b shows 

that changing the temperature profile in the nucleation routines results in either unchanged (27 

April, 28 April, and 14 May) or enhanced (11 May) particle growth rates due to the decrease in 

the number of aerosol particles sharing condensable material. These sensitivity simulations show 

that the temperature dependence of the nucleation routines is a significant driver of enhanced NPF 

in the upper parts of the mixed layer in the model; consequently, this temperature dependence 

leads to enhancements of the total aerosol particle number concentrations at the surface.  

Sensitivity simulations using a constant vertical temperature profile (set to the surface 

temperature) only in the organic-species volatility calculations leads to enhancements in the 

aerosol particle number concentrations on three of the four NPF event days and a decrease in the 

particle growth rate for all four days (Figure 7; green bars, ‘C* Temp.’). The artificially higher 
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temperatures in the upper parts of the model domain lead to organic species with higher volatility 

in these locations (relative to the base simulation) that are less likely to partition to new and 

existing aerosol particles, leading to slower particle growth rates. The slower growth rates mean 

freshly nucleated particles cannot grow as quickly to sizes where coagulational loss rates are 

slower, leading to a reduction in the total number concentration. Conversely, the reduced particle 

growth rates lead to fewer larger particles, in turn, reducing the coagulational sink for smaller 

particles and leading to enhanced particle number concentrations relative to the base simulation. 

The increases in particle number concentration on 27 April, 28 April, and 14 May relative to the 

base simulation indicate that the reduction in the coagulation sink was more significant than the 

reduction in the growth rates of freshly nucleated particles. Conversely, 11 May showed a decrease 

in the particle number concentration, indicating that the slower growth rate of the small particles 

was more powerful than the decrease in the coagulation sink. Additionally, a reduced condensation 

sink led to slightly enhanced and prolonged NPF rates for all days; however, the net effect on the 

surface aerosol size distribution was dependent on the competing processes discussed above (note 

that the HOMs are assumed to be nonvolatile in all simulations). 
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Figure 7. (a) Total number concentration of particles at the surface for the base 

simulation and the vertical sensitivity simulations for each NPF event. (b) Particle 

growth rate of nucleated particles at the surface for the base simulation and the 

sensitivity simulations for each day. (a-b) Base simulation is shown by the black 

bar, and the red-dashed line indicates the height of the black bar for comparison 

with the sensitivity simulations. ‘KZ = 0’ or light-blue bars correspond to the 

simulations with no vertical mixing. ‘KZ = 75’ or middle-blue bars correspond to 

the simulations with a vertical mixing coefficient of KZ = 75 m2 s-1. ‘KZ = 500’ or 
dark-blue bars correspond to the simulations with a vertical mixing coefficient of 

KZ = 500 m2 s-1. ‘Const. Vert. Prec.’ (constant vertical precursors) or red bars 

correspond to the simulations with constant mixing ratios of the gas-phase NPF 

precursors outlined in Table 1. ‘C* Temp.’ or green bars correspond to simulations 
using a constant vertical temperature profile for only the organic species volatility 

calculation. ‘Nuc. Temp.’ or gray bars correspond to simulations using a constant 
vertical temperature profile only for the nucleation routines. ‘Const. RH’ 
corresponds to the simulations using 50% RH for all vertical layers and for the 

duration of the simulations. ‘Const. ML’ corresponds to the simulations using a 
constant mixed layer height during the simulation period. 

 

To test the influence of the vertical mixing rate on NPF and particle growth at the surface, 

we ran simulations with no vertical mixing (KZ = 0.0 m2 s-1) and with slower vertical mixing rates 

(KZ = 500 m2 s-1 and KZ = 75 m2 s-1) than the base simulation (KZ = 2000 m2 s-1). The slower 

vertical mixing rate of KZ = 500 m2 s-1 resulted in similar particle number concentrations and 

growth rates as the base simulation (Figure 7: dark blue bars, ‘KZ = 500’). Similarly, the slower 

vertical mixing rate of KZ = 75 m2 s-1 (Figure 7; middle blue) resulted in similar growth rates and 

number concentrations as the KZ = 500 m2 s-1 simulations for three of the four simulation days. On 

27 April, the slower vertical mixing (KZ = 75 m2 s-1) resulted in growth rates and number 

concentrations in between those from the KZ = 500 m2 s-1 and KZ = 0.0 m2 s-1 simulations, 

indicating that the results at the surface are more sensitive to vertical mixing on that day, Overall, 

we find that our results are not greatly sensitive to a range of reasonable vertical diffusivities. 

Simulations with no vertical mixing resulted in lower surface total particle number concentrations 

on 28 April, 11 May, and 14 May, and lower surface particle growth rates on all four days (Figure 



 

47 
 

7; light blue, ‘KZ = 0’). The lower particle number concentrations observed at the surface are 

attributable to the enhanced NPF taking place in the upper mixed layer and residual layer not 

mixing downwards to the surface. Contrarily, the number concentration at the surface in the 27 

April non-mixing simulation is higher than the number concentration at the surface in the base 

simulation, indicating that vertical mixing serves to spread the freshly nucleated particles and NPF 

precursors from the surface level to the levels higher up in the mixed layer. The initial vertical 

profile of SO2 on 27 April is relatively constant within the mixed layer, and vertical profiles of 

isoprene, benzene, and toluene show a significant increase above the surface in the mixed layer 

(Figure S5a); however, the initial profiles of trimethylbenzene, xylenes and monoterpenes, which 

have relatively large HOM yields, steadily decline throughout the mixed layer. The lack of vertical 

mixing means the surface layer has the highest concentration of organic species with high HOM 

yields, leading to substantial organic-sulfuric acid nucleation at the surface on 27 April. As 

previously mentioned, the surface layer particle growth rates for all simulated days were lower 

with vertical mixing switched off. The suppression of particle growth is partially due to the lack 

of mixing from upper model layers where condensational growth is favored due to the lower 

intrinsic volatility of gas-phase species at lower temperatures. The lower growth rates are also 

potentially attributable to enhancements of organic and inorganic species in the upper levels of the 

model (Figure S5) that are not allowed to mix downwards and contribute to particle growth. From 

our analysis of four NPF events, we find that vertical mixing primarily serves to enhance the total 

aerosol particle number concentrations and particle growth rates at the surface because of the 

generally faster NPF rates at the top of the mixed layer. 

To investigate the influence of the vertical profiles of gas-phase species, derived from HI-

SCALE data (Figure S5a-b), on NPF and particle growth, we initialized all model layers with the 
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mixing ratio of gas-phase species at the surface outlined in Table 1. These simulations resulted in 

higher particle number concentrations at the surface for all four NPF events (Figure 7: red bars, 

‘Const. Vert. Prec.’), and slower particle growth rates for 27 April and 28 April (11 May and 14 

May were negligibly different from the base simulation). The largest change, relative to the base 

simulation, in particle number concentration and particle growth rate is on 27 April and 28 April, 

indicating that the initial vertical profiles of the gas-phase species have the net effect of reducing 

the surface number concentrations relative to simulations with our best estimates of initial gas-

phase vertical profiles. The changes in surface particle number concentration on 11 May and 14 

May were less pronounced, indicating that the initial vertical profiles of precursors used in the 

base simulation have a reduced effect on the NPF and growth observed at the surface. Similar to 

other scenarios previously discussed, the reductions in particle growth rates on 27 April and 28 

April are largely attributable to the higher particle number concentrations participating in 

condensational growth. With the smaller relative change in the surface layer particle number 

concentration on 11 May and 14 May relative to the base simulation, the negligible change in 

particle growth rate is expected. It should be noted that many of the vertical enhancements in gas-

phase precursors (Figure S5a-d) are at levels that the mixed layer does not reach (Figure S2); 

therefore, the effects that these enhancements have on NPF rates and particle growth are only 

realized in the upper parts of the model domain and not at the surface.  

In order to test the influence of the vertical profile of RH (i.e., water vapor equilibrium 

partitioning with the aerosol) on the surface aerosol population, we used a constant relative RH of 

50% for all model layers for the entire simulation period (Figure 7: purple bars). Using a constant 

RH value will test the influence of the vertical profile on particle water uptake, and thus the RH 

influence on the condensation sink and on the vertical profile of NPF. We found that using a 
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constant RH value led to virtually no change in the particle number concentration and growth rate 

at the surface. In the base simulation, we expect the vertical profile of RH to change the size-

resolved dry composition due to changes in water vapor condensation vertically. A caveat to these 

results is that we do not explicitly consider any effects of water uptake on chemistry in the aerosol-

phase, which has been found to increase simulated particle growth (Hodshire et al., 2016; Chen et 

al., 2018; Hamed et al., 2011), nor do we include an effect of water vapor on nucleation rates, 

following the Dunne et al. (2016) and Riccobono et al. (2014) schemes. 

In order to investigate the influence of the height of the developing mixed layer on the 

surface aerosol size distribution, we set the mixed layer height in each simulation to the average 

height of the mixed layer, measured from radiosondes, during the simulation periods. Using a 

constant mixed layer height partially eliminates the time-dependent influence of entrainment of 

gases and particles from the residual layer on the surface aerosol size distribution. However, the 

timing and intensity of NPF and growth in the mixed layer is altered due to the mixed layer height 

being higher than the base simulation at the beginning of the simulation period and lower than the 

base simulation near the end of the test simulation. With the exception of 28 April, there is little 

change in the surface aerosol size distribution from using a constant mixed layer height (Figure 7: 

yellow bars, ‘Const. ML’). This limited change in the surface size distribution indicates that our 

results are not heavily reliant on NPF and growth in the residual layer entraining into the mixed 

layer. On 28 April, using a constant mixed layer height led to enhanced apparent NPF at the 

surface, and an enhanced apparent particle growth rate. 
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3.3. DISCUSSION ON THE NECESSARY CONSTRAINTS TO BETTER UNDERSTAND 

THE VERTICAL PROFILE OF NUCLEATION AND GROWTH 

 

While our base simulations in this work did an adequate job of reproducing the observed 

nucleation and growth at the surface, a number of key details of the vertical profile of nucleation 

and growth were not fully constrained in our work. The limitations in our constraints stem partially 

from the measurements taken during the HI-SCALE campaign and partially from uncertainties 

and an incomplete representation of all relevant processes in our modeling approach. These details 

regarding our analysis of HI-SCALE measurements include (but are not limited to) the following 

aspects of the measurements: (1) the precise vertical profile of precursors that were not directly 

measured both at the surface and by the aircraft, (2) the flight timing and path, and (3) the role of 

airmass changes on the observed aerosol size and composition evolution. Details relating to 

constraints that could come from either measurements or models include: (4) the poorly 

constrained OH concentrations, and (5) uncertainties in vertical mixing rates on nucleation and 

growth. Modeling limitations include: (6) the precise relative mixture of fully inorganic nucleation 

versus nucleation involving organic molecules, (7) the role of aerosol water on chemistry and gas-

particle partitioning, (8) the lack of RH dependence in the nucleation routines, (9) the lack of 

representation of the role of amines and other species in NPF, and (10) the intrinsic limitations of 

1-D modeling approach. Below, we expand on these limitations to help guide future campaigns 

and modeling focused on the understanding of NPF and growth vertically in the lower troposphere. 

The following recommendations are not organized by priority, and the implementation of, 

sometimes mutually exclusive, recommendations depends on research goals and the constraints of 

different field campaign operations. 

Measurement limitations: 
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(1) Regarding differences in species, when run in standard mode, the HRToF-CIMS aboard 

the aircraft measured a variety of gas-phase species (notably the oxidation products of 

isoprene and monoterpenes), but these species were different from those measured at the 

surface by the PT-RMS (generally non-oxidized, primary VOCs). This discrepancy in the 

measured gas-phase species led us to test several assumptions about the vertical profiles of 

the gas-phase species (Table 1) needed for our modeling (including assuming the species 

concentrations at the lowest aircraft altitude are the same as at the surface and that the 

relative profile of oxidation products match that of the parent VOC), and these assumptions 

contribute to our ability to understand the vertical profile of NPF. The uncertainty in the 

absolute gas concentrations is particularly important in the initial residual layer, where NPF 

may occur with these particles later being entrained into the mixed layer. Given the 

variability in timing and spatial extent of NPF events and the broad scope of the HI-SCALE 

campaign, we find harmonization and congruency between surface and airborne 

observations to be of great importance, especially for gas-phase species that contribute to 

NPF. While logistics, funding, and other constraints may make it difficult for future field 

campaigns, we recommend having instruments at the surface and in the air (e.g., tethered 

balloon) that measure identical or similar quantities with the same degree of accuracy. To 

better constrain the oxidation chemistry driving the gas- and aerosol-processes in the mixed 

layer and residual layer, we recommend measurements of OH at the surface and in the air 

(Heard and Pilling, 2003). Additionally, measurements of amines and NH3 are highly 

useful for understanding NPF under ambient conditions (note: NH3 was measured 

intermittently on flights and amines were measured during IOP2). 
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(2) As mentioned, a notable characteristic of the HI-SCALE campaign that limits our 

analysis is flight timing and flight path being primarily horizontal and often not capturing 

the pre-nucleation atmosphere (and also generally do not go below ~500 m, contributing 

to the previous issue of vertical profiles). The flight path constraint does not directly affect 

our modeling, but it does limit the robustness of our conclusions due to the low number of 

available analysis flights. Additionally, flights often occurred after NPF had been detected 

at the surface site (it is challenging to know when NPF will start and to plan profiles 

accordingly), thus limiting the ability to understand the characteristics of the atmosphere 

prior to NPF occurring and/or being observed at the surface. These are all inherent 

challenges of airborne sampling with a fixed-wing crewed aircraft, and particularly in a 

field campaign with multiple objectives beyond understanding NPF and growth. It is near 

impossible to counter these limitations given the constraints of a larger aircraft and the 

variability in NPF event occurrences. For studies investigating the vertical profile of NPF, 

we recommend using smaller aerial vehicles that can sample more frequently to counter 

the inability to predict the onset of NPF in real-time (in addition to large, crewed aircraft if 

funding allows). Several studies have utilized unmanned aerial vehicles and tethered 

balloons to capture more frequent vertical profiles of aerosol particle data from the ground 

to ~1 km (Chen et al., 2018; Platis et al., 2016; Qi et al., 2019; Carnerero et al., 2018; 

Creamean et al., 2018); however, these studies are limited by payload constraints that 

prevent more comprehensive measurements, such as gas-phase species, to be taken. It 

should be noted that aircraft observations can be complemented by measurements from 

particle flux towers, such as one installed at the SGP observatory since HI-SCALE.  
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(3) It appears likely that some observed fluctuations in the ground-based size distributions 

during our examined days may be due to advection of air with different aerosol/gas 

properties, including plumes. Again, this is an inherent challenge of field analysis that 

relies heavily on a single field site, but contributes to our limitations. Some smaller 

platforms (e.g. blimps) can take pseudo-Lagrangian measurements, thus limiting the 

influence of other factors such as air mass changes on the measurements. Additionally, a 

large aircraft could perform pseudo-Lagrangian transects of the atmosphere based on the 

mean wind speed at a given altitude; however, this approach would deliver little vertical 

information about the atmosphere. Overall, to counter issues related to NPF initiation and 

flight timing, we recommend utilizing smaller aerial platforms in order to characterize the 

pre-NPF atmosphere, either by more-frequent vertical sampling or through Lagrangian 

drifting (note: pseudo-Lagrangian sampling works to sample the pre-NPF atmosphere, but 

comparison with other measurements is hard because it assumes the Lagrangian sample is 

representative of the surrounding airmass). 

Modeling and measurement limitations: 

(4) Our modeling analysis is hindered by a variety of factors beyond the measurement 

limitations described above, the first of which is our use of poorly constrained OH 

concentrations. The NPF rate and OA production in SOM-TOMAS is sensitive to OH 

concentrations; however, the OH concentrations tested in this work can span two orders of 

magnitude (Figure S7) for the same time period leading to a high degree of uncertainty in 

our results. As mentioned previously, measurements of OH concentrations would help to 

constrain this problem. We recommend that if utilizing a model that represents reactions 

with OH, an appropriate OH measurement or OH proxy that is representative of the region 
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in question should be used; however, many available proxies do not provide vertical 

information, therefore, measurements would help to constrain OH concentrations at 

different vertical levels. Alternatively, we could have used a gas-phase chemical 

mechanism to estimate OH concentrations but this would have placed an even higher 

burden on knowing the gas-phase concentrations for a larger number of species (e.g., 

reactive nitrogen, VOCs) at the surface and aloft.  

 

(5) Another factor influencing our model analysis is the use of simple vertical mixing 

schemes in the mixed layer and residual layer. While we did not find substantial differences 

between Kz = 500 m2 s-1 and Kz = 2000 m2 s-1 in our work, our assumption of a well-mixed 

and rapidly overturning mixed layer may lead to erroneous results on days where this is 

not the case (Du et al., 2020; Lai et al., 2022). For future work, we recommend 

parameterizing vertical mixing based on observations of vertical turbulent kinetic energy, 

data from particle flux towers, or output from a meso- or micro-scale model that resolves 

small turbulent eddies.  

Modeling limitations:  

(6) A significant limiting factor in our model analysis is our estimated fraction of HOMs 

contributing directly to organic-sulfuric acid NPF. We assumed that 10% of HOMs 

contribute directly to the organic-sulfuric acid nucleation scheme as this assumption lead 

to results that agreed best with observations (Figure S3); however, this assumption will 

likely break down in different environments that are influenced by a different mixture of 

precursors to HOMs (Ehn et al., 2017; Bianchi et al., 2019) and colocated species (e.g., 

NOX) (Roldin et al., 2019). For future modeling efforts, we need an improved 
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understanding of the organic species that participate in NPF, and we need modeling 

frameworks that explicitly predict the formation of these species.  

 

(7) Another factor influencing our model analysis is the lack of representation of the role 

of aerosol water on aerosol partitioning and aqueous-phase chemistry. The version of 

SOM-TOMAS used in this work does not represent the effects of aerosol water uptake on 

aerosol-phase partitioning, potentially leading to inaccurate particle growth rates. 

Similarly, the lack of aqueous-phase chemistry is likely to influence the model-to-

measurement comparison at the SGP site. For better representation of aerosol particle 

partitioning in the atmosphere and its effect on NPF and growth in the mixed layer and 

residual layer, we recommend future work in modeling this process in the atmosphere 

based on laboratory experiments (e.g. DeRieux et al., 2019; Tong et al., 2021; Yu et al., 

2017b). We also recommend not discounting the role of aqueous-phase chemistry in 

influencing NPF (via precursor concentrations and condensation sinks) at the SGP 

observatory. 

 

(8) Our model results are impacted by the assumption in the native NPF schemes from 

Riccobono et al. (2014) and Dunne et al. (2016) that there is no RH dependence (a simple 

RH correction is suggested by Dunne et al. (2016), but it is not a function of the NH3 

concentration). The aircraft measured ammonia concentrations is >5.0 ppbv in the mixed 

layer for the four NPF events analyzed; therefore, the influence of RH on NPF is likely to 

be small (Merikanto et al., 2007) in the mixed layer and residual layer, but it remains 

uncertain. We recommend the inclusion of updated parameterizations for the dependence 
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of NPF rates on ambient RH in models, as this could influence NPF rates vertically due to 

the steep RH gradients between the mixed layer, residual layer, and free troposphere (e.g. 

Yu et al., 2017b; Merikanto et al., 2007).  

 

(9) Our model results are impacted by not representing the role of amines and other 

compounds in NPF, which may hinder our representation of observed NPF at the SGP 

observatory, where amine concentrations may be non-trivial due to nearby agriculture. We 

recommend the inclusion of NPF and growth mechanisms involving amines, nitric acid 

(although the median aerosol nitrate concentration was 0.122 [µg m-3] during IOP1, so 

unlikely to be a factor in our analysis; Liu et al., 2021), and other compounds involved in 

tropospheric NPF, in order to better represent the full breadth of NPF pathways in the 

mixed layer and the residual layer.  

 

(10) Finally, our model results are influenced by the 1-D model configuration. We do not 

explicitly consider emissions (though we implicitly have by holding precursor vapor 

burdens fixed following the relatively constant observed concentrations) or consider 

advection in the model; therefore, in attempting to match observations that are likely 

influenced by emissions and advection, we are potentially over- or under-weighting the 

influence of vertical factors on results at the surface. Our results indicate that changes in 

vertical quantities, such as temperature and gas-phase species, have the potential to 

dramatically change the observed NPF and growth at the surface. However, elucidating the 

actual influence of non-vertical factors on NPF observed at the surface is difficult given 

our model framework. Our work serves as a useful test to understand the potential 
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influences of different vertical quantities, but we recommend future work consider 

emissions and horizontal advection when trying to understand NPF and growth at the 

surface.  
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CHAPTER 4 

 

CONCLUSIONS 

 

This paper presents an analysis of the vertical profile of NPF in the lower troposphere using 

field campaign data and 1D modeling. Firstly, we analyzed aircraft and ground-based data from 

four NPF events and two non-NPF events observed during IOP1 of the HI-SCALE campaign at 

the ARM SGP observatory. Secondly, we utilized a 1D model that represents semi-explicit gas-

phase chemistry and thermodynamics along with advanced aerosol microphysical mechanisms to 

help elucidate the driving mechanisms behind observed NPF during HI-SCALE. 

Our analysis of the HI-SCALE aircraft data yielded observations of enhanced number 

concentrations of particles in the diameter range of 3-10 nm at various, often distinct, levels within 

the mixed layer and residual layer during the four NPF events analyzed. Relating these aircraft 

observations to surface observations proved difficult due to a variety of factors including steep 

vertical and horizontal gradients of ultrafine particles, as well as the flight path and timing. The 

strongest evidence for NPF occurring aloft is on 11 May where enhancements of 3-10 nm particles 

were observed upwind of the SGP ground site near the top of the developing mixed layer, albeit 

after NPF was already observed at the SGP ground site (Figure 3c). Additionally, we often 

observed enhancements in gas-phase organic species and SO2 within the mixed layer and residual 

layer, but attribution of these enhancements proves difficult through our back-trajectory analysis 

as we cannot distinguish between localized and distant sources. Our analysis of the HI-SCALE 

campaign aligns with previous analyses (Fast et al., 2019; Liu et al., 2021), and previous work at 

the SGP observatory (Hodshire et al., 2016; Chen et al., 2018). The aircraft and ground-based 
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observations of gas-phase NPF precursors and aerosol size distributions from the HI-SCALE 

campaign were used as inputs for our modeling approach.  

The 1D model, SOM-TOMAS, correctly predicts the occurrence of the four NPF events, 

and predicts very weak NPF and growth on the two days where no NPF was observed. For the 

NPF event days, SOM-TOMAS captures the observed particle growth rates and number 

concentrations; however, the model performance is largely dependent on assumptions for OH 

concentrations, the fraction of HOMs contributing to organic-sulfuric acid nucleation (10% of 

HOMs formed), and the particle-phase diffusivity (i.e., semi-solid with a Db of 10-20 cm2 s-1). 

SOM-TOMAS predicts NPF occurring primarily in the upper half of the developing mixed layer 

for the four NPF events, where air from the residual layer is being entrained into the mixed layer 

and where temperatures are coldest. These findings are consistent with those from Hellmuth 

(2006), but our results differ from those of Boy et al. (2006) and Lauros et al. (2011). The NPF 

rate is dominated by organic-sulfuric acid nucleation on 27 and 28 April, while 11 and 14 May 

show slightly more inorganic NPF occurring than organic-sulfuric acid NPF.  

We ran a variety of vertical sensitivity simulations including different vertical mixing rates, 

constant vertical mixing ratio of precursors, constant vertical temperature in the vapor pressure 

calculation for organic species, constant vertical temperature in the nucleation schemes, and a 

constant vertical profile of 50% RH. We found that the vertical mixing in the base simulations 

enhanced the surface level particle number concentrations and particle growth rates on three of the 

four NPF days, values that were most consistent with observations. Assuming a constant vertical 

mixing ratio of the organic and inorganic NPF precursors (set to surface values) led to enhanced 

number concentrations at the surface for all days and decreased or unchanged growth rates for all 

days. This pattern indicates that the vertical profiles of gas-phase species taken from HI-SCALE 
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served to reduce the number concentrations and increase the particle growth rate at the surface for 

the simulated NPF events. Using the surface temperature in the organic species volatility 

calculation for all vertical levels generally led to an increase in particle number concentrations and 

a decrease in particle growth rates. This general behavior shows that a decrease in the survival 

probability of small particles due to slower condensational growth was overpowered by a decrease 

in the coagulation sink for small particles due to fewer larger particles. Using the surface 

temperature in the nucleation scheme led to decreases in particle number concentration and either 

no change or increases in the particle growth rate at the surface. This pattern shows that, in the 

base simulation, the lower temperatures in the upper mixed layer drive increased nucleation at 

those levels, which corresponds to an increase in the total particle number concentration at the 

surface. Finally, using an RH value of 50% for all levels led to virtually no change in the total 

particle number concentration and particle growth rate at the surface.  

While our work illustrates a novel approach to understanding the vertical profile of NPF, 

we are limited by several key model assumptions and a lack of observational constraints that hinder 

our ability to find closure between our model simulations and the observations from HI-SCALE 

(details in Section 3.3). The variability in the timing and spatial extent of NPF events make vertical 

observations difficult; however, we find that harmonized (i.e., equivalent or similar instruments) 

observations of both gas-phase and aerosol properties at the surface and in the air throughout the 

duration of NPF events is crucial for our understanding of the vertical profile and dynamics of 

NPF. Similarly, we encourage observations of OH concentrations to better constrain and connect 

the chemical and aerosol microphysical properties in the atmosphere. We also encourage better 

constraints on vertical mixing through the use of particle flux towers and vertical turbulent kinetic 
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energy data; however, we also find, through observations and 1D modeling, that horizontal 

transport of and inhomogeneities in air masses cannot be ignored.  

This work has built upon previous studies on the vertical extent of NPF using one-

dimensional column models (e.g. Boy et al., 2006; Hellmuth, 2006; Lauros et al., 2011) and 

observations of turbulence- and mixing-induced NPF (e.g. Nilsson et al., 2001; Wehner et al., 

2010) by using (1) constraints from airborne and surface-based observations and (2) updated, 

complex representations of chemical and aerosol processes. Our results generally align with 

previous work, but our framework allows us to look closer at the impacts of observational 

constraints, gas-phase chemistry, partitioning thermodynamics, particle phase state, and a variety 

of other factors on the vertical profile of NPF. Yet, even with these constraints and updates, open 

questions remain. Understanding these impacts will improve our mechanistic representation of 

NPF in models, a necessity for understanding past and future NPF and its contribution to CCN and 

aerosol number concentrations.  
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APPENDIX A 

 

OH PROXIES 

 
Stevens et al. 2012 

 𝑥 = 𝑙𝑜𝑔([𝑁𝑂𝑥]) − 0.195          (1) 𝑦 = 𝑑𝑠𝑤𝑟𝑓𝑆0⋅𝑇             (2) 𝑃1 =  −0.014𝑥6 + 0.0027𝑥5 + 0.1713𝑥4 − 

0.0466𝑥3 − 0.7893𝑥2 − 0.1739𝑥 + 6.9414        (3) 𝑃2 = (−1345𝑦3 + 4002𝑦2 − 471.8𝑦 + 42.72) × 104      (4) [𝑂𝐻] = 0.82 ⋅ 10𝑃1×𝑙𝑜𝑔(𝑃2)/6.8    [𝑚𝑜𝑙𝑒𝑐/𝑐𝑚3]      (5) 

 
Pietikäinen et al. 2014 

 [𝑂𝐻] = 3081.0 ⋅ (𝑆𝑊𝐹 ↓)0.8397     [day time]       (6)  [𝑂𝐻] = 6.033 × 104    [night time]        (7)  
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APPENDIX B 

 
SUPPLEMENTAL MATERIALS 

 

Table S1. We used the low NOX (nitric oxide + nitrogen dioxide) SOM parameters 

for each species class from Bilsback et al., (in prep). ∆LVP: logarithmic change in 

vapor pressure from the addition of one oxygen atom (see C* calculation). P1-P4: 

molar yields of functionalized products from the addition of one to four oxygen 

atoms. mFRAG: tunable exponent used in fragmentation probability calculations. 

kOH: OH reaction coefficient [cm-3 molec-1 s-1]. fHOM: HOM mass yields from 

the five precursor classes (Bianchi et al., 2019). 

 

SOM-

Grid 

∆LVP P1 P2 P3 P4 mFRAG kOH fHOM 

Benzene 2.075 0.514 0.087 0.207 0.193 0.001 1.22E-12 0.002 

Toluene 1.966 0.694 0.031 0.002 0.273 0.001 5.63E-12 0.001 

Xylenes 1.755 0.440 0.128 0.016 0.416 0.061 2.31E-11 0.014 

Isoprene 2.254 0.576 0.053 0.356 0.016 0.015 1.00E-10 0.000 

Terpene 1.571 0.361 0.007 0.606 0.026 0.087 5.23E-11 0.034 

 

Each SOM grid has 6 pre-fitted parameters (outlined in Table S1) that track the 

movement of species through the grid (Bilsback et al., in prep). The ΔLVP 
(logarithmic change in vapor pressure) value determines the associated reduction 

in volatility with the addition of one oxygen atom. The P1, P1, P3, and P4 values 

are the molar yields of the functionalized products with either one, two, three, or 

four oxygen atoms added to the existing molecule, respectively. mFRAG is a 

tunable parameter that dictates the probability of fragmentation (Pfrag). Pfrag is 

defined as Pfrag= (NO : NC)mFRAG. The volatility (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 (including only the carbon and 

hydrogen atoms). Finally, fHOM is the yield of HOMs formed directly from the 

reaction of precursor species with OH. fHOM yields for SOA precursors in this work 

are based on yields compiled in Bianchi et al. (2019). For this work, HOMs are 

considered to be completely non-volatile and non-reactive.  
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S1. (a-f) Time series of gas-phase organic species measured by the PT-RMS for 

each day simulated. Averaging periods are shown by the black lines.  
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S2. mixed layer heights from MERRA-2 reanalysis data (black lines) and from 

radiosonde soundings at the SGP observatory. For this work, we used mixed layer 

heights derived from the radiosonde soundings using the method from Liu and Lang 

(2010: green lines).  
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S3. Simulated (top panels) and observed (bottom panels) aerosol size distributions 

from sensitivity simulations testing the contribution of HOMs to the organic-

sulfuric acid NPF scheme.  
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S4. (a) Example vertical profile of a C5 species as measured by the HRToF-CIMS, 

interpolated to the surface. (b) Vertical profile of C5 species normalized by the 

concentrations in the lowest 200 m of the profile. The multiple profiles of C5 species 

are normalized to get relative vertical enhancements, and then the normalized 

enhancement profiles are averaged together. (c) The single normalized 

enhancement profile of C5 species is then multiplied by the surface concentration 

of isoprene measured by the PTR-MS. (d) The corresponding model layers are 

initialized with the derived vertical profile of isoprene (and other gas-phase species 

indicated by the different colored dots).  
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S5. (a-b) Top panels show HYSPLIT back trajectories starting at 10, 500, and 2000 

m above the SGP ground site starting at 18:00 UTC (13:00 CDT). The leftmost 

bottom panels show the average vertical profiles of sulfate, nitrate, organic, 

ammonium, and chloride aerosol mass [µg m-3] measured using an aerosol mass 

spectrometer (AMS) on the aircraft. The second from the left panels on the bottom 

show the derived vertical enhancement profiles of SO2, C5 species, and C8+C9 

species measured by the HRToF-CIMS. The third from the left panels on the 

bottom show the vertical profiles of 3-10 nm particle number concentrations [# cm-

3]. Finally, the bottom right panels show the vertical profiles of FIMS data. All four 

panels on the bottom share a common y-axis for comparison.  
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S5. (c-d) Top panels show HYSPLIT back trajectories starting at 10, 500, and 2000 

m above the SGP ground site starting at 18:00 UTC (13:00 CDT). The leftmost 

bottom panels show the average vertical profiles of sulfate, nitrate, organic, 

ammonium, and chloride aerosol mass [µg m-3] measured using an aerosol mass 

spectrometer (AMS) on the aircraft. The second from the left panels on the bottom 

show the derived vertical enhancement profiles of SO2, C5 species, and C8+C9 

species measured by the HRToF-CIMS. The third from the left panels on the 

bottom show the vertical profiles of 3-10 nm particle number concentrations [# cm-

3]. Finally, the bottom right panels show the vertical profiles of FIMS data. All four 

panels on the bottom share a common y-axis for comparison.  
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S5. (e-f) Top panels show HYSPLIT back trajectories starting at 10, 500, and 2000 

m above the SGP ground site starting at 18:00 UTC (13:00 CDT). The leftmost 

bottom panels show the average vertical profiles of sulfate, nitrate, organic, 

ammonium, and chloride aerosol mass [µg m-3] measured using an aerosol mass 

spectrometer (AMS) on the aircraft. The second from the left panels on the bottom 

show the derived vertical enhancement profiles of SO2, C5 species, and C8+C9 

species measured by the HRToF-CIMS. The third from the left panels on the 

bottom show the vertical profiles of 3-10 nm particle number concentrations [# cm-

3]. Finally, the bottom right panels show the vertical profiles of FIMS data. All four 

panels on the bottom share a common y-axis for comparison.  
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S6. (a-f) Lines with error bars show the total organic (green) and sulfate (red) 

aerosol mass observed by the ACSM at the SGP observatory. To be consistent with 

the instrument handbook, ± 30% error bars are included for the ACSM data. The 

solid lines indicate the simulated total organic (green) and sulfate (red) aerosol 

mass.  
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S7. OH concentrations at the surface for each simulation day. OH-1 (blue lines) is 

from Pietikäinen et al. (2014), and is based on downwelling shortwave irradiance. 

OH-2 (orange lines) is from Stevens et al. (2012), and is based on downwelling 

shortwave irradiance and NOx concentrations. OH-3 is the raw output from a 

GEOS-Chem nested grid simulation over the central US. Finally, Scaled OH is OH-

3 multiplied by the scale factors outlined in Table 1 which are based on the ratio of 

observed and modeled OA production rates.  
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S8 (a). Top left panel shows the horizontal flight path (black line) and wind barbs 

for the flight on 27 April. The location of the SGP ground site is indicated by the 

red ‘X’. Top right panel shows the horizontal flight path with the color and size of 

the markers indicating the 3-10 nm particle number concentration derived from the 

CPC data. The bottom panel shows the vertical flight path (y-axis) in time (x-axis), 

and the markers are colored using the same CPC data as the top right panel. 

Additionally, the height of the mixed layer (linearly interpolated between 

radiosonde launches) is shown by the black solid line.  
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S8 (b). Top left panel shows the horizontal flight path (black line) and wind barbs 

for the flight on 28 April. The location of the SGP ground site is indicated by the 

red ‘X’. Top right panel shows the horizontal flight path with the color and size of 
the markers indicating the 3-10 nm particle number concentration derived from the 

CPC data. The bottom panel shows the vertical flight path (y-axis) in time (x-axis), 

and the markers are colored using the same CPC data as the top right panel. 

Additionally, the height of the mixed layer (linearly interpolated between 

radiosonde launches) is shown by the black solid line.  
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S8 (c). Top left panel shows the horizontal flight path (black line) and wind barbs 

for the flight on 11 May. The location of the SGP ground site is indicated by the 

red ‘X’. Top right panel shows the horizontal flight path with the color and size of 

the markers indicating the 3-10 nm particle number concentration derived from the 

CPC data. The bottom panel shows the vertical flight path (y-axis) in time (x-axis), 

and the markers are colored using the same CPC data as the top right panel. 

Additionally, the height of the mixed layer (linearly interpolated between 

radiosonde launches) is shown by the black solid line.  



 

98 
 

 
S8 (d). Top left panel shows the horizontal flight path (black line) and wind barbs 

for the flight on 14 May. The location of the SGP ground site is indicated by the 

red ‘X’. Top right panel shows the horizontal flight path with the color and size of 
the markers indicating the 3-10 nm particle number concentration derived from the 

CPC data. The bottom panel shows the vertical flight path (y-axis) in time (x-axis), 

and the markers are colored using the same CPC data as the top right panel. 

Additionally, the height of the mixed layer (linearly interpolated between 

radiosonde launches) is shown by the black solid line.  
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S8 (e). Top left panel shows the horizontal flight path (black line) and wind barbs 

for the flight on 16 May. The location of the SGP ground site is indicated by the 

red ‘X’. Top right panel shows the horizontal flight path with the color and size of 
the markers indicating the 3-10 nm particle number concentration derived from the 

CPC data. The bottom panel shows the vertical flight path (y-axis) in time (x-axis), 

and the markers are colored using the same CPC data as the top right panel. 

Additionally, the height of the mixed layer (linearly interpolated between 

radiosonde launches) is shown by the black solid line.  
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S8 (f). Top left panel shows the horizontal flight path (black line) and wind barbs 

for the flight on 19 May. The location of the SGP ground site is indicated by the 

red ‘X’. Top right panel shows the horizontal flight path with the color and size of 
the markers indicating the 3-10 nm particle number concentration derived from the 

CPC data. The bottom panel shows the vertical flight path (y-axis) in time (x-axis), 

and the markers are colored using the same CPC data as the top right panel. 

Additionally, the height of the mixed layer (linearly interpolated between 

radiosonde launches) is shown by the black solid line.  
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S9. The total change in OA mass during each simulation period (bar height), and 

the breakdown of the contribution from each precursor class (colors) at the surface. 

Toluene generally contributes the least to the change in OA mass change, and the 

dominant contributor varies from day to day. The mass in the purple bars is 

primarily HOMs, and the primary contributor to the HOM concentrations are the 

gas-phase monoterpenes.  
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S10. Comparisons of the simulated (top panels) and observed (bottom panels) 

aerosol size distributions from sensitivity simulations testing particle phase state.  

 



 

103 
 

 
S11. (a-b) Organic (left) and inorganic (right) NPF rate [colors: # cm-3s-1] from the 

base simulation on 27 April. Y-axis indicates the height [m] and the x-axis 

represents time [CDT]. The height of the mixed layer is indicated by the black line 

labeled ‘ML Height’. (c-d, e-f, g-h) Same as (a-b) but for 28 April, 11 May, and 14 

May, respectively.  

 

We find primarily organic-sulfuric acid NPF occurring on 27 and 28 April and 

primarily inorganic NPF occurring on 11 and 14 May in the base simulations; 

however, organic-sulfuric acid nucleation contributes to a non-trivial fraction of the 

total nucleation rate for 11 and 14 May, and the inorganic contribution to nucleation 

on 28 April is also non-trivial (Figure S11). The two days in May had higher SO2 
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concentrations and lower concentrations of terpenes (Table 1), which led to the 

increased inorganic nucleation. Regardless of the relative contributions of organic-

sulfuric acid and inorganic NPF, the organic-sulfuric acid NPF rate persisted longer 

than the inorganic NPF rate in the simulations. The relative contributions of the 

organic-sulfuric acid and inorganic NPF schemes to the total NPF rate is sensitive 

to the assumptions about the contribution of HOMs to the organic-sulfuric acid NPF 

rate. When 100% of HOMs contribute directly to organic-sulfuric acid NPF, the 

total nucleation rate is almost entirely driven by the organic-sulfuric acid scheme; 

contrarily, when only 1% of HOMs contribute to organic-sulfuric acid nucleation, 

we observe the opposite behavior. Similarly, the relative contribution of organic-

sulfuric acid and inorganic nucleation is sensitive to the OH concentration, with 

higher OH concentrations leading to increased inorganic NPF. For brevity, the 

details of the sensitivity of the NPF mechanisms to the OH concentrations are not 

discussed in this work.  
 

 


